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QXO-METAL CATALYSED REACTIONS OF UNSATURATED ALCOHOLS
G. J. SMITH 
ABSTRACT

The use of oxo-transition metal complexes (particularly 
molybdenum and vanadium) as catalysts for a number of 
synthetically important reactions is described.

The ability of alkyl hydroperoxides to epoxidise 
alkenes in the presence of transition metal catalysts is 
well known and is reviewed here along with the more 
conventional methods of preparing epoxides in the laboratory, 
with particular emphasis on their application in asymmetric 
epoxidations.

In this work a number of novel oxo-vanadium and 
oxo-molybdenum complexes containing bulky and/or chiral 
ligand systems have been prepared and their application as 
potential catalysts for regio and/or asymmetric epoxidation 
has been studied.

A synthesis of the oxo-vanadium complex of the known 
ligand NN''-ethylenebis(iminomethylCcunphof ) was developed and 
the complex characterised. The synthesis and structure of 
oxo-molybdenum complexes containing novel tridentate ligands 
derived from substituted salicylaldéhydes and chiral 
2-aminoalcohols are also described along with a D(-)-2,3- 
butandiol complex of dioxomolybdeniam(VI ). As in a number of 
examples recently reported in the literature, epoxidation of 
geraniol and related compounds in the presence of these 
catalysts showed regioselectivity with exclusive reaction of 
the allylic double bond. The latter complex was also found 
to give low asymmetric induction in epoxidations of geraniol.

In addition to using pre-formed chiral complexes as 
asymmetric epoxidation catalysts the possibility of using 
chiral catalysts prepared in situ from simple molybdenum 
complexes and an excess of the chiral ligand has also been 
studied. Some of these systems appeared to give the highest 
asymmetric inductions in epoxidations of geraniol.

During the studies of the epoxidation reaction it was 
found that some of the oxo-vanadium and oxo-molybdenum 
complexes were very efficient catalysts for the isomerization 
of allylic alcohols. The scope of rearrangement reactions of 
this type was examined for ten structurally different allylic 
alcohols. It was shown that in most cases isomerization leads 
to an equilibrium mixture and in some cases the position of 
equilibria differ from that which would be predicted from 
classical considerations. Several attempts were also made 
to prepare more reactive isomerization catalysts by 
synthesising oxo-vanadium complexes with fluorine containing 
ligands.
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CHAPTER 1
EXISTING METHODS FOR EPOXIDATION OF ALKENES

1.1 Introduction
Ease of preparation and versatile reactivity have made 

epoxides among the most useful intermediates in organic 
synthesis. An additional reason for the increasing attention 
that has been paid to epoxide chemistry in recent years has 
been the identification of a number of natural products 
containing the epoxide group and the recognition of its 
role as an important biosynthetic intermediate . The 
stereochemical complexity of many natural products makes 
the asymmetric epoxidation of olefins a highly desirable 
process^ but despite the growth of interest in asymmetric 
reactions^ little has been achieved by way of asymmetric 
epoxidation reactions.

In this chapter are discussed some of the more common
methods used to prepare epoxides in the laboratory (Section
1.2) and the way in which some of these procedures have
been adapted to give asymmetric epoxidation (Section 1.3).
In addition)methods of determining the extent of enantiomeric
selectivity in asymmetric epoxidation reactions are reviewed,
(Section 1.4) and a detailed account of epoxidation by
alkyl hydroperoxides in the presence of transition metal

#catalysts is given (Section 1.5).

1.2 Common Methods of Epoxidation,
The most common methods of preparing epoxides in the 

laboratory are by oxidation of alkenes with peroxyacids











12Pirkle and Rinaldi have recently re-evaluated the 
use of peroxycamphoric acid in asymmetric oxidations and 
have shown that under normal conditions of preparation, 
the peroxy-acid contains two isomers (1.2) and (1.3) which 
give opposite stereochemistry in asymmetric synthesis. When 
one of the isomers (1.2) was obtained in a pure, crystalline 
form and then used, optical yields were obtained which 
were 50-100% greater than previously reported.

0 + OOH

( 1 . 2 )

Factors governing asymmetric induction in these 
oxidations are usually interpreted in terms of the»effects 
of small (S), medium (M) and large (L) groups bonded to the 
asymmetric carbon of the peroxy-acid . The transition 
state is represented in such a way that the bulkier alkene- 
bonded group faces the least hindered region of the peroxy- 
acid, between groups S and M and near S, while the less 
bulky group faces the medium hindered region, between groups
S and L (Scheme 1.4).



H
M — H

H. H

Scheme 1»4

Such a model is valid only when solvation effects and
electrostatic interactions can be discounted. In addition
asymmetric induction need not necessarily arise from
direct steric interactions, indeed it is possible that

 ̂ ,,10induction is transmitted through a solvent shell .
(ii) via halohydrins

A procedure for the synthesis of chiral epoxides 
from racemic halohydrins by i,2-dehydrohalogenation 
promoted by alkaloids has been reported recently^'* (Scheme
1.5). Reaction of racemic halohydrins with insufficient 
(-)-quinine gave the corresponding epoxides (1.4) with an 
enantiomeric excess in the range 12-35%. The recovered 
halohydrins were found to be enriched in the less reactive 
optical isomer and could be converted to epoxides of 
opposite configuration (1.5) by treatment with an achiral
base.
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R-CH(OH)— CH(BD-R + (-)-Quinine
(1S,2R)+(1R,2S)

Br

(1S,2R predominates)

4)

(R,R predominates)

(1.5)

Scheme 1.5

1.3.2 Use of chiral substrate
Asymmetric epoxidation can be achieved with achiral 

reagents if the substrate contains a chiral centre. An 
example of this is the epoxidation of optically active 
linalol with monoperphthalic acid. Following epoxidation, 
hydrogenation and iodine-catalysed dehydration produces 
an optically active epoxy product in which the original 
chiral centre has been removedand a new one generated 
(Scheme 1.6).

8.



RCOOH HVPt

HO

Scheme 1«6
Partial asymmetric synthesis has been achieved when 

(-)-menthyl alkylidenecyanoacetate was epoxidised with 
hydrogen peroxide in the presence of base, followed by 
hydrolysis of the diastereomeric epoxycyanoesters to the 
epoxy acid^®. The reaction is thought to involve the 
Michael addition of a hydroperoxy anion with displacement 
of hydroxide to form the epoxide (Scheme 1.7)•

CN
/ ‘OOH

COoR

R** (-)-menthyl

CN

CXJ,
C02R

H



1.3.3 Other methods
(i) Phase transfer reagents

In the last decade a great deal of attention has been
devoted to the study of the phase transfer catalytic 
properties of quaternary ammonium compounds in two-phase 
systemsand such systems have already been applied to 
several asymmetric syntheses^ . Recently» the base- 
catalysed hydrogen peroxide or t-butyl hydroperoxide 
asymmetric epoxidation of a , 3 -unsaturated ketones using 
quaternary ammonium salts of alkaloids as chiral phase 
transfer catalysts has been reported (Scheme 1.8). 
Chemical yields are high (99%) and in one case the 
enantiomeric excess aunounted to 25%.

30% aq. H202> 
toluene

Scheme 1.8

The use of chiral phase-transfer catalysts has been 
extended to the synthesis of chiral epoxides by other 
routes^^ (Scheme 1.9)i

(a) The epoxidation of a,3 -unsaturated ketones by 
sodium hypochlorite.

(b) The Darzen condensation of chloroketones and 
aromatic aldehydes.

I .-■■‘4



(c) The dehydrohalogenation of racemic halohydrins.
(d) The addition of cyanide to a-haloketones and

a-ketotosylates.
All reactions were conducted under phase-transfer 

conditions using quininiiim benzyl chloride as catalyst.

R=H,CH3
X = C l , B r ,O T s

Scheme 1.9

Only (a) gave an enantiomeric excess comparable to that 
described previously (25% ee), the extent of asymmetric 
induction in the other methods being much lower (6—8% ee).

(ii) Biological oxidation
The ability of micro-organisms to carry out chemical 

transformations stereoselectively has been utilised recently 
in the synthesis of epoxides of long-chain terminal olefins.

1 1 .



(R) ,( + )-.!, 2-epoxyhexadecane was obtained by microbial
oxidation of hexadec-l-ene^^. Although chemical yields 
were not high (40%) the optical purity of the epoxide was
100%. (R )-(+)-7,8-epoxyoct- ■1-ene has also been obtained by

22a similar procedure but with somewhat lower stereospecificity

1,4 Determination of Enantiomeric Composition of
Chiral Oxiranes
Reviewed here are physical methods which allow direct 

determination of the enantiomeric composition of an oxirane 
mixture. Methods involving chemical conversion of the 
oxirane to diastereo-isomers prior to separation are not 
discussed.

If the specific rotation of the pure enantiomer is 
known, the enantiomeric composition can be determined 
polarimetrically by determining the optical purity of the 
mixture. Optical purity is determined by dividing the 
observed rotation of the mixture, [aJobs f by the rotation
of the pure enantiomer, [ a 
conditions.

, measured under identical

Percent optical purity = 1“)obs X 100
[a)max

Assuming a linear relationship between rotation and 
composition, the percent optical purity can be equated with 
p©rcent excess of one enantiomer over the other, %  ee 
(Section 1.3).

A disadvantage of this method is that the presence of 
impurities in the sample leads to erroneous results.

1 2 .



therefore, a high degree of sample purity is required.
Another widely used method for determining enantiomeric

purity involves the use of optically active lanthanide shift
reagents (LSR's) in ^H-nmr spectroscopy^^. Tris(3-(hepta-

24fluoro-propylhydroxymethylene)-d-camphorato)europium{III)
(1,6) and tris(3-(trifluoromethylhydroxymethylene)-d-
camphorato)europium(III)^^ (1.7) have been used to 
distinguish resonances of a number of enantiomorphs.

Eu Eu

(1.7)

These LSR’s are assumed to distinguish between 
enantiomorphs by forming diastereoisomeric complexes which 
have either different stability constants^^ or a different 
magnetic environment^^.

UnliKe polarimetric methods this technique is not 
affected by the presence of impurities in the sample.

There have recently been some developments in the use of 
gas-liquid chromatography as a technique for determining the 
enantiomeric composition of oxiranes by incorporating an 
enantioselective material into the stationary phase. Golding 
et ^  have described the separation of R- and S-epoxypropane 
and 1 ,2-epoxybutane by glc in which the lanthanoid complex

13.
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26(1.7), was present in the stationary phase .
The enantiomeric composition of oxiranes has also been 

determined by complexation gas-chromatography on
bis(3-(heptafluoropropyl-hydroxymethylene)-d-camphorato)-
nicKel(II)^^" However the use of these glc techniques at 
present appears to be restricted to simple, low molecular
weight oxiranes.

1 . 5  Metal Catalysed Epoxidation of Alkenes by Alkyj^ 
Hydroperoxides
The epoxidation of olefins by alkyl hydroperoxides in

the presence of transition metal catalysts is well known and
• . 28has been extensively reported in the patent literature .

The most widely used catalysts are compounds of vanadium, 
molybdenum and tungsten {Scheme 1.10).

+ R'02H

S cheme 1.10
this reaction are

reviewed in Section 1.5 
of the catalyst is discussed 
stereo- and regio- selectivity of these epoxidation systems
is discussed in Section 1.5.3.

Studies on the mechanism of
1 while the effect of the nature

in Section 1.5.2. The high

14



1.5.1 Mechanism
The use of oxides of vanadium and chromium to

catalyse the oxidation of olefins to diols by hydrogen
peroxide was first discovered in 1937 . During the
investigation of this reaction it was found that the
hydroxylation was stereospecific in that trans diols
were obtained exclusively. The reaction was believed to
involve formation of metal hydroperoxides (known to occur
on treatment of the metal with hydrogen peroxide) and the
stereospecificity of the reaction was accounted for by
postulating intermediate epoxide formation. Failure to
isolate an epoxide intermediate was attributed to its
high reactivity under the reaction conditions. It was
later foiind that epoxides of various unsaturated compounds
could iiv fact be isolated under favourable conditions
(usually involving pH control) using oxides of vanadium,

30molybdenum and tungsten as oxidation catalysts .
Epoxidation of allylic alcohols was found to be

particularly successful but epoxidation of simple olefins
gave relatively poor yields. These observations led
Payne and Williams to suggest the possible formation of
an intermediate involving coordination of the allyl
alcohol to the metal hydroperoxide^^.

In the first reported epoxidation using an alkyl
hydroperoxide in the presence of vanadium pentoxide as
catalyst, Hawkins successfully obtained the epoxides of

32cyclohexene and oct-l-ene but only in poor yield •
During investigations into the decomposition of 

t—butyl hydroperoxide in the presence of olefins.

15.



indicator and Brill added catalytic amounts of acet^Vacetonates 
of vanadium, chromium and molybdenum to the reaction mixture
and obtained the epoxides of oct-l-ene and 2.4.4-trimettylpent-
1-ene in high yield^^. In addition they noted that the reaction
was stereospecific in that trans alkenes gave trans epoxides
and cis alKenes gave cis epoxides and that greater yields
of epoxide were obtained for the more highly substituted
alheñes. Several possible mechanism were suggested, all
of which involve formation of a hydroperoxide-metal complex.

Gould et al^^ carried out a more detailed Kinetic 
study of the epoxidation of cyclohexene catalysed by 
vanadyl acetylacetonate and although they obtained a rate 
equation in which the dependency of hydroperoxide and 
catalyst was different to that established by Indicator and 
Brill, it was nevertheless consistent with the formation 
of a hydroperoxide-metal chelate complex.

Gould observed that on addition of hydroperoxide to 
complexes of vanadium in benzene and cyclohexane solutions, 
there occured formation of a strongly absorbing red transient 
species which faded rapidly^^. Attempts to study the kinetics 
of formation of these coloured intermeddles were unsuccessful 
but it was possible to establish that the rate of fading 
was nearly zero order in vanadium and approximately half
order in hydroperoxide. Gould has suggested that the 
formation of these red intermediates corresponds to the 
formation of a vanadium(IV)-hydroperoxide complex.
Peroxyvanadium complexes of this type have been shown by, 
esr studies, to be present in ethanolic solutions of 
vanadyl acetylacetonate treated with t-butyl hydroperoxide^^.

16.



According to Gould the fading of the red species is
probably associated with the oxidation of vanadium(IV) to
vanadium(V). Oxidation state changes of vanadium from
(IV)to (V) can be determined by esr spectrometry, since
the signal arising from the d^ configuration of V(IV)
will disappear as the diamagnetic V(V) is produced. Esr
studies have been made previously on the oxidation of
vanadyl species by hydrogen peroxide in aqueous media
and the following steps involving a intermediate OVOO

37radical were proposed

2+

VO2+ ^2^2 OVOOH H

OVOOH VO. •OH (slow)

The half-order dependency on hydroperoxide found 
by Gould for the fading of the red intermediate would 
support a similar oxidation step operating in this reaction. 
This has recently been investigated further with esr studies 
carried out on both the red intermediate and the faded 
yellow solution^®. No evidence was obtained for any 
free-radical species in the red intermediate and only a 
signal arising from a vanadium(IV) species could be observed. 
However similar studies on the yellow solution indicate 
that this species is diamagnetic and therefore support the 
proposal for a rapid and irreversible formation of 
vanadium(V) as the catalytic species. The proposed mechanism
is shown below (Scheme 1.11).

17.
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Scheme 1»11

The discovery^^^ that molybdenum(VI) peroxo compounds 
such as (1.8) stoichiometrically epoxidise olefins under 
anhydrous conditions in organic solvents, led several 
groups of worKers^^ to suggest that the active oxidants 
in the catalytic system might also be peroxo species generated 
in situ by reaction of the alkyl hydroperoxide with a metal 
0X0 compound (Scheme 1.12). Indeed there are reports that 
molybdenum compounds react with alkyl hydroperoxides to give 
peroxo complexes, albeit under fairly drastic conditions.

18.
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f Sheldon has studied the epoxidation of cyclohexane
and oct-l-ene by t-butyl hydroperoxide when catalysed by
molybdenum(V) and molybdenum(VI) species . Kinetic
studies with various molybdenum catalysts indicate that
after an initial period, the rate of epoxidation becomes
independent of the structure of the molybdenum catalyst
used. It was therefore suggested that during the early
stages of the reaction the catalyst is modified to the
same structure in all cases. Further studies have been
carried out to determine the nature of the common species

, . 40el|41
formed during the course of the epoxidation 
resulting catalyst was isolated and found to be a 
Mo(VI)-l,2-diol complex (1.9).

R

0 y

(1.9)
It was suggested that such a complex could be formed 

if the hydroperoxide was to act as an acid catalyst for the 
ring opening of the epoxide (Scheme 1.13).

19.
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OH

Scheme 1.13

The mechanism favoured by Sheldon for the molybdenum 
catalysed reaction is similar to that put forward by Gould 
for that of vanadium. In this case however the proposed 
catalytic species is a molybdenum{VI)-hydroperoxide 
complex (Scheme 1.14).

OH
'-Mo'"

'''OR

It should be noted here that there are no reports of
vanadium compounds degrading to a common species. Indeed
although only small differences in reaction rate were
observed for a number of vanadium catalysts it has been
suggested that the sizable differences in stability
constants and activation parameters for the resulting
hydroperoxide complexes arise from the catalysts retaining

35at least in part some of their ligand environment

20.



Gould^^ has carried out Kinetic studies using
bis(acetylacetonato)dioxomolybdenum(VI) (Mo0 2(acac)2 > as
catalyst and found that the Kinetics governing the 
behaviour of this system are more complicated than for 
the corresponding vanadium compounds. Although Kinetic 
data point to the existence of a ternary, hydroperoxide- 
metal-olefin complex, and to a transition state having this 
composition, epoxidation need not necessarily proceed via 
such a complex, as a sequence involving reaction of 
hydroperoxide with a metal-olefin complex or reaction 
of olefin with a metal-hydroperoxide complex would give 
similar data. However, the marKed resemblance of the 
MoO^(acac),-catalysed epoxidation, not only to epoxidations 
catalysed by vanadiiam complexes,but also to those using 
Mo^^-peroxycomplexes as epoxidising agents,led Gould to 
favour a mechanism featuring attacK by olefin on metal- 
bound hydroperoxide with formation of a three membered 
ring in the transition state. (Scheme 1.15).

^ i

' ' i V

Scheme 1.15
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Several groups of workers have recently tried to 
determine whether the reaction proceeds via a molybdenum- 
peroxy complex or via an active molybdenum-hydroperoxide 
complex (as advanced mainly on the basis of Kinetic data) 
by studying the nature of the reaction intermediates more

directly.
The epoxidation of cyclohexene by t-butyl and cumyl 

hydroperoxide in the presence of bis(8-hydroxyquinolinato)- 
dioxomolybdenum(VI) (Mo0 2(oxine)2 ) has been studied by 
Trifiro et al^^. ^  addition to Kinetic studies they
have observed changes in the electronic spectrum of the 
catalyst in the presence of reagent and substrate.
Addition of hydroperoxide to the catalyst was found to 
modify the spectrum of the catalyst which reverted back to 
its original form on addition of the olefin. It was 
concluded that this change in the electronic spectrum 
corresponded to formation of the active epoxiding species. 
Further information about the nature of this species in 
solution was obtained by evaporating these solutions to 
dryness. The solid obtained gave an infrared spectrum 
like that of Mo0 2(oxine)2 with no new bonds characteristic 
Of a peroxy group. On the basis of the reversibility of 
this interaction and the fact that changes in the electronic 
spectrum were different for the different hydroperoxides, 
the presence of peroxy groups in the intermediate were 
excluded and Trifiro concluded the most likely explanation 
to be formation of a reversible catalyst-hydroperoxide

complex.

22.
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The above workers have also studied the epoxidation 
in the presence of other molybdenum catalysts and found 
that complexes with strongly basic ligands (mostly amines) 
show no catalytic activity whereas for complexes with 
ligands that are not strongly bound (such as acetylacetone) 
epoxidation is accompanied by hydroperoxide decomposition. 
On the basis of this and spectroscopic evidence these 
workers have speculated that the active species results 
from opening of a metal-ligand bond by hydroperoxide and 
that for epoxidation catalysts to be both active and 
selective they must have intermediate metal-ligand bond
strength.

Sharpless^^ has recently carried out epoxidations 
catalysed by ^®0-labelled oxo-vanadiiam and oxo-molybdenum 
complexes. If epoxidation were to proceed via a peroxo- 
metal intermediate. Sharpless suggests that this would 
result in incorporation of ^®0-label into the epoxide 
(scheme 1.16). As no ^®0-incorporation occurred it was 
concluded that epoxidation must proceed by a mechanism 
involving an intact alXyl hydroperoxide.

w-.B

>1 M + t-Bu02H M SBuOH

Scheme 1.16

As shown above previous workers have proposed that 
activation of the hydroperoxide is accomplished by 
coordination to the metal of the oxygen proximal to the

23.



alKyl group, thereby polarising the 0-0 bond in the 
hydroperoxide and facilitating its heterolysis under the 
action of a nucleophile. According to Sharpless this 
mechanism does not account for the exceptional reactivity 
of allylic alcohols as it is apparently geometrically 
impossible for the double bond of an allylic alcohol to 
approach the hydroperoxide as suggested and at the same 
time coordinate to the metal via the hydroxy group. These 
workers therefore favour coordination of the oxygen distal 
from the alkyl group as in this case the double bond of the 
coordinated allylic alcohol would be ideally positioned 
for oxygen transfer from the oxidant by either routes
(1.10) or (1.11).

/
/ " X

( 1 . 1 0 ) ( 1. 11)

5- In summarising the above results it can be seen that 
a metal-hydroperoxide complex is generally accepted to be 
the catalytic species in solution but the structure and 
behaviour of such a species remains a matter for spectulation. 
Little appears to be known about the role or behaviour of 
the ligand in these reactions except that in the case of 
molybdenum catalysed epoxidations, complexes having ’weak* 
ligands ars dsgraded to diol coinpl0X©s •

24.



1.5.2 Nature of the metal
Transition metal catalysts for peroxide reactions 

are considered to be of two types. First, metals such as 
iron and cobalt which have two comparably accessible 
oxidation states differing by a single unit. These tend 
to promote homolytic cleavage of the peroxy linkage with 
subsequent reaction of the free radicals with the 
hydroperoxide, solvent and/or olefin.

j^(n-l)+  ̂ t-Bu02* *  H

j^(n-l)+ ^  t-BuO«H M'n+ + t-BuO* + OH

Second, metals in high oxidation states e.g.
Mo(Vl), V(V) and Ti(IV) which tend to promote heterolytic 
cleavage of the 0-0 bond. It is this type that can act 
as highly selective epoxidation catalysts.

Sheldon^^^ has studied epoxidation in the presence 
of various metal ions and also concluded that metals which 
exhibit high Lewis acidity are the most effective 
epoxidation catalysts. Lewis acidity of transition metal 
oxides decreases in the order;

CrÔ '̂  MoO^^ WO^^ Ti02» ^2^5' ^^3

On the basis of its high Lewis acidity Cr(Vl) would 
be expected to be a good catalyst. The fact that it is 
not has been attributed to the strong oxidising properties 
of Cr(VI) leading to decomposition of the hydroperoxide.

It has also been pointed out by Sheldon that the Lewis
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acidity of the metal would be influenced by the nature of 
the ligand surrounding the metal although this is clearly 
only of importance in cases where the original ligand does
not undergo destructive oxidation.

Hydrocarbon soluble compounds of molybdenum, 
vanadium and tungsten are recognised as the best catalysts 
for epoxidation, but even among these metals differences 
in activity are evident. Vanadium catalysed reactions 
proceed at a slower rate than those catalysed by 
molybdenum. This is due to competitive formation of a 
complex between the vanadium and alcohol, the reactxon 
co-product^^. Formation of a vanadium-alcohol complex 
competes with the formation of a vanadium-hydroperoxide 
complex and hence retards the rate of reaction with alkene.

The greater tendency of vanadium to co-ordinate alcohol 
increases its activity in the epoxidation of allylic 
alcohols, and reactions of these substrates proceed

I

faster with vanadium than with molybdenum catalysts
Other catalysts mentioned in the patent literature 

include compounds of tungsten"^^ as well as titanium, 
chromium, niobium, zirconium, teOlurium, rhenium and other

44

elements1̂ ^, The use of boric esters has been mentioned.
with metaborates being the most active47

1.5.3 Stereo and Reaioselective Metal Catalysed Epoxidati^ 
Sharpless^® has made use of the exceptionally facile 

epoxidation of allylic alcohols by t-butyl hydroperoxide in 
the presence of vanadium catalysts to effect selective 
epoxidations that were not possible with other reagents.
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Thus geranid (1.12) and linalol (1.13) were selectively 
epoxidised to the previously unknown mono-epoxides.

•OH OH

(1.13)
Similarly* the selective epoxidation of the

bisallylic alcohol (1.14) to the bis epoxyalcohol (1.15)
has been used by Sharpless as the crucial step in the

 ̂ ,49synthesis of juvenile hormone from farnesol

V0(acac)2
t-Bu02H

Apart from the high regioselectivity exhibited by 
these metal-hydroperoxide systems, the syn-directive effect 
of the hydroxyl group has been shown to be more pronounced 
in the epoxidation of both cyclic and acyclic allylic 
alcohols than in the previously reported peracid epoxidations

27.



of the same substrate^®’'*®. Thus epoxidation of 
4 3-hydroxycholesterol (1.16) gave only the 5,6-3-oxide
(1.17) compared to a 2 i l  mixture of 3- and a- oxides by 
peracid epoxidation.

(1.16)

VO(acac)^
t-Bu02H

(1.17)

50

Some recent studies have compared the stereochemistry 
of the epoxidation of cyclic allylic alcohols by 
vanadium/t-Bu02H with that obtained using peroxy-acids 
Unlike epoxidation by peracids, which show a change from 
cis to trans stereochemistry in going from 
medium (8-12) ring allylic alcohols, it was 
vanadium catalysed reaction gives consistently cis 
stereochemistry. Additionally it was found that for the 
vanadium catalysed epoxidation of conformationally 
"fixed” allylic alcohols, cis stereochemistry is favoured

common (5-7) to 
found that the

when the hydroxyl group occupies a quasi-axial position, 
whereas in peracid epoxidation a quasi-equatorial position 
is preferred. The effect of ring size on the stereochemistry 
of epoxidation is therefore explained in terms of the ability 
of the hydroxyl group to adopt these conformations in the
transition state.
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CHAPTER 2

nF.VELOPMENT OF SELECTIVE METHODS FOR EPOXIDATION OF 
ALKENES

2.1 Introduction
Although the use of vanadium and molybden\im catalysts 

for the epoxidation of simple olefins by alXyl hydroperoxides 
(Scheme 2.1) has been extensively reported in the patent 
literature^® it is only recently that Sharpless and his 
co-workers have shown that the transition metal catalysed 
epoxidation of allylic alcohols proceeds with a high 
degree of regio- and stereoselectivity and applied it to
the area of complex molecule synthesis48

I

 ̂ h
ROoH

Rj R4

Scheme 2.1

These findings provided a starting point for the 
proposed investigation which was to be concerned in the 
first instance with modifying the structure of the catalyst 
in order to increase regioselectivity and/or stereoselectivity 
in the epoxidation of a wide range of different olefins.
The main modifications envisaged concerned the ligand 
portion of the catalyst, since it seemed likely that the 
precise structure and stereochemistry of this ligand could 
have a marked effect on the orientation of the olefin as it 
approaches the epoxidising species (believed to be a metal
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complex containing the alkyl hydroperoxide as an additional 
ligand). For example by synthesising a metal complex 
containing a fairly bulky ligand one might obtain a 
catalyst which would enable only terminal olefins to be 
epoxidised. Similarly, a catalyst containing a suitably 
chosen chiral ligand might be effective in the conversion 
of prochiral olefins to optically active epoxides.

During the course of these investigations Yamada 
et al^^ and Sharpless et al^^ have reported some asymmetric 
induction in epoxidations in the presence of molybdenum 
and vanadium complexes having chiral ligands and these 
are discussed later. However, no work has been reported 
on the regioselective epoxidation of simple olefins by 
alkyl hydroperoxides in the presence of metal catalysts.

2,2 ReqiosGlGCtivs Epoxidation
As with peracid epoxidation, the relative rate of 

epoxidation of olefins by alkyl hydroperoxides in the 
presence of metal catalysts increases as the olefin becomes 
more substituted with alkyl groups®^. In polyenes 
containing two or more nonequivalent double bonds it is, 
therefore, often possible to epoxidise selectively one of 
them provided their nucleophilic reactivities are 
sufficiently different, as is normally the case when the 
double bonds carry different numbers of substituents.

It was envisaged that by suitable modification of the 
ligand portion of the catalyst in the metal catalysed 
epoxidation of polyenes, it may be possible to alter the 
normal product distribution expected on electronic grounds. 
For example a metal complex containing a fairly bulky ligand
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may give rise to a catalyst which restricts the approach 
of the polyene to the epoxidising species and enables only 
less hindered (terminal) double bonds to be epoxidised in 
the presence of more highly substituted double bonds 
(Scheme 2.2).

R2

Scheme 2.2

2,2.1 Preparation of some oxo-metal complexes
Since a program aimed at developing regioselective 

epoxidation catalysts would involve the synthesis of metal 
complexes having elaborate ligand systems it was desirable, 
before commencing such a program, to determine the relative 
reactivities of different double bonds in polyenes since 
this was liKely to have some bearing on the overall 
feasibility of such a program. For this reason a number 
of metal complexes having fairly simple ligands were 
prepared and these are described below.

In addition to their use in reactivity studies and 
as general epoxidation catalysts these complexes, were also 
seen as useful starting materials for the synthesis of other 
metal complexes by ligand exchange reactions.
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 ̂ j gis (acetylacetonato )dioxomolybdenuin(VI)
An attempt was made to prepare bis(acetylacetonato)- 

dioxomolybdenum(VI), (Mo02<acac)2) by the method of Gehrke 
and Veal^“* in which treatment of a sodium molybdate 
solution, (adjusted to pH 1 with HCl) with acetylacetone 
leads to separation of the complex. In several attempts 
to perform the preparation under these conditions, a 
yellow solid was obtained in high yield (90%) but the 
physical data were not entirely compatible with that 
reported for the complex^'^'^^. Although the infrared 
spectrum showed all the expected absorption bands they 
appeared to be superimposed on some very broad bands in 
the regions 1200-1700 cm"’’ and 2700-3600 cm  ̂with some 
additional bands in the 650-800 cm"’ region. X-ray powder 
diffraction showed some additional lines to those expected 
and elemental analysis was not consistent with that
required for the desired complex.

It has been shown by Jones^®. that acidification of 
sodium molybdate solutions with nitric acid results in 
formation of molybdic acid at pH values below 3. Performing 
the previous preparation in molybdate solutions at pH 3 
gave a pale yellow solid but in very low yield (>10X).
The infrared spectrum. X-ray powder diffraction data and 
elemental analysis showed the product to be the desired
complex in very pure form.

The low yield of complex obtained at pH 3 indicates
that this is not the optimum pH for complex formation. It 
appears probable that at pH 2 pure Mo02(acac)2 would be 
obtainable in reasonable yields because at this pH
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 ̂ ) Bis(ac©tylac6tonato)dioxomolybd6num(VI)
An attempt was made to prepare bis(acetylacetonato)- 

dioxomolybdenum(VI), (Mo02(acac)2) by the method of GehrKe 
and Veal^^ in which treatment of a sodium molybdate 
solution, (adjusted to pH 1 with HCl) with acetylacetone 
leads to separation of the complex. In several attempts 
to perform the preparation under these conditions, a 
yellow solid was obtained in high yield (90%) but the 
physical data were not entirely compatible with that 
reported for the con?>lex5^'^^. Although the infrared 
spectrum showed all the expected absorption bands they 
appeared to be superimposed on some very broad bands in 
the regions 1200-1700 cm"^ and 2700-3600 cm  ̂with some 
additional bands in the 650-800 cm“  ̂region. X-ray powder 
diffraction showed some additional lines to those expected 
and elemental analysis was not consistent with that
required for the desired complex.

It has been shown by Jones $ that acidification of 
sodium molybdate solutions with nitric acid results in 
formation of molybdic acid at pH values below 3. Performing 
the previous preparation in molybdate solutions at pH 3 
gave a pale yellow solid but in very low yield (>10%).
The infrared spectrum. X-ray powder diffraction data and 
elemental analysis showed the product to be the desired
complex in very pure form.

The low yield of complex obtained at pH 3 indicates
that this is not the optimum pH for complex formation. It 
appears probable that at pH 2 pure Mo02(acac)2 would be 
obtainable in reasonable yields because at this pH
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appreciable amounts of molybdenyl cations (M0O2 ) ate
present in equilibrium with paramolybdate ions^ («0,024 ).
however, this has not been attempted.
(ii) Bis[ trans-l,2-cyclohexandiolato-0,0^(l-)]dioxo-

molybden\im( VI).
This complex was prepared according to the method 

of Sheldon'*^ which involves heating a solution of bis-
(acetylacetonato)dioxomolybdenum(VI) and trans-cyclohexan-
1,2-diol in cyclohexane at 80 C for 1 h.

2 .2 .2  Rnnxidation of terminal olefins using transition 
metal catalysts
Initial studies were concerned with the epoxidation of 

simple mono-substituted olefins with a number of molybdenum 
and vanadium catalysts and it was found that the rate of 
epoxidation is very slow compared to that of more highly 
substituted olefins. Attempted epoxidation of oct-l-ene 
by t-butyl hydroperoxide in the presence of bis-
(acetylacetonato)oxovanadium(IV) at 80°C gave no detectable 
epoxide after 4 h. However bis(acetylacetonato)dioxo- 
molybdenum(VI) gave some conversion to epoxide under 
similar conditions.

Epoxidation of citronellene (2.1) with t-butyl 
hydroperoxide using bis[trans-1 .2-cyclohexandiolato-0.0^(l-)] 
dioxomolybdenum(Vl) in toluene at 80°C for 3 h gave 
epoxidation exclusively at the most substituted double
bond.
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t-BuOjH/M olVI) ^  1 1
toluene, 80®C

( 2 . 1 )

4

To establish whether it was possible to epoxidise 
monosubstituted olefins under these conditions 
methoxycitronellene (2.2) was treated in a similar manner 
and found to give only a trace of epoxide after 3 h, 
increasing to 47% after 17 h.

These findings are consistent with those of other
workers who have found that epoxidation of all but allylic
alcohols proceed at a greater rate with molybdenum than
vanadium catalysts and that the rate and selectivity of
epoxidation increases as the olefin becomes more
substituted with alkyl groups. Thus Sheldon has measured
the relative rates of epoxidation of a variety of olefins
and found that the rate of epoxidation of 2-methyl-2-heptene

40ais 75 times that of oct-l-ene
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The intrinsically low activity of oxo-metal catalysts 
in the epoxidation of terminal olefins suggests that the 
development of catalysts capable of effecting regio- 
selective epoxidation may be impractical, if this is 
dependent on increasing the steric bulk at the catalyst 
active site, as this will further lower the intrinsic
activity of the catalyst.

The greater reactivity and regioselectivity of 
allylic alcohols to epoxidation in the presence of the 
above catalysts led us to direct our efforts towards 
developing catalysts capable of effecting asymmetric epoxidation 
of these substrates since it was expected that attachment 
of the allylic alcohol substrate to the metal would 
enhance any asymmetric selection process.

2.3 Asymmetric Epoxidation
Despite studies carried out by other workers on the 

mechanism of the metal catalysed epoxidation the behaviour 
of the ligand system in the reaction remains uncertain 
particularly in the case of the vanadium catalysed reaction 
where a change in oxidation state of the metal occurs.
As discussed previously (Section 1.5.1) Sheldon foxind 
that molybdenum complexes having weakly co-ordinating 
ligands undergo oxidative degradation during the epoxidation 
reaction whereas other workers suggest that complexes with 
ligands having nitrogen donor atoms are stable under the 
reaction conditions'^. Furthermore, epoxidation by 
molybdenum complexes does not involve a change in oxidation 
state of the metal. For these reasons it was decided to 
prepare asymmetric epoxidation catalysts based on
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molybdenum, however, in cases where the synthesis of the 
molybdenum complex proved difficult the synthesis of the 
corresponding vanadium complex was attempted.

The structural requirements of a chiral ligand system 
for an asymmetric epoxidation catalyst are a matter for 
speculation and a variety of different ligand systems have 
therefore been investigated. The first chiral catalysts 
to be prepared were those with ligands derived from 
(+)-camphor (Section 2.3.1 and 2.3.2). It was hoped 
that such ligands would not only give rise to a chiral 
reaction site but that their steric bulk would also 
favourably influence the selectivity of the reaction.

Complexes having novel tridentate ligand derived from 
chiral 3-aminoalcohols (Section 2.3.3) have been prepared, 
so also have complexes with chiral 1,2-diol ligands. 
(Section 2.3.4).

The results of epoxidation experiments using these 
catalysts are discussed in Section 2.3.5.

I

2,3.1 Catalysts derived from (•t-)-hydroxymethylenecampho^
Scheme 2.3 shows the route employed in the synthesis

of the potentially useful quadridentate ligand N,N-
ethylenebis(iminomethylcamphor) (2.3). Reaction of amyl
formate with the sodioketone of camphor in ether gave
3-hydroxymethylene camphor^® (2.4) which condensed with
1 ,2-diaminoethane in methanol to give the known Schiff

59base ligand (2.3)
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Scheme 2.3
All attempts to prepare the dioxomolybdenum complex of 

ligand (2.3) have been unsuccessful (Appendix 1). One 
possible explanation for this could be the preference for 
cis geometry of the dioxomolybdenum species®®, which would 
force the ligand to adopt a less favourable non-planar
cis geometry.

.N
‘Mcf

trans-di oxo- 
complex

cis-dioxo-
complex

Failure to isolate the desired molybdenum complex of
NN^-ethylenebis(iminomethylcamphor) led to attempts to
prepare the vanadyl complex in which the ligand would be

. 6 1able to adopt a more or less planar configuration. Dey
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has recently reported the preparation of several vanadyl
complexes by reaction of bis(acetylacetonato)oxovanadium(IV)
with schiff bases in refluxing toluene. Attempts to prepare 
the vanadyl complex of ligand (2.3) by this method yielded 
unchanged starting materials as did the use of higher
boiling solvents such as diglyme.

Oxovanadium complexes of 0-ketimines (2.5) have been 
p r e p a r e d ® ^ b y  heating an intimate mixture of the ligand
and bis(acetylacetonato)oxovanadiumdV) at 230°C under

vacuum for 3 h.

carrying out this procedure with NN^-ethylenebis- 
(iminomethylcamphor) produced a green sublimate, the 
infrared spectrum of which showed a strong absorption at 
987 cm-^ corresponding to the V = 0  stretching frequency. 
The N-H stretch present at 3290 cm'^ in the ligand had 
disappeared and the carbonyl stretch at 1695 c«’  ̂in the 
ligand had shifted to 1605 cm-^ The visible electronic 
spectrum of the sublimate resembled that for complexes of 
this type having maxima at 568 nm (t«̂ 80) and 673 nm
(fe'-lOO).^^
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Mass spectroscopic analysis of the sublimate showed 
a parent ion corresponding to that of complex (2.6) as 
confirmed by accurate mass measurement. The spectroscopic 
data is therefore consistent with the formation of NN^- 
ethylenebi s ( iminomethylcéunphorato ) oxovanadium( IV ).

\ ________ /

( 2 . 6 )

Attempts to prepare NN^-ethylenebis(iminomethyl- 
camphorato)dioxomolybdenum(VI) by the above method gave a
dark brown solid the infrared spectrum of which showed only 
a weak band in the region 850-950 cm"^ where a strong Mo=0 
Stretching band would be expected. Free ligand was also 
present as indicated by the presence of C=0 and N-H 
absorptions. Mass spectrometric examination of the crude 
product however showed the presence of a molybdenum 
containing parent ion of appropriate m/e value indicating 
that possibly some of the desired complex was present. The 
use of less vigorous conditions of temperature and pressure
failed to give any reaction.

During our work on the synthesis of the above complexes
several groups of workers reported successful metal catalysed 
asymmetric epoxidations. Yamada ^  al have produced optically 
active epoxides of the allylic alcohols geraniol and nerol
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using the chiral metal complex (acetylacetonato)[ (-)-N-
alj^ylephidrinato] dioxomolybdenum(VI) (2.7) as epoxidation
catalyst^^. The chiral complex was isolated by treating 
the N-alkylephidrine with Mo02(acac)2 î  ̂cyclohexane at 
80°C for 1 h.

RsCH  ̂ or C2H5

C2.7)

According to Yamada the m a m  reguirement of an 
effective chiral epoxidising catalyst is that it should 
contain a chiral ligand which behaves as a fixed ligand 
and does not dissociate from the central metal atom during 
the reaction. In addition the catalyst should contain a 
labile ligand which can be readily replaced by reactants which 
would then come under the influence of the fixed chiral 
ligand. (-)-N-alkylephedrine apparently meets the first
criterion and acetylacetone the second.

Sharpless ^  ^  have also effected asymmetric 
epoxidations of allylic alcohols by using chiral hydroxamic acid 
complexes of vanadium^^. The chiral complexes were 
generated in situ by addition of ligand and V0(acac>2 to the 
reaction mixture. The best induction (50% ee) was achieved 
in the epoxidation of a-phenylcinnamyl alcohol (2.8) using 
N-phenylcamphorylhydroxamic acid (2.9) as the chiral ligand.
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Ph

CH2OH

C r

HO 0

(2.8) (2.9)
The apparent ease of preparation by Yamada of the

N-alKylephidrine complex led us to suppose that complexes
with five membered chelate rings may be more stable than the
six membered chelate ring complexes we had been attempting
to prepare. In addition, the observation by Sharpless that
chiral 3-diketone complexes give poor results owing to their

. . 52rapid decomposition under the epoxidising conditions 
highlights the importance of finding ligand systems stable
under the reaction conditions.

2.3,2 Catalysts derived from cis.exo-3-amino-2-hydroxybornan^ 
(i) Cis, exo- 3 -d imethyl amino- 2-hyd roxybomane

As a result of the observations discussed above, we 
proposed to synthesise the unsymmetrical complex (2.10)
(by the route shown in Scheme 2.4) this complex has one 
bidentate camphor containing ligand forming a five-membered
chelate ring.
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Mo02(acac)2

'N(CH,)3'2
(2.13) CH

II
Mo

n ' ' II

Scheme 2.4
3-Hydroxyiminobornan-2-one (2.11) was prepared by 

the method used by Bredt and Perkin^^ for the nitrosation 
of epiccunphor with amyl nitrite in the presence of 
sodamide. Reduction of 3-hydroxyiminobornan-2-one with 
lithium aluminium hydride gave cis,exp-3-amino-2- 
hydroxybornane (2.12). Provided this reduction is 
carried out under conditions in which the concentration 
of reactants is low, the lithium aluminium hydride anion 
apparently attacks the keto and hydroxyimino functions 
from the less hindered endo side of the molecule.
Increasing the concentration of reactants, however, results
in a significant loss in stereospecificity giving a

 ̂  ̂65,66mixture of products
Cooper et al®^ have prepared cis,exo~3-dimethylamino-

2-hydroxybomane (2.13) in unspecified yield by reductive 
méthylation of cis,exo-3-amino-2-hydroxybomane with 
formaldehyde and formic acid (Eschweiler-Clark method ).
In our hands this procedure gave a mixture containing two 
major components. It is well known that in some cases 
reductive méthylation by this procedure can give rise to

6complex mixtures resulting from a number of side reactions 
Borch and Hassid^^ has reported a mild and efficient
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method for amine méthylation using a formaldehyde-
cyanoborohydride system which is said to yield tertiary
methylated amines of high purity in good yield. Using
this procedure we obtained a mixture identical to that
obtained by the standard Eschweiler-Clark method. Separation
of the reaction mixture by column chromatography gave two
components one of which was identified as the desired
N-dimethyl compound (40%, by nmr of crude product). The

nmr of the other component (60% by nmr) showed in
addition to an N-methyl singlet at 6 2.29, two AB doublets
at 6 3.67 and 6 4.45 (J = 2.5 Hz) characteristic of the

70,71 ,nmr pattern of the C-2 protons in oxazolidines 
doublet at 6 3 .8 0 (J = 7.6 Hz) was due to the C-2 proton 
of the bomane ring. The C-3 doublet was shown to overlap 
with the N-methyl signal, as irradiation of this region 
of the spectrum resulted in collapse to a singlet of the 
C-2 doublet. The infrared spectrum showed no OH or NH 
stretching bands but three bands at 1067. 1084 and 1139 cm 
characteristic of the oxazolidine ring were observed .
The mass spectrum shows a parent ion m/e 195 and accurate 
mass measurements have confirmed the product to be (2.14)

-1

43.



We have since found that Nelson^^ obtained a similar 
product while attempting to N-methylate cis-3-aminobicyclo- 
[2,2,2] octan-2-ol by the Eschweiler-ClarK method in which
only N-methyl-cis-bicyclo[2.2.2]octylt2.3-d]oxazolidine was
isolated. Reduction of the oxazolidine with lithium aluminum 
hydride was found to give the desired cis-3 -dimethylamino- 
bicyclo[2.2.2]octan-2-ol (Scheme 2.5).

CH:

CHoO
HCO2H

Scheme 2.5

Attempts to prepare the chiral complex by heating
cis.exo-3-dimethylamino-2-hydroxybornane with bis- 
{acetylacetonato)dioxomolybdenum(VI) in cyclohexane
according to the procedure adopted by Yamada resulted only 
in the recovery of starting materials. Failure to isolate 
this complex made it necessary to look for other ligand 
systems which form molybdenum complexes fairly easily and 
which either contain a chiral centre or into which a 
chiral centre can be introduced.
( ii) Cis, exo-3 -amino-2-hydroxybomane-salicylaldehyde

complexes.
Although a great deal of work has been published 

on transition metal complexes of N-substituted salicylald- 
iminates (2.15) it is only relatively recently that 
dioxomolybdenum(VI) complexes containing ligands of this
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type have been reported'^®. These complexes are relatively

0asy to prGparG by addition o f  thG appropriât© amin© to a 
r©fluxing susp©nsion of bis(salicylald©hydato)dioxomolybd©num(VI) 
(2.16) in m©thanol (Sch©m© 2 .6 ).

M 0O2 ♦ 2RNH2 MoO-

Schem© 2.6

As alr©ady discussed (S©ction 2.3) it has b©©n sugg©st©d 
by oth©r work©rs that molybd©num compl©x©s with ligands 
containing nitrogen donor atoms are less likely to undergo 
oxidativ© d©composition und©r th© ©poxidising conditions •
For th©s© reasons w© attempted to prepare chiral N-substituted 
salicylaldiminates using chiral primary amines. In this 
section derivatives of cis, exo-3-amino-2-hydroxybomane 
are considered. Related complexes derived from other 
chiral amino alcohols are included in Section 2.3.3.

When a refluxing methanol suspension of bis(salicyl- 
aldehydato)dioxomolybdenum(VI) (Mo02(sal)2 ) vas treated with
cis,exo~3-amino~2-hydroxybomane and allowed to stand
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overnight a prcxiuct was obtained which gave a nmr 
spectrum which indicated the presence of one phenyl and 
one bornane group suggesting the formation of a complex 
containing a tridentate ligand (2.17a).

(a) R=H (b) R=OMe

In the nmr spectrum of the product the signals 
arising from protons C-2 (6 4.48, J = 7.3 Hz) and C 3 
( 6 4 .00, J = 7.3 Hz) of bornane were shifted downfield 
compared with the corresponding signals in the nmr of free 
cis.exo~3-amino-2~hydroxybomane. In addition the signal
arising from the proton at C-3 was coupled with that of the 
imino proton (6 8 .6 7, J = 2.5 Hz) which appeared at 
higher field than the aldehydic proton signal of Mo0 2(sal)2 . 
Finally, a signal thought to be due to methanol could not 
be removed by drying the solid under high vacuum.

The infrared active stretching modes for terminal 
oxygen (oxoi Mo=0) are found"̂ *̂  in the region 850-1000 cm ^  
the actual value depending on the number of terminal oxygens, 
the oxidation state of the metal and the nature of the
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other ligands present. For dioxomolybdenum complexes the 
number of infrared active stretching modes depends on 
whether the terminal oxygens are cis or trans. Species 
with cis-terminal oxygen atoms show two infrared active 
bands in this region while comparable trans complexes have 
only one band’̂'̂ ’’̂®. Complexes having N-substituted 
salicylaldiminate ligands are reported"^® to show two or  ̂
three infrared absorption bands in the region 890-940 cm

The infrared spectrum of the molybdenum complex of the 
salicylaldimine derived from cis.exo-3-amino-2-hydroxybomane 
showed several strong bands in the region 850-1000 cm ^  
however, the occurence of ligand absorptions in this region 
makes assignments to the Mo=0 stretches difficult. No 
OH stretching absorption was observed in the infrared 

’ spectrum and this along with the shift of the C-2 proton 
in ^H-nmr spectrum suggests that the deprotonated hydroxyl 
group of the hydroxybomane is also coordinated to the
metal giving a tridentate ligand system.

Mass spectroscopic analysis gave a molybdenum ( Mo) 
containing molecular ion of m/e 401. This would be in 
agreement with the five co-ordinate dioxomolybdenum 
complex (2.17a) containing the N-(cis,exo-2-hydroxybornyl)-
3-salicylideniminato ligand and was confirmed by accurate 

mass measurement.
Although the spectroscopic data were consistent with 

the structure (2.17a) it was not possible to define the 
geometry of the complex. Furthermore, it was only possible 
to establish the occupacy of five of the six coordination 
sites Of the metal and on the basis of the infrared spectrum
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the possibility of a binuclear dioxobridged system (2.18)
79could not be ruled out

N
Mo ‘Mo

N

(2.18)

In the hope of improving the organic solubility of the
complex and thereby possibly increasing its effectiveness
as an epoxidation catalyst the related complex (2.17b)
using 3-methoxysalicylaldehyde (o-Vanillin) was prepared.
Introduction of the methoxy group did not, however,
significantly increase the solubility of the complex. The
infrared spectrum of this complex was similar to that
described previously as was the ^H-nmr spectrum but with the
addition of a methoxy signal at 6 3.78. Mass spectroscopic

98 . • •analysis showed a molybdenum ( Mo) containing molecular ion 
of m/e 431. Accurate mass measurement again confirmed this 
to correspond to a five coordinate complex.

In order to establish the geometry of the complex and 
resolve the question regarding the occupation of the sixth 
co-ordination site of the metal an X—ray structure 
determination was carried out on a crystal obtained by 
recrystallisation from methanol and dimethylformamide. This 
has confirmed that the complex is mono-nuclear with two 
terminal oxo-groups in the cis configuration and identified 
an oxygen bonded dimethylformamide in the sixth co-ordination 
site of the molybdenum. Before recrystallisation this
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co-ordination site was occupied by methanol as judged by the 
signal at 6 3.28 in the ^H-nmr spectrum.

On the basis of this structural information it is 
possible to make some additional observations regarding the 
infrared and mass spectra. In complexes that have been 
allowed to crystallise from an excess of dimethylformaunide 
the methanol ligand is replaced by dimethylformamide and 
the infrared spectrum shows an additional absorption band 
at 1670 cm“  ̂corresponding to the carbonyl stretch of this 
group. It appears that washing these crystals with 
methanol, however, can result in exchange of the 
dimethylformamide ligand by methanol. In all cases the 
mass spectrum shows only an[M*-solventj ion.

2.3.3 X-ray structure determination offN(cis,exo-2-
hydroxybornyl)-3-methoxysalicylideniminato(2-)]- 
(N.N-dimethylformamido)dioxomolybdenum(VI).

Pale yellow crystals were obtained by recrystalisation 
from a NN-dimethylformcunide/methanol mixture.

Intensities were collected on a Philips PW 1100 
four-circle diffractometer operating in the U / - 2 0 ’ scan 
mode using graphite—monochromated Mo—K(j radiation 
(A 0.07107 X  ). The parameters are summarized in 
Table 2.1.
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Table 2.1 Crystal data

i-

D ̂ g.cm”
F(OOO)
^(Mo-K^)/c3n”^
Crystal size/mm 
Reflections measured 
Unique reflections 
Scan width(w)/^
Scan speed/°S 
©•range/®
R
R^
Least-squares parameters 
Average shift-to-error 
Maximum shift-to-error

ca

C21«3oN2°6'<°
505.5

Orthorhombic
P2i2i2i
26.992(8)
11.691(6)
7.055(6)
2 226.3 

4
1.508 
1 040 

5.5
0.064 X 0.096 X 0.48 

2960 
2816 
0.64 
0.05

3 . o i ^ e ^ 3 e ^

0.0508
0.0513

0.0522
0.270

Data was collected for one octant of reciprocal space.
Weak reflections were not measured if [ip - ^(Ip)^] ^ 
on a preliminary scan, where Ip is the intensity at the 
top of the reflection profile and the mean of two 
5-s background measurements on either side of the peak.
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The background measuring time was proportional to li
being the intensity recorded in scanning the reflection.
The data was corrected for Lorentz and polarization factors 
and 2816 reflections were found to be statistically 
significant with I ^ 3 €p(I)»

TO determine accurate cell dimensions the diffractometer 
procedure "LAT” was used to record accurately the ©• values 
for the more intense reflections down the axes hOO. OkO and 
OOt and hence the interplane spacings, d. associated with 
the crystal axes were obtained. Using these values it is 
possible to calculate the lengths of the axis a, b. and c.
To Check the precision of these values they were used to 
calculate, from simple geometrical formulae, the distance 
between the planes hhO. hOh and 03dt. These calculated 
distances were then compared with those determined by 
measuring reflections from these planes and were found
to be in good agreement.

The space group P2^2^2^ was determined unambigously 

from the systematic absences , hOO with h even. OKO with K 
even, OOt with t even.

Due to difficulties in measuring the crystal density 
the number of molecules in the unit cell was estimated as 
four by assuming a density of 2.0 g cm based on values 
reported for the molybdenum complexes Mo0 2(0CH2CH20)2 .
M0204(OCH2C(CH3 )2CH20)2(H20)2®^ (pyH)2[MO204Cl4(H20)2lH20 .
The calculated density for the complex, assuming the molecular 
formula C2iH3oN20gMo. is considerably lower (1.508 g cm ) 
but is not unreasonable given the presence of a larger 
organic ligand than in the previously mentioned complexes.
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The position of the molybdenum atom was located from 
a Paterson map. A subsequent difference-Fourier map gave 
a large number of electron density maxima arovmd the 
metal atom, many of which could have arisen from donor 
atoms. Several attempts were made to establish which 
peaks were most likely to arise from the donor atoms by 
constructing models to find which occupied the most 
likely geometry around the metal atom. Substitution of 
these 'atoms’ into the difference-Fourier failed to solve 
the structure. Finally, a Fourier map was calculated in 
which only the molybdenum atom had been assigned, and in 
this case all atoms except one carbon of the benzene ring 
and the bridgehead methyl of the aminobomeol fragment 
were found. The remaining ligand not previously identified 
was immediately identified as NN-dimethylformamide 
coordinated to the metal via the oxygen. All atoms found 
were incorporated and the structure refined using full-matrix
least-squares procedures,with the metal, oxygen and nitrogen
atoms having anisotropic temperature factors. All the 
hydrogen atoms were inserted into geometrically calculated 
positions (C-H 1.08A). The final difference-Fourier map 
showed maxima and minima of electron density of 0.88 and
0.75 eA"^ respectively, located near the molybdenum atom.
R values are given in Table 2.1 and the refined atomic 
positional parameters are presented in Table 2.2. Table
2.3 lists interatomic bond lengths and angles in the 
coordination sphere of the metal. Anisotropic thermal 
parameters, interatomic bond lengths and angles in the 
ligand, and final structure factors are given in Appendix 2.
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Major computations were performed using the 'SHELX*
83system of programs .

Fig. 2.1 shows the structure of the complex. In 
addition to identifying the remaining ligand as dimethyl- 
formamide and confirming the cis geometry and tridentate 
nature of the ligand it can be seen that the arrangement 
of donor atoms is a considerably distorted octahedron.

The Mo=0 bond lengths are within the range (1.65- 
I.82X) reported in the literature for other oxo-molybdenum(VI) 
complexes Similarly,, the Mo-N(l) and Mo-0(2) bond

OC O Qlengths are comparable to those found ' , in complexes
having the related salicylaldiminato ligands (2.19) and
( 2 . 20 ) .

The crystal structure and infrared evidence suggest 
that exchange of a solvent molecule in the sixth coordination 
site will occur easily. As discussed previously the 
presence of an exchangable ligand may be advantageous in 
the design of asymmetric epoxidation catalysts.
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Fig. 2.1 The molecular structure of [N(cis,e3ro-2-hydroxy- 

bo rnyl)-3-methoxysa1i cylidenimina to(2-)](NN-d imethy1 •
forniamido)dioxomolybdenum(VI) showing labels
used in Tables 2.2 and 2.3.
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bornyl)-3-methoxysalicylideniminato(2-)] (NN-dimethyl- 
formamido)dioxomolybdenum(VI) showing labels 
used in Tables 2.2 and 2.3.
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Table 2.2. Refined atomic positional parameters (xlO )
and isotropic thermal parameters (xlO^)^® .

Atom
Mo
N(l)N(2)
0 ( 1 )
0 ( 2 )
0(3)0(4)
0(5)0(6)
C(l)
C(2)
C(3)C(4)
C(5)
C(6)
C(7)
C(8)
C(9)
C(10)
C(ll)C(12)
C(13)
C(14)
C(15)
C(16)
C(17)C(18)
C(19)
C(20)
C(21)

x/a y/h
035(2)^^^ 2 308(1) 1
283(2) 2 546(5) 4
929(3) 1 030(6) 2
729(2) -1 063(5) 1
216(2) 749(4) 2
826(2) 2 670(5)
738(2) 1 984(5) -

654(2) 3 797(4) 2
151(2) 1 743(5) 3
457(4) -2 044(9)
583(3) - 598(7) 2
216(3) -1 003(8) 4
102(4) - 447(8) 5
362(3) 508(7) 6
723(3) 965(7) 5
843(3) 401(6) 3
995(3) 1 967(6) 5
601(3) 3 449(7) 5
338(3) 4 348(6) 6
762(3) 4 954(8) 7
022(3) 5 660(8) 6
687(3) 5 406(7) 4
831(3) 4 159(6) 3
167(3) 5 299(7) 5
987(4) 6 378(8) 6
745(3) 4 908(8) 4
748(3) 6 259(8) 2
501(3) 1 304(7) 2
314(4) 482(9) 1
034(5) 1 310(11) 4

z/c
522(1) 
689(8) 
942(10) 
218(10) 
293(8) 
745(8) 497(7) 
146(7) 
043(7) 
594(15) 
896(12) 
069(13) 
767(13) 
282(14) 
089(11) 
396(12) 
743(12) 
546(11) 
801(11) 
784(13) 
172(13) 
448(12) 935(10) 
351(12) 
331(14) 
023(12) 
860(13) 160(13) 
841(16) 878(16)

Ü

64(3)
37(2)
45(2)
50(2)
44(2)
28(2)
27(1)
29(2)
27(2)
35(2)
46(2)
46(2)
33(2)
26(2)
35(2)
58(2)
42(2)
46(2)
39(2)
65(3)70(3)

(a) The standard deviation of the least significant digit 
is included in parenthesis in this and subsequent 
Tables•

The value of x/a for Mo has been multiplied by 10^-
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Table 2.3 Interatomic bond lengths (A) and angles (®)
in the co-ordination sphere of the complex.

Atoms

Mo-N(l) 2.274(6)
Mo-0(2) 1.968(5)
Mo-0(3) 1.706(5)
Mo-0(4) 1.729(5)
Mo-0(5) 1.918(5)
Mo-0(6) 2.379(5)
0(2)-Mo-N(l) 78.8(2)
0(3)-Mo-N(l) 98.9(2)
0(3)-Mo-0(2) 94.8(3)
0(4)-Mo-N(l) 155.6(2)
0(4)-Mo-0(2) 99.1(2)
0(4)-Mo-0(3) 105.4(3)
0(5)-Mo-N(l) 73.4(2)
0(5)-Mo-0(2) 150.2(2)
0(5)-Mo-0(3) 99.8(3)
0(5)-Mo-0(4) 101.8(2)
0(6)-Mo-N(l) 73.2(2)
0(6)-Mo-0(2) 80.6(2)
0(6)-Mo-0(3) 171.5(2)
0(6)-Mo-0(4) 82.4(2)
0(6)-Mo-0(5) 81.3(2)
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2,3.4 Catalysts derived from other 2-aminoalcohols.
Attempts to extend the range of chiral complexes of the 

above type were restricted by the limited number of resolved 
a-amino alcohols that were available. However, a related 
complex was synthesised by addition of d(-)-2-amino-1-butanol
to bis(methoxysalicylaldehydato)dioxomolybdenum(VI) in
refluxing methanol. Unlike the previous preparation the 
use of excess amino-alcohol gave a 'glassy* product, the 
spectroscopic properties of which were not consistent with 
those expected for structure (2.21). However, the use of 
equimolar amounts of reactants gave the desired complex as a
yellow solid.

OMe

The ^H-nmr spectrum of the product showed the presence 
of one phenyl and one 2-amino-1-butanol. An upfield shift 
of the aldehydic proton signal was observed, as with the 
previously described complex of this type (Section 2.3.2), 
and was therefore consistent with formation of the tridentate 
ligand. The normally complex methylene signal of the 
2-amino-l-butanol had shifted downfield (6 4.34) appearing
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only as two overlapping signals with the remaining proton in 
the chelate ring of the amino alcohol appearing as a broad 
signal (6 3.81) beneath that of the methoxy group. The 
infrared spectrum was similar to that of related complexes 
having a methanol ligand. Mass spectrometry showed a 
molybdenum containing parent ion m/e 351 ( Mo) consistent 
with the expected five coordinate complex [m '̂ '-HOCĤ ] .
Accurate mass measurement supports this proposed structure.

2.3.5 Catalysts derived from 1,2-diols
As stressed previously, an important requirement in 

the design of an asymmetric epoxidation catalyst is that 
the ligand system should be stable under the reaction 
conditions. The oxidative decomposition of many molybdenum 
complexes under the epoxidising conditions (with formation 
of 1,2-diol complexes which are themselves active catalysts 
and relatively stable) led us to consider the use of such 
complexes derived from chiral 1,2—diols as catalysts for 
asymmetric epoxidation.

Addition of D(-)-2,3-butandiol to a reflxixing suspension 
of bis(acetylacetonato)dioxomolybdenum(VI) in cyclohexane 
produced a white solid, the infrared spectrum of which 
Qxhibited absorption bands characteristic of the oxo— 
molybdenum group and a co-ordinated hydroxyl group. The 
^H-nmr spectrum showed two pairs of overlapping methyl 
signals suggesting two 2,3—butandiol ligands in different 
environments, with the signals due to the remaining protons 
of the chelate ring shifted downfield compared with in the 
free ligand. The spectroscopic data was therefore consistent
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with formation of the expected complex, cis-bis[D(-)-2,3- 
butandiolato-0,0^(l-)]dioxomolybdenum(VI) (2.22), and 
satisfactory analytical data were obtained. It was not 
possible to obtain a satisfactory mass spectrum of this 
complex but this may be due to its thermal instability. 
Heating the complex at 80°C under reduced pressure produced 
a light-sensitive yellow material with slightly different 
infrared characteristics.

Attempts to prepare a similar complex using L-l-hexadecyl* 
glycerol (2.23) were unsuccessful, yielding only starting 
materials, nevertheless in situ epoxidation experiments 
(Section 2.3.6(ii)) with this ligand indicated that 
bis(acetylacetonato)dioxomolybdenum(VI) was modified in its 
presence.

H O - C H 2

H O-CH

CH20(CH2)-|5CH3

(2.23)
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2 , 3 , 6  Epoxidation with Chiral Catalysts
Geraniol (2.24) was chosen as substrate for testing all 

catalyst systems because other workers have determined the 
specific rotation of 2 ,3-epoxygeraniol (2.25) thus enabling 
the optical purity of samples to be determined polarimetrically 
(Section 1.4) and also to compare the efficiency of our 
catalysts directly with those of other workers. Alternatively, 
instead of measuring the optical purity of the epoxide it 
could be converted to 2,3-epoxygeranyl acetate (2.26), thus 
permitting the enantiomeric excess to be determined with 
the aid of chiral nmr shift reagents as well as by polarimetric 
measurements. Sharpless et al^^ having established the 
specific rotation of the epoxyacetate.

+ Bu^02H OH

(2.25)

2CCH3

unless otherwise stated, epoxidations were carried 
out at 40°C in dry benzene in the presence of 1-2% catalyst 
using t-butyl hydroperoxide as the oxidant.
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(i) Epoxidations with pre-formed chiral catalysts.
Epoxidations with vanadium containing catalysts are 

normally accompanied by the initial formation of a transient 
red colour on addition of hydroperoxide, associated with 
the oxidation of vanadium(IV) to vanadium(V) (Section 1.5.1). 
However, in epoxidations with NN^-ethylenebis(iminomethyl- 
oamphorato)oxovanadium(IV) (2.6) the original green reaction 
mixture merely faded to yellow on addition of hydroperoxide. 
Nevertheless, 2,3-epoxygeraniol was isolated in good yield 
after purification by column chromatography (Table 2.4, 
entry i). The product, judged to be pure by tic, was 
laevorotatory with an enantiomeric excess of approximately 
12X. on further purification by distillation the optical 
rotation decreased considerably suggesting that the rotation 
arose from contamination by ligand-containing material.
This clearly demonstrates the serious problems involved in 
attempting to detect small asymmetric inductions in products 
isolated from catalysts containing ligands having high 
optical rotations. In this example, although the con?>lex 
and the free ligand are both dextrorotatory the contaminant 
is laevorotatory and must therefore arise from decomposition 
of the catalyst under the reaction conditions.

[ N(Cis.exo-2-hydroxybornyl)-3-salyclideniminato(2-)] - 
(methanolato)dioxomolybdenum(VI) (2.17a) was found to be 
stable under the epoxidising conditions by treatment of the 
complex with t-butyl hydroperoxide and epoxycyclohexane in 
refluxing cyclohexane. Spectroscopic properties of the 
isolated complex were identical to that of the starting 
material.
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Epoxidation of geratviol in the presence of (2.17a) as 
catalyst, followed by acetylation and separation by colximn 
chromatography gave 2,3-epoxygeranyl acetate in low yield 
(Table 2.4, entry ii). This lower yield compared with that 
obtained from use of other complexes probably reflects the 
much lower solubility of this complex. Polarimetric 
measurements on the purified product indicated that no 
detectable asymmetric induction had taken place.

The corresponding complex derived from aminobutanol
(2.21) was found to exhibit much greater solubility in 
benzene (in the presence of hydroperoxide) than the 
aminoborneol complex, and this is reflected in the increased 
yield of epoxide (Table 2.4, entry iii). Use of this complex 
however again failed to show any asymmetric induction in the
product.

Cis-bis[D (-) -2,3-butandiolato-0,0^(1-)] dioxomolybdenum( VI)
(2.22) was found to be very soluble in benzene. Epoxidation 
of geratNiol in the presence of this catalyst (Table 2.4, 
entry iv) followed by acetylation and purification by column 
chromatography gave laevorotatory 2 ,3-epoxygeranyl acetate 
which was judged free from contamination by ligand on the 
basis of glc and tic analysis. From duplicate experiments 
the enantiomeric excess (ee) was determined polarimetrically 
as 16*196. An attempt was made to confirm this result by

nmr studies using the chiral nmr shift reagent, Eu(hfc)3 . 
Although some separation of the acetate methyl signal 
occured on addition of the shift reagent, it was not possible 
to completely separate the signals of the two enantiomers. 
Integration of the best separated signals (Fig. 2.2(b))gave 
an enantiomeric excess of approximately 1696, which is
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CH3C02~

(a)

Fig. 2,2 (a) 60MHz nmr spectrvpi of ^»3-epoxygeranyl acetate prepared using Mo02(D(-)-2,3-but
(b) Acitate li^al^after addition of the chiral

shift reagent,Eu(hf0 )3 .
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consistent with the result obtained by polarimetric methods.
Yamada et al^^ have shown, by correlation with R-{-)- 

linalool that (+)-2 ,3-epoxygeraniol has the absolute 
configuration 2(R),3(R). Sharpless ^  al^^ found that 
hydrolysis of (+)-2 ,3 -epoxygeranyl acetate gives (-)-2,3- 
epoxygeraniol. From these observations we can conclude that 
the (-)-2 ,3 -epoxygeranyl acetate obtained in the above 
process would give (+)-2 ,3-epoxygeraniol upon hydrolysis 
and thus has the absolute configuration 2(R),3(R).
(ii) Epoxidation with chiral catalysts prepared in situ.

Following the success of Sharpies et al in carrying out 
asymmetric epoxidations using as catalysts, chiral hydroxamic 
acid complexes of vanadium prepared in situ (Section 2.3.1) 
we have carried out epoxidations using bis(acetylacetonato)- 
dioxomolybdenum(VI),(Mo0 2(acac)2 ) in the presence of chiral 
coordinating ligands which failed to give isolable complexes.

Epoxidations were carried out with a Mo02(acac>2 « 
ligand ration of 1*5.

Epoxidation of geraniol catalysed by Mo02(acac>2 in 
the presence of the ligand c i s , ^ - 3-amino-2-hydroxybornane
(2.12) gave 2,3-epoxygeraniol in good yield (Table 2.4, entry v). 
isolation of 2,3-epoxygeraniol which was completely free 
of ligand or ligand derived material presented difficulties.
The product isolated from the reaction mixture by short-path 
distillation appeared by tic and nmr to be pure and exhibited 
a significant optical rotation. Further purification by 
column chromatography however, resulted in a reduction in 
optical rotation, forcing us to conclude that the optical 
rotation was due only to trace ligand impurities.
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Table 2 . 4 ,  Epoxidation of geraniol using chiral catalysts
Catalyst Product 'C Chem. Opt.yield(%) yield(%)

(i) 2.25 40 71 0

DMF

2.26 40 36 0

2.25 40 52 0

Me
(iv)

M.' '0
( 2 . 22)

2.26 40 33 16

(v) Mo02(Qcad2 2.25 77

•OH
(vi) Mo02(acac)2| |— OH 2.26

.0ICH2)i5CH3
40 76 25
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in general there is a greater chance of asymmetric 
inductions being obtained at lower reaction temperatures. 
Carrying out the above epoxidation at 20-25 increased 
the reaction time considerably but gave similar results.

Replacement of cis.exo-3-amino-2-hydroxybomane by the 
ligand t-l-hexadecylglycerol (2.23) gave 2,3-epoxygeranyl 
acetate after epoxidation and acetylation. After purification 
by column chromatography and preparative thin layer 
chromatography, the product was found’ to be laevorotary 
with an enantiomeric excess of 25% (Table 2.4, entry vi). 
Attempts to confirm this result using chiral nmr shift
reagents were not very successful due to the difficulty
of obtaining suitably separated signals for the two 
enantiomers, however, these results did support the 
predominance of one enantiomer.

As discussed previously (Section 2.3.1) Yamada et al51

and Sharpless et al^^ have since reported the metal catalysed 
asymmetric epoxidation of geraniol, and obtained asymmetric 
inductions of 18% and 30%.

2,3.7 Epoxidation with chiral hydroperoxide.
In addition to the use of chiral catalysts for 

asymmetric epoxidation by achiral hydroperoxides, there 
exists the possiblity of using chiral hydroperoxides, either 
with achiral catalysts or in conjunction with chiral ones. 
Although such a process is formally similar to epoxidation 
by chiral peroxy acids it could provide a useful 
complementary technique, giving regio- and asymmetric 
epoxidation of allylic alcohols (Scheme 2.7).
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•OH

R-

+ lf02H

pinane hydroperoxide (2.27) was chosen as the chiral 
hydroperoxide since it is readily prepared by atmospheric 
oxidation of cis-pinane (2.28) at elevated temperatures.

02
(2.28) (2.27)

Pinane hydroperoxide was used for the epoxidation of 
geraniol in the presence of the achiral catalysts bis(acetyl- 
acetonato)oxovanadium(IV), and bis(l,2-cyclohexandiolato)- 
dioxomolybdenum(VI) and also in the presence of the chiral
[N- (cis, exo-2-hydroxybomyl) -3-methoxysalicylideniminato (2- )]- 
(methanolato)dioxomolybdenum(VI) (2.17b) and dioxobis- 
(D(-)-2 ,3-butandiolato)molybdenum(VI) (2.22) catalysts. 
Removal of all traces of pinane derived material from the
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reaction product proved extremely difficult and in all cases 
some optical activity was observed. Nevertheless, although 
the results were not very conclusive, it appeared from the 
polarimetrie measurements, considered in the light of the 
analytical purity (glO, and also from nmr studies using 
chiral shift reagents, that in all cases no significant 
asymmetric induction had taken place.
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CHAPTER 3
ISOMERIZATION OF UNSATURATED ALCOHOLS

3.1 Introduction
Our studies of the oxo-metal catalyzed epoxidation of 

olefins resulted in the observation that these catalysts
are capable of affecting the allylic isomerization of allylic 
alcohols. A detailed study of this reaction was therefore
undertaken and is discussed in Chapter 4.

In the course of our investigations into the above 
isomerization a search of the literature revealed that 
other workers have extensively studied the rearrangement 
of tertiary propargylic alcohols to a,P-unsaturated carbonyl 
compounds in the presence of oxo-metal catalysts (Scheme 3.1) 
From a consideration of the proposed mechanism of this 
reaction we envisaged the possibility of developing a 
procedure for effecting ring closure based on diverting 
the normal course of reaction of the proposed intermediate. 
Attempts to obtain a number of cyclized products by this 
method is discussed in Chapter 5.

OH

Scheme 3.1

This chapter is therefore devoted to a brief survey of 
existing methods for the isomerization of allylic (Section 3.2)

69.



and propargylic (Section 3.3) alcohols in order to provide 
background for the investigations discussed in the subsequent
chapters.

3,2 Isomerization of Allvlic Alcohols
ap-Unsaturated alcohols are able to undergo an allylic 

isomerization^°. Such isomerizations occur when a 
functional group migrates from one end of an allylic system
to the other (Scheme 3.2).

Allylic isomerizations are often reversible giving an 
equilibrium mixture of the two isomers.

C^-X X — Cy— — c
/
\

Scheme 3.2

The allylic isomerization of allylic alcohols (X=OH) 
and their derivatives occupies a position of considerable 
importance in synthetic organic chemistry. In a synthesis 
the most readily accessible allylic isomer is often not the 
desired one, but if the desired isomer predominates at 
equilibrium, or is favoured under kinetically controlled 
conditions, an allylic isomerization may usefully be 
introduced into the synthetic strategy. The importance of 
transposing allylic oxygen functionality is reflected in its 
application to the synthesis of many natural products, 
notably in the total synthesis of Vitamin There are
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92 93many other examples in the field of alkaloid, terpene 
94and steroid synthesis.

3,2.1 Ecniilibria in allvlic systems
As mentioned previously, allylic isomerizations are 

often reversible and in such cases the equilibrium constant(K) 
between the two allylic isomers depends on the free energy 
difference (AG) between the two isomeric structures as 
expressed in the equation;

AG=-RT In K

I

The effect on the equilibrixom constant of substituents 
attached to the C ^ ,  and positions can be considered
in terms of differences in enthalpy between the two 
isomers. Substituents on the double bond generally have 
a stabilising effect which is reflected in the heat of 
hydrogenation or combustion of unsaturated compounds. For 
mono-olefins the rate of hydrogenation of a double-bond 
is found to decrease with increasing alkyl substitution, 
indicating an increase in stability with increasing alkyl 
substitution. In the isomerization of alkyl substituted 
allylic systems, it would therefore be expected that the 
equilibrium would favour the isomer in which the double 
bond is most substituted. Although this is generally 
accepted to be the case, there appears to be no systematic 
experimental information on the position of equilibrium of 
alkyl substituted allylic systems. Substituents attached 
to the Cp position should have little effect since they 
would be expected to stabilize the double bond to the same
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extent in the two isomers.
Aryl groups attached to the double bond stabilize it

by conjugation. Thus the equilibrium between 1-phenylallyl
and cinnamyl compounds (Scheme 3.3) appears to be displaced

. 95almost entirely in the direction of the latter isomer .

PhCHCH=CHo
I

X

PhCH =CHCH2X
100% at equilibrium

Scheme 3.3

spectroscopic studies^^’’ have indicated that in systems 
in which phenyl and methyl groups compete for stabilization 
Of the double bond (Scheme 3.4) the equilibrium favours the 
phenyl group by a factor of at least 10:1. This implies 
a free energy difference in stabilizing power between the 
phenyl and methyl groups of at least 1.6 Kcal/mol.

PhCHCH=CHMe
I

OH

PhCH=CHCHMe
I
OH

^92% at equilibrium
Scheme 3.4

Substitution in the aryl group does not have a very 
large effect on the position of equilibrium although 
extension of the conjugated system, for example by a 
p-nitro group, may displace the equilibrium slightly 
further in favour of the isomer with the aryl substituent
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further in favour of the isomer with the aryl substituent
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on the double bond •
Stabilization by conjugation will also occur when the 

allylic system is substituted with other unsaturated groups, 
under equilibrium conditions the allylic double bond will 
move into conjugation with double and triple bonds and 
possibly with carbonyl groups^*^ (Scheme 3.5) although in 
the case shown, determination of the position of 
equilibriiim was complicated by cyclization of the product.

MeCH=CHCHCH=CH2

OH

MeCHCH=CHCH=CH2
I
OH>̂-100% at equilibrixim

MeCH=CHCHCsCH
I

OH

H’ MeCHCH=CHC=CH
I
OH

r ^ 9 Q %  at equilibrium

MeoC=CHC(Me)COMe 
 ̂ I 

OH

H H0C(Me2>CH=C(Me)C0Me
Position of equilibrium 
not determined

Scheme 3.5

In cyclic systems the structural principles governing 
the position of equilibrium as discussed above,may be 
modified by ring strain and conformational preference. 
Normally, however, conjugation is still a dominant 
influence^ (Scheme 3.6).
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[̂ ĈH-CH=CHR
OH

CH-CH=CHR

^ C H = C H -C H R  
OH

Scheme 3«6

In cyclic systems in which rearrangement would involve
migration of an endocyclic double bond to an exocyclic
position or vice versa the reaction proceeds in such a
manner as to avoid the formation or retention of an

99exo double bond in a six-membered ring system . Thus
the alcohol (3.1) has been shown to be more thermodynamically
stable than its isomer (3.2) and rearranges to give only a

100small amount of the latter

^^^^C02Et

^ ^ ^ C H = C H 2
OH

(3.1) (3.2)

3.2.2 Isomerization promoted by acid catalysts
The isomerization of allylic alcohols rarely occurs

at a measurable rate in the absence of catalysts and is 
normally carried out in the presence of strong protic or 
Lewis acids^^. The rapid rearrangement of linalol to a

74.





In principle, there is no sharp dividing line between
the bimolecular and unimolecular mechanisms since they
differ only in the degree of nucleophilic interaction of
water with the developing carbonixim ion. Similarly, the
S 1 and S..î  mechanisms may be viewed as extremes of the N N
bond breaking and bond making process in the transition
state. From the data available on allylic alcohol
isomerization, particularly that concerned with substituent
effects on rates, a unimolecular mechanism is favoured, with
considerable carboniiam ion character in the transition state.

Allylic alcohols with only one alkyl substituent on the
a- or position require prolonged treatment with mineral
acids at elevated temperatures to isomerize (conditions
which may also cause simultaneous formation of ethers, dienes
and carbonyl c o m p o u n d s w h e r e a s  a,a- and y,y-dialkyl
substituted allylic alcohols require less severe conditions,
e.g. 1% aqueous sulphuric acid for 60h. at room temperature
Methyl substituents increase the rate of isomerization in
the order Unsaturated substituents on the

. ^ . 105a-carbon atom also increases the rate of isomerization ,
as do aryl substituents which can release electrons into
the allylic system^®. Electron withdrawing substituents,

90however, decrease the rate of isomerization •
Esters of allylic alcohols also undergo acid-catalysed 

isomerization. These reactions are formally similar to 
the acid-catalysed allylic alcohol isomerizations in that 
they are believed to involve alkyl-oxygen cleavage of the 
protonated ester molecule (Scheme 3.8). In principle, all 
the mechanistic pathways available in the acid-catalysed
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alcohol isomerization are also available to the acid- 
catalysed ester isomerization. The degree of association 
of the carboxylic acid molecule and the carbonium ion is 
dependent on the substrate and the reaction conditions.

\

/
C = C - I

Scheme 3.8

r-'c- 5 - c- c= c

'

From a synthetic point of view, these procedures often
lack selectivity giving low yields of rearranged products.
This lack of selectivity results from the ability of the
allyl cation (or ion-pair) intermediate to undergo a number

.  ̂ 90,94a,b,106of side reactions such as elimination to dienes »

skeletal rearrangement^^’ and cyclization ' , and this
,  ̂90,106aoften leads to the formation of resinous products 

Some success in suppressing these side reactions by using 
more selective protic acid mixtures has been reported. Thus 
an acetic acid / acetic anhydride / p-toluenesulphonic acid 
mixture gave the rearranged acetates in 65-9076 yield .

In addition to acid—catalysed isomerization, allylic 
esters undergo thiermal allylic isomerization and the 
mechanism of this rearrangement is discussed in Section 4.3.

! 'i 1

' |l|: ti
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3 2,3 Isomerization promoted by catalysts other than acids__ 
Although acid catalysed isomerization has been Known 

for almost a century, it is only relatively recently that 
there has been development of other catalytic methods which 
are more specific, often giving no side reactions.

Charbardes ^  have reported the isomerization of
allylic tertiary alcohols to allylic primary and secondary 
alcohols usually in low yield (Table 3.1) in the presence 
of catalytic amounts of oxo-vanadium(V) compounds of the 
type (RO)^VO, where RO is either an alKoxy or siloxy group.
This reaction has not attracted a great deal of interest, 
unlike the oxo-metal catalysed rearrangement of propargylic 
alcohols which has been extensively studied (Section 3.3.2).
The mechanism of the isomerization (discussed in detail in 
Section 4.3) is thought to proceed via formation of the
vanadate ester of the allylic alcohol.

Overmans’ report^that mercury(II) salts will promote 
the rearrangement of trichloroacetimidic esters of allylic 
alcohols to the corresponding trichloroacetamide (Scheme 3.9) 
was the first reported mercuric ion catalysed [3 ,3 ]-sigmatropic
rearrangement.

R|R2C=CR” CR2R|̂
OH

CC13CN
Rl R 2 ^“” ̂  C ̂ 3̂ /̂

occa
H gttll

R-,R2C-CR=CR3R^^

HNCCCI3

0

NaOH R1R2C-CR:
NHo

CR3 R4

Scheme 3.9
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Table 3.1 Vanadate ester catalysed allylic alcohol 
isomerisation.

Starting
alcohol

Isomers
obtained Conversion

OH
•OH 26

OH

ÔH 30

OH
HO' 19

OH

OH
68

Reactions were carried out in the absence of solvent 
using catalyst concentrations of approximately 1 mol % <  

Reaction temperatures were 130-160 deg. C and reaction 
times varied between 30 min and 7h.
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isomerisation.

Starting
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Isomers
obtained
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OH
‘OH 26

-OH 30

OH
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OH

OH
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Reactions were carried out in the absence of solvent 
using catalyst concentrations of approximately 1 mol % <  

Reaction temperatures were 130-160 deg. C and reaction 
times varied between 30 min and 7h.
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since these transformations were not believed to 
involve allyl cation or related intermediates it was 
anticipated that a similar technique applied to the allylic 
equilibration of oxygen functionality would likely avoid 
many of the side reactions encountered in the "classical” 
acid-catalysed methods. Overman et al have, therefore, 
recently described the equilibration of NN-dimethylcarbamatte 
esters of allylic alcohols in the presence of mercuric 
trifluoroacetatre^^^ (Scheme 3.10).

- c - c = c Me2NC0Cl Hg(ll)

OCNMe
M e O H -K O H

Scheme 3.10

Initial studies with hexenyl carbamate (Scheme 3.11) 
indicated that oxygen equilibrations were possible in high 
yield under mild conditions if mercuric trifluoroacetate 
is employed at low concentrations and the mercuric catalyst 
is removed by complexation with before product
isolation.
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Table 3.2 Mercuric trifluoroacetate catalysed allylic 
carbamate rearrangement.

Starting
carbamate

Products (isolated yield)

OCONMe-

0C0NMe2

(92%)

(95%)

.OCONM02

.OCONM02

0 C0 NM®2

0C0NMe2

,0C0NMe2

(98%)

Reactions were carried out in THF at room temperature 
with 0.3 equiv. of catalyst.
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Ri-
H g d il

Scheme 3.12

Contrathermodynamic isomerizations were also achieved 
in a number of cases by using an excess of mercuric 
trifluoroacetate. The formation constants for covalent 
alkene-mercuric trifluoroacetate adducts decrease with 
increasing double bond substitution thus the excess 
catalyst traps the terminal alkene isomer as a covalent 
adduct and removes it from the equilibrium. At the end 
of the reaction the mercury(II)-adduct is destroyed with 
triphenylphosphine to yield an isomer mixture enriched in 
the less stable product (Scheme 3.13).

Ri 1. H g X 2  (excess)

Z  P h jP

R2 0C0NMfi2

Scheme 3.13
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112Overmann et ^  have also studied the equilibration 
of allylic esters in the presence of metal catalysts and 
found that soluble palladium(II) salts are more effective 
than mercuric trifluoroacetate. In particular, catalytic 
amounts of bis(acetonitrile)palladium(II) chloride were 
found to cause rearrangement of allylic acetates at room 
temperature in high yields (Table 3#3) and the reactions are 
highly E-stereoselective. Thus trans-cinnamyl acetate (3.4) 
was produced with an isomeric purity of 98%, and the 78:22 
E:Z ratio observed for 3,7-dimethyl-2-octen-l-ol (3.3) is 
higher than would be expected for allylic esters of this type.

As methods for allylic alcohol rearrangement,both the 
mercury(II)-catalyzed isomerization of carbamate esters and 
the palladium(II)-catalyzed isomerization of acetate esters 
are synthetically important, since strongly acidic conditions 
are not required. However, the disadvantage of both methods 
is that the ester intermediates must first be prepared and 
ultimately cleaved. As a result, for allylic alcohols for 
v’hich acid—catalyzed isomerization succeeds, these more 
complex and expensive processes offer no practical advantages. 
However, in cases where s)celetal rearrangement, cyclization 
or elimination can occur or where intramolecular allylic 
oxygen transfer offers stereochemical advantages, these 
alternative procedures become the method of choice.

3.3 Isomerization of Proparcrvlic Alcohols
Propargylic systems like allylic ones can undergo 

rearrangement under a variety of conditions and with 
various catalysts (Scheme 3.14).

84.



Table 3»3 Palladium(II)-catalysed allylic acetate 
rearrangements.

Starting
acetate Product Yield

(%)

OAc
OAc

.OAc

OM®
OAc

88

93

87

C3H7 ‘CAc

C3H7,

OAc W o

95

‘OAc 96

(3.4)

Reactions were carried out in THF at room temperature 
using 0.04 equiv. of catalyst.
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- c = c - c - x  -
- c = c - c -

- c = c = c —

Scheme 3«14

3.3,1 Isomerization by acid catalysts
The acid-catalyzed isomerization of acetylenic 

tertiary alcohols of a.p-unsaturated carbonyl compounds has 
been known since the 1920’s and a wide variety of acidic 
catalysts have been employed“ .̂ However, those most commonly 
used are formic acid, in concentrations of from 70 to 9 1 % ,  

and mixtures of sulphuric and acetic acid.
Acid-catalyzed isomerization of acetylenic tertiary 

alcohols may occur by two routes which give different products. 
In the Rupe rearrangement“ “* (Scheme 3.15) a 1,2-oxygen shift 
occurs. Protonation of the alcohol leads to dehydration 
with formation of a tertiary carbonium ion which expels a 
proton from an adjacent carbon atom giving the vinylacetylene 
intermediate (3.5). Further protonation of this intermediate 
gives a secondary carbonium ion which on work-up eventually 
gives the ot,3—unsaturated ketone (3.6).
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RCH
I

R - C - C = C R '
I
OH

RCH

R'-C-C=CR"' ;=CR"

RC
R'-C-C=CR'

(3.5)

RC OH
u* . I> i Ü— »  R'-C-C=CHR'^ +

RC 0 
II II

^  R -C -C -C H R "
(3.6)

Scheme 3»15
An alternative acid catalyzed rearrangement» the 

Meyer-Schuster rearragement involves a 1 » 3-oxygen shift 
resulting from a dehydration— hydration sequence with 
formation of an aliéné intermediate^(Scheme 3.16).

C - C s C R ^
R'/>R OH

H ^ C ^ C R "
y R"

R X
'r r —r

R

,/  \R OH R

\
/

C=CHC0R"

Scheme 3»16

In the Rupe rearrangement the product is always a 
ketone, whereas in the Meyer-Schuster rearrangement the 
product can be either an aldehyde or ketone, i.e if the 
acetylenic group is terminal the product is an aldehyde, 
otherwise a ketone is produced,
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3.3.2 Alternative methods of isomerizing acetylenic 
tertiary alcohols.

A serious disadvantage of the acid-catalyzed rearrangement 
of acetylenic tertiary alcohols is that it often leads to 
formation of complex mixtures of products. Isomerizations 
in several stages» using various intermediates derived from 
the alcohol, are often more specific.

Acetate esters of acetylenic tertiary alcohols rearrange 
on pyrolysis to give allene acetates as the major product.
Thus on pyrolysis l-ethynyl-2 ,2 ,6-trimethylcyclohexyl acetate 
gave the allene acetate (3.7) and the enyne (3.8)

+
CH

(3.8)

The mechanism of the rearrangement of acetate esters 
of acetylenic alcohols to allenic acetates is thought to 
involve formation of a six-membered cyclic transition state (3.9)
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Isler et ^ave established that such acetates
readily undergo rearrangement when heated in glacial acetic 
acid in the presence of copper powder or salts of copper or 
silver. The corresponding allene acetates are obtained in 
almost quantitative yield and give the a,p-unsaturated 
carbonyl compound on hydrolysis (Scheme 3.17).

«2-
>?1

0. .̂0

R4

Scheme 3.17

Schmid ^  have studied the mechanism of the
reversible propargyl ester-allenyl ester rearrangement by 
silver ions using optically active and diastereoisomeric 
esters as well as and labelled compounds. From their
experiments they concluded that the rearrangement can be 
described as a [3s,3s]-sigmatropic reaction occuring in a 
silver(I)-TT-complex with the triple bond of the acetylene 
and a double bond of the allene. As shown in Scheme 3.18, 
complex formation is thought to occur between the silver ion 
and the Tr-bond not directly involved in forming the cyclic 
transition state.
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Ar,

Ri
R2

Ag*

Ar,

Rt «2

Scheme 3«18

Several groups of workers have recently reported the 
isomerization of secondary and tertiary acetylenic alcohols 
to the corresponding a,^-unsaturated carbonyl compounds by 
heating the alcohol in the presence of a variety of oxo-metal 
compounds^^^^' The most commonly employed catalysts 
have been oxo-vanadium compounds of the type OsViOR)^

i ’

-Ag*
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which RO is either a siloxy or allcoxy group.
Systematic studies in which RO is a triarylsiloxy 

group have shown that electron-donating substituents in the 
aromatic ring result in the formation of a catalyst giving 
slower rearrangements than the unsubstituted compound while 
electron-withdrawing substituents give faster rearrangements

Charbardes et have proposed a mechanism for the
rearrangement which involves formation of a vanadate ester 
of the acetylenic alcohols followed by a [3 ,3 ]-sigmatropic 
rearrangement to give an •allene-vanadate’ intermediate which 
is displaced from the metal in a transesterification step 
with accompanying protonation and rearrangement to the 
oc,3-unsaturated carbonyl compound (Scheme 3.19).

118b

ROH

R2 '̂1.

R2

VO(OR)

Scheme 3.19
Other workers have reported Kinetic studies which

^ . 119apparently support this mechanism .
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CHAPTER 4
STUDIES OF METAL-IOM CATALYSED ISOMERIZATIONS OF ALLYLIC ALCOHOLS

4.1 Introduction
During the course of our investigation aimed at 

developing oxo-metal catalysts for the regio- and stereoselective 
epoxidation of olefins (Chapter 2), we observed that when the 
substrate is an allylic alcohol the epoxidation (Scheme 4.1, 
reaction 1) may be overshadowed by a competing isomerization 
reaction (Scheme 4.1, reaction 2).

OH

reaction 1

OH

reaction 2

Scheme 4.1
In view of the importance of transposing an allylic 

oxygen functionality in organic synthesis a study of this 
oxo-metal catalysed isomerization of allylic alcohols was 
undertaken. This chapter includes a discussion of the 
initial observations on the isomerization of geraniol 
(Section 4.2) as well as the kinetics and mechanism (Section 4.3) 
and scope of the reaction (Section 4.4). The final section 
is concerned with attempts to develop more reactive catalysts
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by modifying the ligand portion of the oxo-metal catalysts 
(Section 4.5).

4.2 nvo-metal catalysed isomerization of qeraniol
As part of our study on the metal catalysed epoxidation 

of Olefins it became desirable to compare the catalytic 
activity of complexes in which the metal is shielded by 
bulky ligands, with those in which the metal centre is easily 
accessible to both the epoxidizing reagent and the substrate. 
An experiment was therefore designed in which olefin 
epoxidation catalysed by complexes having bulky ligands was 
to be compared with the rate of olefin epoxidation catalysed
by bis(acetylacetonato)dioxomolybdenum(Vl), which was
arbitrarily chosen as a reference catalyst. The progress of 
the reaction of geraniol with t-butyl hydroperoxide in 
benzene at 40°C in the presence of bis(acetylacetonato)- 
dioxomolybdenum(VI) was monitored by glc, which showed 
disappearance of geraniol (4.1) and the formation of a product 
which, on the basis of retention data, was not the expected
2 .3-epoxygeraniol. On removal of the solvent and analysis 
of the nmr spectrum of the residue the product was easily
identified as linalol (4.2).

'OH

OH

(4.1) (4.2) (4.3)
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On further investigation of this reaction, glc analysis 
showed that prolonged heating resulted in the conversion of 
linalol to other products, identified on the basis of their 
retention times as the cyclised products dipentene (4.3) and 
a-terpineol (4.4). Furthermore, it was noted that this
conversion of linalol to cyclised products was accompanied 
by the development of a blue colour in the reaction mixture. 
At higher reaction temperatures the amount of cyclised 
products was found to increase at the expense of linalol 
formation. Similar treatment of linalol also resulted in 
formation of a blue coloured reaction mixture and formation 
of cyclised products (Table 4.1). These results support the 
view that the reaction proceeds largely via initial 
isomerization of geraniol to linalol followed by further 
reaction of linalol to give cyclised products.

Cyclisation may be a result of the molybdenum complex 
acting as a Lewis acid after the initial conversion of 
geraniol to linalol (Scheme 4.2). This is formally rather 
similar to the mechanism p r o p o s e d f o r  the formation of

p-menthane monoterpenes from the spontaneous decomposition of 
geranyl phosphate in inert solvents. In this case it has been
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suggested that cyclisation follows an allylic rearrangement
of geranyl phosphate to linalyl phosphate.

in an attempt to establish the nature of the blue 
coloured species produced in the Mo0 2(acac)2-catalysed 
isomerization of geraniol the solvent and volatile products 
were removed and a deep blue coloured solid isolated. However, 
the infrared spectrum of this solid was found to be identical 
to that of Mo0 2(acac)2 . It is possible that the blue colour 
arises from an interaction of Mo02(acac>2 with the dipentene 
produced during the reaction. This is supported by the 
observation that treatment of dipentene with Mo0 2(acac>2 

under the conditions used previously, resulted in the 
development of a similar blue colour. Use of oct-l-ene 
instead of dipentene gave similar results, suggesting a 
general olefin-Mo02(acac)2 interaction. Attempts to 
determine the nature of the blue species were again unsuccesful, 
with no detectable changes in the ir and nmr spectra of either 
the substraté or catalyst. These observations therefore 
suggest that the material giving rise to the blue colour 
is present in only very low concentration.

In view of the importance of transposing allylic 
functionality in synthetic organic chemistry (Section 3.2), 
the behaviour of other oxo^transition metal complexes under 
comparable conditions was examined in the hope of finding 
one that was more specific for the conversion of geraniol
to linalol. Bis(salicylaldehydato)dioxomolybdenum(VI) (4,5)
behaved similarly to Mo02(acac)2. No rearrangement was 
observed in refluxing benzene or toluene in the presence of 
dioxomolybdenum(VI) complexes containing nitrogen ligands

96.





e.g. (acetylacetonato)[(-)-N-methylephedrinato]dioxomolybdenum(VI)
(4.6) and fN(cis.exo-2-hydroxybomyl)-3-methoxysalicylideniminato- 
(2-)](methanolato)dioxomolybdenum(VI) (4.7). Bis[ trans-1,2-
cyclohexandiolato-0 ,0 ^(l-)]dioxomolybdenum(VI) (4.8), however,
converted geraniol to linalol in high yield without formation 
of cyclised products. V0(acac)2 was found to be ineffective 
as a catalyst for the rearrangement under similar conditions.

V\ 0

'»'Si/

(4.5)

OCH3

N MoII
(4.8)

(4.7)
Clearly the nature of the ligand attached to the metal 

has a marked effect on the ability of the catalyst to promote 
isomerization and also on the nature of the products. Whythe

this is so is not Clear. The fact that Mo'' 02(acac)2 in an 
active catalyst but V^''o(acac)2 is not could point to the 
Lewis acidity of the metal as an important factor since in 
the latter the metal is not in its highest available oxidation

above there appears to be considerableState. However, as seen
variation in activity between the various molybdenum(VI)
complexes tested and although these may be attributed partly 
to variations in Lewis acidity of the metal centre (resulting
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from the presence of different ligands) this may not be the 
only factor involved.

The isomerization of geraniol in the presence of the
diol complex (4.8) is of particular interest since the
catalytic conversion of geraniol to linalol in high yield
has no precedent and would not have been predicted from the
classical standpoint that the trisubstituted olefin (geraniol)
would be the more thermodynamically stable (Section 3.2.1).
Also, other workers have reported that under rather more
vigorous conditions a variety of oxo-vanadium compounds will
also catalyse the reverse reaction (linalol to geraniol) but

. ,109bglvG 3. low yield of gejTsniol •
we initially thought that the isomerization was 

irreversible since treatment of linalol with bis(acetylacetonato)- 
dioxomolybdenum(VI) in benzene at 80°C gave predominantly 
hydrocarbon with some a-terpineol (identified only by retention 
data) but no detectable quantity of geraniol. Furthermore.  ̂
treatment of linalol with bis[trans-l,2-cyclohexandiolato-0 . 0 (I-)]' 
dioxomolybdenum(VI) (4.8) under the above conditions at first 
appeared to give no reaction. Thus in view of the apparent 
contrathermodynamic and irreversible nature of the isomerization 
it was initially considered to be a kinetically controlled
reaction.

In the initial experiments on the isomerization of 
geraniol to linalol by bis[trans-1 .2-cyclohexandiolato-0 ,0^(l-)]- 
dioxomolybdenum(VI) conversions of the order of 65% were 
obtained after 10-12 h in refluxing benzene. On prolonged 
heating (18 h) conversions of 75% were obtained, after which 
no further conversion took place.
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in view of the fact that other worKers^°^’̂ observed the 
reverse isomerization in low yield using oxovanadium(V) complexes 
under rather more vigorous conditions, it was necessary to 
establish whether these complexes would also promote this 
apparently contrathermodynamic isomerization observed with 
dioxomolybdenum(VI) complexes. Tris(triphenylsilyl)oxovanadium(V)
was used under the conditions described previously and found 
to give conversions of geraniol to linalol identical with 
those obtained using bisrtrans-l,2-cyclohexandiolato-0.0^(l-)] - 
dioxomolybdenum(VI). In the light of this observation the 
reverse reaction (linalol to geraniol), which was initially 
thought not to occur, was again investigated and it was found
that both tris(triphenylsilyl)oxovanadium(V) and bis[trans-l,2-
cyclohexandiolato-0,0l(l-)]dioxomolybdenum(VI) did infact
promote this isomerization, giving conversions of linalol to 
geraniol of 25?S after 18 h with no further conversion 
occuring after this time. Furthermore, in experiments with 
various catalyst concentrations the percentage conversions 

found to b© un3lt©JT©d •
Since isomer distributions were independent of catalyst 

type and concentration and did not alter when either isomer 
was selected as substrate (see Table 4.2), the isomerization 
must be an equilibrium reaction and not Kinetically controlled
as initially thought.

Concentrations of linalol, geraniol and nerol in the 
equilibrium mixture were found to be 74i2%, 16fl% and 10il% 
respectively. In view of the equilibrium nature of the 
reaction the product distribution must reflect the relative 
thermodynamic stabilities of the various isomers in toluene
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at 100°C, hence the formation of linalol as the major product 
suggests that classical arguments for predicting the relative 
thermodynamic stabilities of olefins, based on the number of 
substituents attached to the double bond (Section 3.2.1), 
cannot necessarily be extended to all allylic systems.

Finally, by monitoring (glc) the progress of the 
bis[trans-1,2-cyclohexandiolato-O,0^(1-)]dioxomolybdenum(VI) 
catalysed isomerization of a 1:1 mixture of geraniol (E-isomer) 
and nerol (Z-isomer) in toluene at 100°C it was found that 
nerol is also isomerized at approximately the same rate as 
geraniol without formation of cyclised products. This is in 
contrast to the acid-catalysed rearrangement of geraniol and

o .  ̂ X. 121nerol in acetone/O.lN HCl (1:1) at 37 C where it has been shown 
that nerol is converted mainly to a-terpineol. The greater 
rate of formation of a-terpineol from nerol under these 
conditions may be explained by assuming that the intermediate 
carbonium ion retains the cis configuration to a high degree 
so that the stereochemistry is favourable to this cyclisation.

4.3 Kinetics and mechanism of oxo-metal catalysed isomerization
of allvlic alcohols
Charbardes et have proposed a mechanism for the

oxo-metal catalysed isomerization of tertiary to primary allylic 
alcohols and this is represented in Scheme 4.3. It is proposed 
that the first step (step a) involves formation of a vanadate 
ester of the allylic alcohol by displacement of one of the 
alkoxy (or siloxy) groups of the catalyst. This is followed 
by a [ 3,3]-sigmatropic rearrangement (step b) and a trans
esterification (step c) resulting in displacement of the

1 0 1 .
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4.3 Kinetics and mechanism of oxo-metal catalysed isomerization
of allvlic alcohols
Charbardes et have proposed a mechanism for the

oxo-metal catalysed isomerization of tertiary to primary allylic 
alcohols and this is represented in Scheme 4.3. It is proposed 
that the first step (step a) involves formation of a vanadate 
ester of the allylic alcohol by displacement of one of the 
alkoxy (or siloxy) groups of the catalyst. This is followed 
by a [ 3,3]-sigmatropic rearrangement (step b) and a trans
esterification (step c) resulting in displacement of the
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rearranged allylic alcohol and regeneration of the vanadate 
ester, thus completing the catalytic cycle.

Fig 4.1 shows the conversion of geraniol to linalol, as 
monitored by nmr, shortly after the addition of various 
concentrations of (Ph^SiO)^^© as catalyst. Initial rates 
(Table 4.3) appear to show a slightly greater than first order 
dependence on catalyst. In view of the number of reversible 
steps in the proposed pathway for the isomerization (e.g. Scheme 
4.3), a complex rate equation will be involved, and it is 
unlikely that support for a particular mechanism will come 
solely from kinetic studies.

0=V(0R). ROH (a)

I I
. K2

k-2
(b)

III I (or ROH)
K3
k-3

Scheme 4.3

(c)
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Fig 4.1 Rate of isomerization of geraniol by (Ph2SiO)2VO 
in benzene at 80°C.

Table 4.3 Dependence of initial rate of formation of
linalol on the concentration of (Ph2SiO)2VO.

Catalyst cone./ mol dm-3

Initial rate of formation 
of linalol/ mol dm“  ̂s"^ (xlO )

0.103

1.33

0.052

0.53

0.026

0.25
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For the oxo-metal catalysed isomerization of propargylic
alcohols to a,P-unsaturated carbonyl compounds^^^^ a similar
mechanism has been proposed (Section 3.3.2) and this has been
supported by kinetic s t u d i e s t h e  situation there was
simplified by the irreversibility of the final step, whereas
in the allylic alcohol isomerization it appears from this
work that all the steps are reversible. It might be suggested,

119as was the case with propargylic alcohols , that the 
equilibrium in Scheme 4.3, step (a), is shifted almost completely 
to the right on account of the large excess of allylic alcohol 
present. Thus the catalyst (R0)2V0 in its initial form takes 
no further part in the catalytic cycle which would comprise of 
step (b) and (c). However, it has not been possible to produce 
evidence to support such an assumption for reactions of the 
allylic alcohols in this work. Indeed unchanged tris(triphenylsilyl) 
oxovanadium(V) could be recovered in 50% yield by crystallisation 
from mixtures resulting from the geraniol rearrangement and no 
allylic alcohol ligands were present in the recovered material. 
Furthermore, there appeared to be no shift of signals in the

nmr spectrum of geraniol on addition of tris(triphenylsilyl)- 
oxovanadium(V), as might be expected if transesterification 
had occured. Probably the geranyl vanadate esters are present

A

in concentrations too low to be detected in these experiments.
The proposed involvement of a vanadate ester in the 

rearrangement can be compared with mechanistic proposals for 
uncatalysed rearrangements of allylic esters. It appears to 
be generally accepted that these latter reactions involve a 
unimolecular, rate-determining, alkyl-oxygen scission. Such 
a process could be described, in its two extremes, as a simple
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s ^ l  mechanism or by a concerted process in which the
transition state resembles a rigidly orientated carboniiam- 
carboxylate ion pair (Scheme 4.4).

C=C-C-02CR - C '  + ^ c -  
RC02

I I / 
RC02-C-C=C^

c • ̂ Sfji

I 1C=C-C-02CR
I

r c o2*c- c= c;

Scheme 4.4
These two mechanisms represent extremes of the bond 

making and bond breaking processes in the transition state.
When bond breaking is more facile than bond making the 
mechanism tends towards S ^ l  but when bond making and bond 
breaking occur at comparable rates an Sĵ i mechanism is favoured.

The absence of common-ion rate acceleration or exchange 
in isomerizations accompanying hydrolysis of a number of 
p-nitrobenzoate esters^^2-124 free carbonium ions
as intermediates in uncatalysed allylic ester isomerizations. 
Similarly, in aprotic solvents addition of p-nitrobenzoate to 
a-phenylallyl p-nitrobenzoate in acetic anhydride and

. 125acetonitrile did not give rise to a common-ion rate acceleration 
and when ^®0-labeled a-phenylallyl benzoate was heated with 
benzoate ion in chlorobenzene, the rates of isomerization and
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isotopic exchangG sliowed that only a fraction of thG bGnzoat© 
groups in the resulting cinnamyl benzoate came from the added 
benzoate salt^^^. These results rule out a classical 
mechanism but do not distinguish between an Sĵ i mechanism 
and internal return from an ion-pair intermediate.

An ion-pair mechanism for the isomerization of labile
aiiyiic esters is supported by the observations of Goering
et These workers have investigated the nature of
the intermediate in the isomerization of trans—oc» y-dimethylallyl
and trans-5-methyl-2-cyclohexenyl p-nitrobenzoates by studying
solvolysis, solvent effects, racemization and 0 scrambling.
In the rearrangement of optically active trans-oc,y-dimethylallyl
p-nitrobenzoate (Scheme 4.5) rearrangement resulted in the
interconversion of enantiomers (racemrzation) without geometric
isomerization. The sensitivity of the rate of rearrangement to
the ionizing power of the solvent suggests that the intermediate

18has considerable polar character. Studies with the 0 
labelled compound showed that  ̂0 equilibration in the two 
enantiomers occurs at a slower rate than rearrangement. This 
means the oxygen atoms bond with the nearest carbon atom more 
rapidly than with the remote one. These results have been 
interpreted as being consistent with the idea that the 
intramolecular rearrangement involves an intermediate which is 
best described as an internal ion pair•
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Scheme 4.5

A different situation exists in the rearrangement of the 
trans-5-methyl-2-cyclohexenyl system. Here oxygen equilibration 
is found to take place faster than racemization. This is 
thought to arise from a mechanism involving two ion pair 
intermediates, one of which is symmetrical (common to both 
enantiomers) and results in racemization and oxygen 
equilibration. The second is unsymmetrical giving ’•®0-scrambling
without racGmization.

in the vanadate ester catalysed isomerization of allylic 
alcohols the allylic vanadate esters are present only as 
transient species in catalytic amounts, this makes attempts 
to elucidate the mechanism of the reaction much more difficult.

Reactions which involve the creation of charge in the 
transition state proceed more rapidly as solvent ionizing 
power (dielectric constant) is increased. Isomerization
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of allylic vanadate esters are normally carried out in 
hydrocarbon solvents and the use of alternative solvents to 
study the reaction is restricted, as solvents containing 
heteroatoms with an unshared pair of electrons co-ordinate to 
the vanadium atoms and hinder the formation of the allylic 
alcohol ester. However, we have found that the reaction 
proceeds in chloroform without significant change in reaction 
rate. This suggests that the reaction does not involve free 
carbonium ions as intermediates but is not sufficient evidende 
to rule out the possibility of an intimate ion-pair mechanism, 
such a (4.9), occulting instead of the concerted mechanism 
proposed by Charbardes^°^‘’ which involves little separation 
Of charge in the transition state.

i > L  I
-  c ^ + ^ C —

O^.r-^0

/ \
OR OR
(4.9)

In view of the fact that there is no experimental 
evidence to support a mechanism involving complete displacement 
from the catalyst of siloxy or alkoxy ligand by the allylic 
alcohol, an alternative possibility can be considered in which 
rearrangement occurs by coordination of the allylic alcohol to 
the metal without ligand displacement (Scheme 4.6).

?3

OH

«3 ?3

R, 8,,0H R2
RO,/|̂ 0ROR RO^rOROR

OH

Scheme 4.6
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4,4 Scope of isomerization by oxo-metal catalysts
Initially an attempt was made to study the scope of the 

reaction by treating a variety of allylic alcohols with 
bis[ trans-1.2-cyclohexandiolato-O,o’- ( 1-) ]dioxomolybdenum(VI ) 
(4.8) in refluxing toluene and analysing the reaction mixtures 
by glc. Although this procedure worked well for a number of 
substrates, it was less satisfactory in reactions where the 
boiling points of the substrates and/or products were close 
to or below the reaction temperature (due to loss of material). 
An additional complication was that direct injection of the 
reaction mixture on to the glc column led to a build-up of 
the molybdenum complex on the column, which resulted in 
rearrangements taking place on the column during analysis. 
Although this problem was largely overcome by pre-treatment 
of the sample by passing it down a short column of alumina 
which removed the molybdenum complex ( tris (triphenyl silyl)- 
oxovanadium(V) could not be removed in this way), this made 
the analysis tedious and introduced an additional source of 
error. The greater solubility of tris(triphenylsilyl)- 
oxovanadium(V) in benzene enabled isomerizations using this 
catalyst to be carried out in sealed nmr tubes, this allowed 
the course of the reaction to be followed easily and the 
equilibrium composition to be determined directly, and was 
the preferred method for studying these isomerizations. Table
4.4 summarises the results obtained in the isomerization of a 
variety of allylic alcohols by this method.

In certain cases higher concentrations of substrate are 
required in order for the isomerization to occur at an 
observable rate. For example no isomerization of trans-hex-
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Substrate Product % Composition at equilibrium 
Substrate Product

(4.15)

77 (68^)



Table 4.4 cont*d

ix)

X)
HO

(4.17) (4.16)

^ O H
CH2OH

82 18

82 18

a) Reactions were carried out in benzene with a substrate concentration of 1.3 mol/1 and a catalyst concentration
of 8 mol %• ^

b) Unless otherwise stated this was determined by H nmr.
c) Isolated yield.
d) This value was obtained after 3h. Further heating (20h) gave side reactions which appeared to decrease the amount

of product.
e) Determined by glc.
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alcohols is often dramatically different compared with that 
th© corresponding carbamate or acetate esters, c.f» 25.75 
ratio of (4.10) to (4.11) (Table 4.4, entry (i)) compared

of

with the 98 1.5 ratio of the corresponding carbamates 111

Furthermore this oxo-metal catalysed equilibration offers 
useful alternative to the multistep procedures that have
been developed in recent years to achieve these interconversions
Yamamoto et ^ have carried out the conversion of geraniol

to linaloi (4.1) and famesol (4.12) to nerolidol (4.13)
(Table 4.4, entry (ii)) in yields of 82% and 69% respectively 
by metal catalysed epoxidation of the allylic alcohol followed 
by mesylation and reductive elimination of the epoxy mesylate 
by sodium in liquid ammonia (Scheme 4.8). In preparative
scale experiments using the oxo-metal catalysed isomerization
technique, linaloi and nerolidol have been isolated in yields
of 60- to 68%

- c = c - c —
I
OH

1) V0(acac)2/Bu*02H

2) Et3N/MeS02Cl
Nq/NH3

0S02Me

Scheme 4.8

As well as the isomerization of primary allylic alcohols 
to the corresponding tertiary alcohol, the oxo-metal 
catalysed isomerization of a number of structurally different 
allylic alcohols has been investigated and it has been found 
that the equilibrium does not always favour formation of the 
product having the less substituted double bond.
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IsoiuBrization of 4—nvGthylpont—3—Bn—2—ol to 2—niGthylpGnt—
3-en-2-ol (Table 4.4, entry vi) gave an equilibrium mixture
in the ratio of I t  2 ,  with decomposition on prolonged heating.
Apparently a similar equilibrium mixture is obtained during
acid catalysed isomerization of this substrate but under these
conditions it is more difficult to avoid accompanying

128elimination reactions
Trans-hex-2-en->l-ol (Table 4.4, entry iii) isomerized 

to give an equilibrium mixture containing 50% of the isomer 
with the less substituted (terminal) double bond. Overmann 

al^^^ have achieved high conversions (95%) of trar^-hex- 
2-en-l-ol to hexen-3-ol by isomerizing the carbamate esters 
in the presence of excess (3 equiv.) mercuric trifluoroacetate.
The terminal isomer complexes with the mercury(II) thus 
removing it from the reaction and displacing the equilibrium
in favour of this isomer (Section 3.2.3).

The isomerization of myrtenol (4.14) and pinocarveol (4.15)
(Table 4.4, entries iv and v) shows that the equilibrium
favours the alcohol with the endocyclic double bond (4.14)

99as would be anticipated on thermodynamic grounds . However, 
Bassiere et have recently claimed that in glacial or
aqueous acetic acid or HCl/dimethyl sulphoxide the secondary 
alcoholic function in pinocarveol is favoured over the 
primary one in myrtenol despite the presence of an exocyclic
double bond in the former.

The composition of the equilibrium mixtures obtained from 
the isomerization of 1-hydroxycitronellene (4.16) and 
3-hydroxycitronellene (4.17) (Table 4.4. entries viii and ix) 
are similar and show that the equilibrium lies well over on

114.



the side of the secondary alcohol (4.17). A comparison of 
this result with that of trans-hex-2-en-l~ol (entry iii) 
shows that the introduction of a methyl substituent on the 
P-carbon has a considerable effect on the position of 
equilibrium in these primary to secondary alcohol rearrangements. 
From thermodynamic considerations a substituent on the p-carbon 
would normally be expected to stabilise both isomers to 
approximately the same extent. It is therefore surprising 
that such a large variation in the position of equilibrium
was observed in this isomerization.

Similar equilibrium constants were also obtained in the 
isomerization of 3-hydroxycitronellol (Table 4.4, entry x) and 
3-hydroxycitronellene (entry ix) indicating that, under the 
conditions employed, the oxo-metal catalysed allylic alcohol 
isomerization is unaffected by the presence of other non-allylic
hydroxyl functions in the molecule.

A nximber of allylic alcohols showed no sign of 
isomerizing in the presence of oxo-metal catalysts. Damascene
(4.18) is a compound of importance to the perfumery and 
flavour industry and we have investigated the possibility of 
synthesising it from the readily available a-ionone (4.19) 
by a route involving an oxo-metal catalysed allylic isomerization

(Scheme 4.9).

OIBAL

(4.19) (4.20)

6 ^

(4.18)
Scheme 4.9
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Treatment of a-ionol (4.20) with either bis[tMM-l,2-
cyclohexandiolato-0 ,0^(l-)]dioxomolybdenum(VI) or tris-
(triphenylsilyl)oxovanadium(V) in refluxing benzene or 
toluene for 4 days failed to give any of the rearranged
product. Use of bis(acetylacetonato)dioxomolybdenum(VI) in
refluxing benzene resulted in the rapid formation of 
elimination products e.g. (4.21). Elimination also took 
place when a-ionol was heated in xylene (130 C) in the 
presence of bis[ trans-l,2-cyclohexandiolato-0,0^(l-)]- 
dioxomolybdenum(VI) whereas similar treatment wxth
tris(triphenylsilyl)oxovanadium(V) resulted in the production
of a small amount of tt-ionone. The ability of oxo-vanadium 
complexes to oxidise alcohols has been reported by other

workers’-“®*’, the mechanism is assumed to be as shown below
f

(Scheme 4.10) and is accompanied by a change in oxidation 
State of the metal.

.v?;
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other workers^^° have carried out an allylic transformation 
of a-ionol via a Meisenheimer rearrangement by a route which 
involves a substitution of the bromide with dimethylamine 
(Scheme 4.11). Substitution apparently occurs without allylic 
rearrangement and this has been attributed to the shielding of 
the other allylic position by the substituted cyclohexene 
ring. The failure of oxo-metal catalysts to isomerize 
a-ionol may therefore also be due to the steric hind«oience

Scheme 4.11

Attempts to isomerize a-ionol acetate by the
112palladium(II)-catalysed method developed by Overman 

(section 3.2.3) also failed to give any rearranged product.
Cinnamyl. alcohol (4.22) also failed to rearrange in 

refluxing toluene in the presence of bis[trans-l,2-cyclo-
hexandiolato-0 .0^(l-)]<iioxomolybdenum(VI) or tris(triphenylsilyl)

oxovanadium(V). This is not really surprising since it would 
require the double bond to move out of conjugation with the 
benzene ring and this would be highly thermodynamically 

unfavourable process.
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substituents on the catalytic activity of substituted
triphenylsilyl vanadates and found that the presence of
electron-donating groups in the aromatic ring resulted in
slower rearrangements while electron-withdrawing groups
increased the rate of r e a r r a n g e m e n t ^ I n  view of the
similarity between the isomerization of propargylic and
allylic alcohols it was envisaged by us that attachment of

would
In

strongly electron-withdrawing groups to the metal 
enhance the rate of isomerization of the latter, 
addition, because of our own interest in the rearrangement 
of propargylic alcohols (Chapter 5), we wished to develop 
catalysts more reactive than those used by other workers for 
this rearrangement. Our atten?>ts to prepare silyl vanadates 
with strongly electron-withdrawing groups are discussed below 
along with attempts to prepare other novel complexes of 
potential interest as isomerization catalysts.

4 .5 . 1 roxvme<-h,.i ̂ -2-methvl-l.3-propandio1 ato]oxovanadium(v;
Complexes having 2-(hydroxymethyl)-2-methyl-l,3-propandiol

(4.24) as ligand were considered to be potentially useful 
conplexes for study as isomerization catalysts. Although the 
ligand is not electron-withdrawing,and would therefore not 
increase the Lewis acidity of the metal,it was thought 
probable that in an oxo-vanadium complex such as (4.25) the 
metal would be more accessible than in other alkoxy complexes 
because the alkoxy groups of the ligand would be "held back" 
from the metal centre and this may be advantageous for the 
isomerization reaction particularly if the mechanism requires 
only coordination of the allylic alcohol to the metal centre
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(see Section 4.3). On the other hand if the rate of 
isomerization catalysed by (4.25) is slower than with the 
silyl-vanadates used previously, this could be indicative of 
a mechanism involving transesterification since this would 
be less favourable due to the additional stability resulting
from a type of ’’chelate effect”.

An attempt was made to prepare the oxo-vanadium complex 
of 2-(hydroxymethyl)-2-methyl-l,3-propandiol (4.24) by the 
method used to prepare tris(triphenylsilyl)oxovanadium(V) 
(vanadium pentoxide and the ligand in refluxing xylene). 
However, only unchanged ligand could be isolated from the 
reaction mixture.
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4.5.2 Tris( trifluoromethvlsilyl )oxovanadi\im(V)
Because of the very strong electron—withdrawing 

nature of the ligand, tris(trifluoromethylsilyl)oxovanadium(V) 
(4.26) is potentially a very reactive isomerization catalyst 
and it was proposed to synthesise this complex by the 
route shown (Scheme 4.13).
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CFjBr
n -B u Li CF3 LÌ

CI3SÌH (CF3)3SiH

NH3/H20/ocetone ^  ^°°3/PyA6»6^ f ( ( - p ^ ) ^ Q  J^yQ

(4.26)

Scheme 4.13

There appear to be no reports in the literature in 
which trifluoromethyl lithium has been used to introduce the 
trifluoromethyl group into a molecule. Other workers have 
demonstrated the existence of heptafluoropropyllithium, 
produced by interchange with butyl and methyl lithium, but 
were unable to confirm the existence of trifluoromethyl 
lithium^31_ However, the production of difluorocarbene 
( i C F - )  in the reaction of bromotrifluoromethane with butyl 
lithium is thought to occur via trifluoromethyl lithium^^^ 

Because of the instability of trifluoromethyl lithium, 
its preparation was attenpted at -100°C by metal-halogen 
exchange between bromotrifluoromethane and butyl lithium.
After addition of trichlorosilane and warming to ambient 
temperature, addition of water gave a white solid, found to 
result from hydrolysis of unreacted triohlorosilane. The 
only other product that could be isolated was butyl bromide 
which clearly indicates that metal-halogen exchange had 
occurred, but the failure to isolate any fluorinated products 
suggests that the trifluoromethyl lithium had decomposed.
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probably giving gaseous products, e.g. tetrafluoroethylene,
^ , 131as found by other workers .

4,5,3 Tris( trioentafluorophenylsilvl )oxovanadium(V)
Finally, the preparation of tris(tripentafluorophenylsilyl) 

oxovanadium(V) (4.27) was considered as a possible alternative
to tris(trifluoromethylsilyl)oxovanadium(V).

Tris(pentafluorophenyl)silanol (4.28) has been prepared 
previously by other workers (Scheme 4.14).

CH3LÌ C ^ S iH

(4.29)

Cl.
(Còdici

HjO ^►(CôFçiaSiOH 
(4.28) 

giberne 4.14 .

vocii/Py [(CgFçjjSiOljVO

(4.27)

An attempt was made to prepare tris(pentafluorophenyl)silane 
(4.29) by a similar route except that pentafluorophenyllithium 
was prepared by a method in which metalation is accomplished 
by a metal-halogen exchange between pentafluorobromobenzene 
and n-butyl lithium at -78°C in ether^^^. According to the 
procedure reported previously^^^^. after addition of 
trichlorosilane to a solution of pentafluorophenyllithium 
and removal of solvent, tris(pentafluorophenyl)silane was 
sublimed from the reaction mixture. Attempts to prepare 
tris(pentafluorophenyl)silane in this way resulted in the 
precipitation of a white solid and no product could be
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Sections 5.3 and 5.4 discuss several unsuccessful 
attempts to apply this approach to the synthesis of ring 
systems in model compounds and in natural products. In 
addition mention is made of our attempts to rearrange primary 
propargylic alcohols, a process which has not previously 
been reported and which would have greatly increased the 
synthetic application of the proposed method.

5 . 2  s<-ereoelectronic requirements in ring closure processes 
Baldwin^^® has shown that it is often possible to 

predict the relative facility of ring forming reactions by 
considering the stereochemical requirements of the transition 
states for the ring closure processes. Thus, favoured ring 
closures are those in which the length and nature of the 
linking chain enabies the terminal atoms involved in the 
ring closure to follow a line of approach which corresponds 
to the final ring bond. Disfavoured ring closures are thos 
which require severe distortion of bond angles and distances 
to achieve the required direction of approach, thus making 
the desired ring closure difficult. Furthermore it has 
been shown that for cyclisations resulting from alkylation 
of an enolate ion, the alkylation requires approach of the 
electrophile along a line perpendicular to the plane of the

, 4. 136 enolate
From a study of models of the various allene-vanadate 

intermediates we have attempted to establish the relative 
feasibility of the ring closures in the routes discussed 
in subsequent sections. The types of allene-vanadate 
intermediates encountered are represented below, (5.1) to

(5.4).
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•0-

(5.1) (5.2) (5.3)

0-

(5.4)

• As in the case of enolate ions, cyclisation of these
proposed intermediates would presumably result from approach 
of the electrophile in a direction perpendicular to the 
plane of the allene-vanadate (Fig. 5.1). In the

Fig. 5.1 Stereoelectronic requirements for ring 
closure of allene-vanadate intermediates.

case of intermediate (5 .3 ) it is the p-orbital of the 
carbon of the C=X bond which must be perpendicular to the 
plane of the allene-vanadate giving maximum p-orbital
overlap during bond formation.

A study of models has shown that (5.2), (5.3) and
(5.4) can easily adopt the prefered transition state 
conformations for ring closure to readily take place.
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The feasibility of intermediate (5.4) undergoing ring 
Closure is further supported by the conclusion of Baldwin
that the ring closure of the comparable enolate (5.5) xs

.>136favoured

From model studies of the intermediate (5.1) it
appears that some distortion of bond lengths and angles
would be required to achieve the preferred transition state
geometry and ring closure would therefore be less favoured.
This is also in agreement with the observation made by
Baldwin that formation of a five-membered ring from the

,*.136comparable enolate (5.6) is sterically i icu

(5.6)

5,3 synthesis of five-membered rings

5.3.1 D.-nnn.>ed synthesis of 2-methvlene-CYClopentanones
Scheme 5.2 shows the proposed route for the synthesis 

of the methylene-cyclopentanone (5.9). It was anticipated 
that epoxidation of hex-5-en-2-yn-l-ol (5.7) would give
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5.6-epoxyhexan-2-yn-l-ol (5.8) and that after the oxo-metal 
catalysed rearrangement of this,the allene enolate may open 
the epoxide ring giving (5.9). Such a process would have 
some synthetic importance because of the use of compounds 
such as (5.9) as synthetic precursors of the prostaglandins137

----- ----CHjOH
(5.7) (5.8)

^VO(OR)-

R. ,CH2

HI
(5.9)

Scheme 5.2
R= H or alkyl

Hex-5-en-2-yn-l-ol (5.7) was prepared as reported in 
the literature by the coupling of propargyl alcohols with 
allyl chloride in the presence of a base and a catalytic 
amount of cuprous chloride^^S^ analysis of the reaction
mixture obtained from attempted epoxidation of hex-5-en-2-yn-
l-ol with m-chloroperbenzoic acid in dichloromethane showed 
it to be a mixture of products and although the nmr 
spectrum showed no olefinic proton signals (as would be 
expected), the methylene signal of the CH2OH group had also 
decreased in intensity, suggesting some attacK on the acetylenic 
group. Since it was later found that primary acetylenic 
alcohols could not be made to undergo isomerization
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The inability of existing oxo-metal catalysts to 
isomerize primary acetylenic alcohols led to unsuccessful 
attempts to prepare more reactive catalysts capable of 
isomerizing these substrates, and these attempts have 
been discussed previously (Section 4.5). Failure to 
synthesise a more reactive catalyst made it necessary to 
restrict the remainder of this work to syntheses involving 
rearrangement of a tertiary acetylenic alcohol group.

5.3.2 synthesis of cvclohexYlidene-cyclopentanon^
It was proposed to synthesise the cyclohexylidene- 

cyclopentanone (5.10) from l-(4-penten-l-ynyl)cyclohexanol
(5.11) by the route similar to that discussed above (Section
5.3.1) f o r  t h e  s y n t h e s i s  o f  m e t h y le n e - c y c lo p e n t a n o n e s . T h e

s t a r t i n g  m a t e r i a l ,  l - ( 4 - p e n t e n - l - y n y l ) c y c lo h e x a n o l  was
prepared by coupling the alkyne, 1 -ethynyl-l-cyclohexanol,
with allyl chloride in the presence of cuprous chloride.
However, because of the low water solubility of the alkyne
a procedure was adopted in which dimethylsulphoxide was

, 4.139©inployGd as a cosolvsnt •

OH

•OH

( 5 . 1 0 )
(5.11)
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Attempted epoxidation of l-(4-penten-l-ynyl)cyclohexanol 
(5 .1 1 ) with m-chloroperbenzoic acid in dichloromethane gave 
an oil which was shown to contain four components by tic 
analysis. The ^H-nmr spectrum of the crude reaction mixture 
again suggested some reaction of the acetylene and this was

supported by the
in the

apparent absence of a C=C stretching band 
infrared spectrum. Therefore, no attempt was made to

.solate and identify the products
An alternative procedure was proposed (Scheme 5.4) in

which the double bond of i-(4-penten- ■ynyl ) cyclohexanol

(5.11) is subjected to hydroboration and the resulting
reacted with p-toluenesulphonyl chloridealcohol (5.12a) 

in pyridine to give 
presence of tris
cyclohexylidene-cyclopentanone

(5.12b). Rearrangement of (5.12b) in the
(triphenylsilyl)oxovanadium(V) may then give the

(5.13)

xo
(5.12) a= Hb= Tosyl

srheme 5.4
Due to the greater reactivity of triple bonds to

140 ^• 141
addition reactions such as reduction , hydrobora 
and acid-catalysed hydration^'*^ it is generally difficult to 
selectively induce double bonds to undergo such additions in 
the presence of triple bonds. Therefore, not suprisingly 
attempts to hydroborate the double bond of (5.11) directly 
were unsuccessful. A method of protecting triple bonds
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during addition reactions of the above type has been reported .
This involves formation of the corresponding acetylene-dicobalt
hexacarbonyl complex which is prepared by stirring dicobalt

, 144octacarbonyl and the alkyne in a hydrocarbon solvent .
After hydroboration the ligand may be recovered by oxidative 
degradation of the complex with ethanolic ferric nitrate

(Scheme 5.5).
/-OH ...

(5.11)
(COkCo— -Co(C0)3

Addition of dicobalt octacarbonyl to a solution of
(5.11) in hexane resulted in rapid evolution of carbon 
monoxide. Removal of the solvent gave a darh red viscous oil 
which was shown by tic analysis to contain a number of 
components. Attempts to purify t h e  product by column 
chromatography over alumina were unsuccesful.

The infrared spectrum of dicobalt octacarbonyl 
exhibits four carbonyl absorption bands, the three bands 
at 2070, 2045 and 2024 crn'l arise from the terminal carbonyl 
groups While the single band at 1859 cm'^ arises from the 
two bridging carbonyl groups^'*^. Formation of the 
acetylenic-dicobalt hexacarbonyl should result in the 
disappearance of the band at 1859 cm"^ and in our case only 
a weak absorption band was observed in this position, 
indicating a small amount of unchanged dicobalt octacarbonyl
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in the product. Furthermore the weak absorption band at 
2254 cm"^, characteristic of the carbon-carbon triple bond, 
also appeared to be absent in the infrared spectrum of 
the product. The observed evolution of carbon monoxide and 
the infrared data suggest that formation of the acetylenic-
cobalt hexacarbonyl complex had taken place.

The crude mixture containing the complex was treated
with diborane in tetrahydrofuran and worked up with a 
sodium hydroxide-hydrogen peroxide mixture in the normal way. 
After stirring with ethanolic ferric nitrate for several days 
the mixture was extracted with ether but only a small amount 
of highly coloured viscous oil could be isolated. The 
infrared spectrum of this oil showed the reappearance of 
the carbon-carbon triple bond absorption band and no 
carbonyl absorptions. However, because the yield was 
extremely low and insufficient material was isolated to 
fully characterise the product it was not considered worth 
while pursuing this route further.

5.3.3 Proposed synthesis of cyclopentenal^
It was proposed to synthesise a number of cyclopentenals

starting from dehydrolinalol (5.14). Dehydrolinalol was 
chosen as starting material for a number of reasons. First, 
the oxo-metal catalysed rearrangement of dehydrolinalol has 
been extensively studied and forms the basis of an industrial 
process for the manufacture of citral. Second, dehydrolinalol 
can itself be readily prepared in high yield from 
6-methyl-5-hepten-2-one and sodium acetylide in liquid

ammonia Finally, it was expected that the double bond in
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dehydrolinalol, being trisubstituted, would be sufficiently 
reactive to allow reactions to take place selectively 
without the accompanying attack on the triple bond as 
experienced previously (Section 5.3.1 and 5.3.2).

As with the schemes discussed previously, the first 
route chosen for study involved epoxidation of the double 
bond followed by an oxo-metal catalysed rearrangement in 
which the epoxide ring is opened by the allene-vanadate 
intermediate to give the cyclized product (Scheme 5.6).

m-ClC6H4C03H

V0(0R)3

Scheme 5.6

on treatment with m-chloroperbenzoic acid.dehydrolinalol 
gave a new product containing the intact acetylenic group, 
as Shown by the presence of the carbon-carbon triple bond 
stretching vibration in the infrared spectrum and the 
acetylenic proton signal in the ^H-nmr spectrum. Additional 
features of the ^H-nmr spectrum of the product were the 
upfield shift and separation of the signals arising from 
the two methyl groups, and also the upfield shift of what
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was formerly the olefinic proton. However the fact that 
this signal was no longer a triplet but a complex multiplet
was surprising.

The mass spectrum of the product did not give a 
parent ion (M+) but gave an ion corresponding to loss of a 
methyl group (M^-CHg). which presumably results from 
a-cleavage of the acetylenic alcohol. Therefore, the above- 
spectroscopic data on the isolated product appears to be 
consistent with the structure of the desired dehydrolinalol 
epoxide. However, no rearrangement occured on heating the
product with tris(triphenylsilyl)oxovanadium(V) in toluene.

It has been reported^^® that peracid epoxidation of 
linalol (Scheme 5.7) does not give the expected epoxide but 
a mixture of the tetrahydrofuran (5.15) as the major product 
along with the tetrahydropyran (5.16).

OH

RCOîH

Scheme 5.7

It therefore seems most liKely that the product 
isolated from the peracid epoxidation of dehydrolinalol is 
predominantly the tetrahydrofuran (5.17). since the 
spectroscopic data would be equally consistent with this
Structure.
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oxidation of dehydrolinalol with a basic solution of 
osmiun tetroxide and t-butyl hydroperoxide^"^ gave the triol 
(5.18) which was then treated with an aqueous soluti 
sodium periodate. The ^H-nmr spectrum of the product 
isolated from the periodate oxidation showed no aldehydic 
proton and no carbonyl stretching band was observed in the 
infrared spectrum. Tic analysis of the product indicated 
the presence of only one component but the H-nnu: spectrum 
showed two separate acetylene signals and two meth5n signals 
suggesting a mixture of two components in approximately equal

amounts. .
Elemental analysis of the product was consistent wi

the molecular formula and although the mass spectrum
showed no parent ion having this formula, the b s p
corresponds to a M^-18 ion which has been shown by accurate
mass measurement to result from loss of a water molecule.

The most liKely explanation for the above observations
is that the hydroxyl group reacts with the carbonyl of the
aldehyde (Scheme 5.9) forming the hemiacetal (5.21) and that

are distinguisliable in the H—nmr the two diastereoisomers are disring
spectrum.

HO*^ '^0'^
(5.21)

.ĝ nheme 5.9
Although the formation of the hemiacetal was not 

unexpected, it was hoped that sufficient of the open-chain 
form would be present in an equilibrium mixture to allow t e
rearrangement to tahe place. However, heating with
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tris(triphenylsilyl)oxovanadiui«(V) in toluene resulted only
in the recovery of unchanged starting material.

on allowing the hemiacetal to stand at room temperature 
for 24h. tic analysis indicated partial conversion to a new 
product. The mixture was separated by column chromatography 
and the ^H-nmr spectrum of the new product was 
have a pair of methyl signals of approximately equal 
intensities,although the separation between the signals was 
less than in the hemiacetal. Only one signal was observed 
for the acetylenic proton,although on integration this was 
found to correspond to two protons. In addition the signal 
previously assigned to the methine proton in the hemiacetal
had increased in complexity.

in the infrared spectrum the most significant feature
was the disappearance of the OH stretch, present at 3440 cm
in the spectrum of the hemiacetal. Enol ether formation via
elimination of water from the hemiacetal can be ruled out on
the basis Of the ^H-nmr spectrum which shows only one proton

. / • a<3sioned to the methinein the 4-7 ppm region (originally ^

proton of the hemiacetal). The most liKely remai g
possibility is the formation of the acetal (5.22) arising
from condensation of two molecules of the hemiacetal.

-1

rrye 109

(5.22)
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satisfactory elemental analysis was obtained for this 
compound and although the mass spectrum showed no parent ion 
corresponding to the dimer, it did show a M*-CH3 ion and a 
base peak at m/e 109, arising from cleavage of the C-0 ether
bond in the dimer.

148

5,3,4 Proposed synthesis of chrysomelidiaj.
Chrysomelidial (5.24), a physiologically active and 

biosynthetically important cyclopentanoid monoterpene 
extracted from the larvae of certain chrysomelid beetles 
has recently been synthesised^^® from limonene (5.23) by a 
route involving cleavage of the cyclohexene ring followed by 
eventual recyclization to the cyclopentanoid (Scheme 5.10).
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A proposed route to chrysomelidial starting from 
dehydrolinalol is discussed below (Scheme 5.11). The Key 
step in the synthesis was to be the oxo-metal catalysed 
rearrangement of the acetylenic alcohol (5.26),as it was 
hoped that the allene-vanadate intermediate in the 
rearrangement would undergo a Micheál type addition to 
effect ring closure giving chrysomelidial (5.24).

(5.14)

^  (5.24)

Scheme 5.11
Allylic oxidation of dehydrolinalol by a catalytic 

amount of selenium dioxide with t-butyl hydroperoxi 
gave a mixture of the alcohol (5.25) and aldehyde (5.26) 
in the ration 1 ,0 . 3 in 53% yield. After separation of the 
alcohol by column chromatography, further oxidation with 
activated manganese dioxide gave the aldehyde (5.26) but
recoveries were low (20%)«

Tic analysis of the mixture obtained after heating
the aldehyde with tris(triphenylsilyl)oxovanadium(V) in
refluxing toluene showed one major product with a number of 
poorly separated minor products. Separation of the mixture 
by column chromatography proved difficult and the major 
product was isolated in only 40% yield. It was not possible
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Nal

OH

Cl(CH2)4l  ̂ =
Me

DNaNH2 
2) H30̂

CKCH2)4 ■Me
Me

(5.29)

)H

^ I(CH2)r—
V0(0R)3

Me

(5.30)

Scheme 5.12
l-Chloro-4-iodobutane was prepared from 1,4-dichloro- 

butane by refluxing in acetone with sodium iodide . Initial 
attempts to prepare 8-chloro-2-methyl-3-octyn-3-ol (5.29) y 
addition of l-chloro-4-iodobutane to the disodium salt of
2-methyl-3-butyn-2-ol in liquid ammonia gave only the 
0-alkylated product. The hydroxyl group of 2-methyl-3-butyn- 
2-01 was therefore protected by formation of the tetrahydropyr- 
anyl ether,and addition of l-chloro-4-iodobutane to the 
lithium acetylide of this ether gave (5.29) in 40% yield 
after acid hydrolysis.

Treatment of (5,29) with sodium iodide in refluxing
153 Onacetone"-'-" gave 8-iodo-2-methyl-3-octyn-2-ol (5.30).

treatment with tris(triphenylsilyl)oxovanadium(V) in
refluxing toluene (5.30) was converted almost entirely to 
a single new compound. The infrared spectrum of this 
product showed a band at 1690 cm'^ corresponding to a
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carbonyl stretching vibration of a a.P-unsaturated ketone.
The ^H-nmr spectrum indicated that the iodo group was still 
present in the product molecule and in addition showed an
olefinic signal at 6 6.0.

From the spectroscopic evidence it is clear that the 
acetylenic alcohol (5.30) has rearranged to the a.p-unsaturated 
ketone (5.32) without cyclization. Satisfactory analytical 
data was also obtained for this compound.

•(CH2^3^H2l

(5.32)
Although the desired cyclised product was not obtained 

it is perhaps useful to note that the rearrangement can be 
carried out successfully in a molecule containing an iodo 
group Which may be sensitive to other reagents.

From these experiments it is clear that protonatio 
of the allene-vanadate intermediate must be rapid, resulting 
in formation of only the a.P-unsaturated carbonyl compound, 
in an attempt to prevent or slow-down this protonation step, 
the above rearrangement was carried out in the presence of the 
base N.N-diisopropylethylamine. however, this only had the 
effect of Slowing down the rearrangement to the a.P-unsaturated

carbonyl compound.
An alternative possibility considered for slowing down 

proton transfer to the allene-vanadate intermediate,thus 
allowing cyclisation to occur in preference to the normal
rearrangement, was to carry out the reaction at high

r-î suits Of experiments carried out dilution. However, from results oi
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in the presence of base it seen. liKely that the proton is 
held by the ligand and thus easily transferred to the allene- 
vanadate ester during the reaction. If the reaction does 
proceed via a proton transfer from the ligand the use of 
high dilution would have no effect on the nature of the

product.
Since we have been unable to obtain cyclised products 

by the oxo-metal catalysed isomerization of acetylenic 
alcohols it may be more feasible to devise ring forming 
reactions using the preformed allene acetates obtained from 
the silver catalysed rearrangement of the acetate esters of 
acetylenic alcohols (see Section 3.2.2). Treatment of the 
allene acetates with reagents such as methyl lithium would 
Cleave the ester, generating the allene enolate under 
aprotic conditions which may then rearrange with cyclizatxon

OAc

rheme 5.13
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CHAPTER 6

FYPERIMENTAL

Melting points (mp not corrected) were determined on 
Kofler hot-stage apparatus. Proton nmr spectra were 
recorded at 60 MHz on a Perhin-Elmer R12B Spectrometer 
using tetramethylsilane as an internal standard and 
maintaining the sample at 35°C. Infrared spectra were 
recorded in the form of liquid films, nujol mulls or as 
KBr discs using a Pye-Unicam SP2000 spectrophotometer.

« r̂ K4-a-ined on a pye-Unicam SP1800 Uv spectra were obtainea on rjr
spectrophotometer. Mass spectra were recorded at 70 eV on 
a Hitachi-PerKin-Elmer R.M.S.4 single focus spectrometer, 
either by distillation or by direct insertion. High 
resolution mass spectra were measured at the physico
chemical measurements unit. Harwell, on a A.E.I. MS50 
spectrometer. Major ion fragments are quoted as 
percentages of the base peaK (100%). which were measured 
using a Digispec 50SM data system. Elemental analyses 
were performed by the department microanalyst using a 
Perhin-Elmer 240 carbon, hydrogen and nitrogen analyser.
optical rotations were measured on a PerKin-Elmer 141

»«aivses were performed on a Perkin-Elmer polarimeter. Glc analyses were y
Fll Chromatograph using stainless steel columns or on a 
Pye series 104 chromatograph using glass columns with a 
flame ionisation detector and nitrogen carrier gas. The 
following columns were used :-

*4
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(A) 4m s.s, 15% carbowax 20M on Chromasorb W.
(B) 1.5m. glass, 10% SP2100 on Supelcoport 80/100 

mesh (supplied by Phase Separations Ltd.)
Analytical tic was carried out using 2 cm x 10 cm glass 

plates precoated with MerK silica gel 6OF254 (0.25 mm thickness). 
Spots were visualised by . (a) ultra violet radiation.
(b) spraying with potassium permanganate solution, or
(c) by exposure to iodine vapour. Column chromatography
was carried out with 60-120 mesh silica gel.

petroleum ether bp 60-80°C was distilled before use.
Ether, benzene and toluene where described as dry were 
distilled over sodium and stored over clean sodium wire. 
Tetrahydrofuran was distilled from lithium aluminium hydride, 
under nitrogen, immediately prior to use. Dichloromethane 
and chloroform were distilled from phosphorous pentoxide. 
t-Butanol was purified by heating with potassium permanganate 
for 24 h.. filtering, and distilling the filtrate from fresh
solid potassium permanganate.

t-Butyl hydroperoxide was purified by dissolving in an
approximately equal volume of ether, in a flange flask fitted
with a mechanical stirrer, dropping funnel and thermometer.
The mixture was cooled to below 5°C in an ice bath and the
theoretically required volume of 40% sodium hydroxide
solution added dropwise ensuring the temperature does not
rise above 10°C. The sodium salt was filtered off, washed
with petroleum spirit (30-40°), and dried under suction.
The solid was slurried with water and CO^ bubbled through
until two layers separated. The t-butyl hydroperoxide
was extracted with ether and the organic layer dried over
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6 . 1  Eimerlrnental relating to chapter_2

F.^nvidation of oct-l-ene catalysed bvi (i) bis(acetylacetona,̂
nvnvanadiumdV^ and (ii) bis(acetvlacetonato)dioxomolybdenum(VI.
(i) oct-l-ene (1.0 g, 8.9 mmol) in dry benzene (1 ml) was

added to a stirred solution of bis(acetylacetonato)oxovanadium-
(IV) (26 mg, 0.1 mmol) in dry benzene (3 ml) under a nitrogen 
atmosphere. The mixture was heated to 80°C and 95% t-butyl 
hydroperoxide (0.84g, 8.9 mmol) in dry benzene (1 ml) was 
added over a period of 20 min and the reaction mixture 
refluxed for a further 4 h. Glc analysis (column A) of the 
crude reaction mixture showed no 1 ,2-epoxyoctane.
(ii) Use of bis(acetylacetonato)dioxomolybdenum(VI) as
catalyst in the above procedure gave approximately 20% 
conversion to 1,2-epoxyoctane according to glc analysis 
(column A) of the crude reaction mixture.

Epoxidation of citronellene (2.1)
Citronellene (0.5g, 3.6 mmol) and bis[ trans-1,2-

cyclohexandiolato-0,0'(l-)]dioxomolybdenum(VI) (13 mg, 0.036

mmol) were stirred in dry toluene (10 ml) at 80°C under a 
nitrogen atmosphere for 15 min. A solution of 80% t-butyl 
hydroperoxide (0 . 4 5 g. 3.96 mmol) in dry toluene (3 ml) was 
added dropwise to the reaction mixture over a period of 
10 min and the reaction stirred at 80°C for a further 3 h.
The reaction mixture was cooled to room temperature and 
shaken with 40% sodium bisulphite solution (20 ml), and the 
organic layer dried over Na2S04. Removal of toluene under 
reduced pressure gave an oil (0.46 g) which was shown by
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glc analysis (column B) to contain; 2 ,3-epoxycitronellene 
(58%). 3.7-dimethyloct-l-en-6,7-diol (6%) and unreacted 
citronellene (36%).

Fpoxidatjon of methoxvcitronellene (2._2

Methoxycitronellene (0.61 g, 3.6 mmol) was epoxidised 
according to the procedur¿ described above for the 
epoxidation of citronellene. Glc analysis (column B) of 
the reaction mixture after 2 h. showed only slight 
conversion to methoxyci^onellene epoxide and 17 h was 
required to reach a conversion of 47%.

N.N^-Ethyi ,»nebis( iminomethvlcamphorato)oxovanadium( IV) (2 .,&2
Bis(acetylacetonato)oxovanadium(IV) (0.069 g, 0.26 mmol) 

and N.N^-ethylenebis(iminomethylcamphor) (0.1 g, 0.26 mmol)
were ground together in a small mortar. The mixture^was 
transfered to a round-bottom flask and heated at 230°C for 
2-3 h at a pressure of 0.5 mm. A green solid sublimed up 
the side of the flask. After cooling to room temperature 
the product was dissolved in the minimum amount of dry ether 
(the free ligand is insoluble) and the solution filtered. 
Removal of the ether gave a dark green solid which was 
purified further by vacuum sublimation at 180 C/0.5 mm
giving N,N^-ethylenebis(iminomethylcamphorato)oxovanadium(IV)

(0.05 g. 42%). It was not possible to obtain a sample of the
complex completely uncontaminated by free ligand.

The above complex can be kept for several weeks in a 
desiccator over calcium chloride but eventually decomposes 
turning to a black solid. Solutions of the complex in most
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conunon solvents are unstable, usually decomposing in a few 

hours.
UV-VIS and 637 ran (£-106)
IR 987(V=0) cm“^
MS m/e (re intensity), 449(M*)(75), 421(18), 393(15),

205(59), 192(100)) calcd m/e for C24H34N2O3V, 449.2009
(found, 449.1987).

[a]^°(Et0H) +197

3-Hvdroxviminobornan-2-one (2.11)
TO liquid ammonia (300 ml) in a flasK equiped with a 

magnetic stirrer and an acetone-dry ice condenser with a 
soda-lime drying tube, was added the minimum amount of 
sodium to produce a permanent blue colour. A few crystals 
of ferric nitrate was added followed by the slow addition 
of sodium (11.5 g, 0.5 mol). After stirring for a further 
1 h the ammonia was allowed to evaporate and replaced with 
dry ether (200 ml) and the resulting suspension of sodium 
amide in ether refluxed for 0.5 h to ensure removal of 
ammonia. After cooling to room temperature a solution of 
camphor (50 g, 0 . 3 3 mol) in dry ether (100 ml) was added 
dropwise to the sodium amide suspension and the mixture 
stirred for a further 2 h. To the cooled (0-5°C) reaction 
mixture was added amyl nitrite (45 g, 0.38 mol) over a 
period of 4 h. After leaving the reaction at room temperature 
for 18 h it was poured into an ice-water mixture and the 
aqueous layer extracted several times with ether to remove 
unreacted starting material. The aqueous layer was purged 
with nitrogen to remove traces of ether and acidification
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with glacial acetic acid precipitated a solid which was 
filtered off. The solid was redissolved in ether and 
insoluble material removed by filtration. Evaporation of 
the ether and recrystallisation of the solid from toluene/ 
petroleum ether (60/80) gave a white solid (42 g, 71%) 

mp 149-150°C.
IR 3360(0-H), 1730(C=0), 1645(C=N) cm ^
NME (CDCI3 ) 6 3.27 (IH. m. -CH). 1.4-2.1 (4H, m, 2XCH2 ).

1.0 and 0.98 (6H. 2xS, 0 (10 ) 3 3 and 0 (9 )3 3 ). 0.86
(3H, S, 0 (8)3 3 ).

MS m/e (rel intensity), 181(M'^)(6), 150(25), 137(34), 
120(100), 110(20), 94(56), 83(28), 70(32).
The spectral data are identical to that reported in

the lit.^^“*

,,.r,̂ -̂ -amino-2-hydroxvbomane (2.12.
A solution of 3-hydroxyiminoboman-2-one (8.0 g, 35 mmol)

in dry ether (200 ml) was added to a suspension of lithium 
aluminium hydride (5.6 g, 140 mmol) in dry ether (400 ml) 
over a period of 1 h. The mixture was heated under reflux 
for *5 h. cooled to room temperature and the excess lithium 
aluminium hydride destroyed by the dropwise addition of 
water (12 ml). 10% NaOH (14 ml) and water (20 ml), added in 
rapid succession while stirring vigorously. The precipitated 
solid was filtered off. washed several times with ether and 
the filtrate extracted with dil. HCl. Basification 
the acid solution with dil. NaOH released the base which was 
extracted with ether (3x20 ml) and the ether extracts dried 
over anhydrous Na^SO^. Removal of the solvent gave a white
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solid which was recrystallized several times from petroleum 
ether (60-80°) giving cis,exo-3-amino-2-hydroxybornane.
mp 192-195° (3.27 g, 55%).

cis.exo-3-dimethvlamino-2-hvdroxybornane (2.13).
To a solution of cis, exo-3-amino-2-hydroxybomane

(0.2 g. 1.2 mmol) and 37% aqueous formaldehyde (0.5 g, 6 mmol) 
in acetonitrile (4 ml) was added sodium cyanoborohydride 
(0.12 g. 1.0 mmol). The reaction mixture was stirred for 
15 min and glacial acetic acid added dropwise until the 
solution was neutral when tested with moist pH paper. Stirring 
was continued for a further 1 h with glacial acetic acid 
being added as required to maintain the pH near neutrality.
The solvent was evaporated off under reduced pressure, and 
2N KOH (5 ml) was added to the residue which was extracted 
with ether (3x5 ml). The combined ether extracts were washed 
with 0 . 5N  KOH (5 ml) and then extracted with IN HCl (3x5 ml). 
The acid extracts were combined and neutralized with solid 
KOH and extracted with ether (3x10 ml). The combined ether 
extracts were dried over Na^SO^ and the solvent evaporated 
to give a pale yellow oil (0.2 g. 85%). Tic analysis 
(Silica gelspetroleum ether.ethylacetate 3.1) indicated two 
major components. After separation by column chromatography 
on a silica gel column eluted with toluene/diethyl ether
(1 .1 ), the component with the shortest retention time was
identified as N-methyl-cis.exo-bomyl[ 2.3] oxazolidine (2.14)

(0 . 1 2 g):
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solid which was recrystallized several times from petroleum 
ether (60-80°) giving cis,exo-3-amino-2-hydroxybornane, 

192-195° (3.27 g, 55%).mp

Cis.exo-3-dimethvlamino-2-hydroxvbornane (2.131
To a solution of cis. exo-3-amino-2-hydroxybomane 

(0.2 g, 1.2 mmol) and 37% aqueous formaldehyde (0.5 g, 6 mmol) 
in acetonitrile (4 ml) was added sodium cyanoborohydride 
(0.12 g, 1.0 mmol). The reaction mixture was stirred for 
15 min and glacial acetic acid added dropwise until the 
solution was neutral when tested with moist pH paper. Stirring 
was continued for a further 1 h with glacial acetic acid 
being added as required to maintain the pH near neutrality.
The solvent was evaporated off under reduced pressure, and 
2N KOH (5 ml) was added to the residue which was extracted 
with ether (3x5 ml). The combined ether extracts were washed 
with 0.5N KOH (5 ml) and then extracted with IN HCl (3x5 ml). 
The acid extracts were combined and neutralized with solid 
KOH and extracted with ether (3x10 ml). The combined ether 
extracts were dried over Na2S0^ and the solvent evaporated 
to give a pale yellow oil (0.2 g, 85%). Tic analysis 
(Silica geljpetroleum ethertethylacetate 3il) indicated two 
major components. After separation by column chromatography 
on a silica gel column eluted with toluene/diethyl ether 
(1:1), the component with the shortest retention time was
identified as N -m ethyl-cis,e3W -bom yl[ 2,3] oxazolidine (2.14)

(0.12 g):
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IR 1067, 1084 and 1139(oxazolidine ring) cm
NMR (CDCl^) S 4.45 and 3.67 (IH, d, J=2.5 Hz, O-CH2-N),

3.80 (IH, d, J=7.6 Hz, CCHO), 2.32 (IH, d, J=7.6 Hz, CCHN), 
2.29 (3H, S, N-CH^)» 1*16 (3H, S, CH^), 0.98 (3H, S, CH^)»
0.79 (3H, S, CH3 ).

MS nv'e (reX intensity), 195(M*)(50), 180(11). 166(31). 152(68), 
137(29), 126(41), 112(58), 98(100)s calcd. m/e for 
C,,H-,N0, 195.1623 (found 195.1636).

The second component isolated by column chromatography
was identified as cis,exo-3-dimethylamino-2-hydroxybornane
(2.13) (0.06 g). Although the preparation of this compound 
by an alternative route has been reported by other workers 
(Section 2.3.2), spectroscopic data is given here since this
has not been previously reported.
IR 3400(0-H), 1400(C-N) cm“^
NMR (CDCl^) 6 3.42 (IH, d, J=6 . 6 Hz, CCHOH), 2.28 (6H, S,

N(CH.,),), 2.20 (IH, d, J=6 . 6 Hz, CCH-N), 1.02 (3H, S, CH3 ),
0.92 (3H, S, CH3 ), 0.75 (3H, S, CH^).

MS m/e (rel intensity). 197(M+)(6), 182(6), 168(14), 149(22),
112(100)s calcd. V e  for C^2H23^°' 197.1780 (found 197.1787)

^reparation of (acetvlacetonato)[cis,exo-3- 
rt H ami no-2-hvdroxv-bomanatol dioxomolybdenum(VI) (2 .1̂

A mixture of bis(acetylacetonato)dioxomolybdenum(VI)
(0.16 g. 0.5 mmol) and c i s . ^ - 3-dimethylamino-2-hydroxybomane
(0.12 g, 0.6 mmol) in dry hexane (8 ml) was stirred at 70-75 C 
for 1 h. The solid was filtered off and its infrared spectrum 
was found to be identical to that of bis(acetylacetonato)-

153.



d ioxomol ybdC‘num(VI ). Removal of the solvent from the 
filtrate gave an oil which was found to be unchanged 
aminoalcohol.

[n -(Cì s,exo-2-hydroxybornyl )-3-salicylideniminato( 2-)]- 
(methanolato)dioxomolybdenum(VI) ( 2 , 17a)

To a suspension of bis(salicylaldehydato)dioxo- 
molybdenum(VI) (0.11 g, 0.3 mmol) in dry methanol (3 ml) was 
added cis,exo-3-amino~2-hydroxybornane (0 . 1 g, 0 . 6 mmol) and 
the mixture was refluxed for h h under nitrogen. After 
allowing to stand overnight at ambient temperature the pale 
yellow solid was filtered off, washed thoroughly with methanol 
and dried iji vacuo to give 2.17a (95 mg, 73%).
IR 1625(C=N) cm“^
NMR (d-DMSO) 6 8.67 (IH, d, J=2.5 Hz, CH-N), 6.7-7.8 (4H, m,

aromatic), 4.48 (IH, d, J=7.3 Hz, CH-0), 4.00 (IH, d of d, 
J=2.5 and 7.3 Hz, CH-N), 3.30 (methanol), 0.89,0.88 and
0.82 (9H, methyls).

MS m/e (rei intensity), 401(M’*') ( 15), 383(6), 289(23), 275(15),
249(7), 150(18), 134(100), 109(23), 95(44); calcd. m/e for 

98C^^H2 ]̂0^N Mo, 401.0525 (found 401.0510).

[N-(Cis.exo-2-hvdroxvbornvl)-3-methoxvsalicvlideniminato(2-)]- 
(methanolato)dioxomolybdenum(VI) (2.17b)

This complex was prepared from bis(o-methoxysalicylaldehydato) 
dioxomolybdenum(VI) according to the procedure described above 
for the preparation of 2.17a.
IR As for 2.17a.
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dioxomolybdenum(VI). Removal of the solvent from the 
filtrate gave an oil which was found to be unchanged 
aminoalcohol.

[N-(Cis.exo-2-hvdroxvbornvl)-3-salicYli<Jetiiminato(2;j] 

(methanolato)dioxomolybdenum(VI )— ( 2.17aĵ
To a suspension of bis(salicylaldehydato)dioxo-

molybdenum(VI) (0.11 g, 0.3 n™,ol) in dry methanol (3 ml) was
added ^ , ^ - 3 -amino-2-hydroxybornane (0 . 1 g, 0 . 6 mmol) and 
the mixture was refluxed for h h under nitrogen. After 
allowing to stand overnight at ambient temperature the pale 
yellow solid was filtered off, washed thoroughly with methanol 
and dried in vacuo to give 2.17a (95 mg, 73%).
IR 1625(C=N) cm“^
NMR (d-DMSO) 5 8.67 (IH. d, J=2.5 Hz, CH=N), 6 .7-7.8 (4H, m,

aromatic), 4.48 (IH, d, J=7.3 Hz, CH-0), 4.00 (IH, d of d, 
J=2.5 and 7.3 Hz, CH-N), 3.30 (methanol), 0.89,0.88 and
0.82 (9H, methyls).

MS m/e (rei intensity), 401(M'*’) ( 15), 383(6), 289(23), 275(15),
249(7), 150(18), 134(100), 109(23), 95(44); calcd. m/e for
C H 0.N^®Mo, 401.0525 (found 401.0510).17 21

[ KT- ( nis. exo-2-hvdroxvbornvl ) -3-methoxysalicylideniminato ( 2^ 1- 
(methanolato)dioxomolybdenum(VI) (2.17b)

This complex was prepared from bis(o-methoxysalicylaldehydato)
dioxomolybdenum(VI) according to the procedure described above 
for the preparation of 2.17a.
IR As for 2.17a.
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NMR (d-DMSO) As for 2.17a but in addition 6 3.77 (3H, S, O-CH^)
MS m/e (rel intensity), 431(M''’) (20), 321(22), 303(14), 150(13),

134(100), 109(18), 95(38), 67(17); calcd. m/e for
C,oHooN0e^®M0, 431.0631 (found 431.0627).18 23 o
The complexes 2.17a and 2.17b were insoluble in most 

common solvents except pyridine, DMF and DMSO. Recrystallization 
from a DMF-methanol mixture gave a crystalline product in which 
the methanol ligand was replaced by a DMF ligand, giving a 
carbonyl absorption band at 1670 cm in the infrared 
spectrum.

fN-(6(-)-Butan-l-ol)-2-methoxvsalicylideniminato(2-)l7 
(methanolato)dioxomolybdenum(VI) (2 .2 1)

To a suspension of bis(o-methoxysalicylaldehydato)dioxo-
molybdenum(VI) (0.13 g, 0.3 mmol) in dry methanol (3 ml) was 
added -C(-)-2-amino-1-butanol (0.027 g, 0.3 mmol) and the 
mixture was refluxed for if h under nitrogen. The solvent 
was evaporated off under reduced pressure and the remaining 
solid dispersed in dry chloroform, filtered off and dried 
in vacuo to give (2.2 1) (82 mg, 72%).
IR 1640(C=N) cm“^
NME (d-DMSO) 6 8.70 {IH, S, CH=N), 6 .6-7.3 (3H, m, aromatic),

4.34 (2H, m, CH2-O). 3.81 (IH, m, CH-N), 3.75 (3H, S, OCH3 ), 
3.30 (methanol), 1.69 (2H, q, J=6 . 6 Hz, CH3-CH2-), 0.88 
(3H, t, J=6 . 6 Hz, CH3-CH2-)-

MS m/e (rel intensity), 351(M*)(83), 321(88), 302(100), 296(44),
98279(54), 264(39), 262(35)! calcd. m/e for C^2“l5^°5 

351.0005 (found 350.9999).
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n•; «-Ri fD (- -2.3-butandiolato-0.0^(1-)] dioxomolybdenum(VI) (2.22.
Bis(acetylacetonato)dioxomolybdenum(VI) (0.25 g, 0.75 mmol) 

was ground to a fine powder and added to a stirred mixture of 
D(-)-2,3-butandiol (0.19 g, 2 mmol) in dry cyclohexane (1 ml).
The reaction was stirred at 80°C under nitrogen for 1 h 
during which time a white solid was formed which was filtered 
off, washed with dry hexane and dried in vacuo giving (2 .2 2)
(0.16 g, 69%), mp 130°C (decomp.), (Found:C, 31.32jH, 5.88. 

requires C, 31.37jH, 5.88).8 lo b
Attempts to recrystallise (2.22) were unsuccessful 

since the complex was insoluble and unstable when heated in
most common solvents.
IR 930 and 959(0=Mo=0), 2600-3400(broad, co-ordinated 0-H)

cm- 1

NMR (CDCI3 ) 6 4.63 (4H, m, -CH-), 1.27 and 1.24 (12H, two 
overlapping doublets, J—6.0 Hz, four CH3 ). Due to 
precipitation accompanying decomposition of the complex 
in solution, only a poor quality nmr spectrum was 
obtainable.

1 i<-.v of fN,-(gls.exo-2-hvdroxYbomyl)-3 -salicylideniminato
2-)1 (metbanQlatoMioxomolybdenum(VI) under epoxidising conditions 

The complex (20 mg, 0.03 mmol), epoxycyclohexane 
(30 mg, 0.3 mmol) and 9 0 %  t-butyl hydroperoxide (30 mg, 0.3 mmol) 
were stirred at 80°C in dry cyclohexane (2 ml) for 1 h under 
a nitrogen atmosphere. After cooling the reaction mixture 
to room temperature the solid was filtered off and washed 
with methanol. The infrared spectrum of the isolated solid 
was identical to that of the starting complex.
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Procedure for the epoxidation of qeraniol catalysed by pre-formed
complexes.

Geraniol (1.0 g, 6.5 mmol) and the catalyst (0.065 mmol) 
were stirred at 40-45°C in dry toluene (15 ml) xinder a 
nitrogen atmosphere for 15 min. t-Butyl hydroperoxide 
(80%) (0.79 g, 7 mmol) in dry toluene (5 ml) was added 
dropwise to the reaction mixture over a period of 10 min 
and the mixture stirred at 40-45°C until tic analysis showed 
no further epoxide formation (40-50 h). If the 2 ,3-epoxygeraniol 
was required the reaction mixture was shaken with 45% sodium 
bisulphite solution (4.0 ml) and the organic layer dried 
over Na2S0^. After removal of the solvent under reduced 
pressure the product was isolated by chromatography on a 
silica gel column eluted with petroleum ether/acetone (6:1). 
Alternatively, the'epoxyacetate was formed by cooling the 
reaction mixture to 25°C and adding a solution of acetic 
anhydride (3 ml) in pyridine (4.5 ml) and stirring for 6 h.
The reaction mixture was poured into ice and the organic 
layer washed with water (3x50 ml), IN hydrochloric acid 
(2x50 ml), 45% sodium bisulphite solution (40 ml) and 2% 
sodium bicarbonate solution (40 ml). After drying the 
organic layer over Na2S0^ and removal of the solvent under 
reduced pressure the epoxyacetate was isolated by 
chromatog^hy on a silica gel column eluted with petroleum
ether (60-80° )/acetone (40:1).

Procedure for the epoxidation of qeraniol catalysed ^  

complexes formed in situ
Geraniol (0.5 g, 3.25nunol), bis(acetylacetonato)-
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5.2 Pvnprimental relating to chapter 4

r.î  .fndies nn the isomerisation of qeraniol and linalol 
p^^-hreatmeni-. of isomeri=>.ation mixtures for glc analysis 

The direct injection on the glc coluitm of reaction 
mixtures obtained from the metal catalysed isomerization of 
allylic alcohols was found to result in a build-up of metal 
containing species on the column, leading to isomerization 
of the substrate on the column. In the case of reactions 
carried out in the presence of molybdenum catalysts this 
problem was overcome by passing the reaction mixture down a 
short (10x0.6 cm) column of basic alumina (activity III) 
and eluting with ether. After removal of the solvent the 
molybdenum free sample was injected directly onto the column.

Tris(triphenylsilyl)oxovanadium(V) could not be
m-ivi-ures by this technique and it removed from reaction mixtures oy

was necessary to repack the column when the build-up of 
vanadium species became sufficient to promote the isomerization.

Onantitative alc analysis
Response factors for geraniol (Kg) and linalol (K,) were 

determined relative to the internal standard (2-methylnapthalene) 
by preparing a calibration mixture containing accurately 
weighed amounts of geraniol (100 mg), linalol (50 mg) and 
2-methylnaphthalene (50 mg) in benzene (15 ml). Removal of 
the solvent under reduced pressure gave an oil which was 
Chromatographed (column A) and the response factor for each 
component determined as follows:
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where A = Area of component peak
A = Area of internal standard peak s
W = Wt. of component
W = Wt. of internal standard s

In the subsequent analysis of reaction mixtures the 
percentage of each component was then given by the formula;

% = ^ X X 100

Nerol was assumed to have the same response as geraniol. 

Isomerization of geraniol and linalol
i) catalysed by bis(acetylacetonato)dioxomolybdenum(VI)

The allylic alcohol (0.12 g, 0.78 mmol) and
bis(acetylacetonato)dioxomolybden\im(VI) (5 mg, 0.015 mmol)
were stirred in benzene (15 ml) at 40°C or 80 C (see 
Table 4.1) under a nitrogen atmosphere for 1 h. 2-Methyl 
naphthalene (0.1 g) (internal standard) was added to the 
reaction mixture which was then passed down an alumina column 
as described above. Removal of the solvent under reduced 
pressure (15 mm) gave an oil which was analysed by glc 
(column A ).

ii) Catalysed by bisf t r a n s - 1 , 2-cycloheandiolato-0,0^(l-)]- 
dioxomolybdenum(VI)

The allylic alcohol (0.12 g, 0.78 mmol) and MoOj-

(l,2-cyclohexandiol)2 (20 mg, 0.06 mmol) in toluene (15 ml) 
were stirred at 100°C under a nitrogen atmosphere for 24 h.
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2-Methylnaphthalene (50 mg) (internal standard) was added 
to the reaction mixture which was then passed down an 
alumina column. Removal of the solvent under reduced 
pressure gave an oil which was analysed directly by glc
(column A ).

iii) catalysed by tris(triphenylsilyl)oxovanadium(V)
The reaction was carried out as described above in

(ii) but tris(triphenylsilyl)oxovandadium(V) (56 mg. 0.06
mmol) was used as catalyst. In reactions using this 
catalyst, pre-treatment with an alumina column was excluded.

Tcr'mpri^^ation Of a aeraniol/nerol mixture
Geraniol (0.12 g, 0.8 mmol), nerol (0.12 g, 0.8 mmol) 

and Mo0 2U , 2-cyclohexandiol)2 (36.6 mg, 0.11 majol) were 
stirred in toluene (15 ml) at 100°C under a nitrogen 
atmosphere. The progress of the reaction was monitored 
over 7 h by periodically removing 1 ml aliquots from the 
reaction mixture. After pre-treatment through an alumina 
column and reducing the volume of solvent under reduced 
pressure the samples were analysed by glc (column A) and 
the relative areas of geraniol and nerol determined.

.tudie= on the isomeri zation of allylic alcohols. 
Kinetic studies on the isomerization of qeraniql (Fig. 4.1) 

An accurately weighed sample of tris(triphenylsilyl)- 
oxovanadium(V) (0.27 g. 0.3 mmol. 7.7 mol%) was dissolved 
in deutero-benzene (3 ml) and an accurately weighed amount 
Of geraniol (0.6 g. 3.8 mmol) added. Approximately 0.5 ml
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of this solution was then placed in six nmr tubes and the 
stoppered tubes were placed in a thermostated oil bath at 
80°C. At intervals of 10,20,30,45,60 and 90 min, a tube 
was removed from the oil bath and the nmr spectrum recorded, 
integration of the -CH2-O signal of geraniol and the 
-C(0H)CH3 signal of linalol enabled the concentration of 
linalol in each sample to be determined from the formula!

M- Cone, of linalol
y  X  1 . 5 Ì  _ iin mol 1

where M = initial cone.
of geraniol 
in mol 1 ^

X = integration of 
linalol signal 

y = integration of 
linalol signal

Similar experiments were carried out using tris- 
(triphenylsilyl)oxovanadium(V) at approximately 4 and 2 mol%

levels.

General procedure for the ^H-nmr study of allylic alcohol 
isomerization

Tris(triphenylsilyl)oxovanadium(V) (46 mg, 0.05 mmol,
7.7 mol%) was dissolved with warming in deutero-benzene 
(0.5 ml). Allylic alcohols (0.65 mmol) was added and the 
reaction mixture was transferred to an nmr tube. The 
stoppered tube was placed in a thermostated oil bath at 
80°C and the progress of the reaction followed by 
periodically recording the nmr spectrum. The percentage
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composition of the reaction mixture was determined from the 
integration of suitably separated signals of the two allylic
isomers.

Preparative scale isomerization experiments«
Isomerization of farnesol (4,13)

To a stirred mixture of bis(l,2-cyclohexandiolato-0,0 ) 
dioxomolybdenum(VI) (64 mg, 0.18 mmol) in dry toluene (30 ml) 
was added farnesol (0.5 g, 2.25 mmol). The reaction mixture 
was stirred at llO^C under a nitrogen atmosphere for 15 h. 
After removal of the solvent the residue was passed down 
an alumina column, eluted with ether, to remove the complex. 
Removal of the ether and chromatography of the residue on a 
silica gel column eluted with ethyl acetate/petroleum ether 
(60-80) (1*30) gave nerolidol (4.14) (0.34 g, 68%) and 
unrearranged farnesol (0.12 g, 25%).

Isomerization of qeraniol
To a stirred solution of tris(triphenylsilyl)oxo- 

vanadium(V) (0.46 g, 0.5 mmol) in dry benzene (5 ml) at 
80°C was added geraniol (1.0 g, 6.5 mmol) and the reaction 
stirred for approximately 20 h. After removal of the 
solvent, the residue was chromatographed on a silica gel 
column eluted with ethyl acetate/petroleum ether (60-80) 
(1 ,1 5 ). Short-path distillation of the product gave linalol 
(0.6 g, 60%), 97.5% pure by glc (column A). Geraniol 
(0.2 g, 20%) was also isolated from the column.
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Reduction of g-ionone to a-ionol (4.21
To a solution of a-ionone (5 g, 0.026 mol) in dry 

benzene (40 ml), under a nitrogen atmosphere and cooled 
to 0-5°C, was added dropwise a solution of di-isobutyl 
aluminium hydride in hexane (5M) (7.9 ml, 0.039 mol). 
After stirring
the

the reaction for a further 2 h under nitrogen 
aluminium salts were decomposed at 5°C by adding a large

excess of andmethanol. Filtering off the precipitate 
removal of the solvent under reduced pressure gave a 
colourless oil which on distillation gave a-ionol 
(3.0 g, 60% yield) bp 89°/2 mmHg.
IR 3345(0-H) cm“^
NMR (CDCl,) 6 5.40 (3H, m, olefinic), 4.22 (IH, br.m,

-CH(OH)), 1.55 (3H, m, =0-0^3 ), 1.22 (3H, d, J=6.0 HZ;
-CiOiOCH^)» 0.87 and 0.80 (6H, 2s, -0 (0 5 2)2 )*
The spectral data are identical to that reported in

the lit155

Reduction of mesityl oxide to 4-methylpent-3-en-2-ol
Mesityl oxide was reduced using lithium aluminium

hydride in dry ether, according to the method described
128in the literature

Reduction of 3-methvl-2-cvclohexenone to 3-methyl-2-CYClohexen-
l-ol

To a suspension of lithium aluminium hydride 
(0 . 5 g, 0.13 mol) in dry ether (10 ml), under a nitrogen 
atmosphere and cooled to 5°0, was added dropwise a solution 
of 3-methyl-2-cyclohexenone (3 g, 0.027 mol) in dry ether
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(10 ml). After stirring the reaction at room temperature for
a further 2 h, excess lithium aluminium hydride was destroyed
by the dropwise addition of water (1 ml), 10% NaOH (1.5 ml) and
water (10 ml), added in rapid succession while stirring
vigorously. The precipitate was filtered off and washed
thoroughly with ether. Removal of the ether under reduced
pressure gave an oil which on distillation gave 3-methyl-2-
cyclohexen-l-ol (1.85 g, 62%) bp 75°/12 mmHg.
IR 3340(0-H) cm”  ̂ ^
NMR (CDCI3 ) 6 5.43 (IH, m, =C-H), 4.11 (IH, br.S, -CH(OH)),

1.63 (3H, S,
The spectral data are identical to that reported in 

the lit^^^.

Preparation of oc-ionol acetate
To a solution o f  a-ionol (0.26 g, 1.3 mmol) in 

benzene ( 10 ml) was added acetic anhydride (0 . 7 ml) and 
pyridine (0.9 ml) and the mixture stirred at room temperature 
overnight. The reaction mixture was poured into ice and 
the organic layer washed with IN HCl (10 ml), 9X sodium 
carbonate solution and dried over Na2S0 3. Removal of the 
solvent under reduced pressure gave an oil which after 
chromatography on a silica gel column eluted with ethyl 
acetate/petroleum ether (60-80) (lilO), gave o-ionol 
acetate (0.15 g, 50%).

1755(C=0) cm- 1

(CDCI3 ) 6 5.40 (4H, 2m, olefinic and -CHAc), 1.98 
(3H, S, CH3CO), 1.52 (3H, m, .¿-CH3 ), 1.26 (3H, d,
J=6.0 Hz, -C(0AC)CH3 ), 0.87 and 0.80 (6H, 2S, -0(0 2 3)2)-
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Attempted palladiumtII)-catalysed isomerization of a-ionql 
acetate

A solution ofot-ionol acetate (0.1 g, 0.42 mmol) and 
bis(acetonitrile)dichloropalladium(II) (5 mg., 0.02 mmol) 
(prepared according to the method of Walton ) in dry 
THF (5 ml) was stirred at room temperature under a nitrogen 
atmosphere for 24 h. Tic analysis of the reaction mixture 
suggested that no isomerization had taken place and this 
was confirmed by the fact that a-ionol acetate was isolated 
unchanged from the reaction mixture.

Attempted preparation of the oxo-vanadium complex of 
2- (hydroxymethyl) -2-methyl-1,3-propandiol— (4.26J_

The ligand (4.25) (3.6 g, 30 mmol), vanadium pentoxide
(1.82 g, 10 mmol) and n-butanol (0.37 g, 5 mmol) were 
refluxed in xylene (100 ml) for 6 h with continuous removal 
of water by means of a Dean-Stark trap. The hot reaction 
mixture was filtered through a celite bed and left to 
cool overnight. Since no product crystallised from the 
cooled reaction mixture the solvent was removed under 
reduced pressure giving a solid which was identified from 
its infrared spectrum as unchanged ligand.

Attempted preparation of tris( trifluoromethyl )sila.ne
The reaction was carried out in a 500 ml round-bottom 

flask fitted with a mechanical stirrer, dry-ice/acetone 
condenser, low temperature thermometer and pressure 
equalising dropping funnel. The apparatus was purged with 
argon and a positive pressure of argon maintained
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throughout the reaction. The flask was cooled using a 
dichloromethane/liquid nitrogen cooling bath and 
bromotrifluoromethane ( 2 2  g, 0.15 mol) condensed in the 
flask. Dry THF (190 ml) was added and the mixture cooled to 
-80 to -90°C. n-Butyl lithium (0.8 M) in hexane (187 ml,
0.15 mol) was added dropwise over H  h and the mixture stirred 
for a further 1 h. Trichlorosilane (5.1 g, 0.037 mol) was 
added dropwise over 1 h and the mixture stirred for a further 
5 h and left to warm slowly to room temperature over a period 
of about 14 h. The white solid produced was filtered off 
but appeared to be inorganic material. Removal of solvent 
from the filtrate gave a colourless oil which was readily 
identified from its ^H-nmr spectrum as n-butyl bromide.

Attempted preparation of tris(pentafluorophenvl)silane (4.30, 
The apparatus employed was similar to that described 

above but the dry ice/acetone condenser was replaced with 
an ordinary reflux condenser. Bromopentafluorobenzene 
(20 g, 0.08 mol) in dry ether (50 ml) was added over a 15 min 
period, to a stirred solution on n-butyl lithium in hexane 
(1.5 M) (53 ml, 0.08 mol) at -70°C. After 2 h additional 
stirring the mixture was warmed to -5 to 0°C and 
trichlorosilane (3.6 g, 0.026 mol) in dry ether (100 ml) 
added rapidly over 2-3 min. The mixture was warmed to 
room temperature and the solvent removed under reduced 
pressure. Attempts to isolate any tris(pentafluorophenyl)- 
silane by sublimation from the residue wete unsuccessful.
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the parafin oil resulted in recovery of unchanged hex-5-en- 
2-yn-l-ol (0 . 3 g, 75%) with no other products detectable in
the nmr or ir spectrum.

Use of bisF trans-1 ,2-cyclohexandiolato-0,0 (1-)]- 
dioxomolybdenum(VI) as catalyst gave similar results.

Preparation of l~(4-penten-l~vnyl)cyclohexanol (S.lU
1-Ethynyl-l-cyclohexanol (16.0 g, 0.12 mol) was added 

to cuprous chloride (1.1 g, 11 mmol) in saturated sodium 
chloride solution (10 ml) and the mixture stirred at 80°C 
under a nitrogen atmosphere. The mixture was homogenised by 
addition of dimethyIsulphoxide (40 ml) and the pH adjusted 
to 9-11 with .88 ammonia solution. Allyl chloride (10 g ,

0.13 mol) was added dropwise over a period of 1 h and the pH 
kept constant throughout. The reaction was stirred at 80°C 
and the pH continually adjusted with ammonia solution over 
a period of about 7 h, after which time no further change 
in pH occurred. The product was steam distilled from the 
reaction mixture and the distillate extracted several times 
with ether. After drying the ether layer over 
removal of the ether and fractional distillation of the 
residue gave l-(4-penten-l-ynyl)cyclohexanol (4.0 g, 20%) 
as a colourless oil bp 126°/16 mmHg. The remainder of the 
residue was unreacted 1 -ethynyl-l-cyclohexanol (8.0 g, 50%).
IR 3410(0-H), 2254(C=C) cm“^
NMR (CDCI3 ) 6 4.92-6.17 (3H, m, vinyl), 2.97 (2H, m, -CH2-), 

1 .0-2.0 (lOH, br.m, ring protons)
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• j • • _ i-w'p 1 14—T)©ii.t©n“* 1 ”VTiy 1) cvdohoxsno^>4...̂ ,np4-ori gpoxidation of l-(4-penren jl-------
The procedure was the same as that described in the

attempted epoxidation of hex-5-en-2-yn-l-ol. Tic analysis
of the crude reaction mixture showed it to be a four component
mixture and the infrared and ^H-nmr spectrum showed that the
acetylenic group had been attached. No attempt was. therefore.
made to isolated or identify the components of this mixture.

of fhe dicobalt hexacarbonyl of l-(4-penten-l:jnyl)- 

cvcloliexanol
Dicobalt octacarbonyl (10 g. 0.03 mol) was added to a

solution of l-(4-penten-l-ynyl)cyclohexanol in petroleum ether 
(30-40°) (40 ml), rapid evolution of carbon monoxide occured 
and the mixture was left stirring overnight. Removal of the 
solvent in a stream of nitrogen gave a darh red viscous oil 
which was used directly in the following hydroboration.

hvdr-v-»^^on of the dicobalt hexacarbonyl-acetylene

complex
TO sodium borohydride (0.27 g. 7 . 2 mmol) in dry THF 

was added the above acetylene complex (13.0 g. 0.029 mmol).
The mixture was cooled in an ice bath and boron trifluoride 
etherate (1 . 3 7  g. 9.6 mmol) added dropwise. After stirring 
overnight, water (5 ml) was added to destroy excess sodium 
borohydride. this was followed by the addition of 2M sodium 
hydroxide and 30% hydrogen peroxide (10 ml). The solvent w 
removed under reduced pressure and the residue treated with a 
solution of ferric nitrate in ethanol for 24 h. Ether 
extraction of this mixture gave a red oil (0 .2 g) which g
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only poor spectra and no attempt was made to characterise 
the product further.

preparation of 3.7-dimethyl-6,7-epo2n"oct-l-Yn-3-^
A solution of m-chloroperbenzoic acid (1.5 g ,  7.26 mmol) 

in dichloromethane (20 ml) was added over a period of 30 min, 
to a cooled solution (10°C) of dehydrolinalol (1.0 g, 6.6 mmol) 
in dichloromethane (10 ml). The reaction was left stirring at 
room temperature for 18 h and the precipitated solid filtered 
off. The filtrate was washed several times with saturated 
sodium bicarbonate solution and the organic layer dried over 
Na.SO^. Removal of the solvent and chromatography of the 
residue on a silica gel column eluted with petroleum ether 
(60-80)/ethyl acetate (15.1) gave the tetrahydrofuran (5.17)

(0.7 g, 63%).
IR 3475(0-H), 3330(=C-H), 2122(CSC) cm
NMR (CDCI3 ) 6 3.91 (IH, m, -CH), 2.39 (IH, S,=C-H), 1.52 

(3H, S, CH3C-), 1.21 and 1.12 (6H, 2xS, (0 2 3)30-).
MS n/e (rel intensity). 153(3). 110(20). 95 (15). 79(30). 

68(55), 59(100), 43(62).

simultaneo'i.«. epoxidation and cyclization ̂  

dehydrolinalol
A mixture of tris(triphenylsilyl)oxovanadium(V)

(2.5 g. 2.8 mmol), dehydrolinalol (0.5 g. 3.3 mmol) and 95% 
t-butyl hydroperoxide (0.4 g. 4.2 mmol) in toluene (60 ml) 
was heated at 110°0 for 5 h. Removal of the solvent under 
reduced pressure and chromatography of the residue on a silica 
gel column eluted with toluene/ethyl acetate (2 0.1 ) gave only
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citral (0.14 g, 28%) and the tetrahydrofuran (5.17) (0.26 g. 

47%).

at-4-anmtad preparation of 4-hvdroxy-4 -methylhex-5-yna,l (5.lH  
To a stirred mixture of purified t-butanol (26 ml), 10% 

tetraethylammonium hydroxide solution (2 ml) and dehydrolinalol 
(2.0 g, 13.2 mmol), cooled to 0°C in an ice-bath, was added 
97% t-butyl hydroperoxide (2.4 ml, 26 mmol) followed by 
osmium tetroxide catalyst solution (1.3 ml) (prepared from 
50 mg OSO4 and 0.05 ml t-butyl hydroperoxide made up to 
10 ml in purified t-butanol). The reaction mixture was 
stirred for 2 h at 0°C then stored in a refrigerator 
overnight, and 5% aqueous sodium bisulphite solution (20 ml) 
added and the mixture allowed to warm to room temperature 
while stirring. The mixture was concentrated on a rotary 
evaporator and water (40 ml) added. The aqueous layer was 
extacted once with ether (20 ml) to remove any in?>urities and 
any ether remaining in the aqueous layer was removed on a 
rotary evaporator. To the stirred aqueous layer was added 
solid sodium periodate (3.4 g, 16 mmol), and the react! 
mixture stirred at room temperature for 5 h, and extracted 
with ether (3x25 ml). After drying the organic layer over 
Na2S04 the solvent was removed giving an oil containing a 
single component (tic analysis on silica gel plates eluted 
with a 3 . 1  mixture of pet. ether/ethyl acetate) identified 
as the cyclic hemiacetal (5.21) (1.16 g, 69%) (Found,C, 
66.70;H, 7.92.C,H^i02 requires C, 66.67jH, 7.94).
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P r e p a r a t i o n  of 3.7-dimethyl-6-octen-l-vn-3.8-diol (5.25)
To a stirrod suspension of selenium dioxide (75 mg* 0.67 

mmol) and salicylic acid (0.23 g, 1.66 mmol) in dichloromethane 
(6 ml) was added 97% t-butyl hydroperoxide (5.4 g, 58 mmol).
The resulting solution was warmed in a water bath at 25 C 
and dehydrolinalol (2.5 g, 16 mmol) added. After stirring 
for 27 h, benzene ( 10 ml) was added and the dichloromethane 
removed on a rotary evaporator. Ether (30 ml) was added and 
the organic phase was washed with 10% KOH (4x1 ml) and brine 
and dried over Na2S0 4. After removal of the ether the excess 
t-butyl hydroperoxide was removed by distillation under 
reduced pressure (1 mmHg). The ^H-nmr spectrum of the crude 
reaction mixture showed, in addition to some starting 
material, an aldehyde to alcohol ratio of 1:3.4. The mixture 
was chromatographed on a silica gel column eluted with 
petroleum ether (60-80)/ethyl acetate (10:1) giving 3,7- 
dimethyl-6-octen-3,8-diol (5.28) (1.1 g. 41%) (Found,C, 71.36;H, 
9.48.Cj^gHj^g02 requires C, 71.43? H, 9.52)
IR 3400(0-H), 3310(sC-H), 2122(C=C) cm
NMR (CDCI3 ) 6 5.44 (IH, t, 3 = 1 . 0  Hz, =C-H), 3.96 (2H, br S, 

-CH-OH), 2.43 (IH, S, HC-H), 1.67 (3H, br S, “C-CHg),
1.46 (3H, S, -C(0H)CH3).

MS m/e (rel intensity), 153(1), 150(6), 135(23), 121(15),
117(15), 107(17), 91(41), 79(50), 69(41), 55(15), 43(100).

Preparation of 2 ,6-dimethvl-6-hvdroxY-2-octen-7Ynal (5.26.
To 3 ,7 -dimethyl-6-octen-l-yn-3 ,8-diol (5.25) (0.9 g,

5.3 mmol) in a mixture of petroleum ether (40 ml) and ethyl 
acetate (2 ml) was added activated manganese dioxide (9 g) and
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the mixture was stirred rapidly at room temperature for 15 h.
The manganese dioxide was filtered off and washed thoroughly 
with ethyl acetate. Removal of the solvents under reduced 
pressure gave a crude oil (0.5 g, 57%). the ^H-nmr spectrum 
of which showed only the presence of the aldehyde (5.26).
Tic analysis of the crude oil showed the presence of a small 
amount of a polar material which did not move on the tic 
plate. To obtain an analytically pure sample of the 
aldehyde, the crude oil was chromatographed on a silica gel 
column eluted with petroleum ether (60-80)/ethyl acetate 
(lOil), however, only a small amount of the original 
aldehyde could be eluted from the column (0.2 g, 23%).
(FoundtC. 72.53;H. 8 .0 5.C^oH3 4̂02 requires C, 72.29jH, 8.43).
IR 3450(0-H). 3218(SC-H), 2122(CsC), 1688(0=0) cm"
NMR (CDCI3 ) 6 9.31 (IH. S. CHO). 6.50 (IH. t of q. J=1.3 and

6 .8  Hz, =C-H), 2.46 (IH, S, =C-H), 1.73 (3H, d, J=1.3 Hz, 
=0-0 2 3), ^-5 (3H, S, -0(0H)023).

Attempted cvclization of 2.6-dimethvl-6-hYdroxy-2-octen-7-ynal
The aldehyde (5.26) (0.5 g., 3 mmol) was dissolved in 

toluene (3 ml) and tris(triphenylsilyl)oxovanadium(V) (0.2 g, 
0.24 mmol) added and the mixture stirred at 1 1 0 ° 0 in a 
nitrogen atmosphere for 18 h. The solvent was removed under 
reduced pressure and the bulk of the tris(triphenylsilyl)oxo- 
vanadium(V) was removed by passing the residue down a short 
(10x0.6 cm) column of basic alumina (activity III) eluted 
with ether. Tic analysis showed one major component with 
two or three other components present in only trace amounts. 
Chromatography of'the crude mixture on a silica gel column
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eluted with petroleum ether (60-80)/ethyl acetate (15:1) 
enabled isolation of the major product, 2,6-dimethyloct-2 ,5- 
dien-1.8-dial (5.27) and (5.28). in only low yield (0.2 g. 40%).

IR 1690(C=0) cm“^
NMR (CDCI3 ) 6 9.86 and 9.79 (IH. 2d. J=7.5 Hz. =CHCH0 cis 

and trans isomers) 9.26 (IH, S. =C(CH3 )CH0 ), 6.33 
(IH, br t, J=6.6 HZ, =C-H), 5.82 (IH, d, J=7.5 Hz,

=CHCH0)

o^ «-:-hloro-2-methy1-3-ortyn-2-ol (5.2^
in a flasK fitted with a dry-ice condenser protected

with a sodalime drying tube, was placed liquid ammonia
(200 ml) containing a few crystals of ferric nitrate.
Lithium (0.7 g. 0.1 mol) was added slowly and the mixture
stirred for 1 h. To the resultant suspension of lithamide
was added dropwise a solution of the tetrahydropyranyl ether
Of 2-methyl-3-butyn-2-ol (17.5 g, 0.1 mol) in dry THf (30 ml)
and the mixture was stirred for a further 1 h. l-Chloro-4-
iodobutane (15 g. 0.069 mol) in dry THF (100 ml) was added
over a period of 45 min and the resulting mixture stirred under
reflux for 8 h, after which time ammonium chloride (10 g) was
added and the ammonia allowed to evaporate. The residue was
poured into a cooled solution of 20% sulphuric acid (100 ml)
and the aqueous layer extracted with ether (3x25 ml). The

levers were washed with 5% potassium combined organic layers were was
carbonate solution, water, brine and dried over Na^SO,.
Removal of the ether and fractional distillation of the
residue gave a-chloro-2-methyl-3-octyn-2-ol (4.7 g. 39.) -
a colourless oil bp 74°C/0.1 mmHg. (Found.C. 61.75,H. 8.58.
C„H._0C1 requires C, 61.84|H, 8.60).9 15
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-1
3 4 5 8(0-H), 2165(C=C) cm 
(CDCI3 ) 6 3.51 (2H. t. j=6.0 HZ. -CH^Cl). 2.23 (2H. t,
J=6.0 Hz, =C-CH2-). 1-73 (4H, m, -(CH2 )2-)>
2XCH3 ).

MS
. *4. N 105(7)» 93(11)* 79(20)»m/e (rel intensity)» 159(82j» lu^w;*

67(7)» 55(11), 43(100).

-1

of o-^~^n-2-methyl-3-ortYn-2-ol 5̂.J0 
8-Chloro-2-methyl-3-octyn-2-ol (5.29) (4.0 g. 22.9 nonol)

„as added to a refluxing mixture of sodium iodide (7 . 9 g. 50 
^ 0 1 ) in dry acetone (30 ml) and the mixture stirred under 
reflux for 18 h. The reaction mixture was poured into 
water and extracted with ether (3x25 ml). After drying th 
conO^ined organic layers over Ha2SO,. removal of the ether
and fractional distillation of the residue gave 8-iodo-2- 

4. 9 (3 7 g» 60%) as a pale yellow oil bpmethyl-3-octyn-2-ol (3./ g,
95-97°c/0.1 iranHg.
IR 3420(0-H)» 2255(C=C) cm"
^MR (CDCI3) 6 3.16 (2H. t. 0=6.0 Hz. -CH2D .  2.18 (2H. t. 

,=e.O HZ. .C-CH2-). 1.75 (4H. m. -(CH2)2-).
(6H» S» 2XCH3 ).
m/e (rel intensity), 266(3)(M*), 251(76), 160(16), 
150(23), 140(19). 129(22). 122(32). 106(11). 96(40).

80(45)» 44(100).

.........  1 , » ■ i o d o - ^ - m e t h r l - 3 - o c t Y n - 2 ^

8-lodo-2-methyl-3-octyn-2-ol (0.5 g. 1.9 mmol) was
added to a solution of tris(triphenylsilyl)oxovanadium(V)
(0.13 g. 0.15 mmol) in toluene (2 ml) and the reactxon

MS
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mixture heated at 110°C for 3 h. Tic analysis of the reaction 
mixture indicated that virtually all the starting material 
had been converted to a single new product. The toluene was 
removed under reduced pressure and the residue mixed with 
ether and passed down a short (10x0.6 cm) column of basic 
alumina (activity III) eluted with ether to remove most of 
the metal complek. Chromatography of the crude product on a 
silica gel column eluted with petroleum ether/ethyl acetate 
(3 :1 ) enabled isolation of a pure product which was identified
as 8-iodo-2 -methyl-2 -octen-4 -one (5.32) (0.33 g, 6 6%).

_ „  c *7e: c  H 01 r©cniir©s O f  40.60;H» 5.64) •(FoundiC, 40.76;H, S./S.CgH^^ux q
, XIR 1690(C=O) cm

NMR (CDCI3 ) 6 6.01 (IH. m. =CH-). 3.12 (2H. t. J=6.0Hz.
-CH2I). 2.39 (2H. t. J=6.0HZ. -COCH2-). 2.11 (3H, 2xS. 
CH3 cis to carbonyl). 1.85 (3H 2xS,. CH3 trans to 
carbonyl), 1.61-1.92 (4H. m, -(0 2 2)2-)-

The above reaction was repeated in the presence of 
N.N-diisopropylethylamine using 2 mol of amine per mol of 
substrate. Tic analysis of the reaction mixture showed 
8-iodo-2-methyl-2-octen-4-one (5.32) to be the only product.
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APPENDICES

Appendix 1. Attempts to prepare NN^-ethYlenebis(iminomethyl“
camphorci to) dioxomolybdenum (VI)

i) Reactions in the presence of an organic base.
+ -

imineH2 + M0O2CI2 ♦ 2Et^N Mo0 2(imine) + 2Et2NHCl

A solution of molybdenum dioxodichloride (51 mg, 0.26 mmol) 
in dry methanol (10 ml) was added rapidly to a stirred solution 
of NN^-ethylenebis(iminomethylcamphor) (2.3) (0.1 g, 0.26 mmol)
and triethylamine (52 mg. 0.52 mmol) in dry methanol (10 ml) 
and the mixture stirred for 1 h under a nitrogen atmosphere. 
Removal of the solvent under reduced pressure gave a solid, 
the infrared spectrum of which showed it to be unchanged ligand.

Molybdenum dioxodichloride is known to form complexes of 
the type M0O2CI2L 2 (L= solvent molecule) with donor solvents 
and it was thought that the formation of such a complex with 
methanol may be inhibiting the formation of the desired imine 
complex. The above reaction was.therefore, repeated using dry 
tetrahydrofuran as solvent, since the donor properties of this 
solvent would be much weaker than those of methanol. Under 
these conditions a solid precipitated and was filtered off 
but its nmr spectrum showed only signals arising from 
ethyl groups, suggesting formation of a complex between 
molybdenum dioxodichloride and trethylamine. Removal of the 
solvent from the filtrate resulted in the recovery of 
unchanged ligand.

1.



ii) Reaction in the presence of silver oxide.

imineH2 + M0O2CI2 **■ ^^2^ ---- ^  Mo0 2(iniine) + 2AgCl + H2O
NN^-Ethylenebis(iminomethy 1 camphor) (0.1 g, 0.26 mmol) 

was dissolved in dry THF (10 ml) and silver oxide (61 mg. 0.26 
mmol) added. Molybdenum dioxodichloride (51 mg, 0.26 mmol) in 
dry THF (10 ml) was added rapidly and the reaction stirred for 
2 h under a nitrogen atmosphere. The reaction mixture was 
filtered and the solvent removed from the filtrate under 
reduced pressure. The infrared spectrum of the product 
showed only the presence of unchanged ligand with no additional 
absorptions in the 850-1000 cm"^ region to indicate the 
presence of Mo=0 groups.

iii)Reaction of the sodium salt of the imine with Mo0 2Cl2 -

imineH2 + 2NaH-
_‘imine Na + 2H MoO^imine + NaCl

2 2

NN^-Ethylenebis(iminomethylcamphor) (0.1 g, 0.26 mmol)
was dissolved in dry THF (20 ml) and sodium hydride (12.5 mg, 
0.51 mmol) added and the mixture stirred for 1 h under a 
nitrogen atmosphere. The mixture was then heated to 50°C and 
stirred for a further 1 h, cooled to room temperature and 
molybdenum dioxodichloride (52 mg. 0.26 mmol) in dry THF (3 ml) 
added and the mixture stirred for >5 b. After filtering the 
reaction mixture, removal of the solvent gave a residue with an 
infrared spectrum showing broad bands of weaK intensity which 
could be assigned to the starting ligand. There were no 
additional absorptions in the 850-1000 cm'^ region to indicate
the presence of Mo=0 groups.

2.





Appendix 2. The structure determination of Mo0 2(Cj^gH2 3N0 2 ) (DMF)
(Fig 2.1) 3

Table A2.1 Anisotropic thermal parameters (xlO

Atom

Mo
N(l)
N(2)
0 ( 1 )
0 ( 2 )
0(3)
0(4)
0(5)
0(6 )

U11

3232(3)
43(4)
67(4)
41(3)
40(3)
46(3)
55(4)
35(3)

«22

2328(4)
38(4)
46(4)
26(3)
48(4)
42(4)
25(3)
44(3)

«33
1919(3)
47(5)
65(5)
35(3)
45(3)
24(3)
18(3)
32(3)

U12 U 13
1
0(3)
2(3)
19(3)
1( 2 )
8(3)
0 ( 2 )
5(2)
8(3)

01(2 )
5(3)
7(4)12( 2 )
7(2)
7(2)
1 ( 2 )
0 ( 2 )

Table A2.2 Interatomic bond lengths/i in the ligands

«23
1
1 ( 2 )
2(3)20(4)
3(2)
15(3)

1 (2 )
0 ( 2 )
2(3)

Atoms Atoms

c(D-
0 ( 1 ) -C(2)-
C(3)-C(4)
C(5)
C(6 )
C(6 )
C(7)C(7)
C(8 )
N(l)
C(9)
C(9)

-0 ( 1 )-C(2)
-C(3)-C(4)
-C(5)
-C(6 )
-C(7)
-C(8 )
-C(2)
-0(2)
-N(l)
-C(9)
-C(IO)
-C(14)

1.426(11)1.363(10)
1.376(11)1.397(12)
1.368(12)
1.393(11)1.402(10)
1.458(10)
1.408(10)
1.336(9)
1.272(9)
1.488(9)
1.546(10)
1.539(10)

C(10)
C(10)
C(ll)C(12)
C(13)
C(13)C(13)
C(14)
C(15)
C(15)
C(19)
C(19)
N(2)-
N(2)-

-C(ll)-C(15)
-C(12)
-C(13)-C(14)
-C(15)
-C(18)
-0(5)-C(16)
-C(17)
- 0 ( 6 )
-N(2)
C(20)
C(21)

1.514(11)
1.580(11)1.571(12)
1.544(11)
1.551(11)1.547(11)
1.508(11)1.414(9)
1.519(12)
1.544(11)1.244(9)
1.320(10)
1.446(11)1.433(12)
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Table A2.3 Interatomic bond angles/^ in the ligands

Angles
C(l)-0(1)-C(2)
0(1)-C(2)-C(3)
C(2)-C(3)-C(4)
C(2)-C(7)-0(2)
C(3)-C(4)-C(5)
C(4)-C(5)-C(6)
C(5)-C(6)-C(7)
C(5)-C(6)-C(8)
C(6)-C(7)-C(2)
C(6)-C(7)-0(2)
C(6 )-C(8)-N(l)C(8)-C(6)-C(7)
C(7)-C(2)-0(l)
C(7)-C(2)-C(3)
C(8)-N(l)-C(9)
N(l)-C(9)-C(10)N(1)-C(9)-C(14)

w  ■ C(9)-C(14)-0(5)
C(9)-C(10)-C(ll)
C(9)-C(10)-C(15)
C(10)-C(9)-C(14)

116.3(7)
126.3(8)
120.9(9)
118.8(7)
119.7(9)
120.7(9)
119.7(7)
118.0(7)
119.2(7)
121.8(7)
123.5(7)
122.0(7)
114.1(7)
119.6(8)
119.5(6)
116.8(6)
108.3(6)
111 . 2 ( 6 )
103.5(7)
104.0(6)
104.0(6)

Angles
C(10)-C(ll)
C(10)-C(15)
C(10)-C(15)
C(10)-C(15)
C(ll)-C(12)
C(12)-C(13)
C(12)-C(13)
C(13)-C(14)
C(13)-C(14)
C(15)-C(13)
C(15)-C(I0)
C(l-5)-C(13)
C(15)-C(13)
C(16)-C(15)
C(16)-C(15)
C(17)-C(15)
C(18)-C(13)
0(6)-C(19)-
C(19)-N(2)-
C(19)-N(2)-
C(20)-N(2)-

~C(12)
-C(13)
-C(16)
-C(17)
-C(13)-C(14)
-C(18)
-0(5)
-C(9)
-C(18)
-C(ll)-C(12)
-C(14)
-C(17)
-C(13)
-C(13)-C(14)
N(2)
C(20)
C(21)
C(21)

104.6(7)
93.3(6)
112.6(7)
113.6(7)
1 0 2 . 0 ( 6 )
102.6(7)
113.2(7)
113.9(6)
103.4(6)
117.3(7)
100 . 8 ( 6 )
102.8(7)
104.4(7)
106.6(7)
114.3(7)
116.3(7)
114.8(7)
123.8(8)
120 . 8 ( 8 )
121 . 0 ( 8 )
118.2(9)
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ô iNjr'í«A®h®a e^2i2-.22^222^í^*^^^777777777TVVTTT’r' ' ' ' ' '

5.



i uíííríac-̂ O íMODirir.r̂ o»fvCr-OtfNc c î̂aL.v̂ f̂'a ̂ c— .XÍ
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o  ^ (íi«AlMI^»*‘ <?«Ai'«<TAC\ls|-f»'.PgAJPJ»-»fO»-‘ »-lfnPJ»-ir‘ '< Âf»■lAJf»•,̂  fC.lAIA^ir.<»-|Al*'l^'
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14.



Attention is drawn to the fact that the 
copyright of this thesis rests with its author.

This copy of the thesis has been supplied 
on condition that anyone who consults it is 
understood to recognise that its copyright rests 
with its author and that ho quotation 'from 
the thesis and no information derived from it
may be published without the author’s prior 
written -consent.











AbPECTS OP SDHPACE AND SDBSDBPACE SOLUTE DYNAMICS 

IN A SMALL CATCHMENT : WEST WALK, SOUTH HAMPSHIEB

Gerald Edward Spraggs, B.A., Dip. Hydrol.

*4<''
Thesis submitted as part of the requirement for the 
degree, Doctor of Philosophy, of the Council for 
National Academic Awards.

September I98O

The work was cairied out idiile a Eesearoh Assistant 
In the Geography Department, Portsmouth Polytechnic, 
with the collaboration of Southern Water Authority.

..





t

4

r ^ '









C O N T E N T S

(VOLUME I)

List of Figures 
List of Tables 
Acknowledgements 
Abstract

SECTION 1:
HESEANCH BACKGROUND. OBJECTIVES. LITERATUBE REVIEV 
AND INTROLUJTION TO THE STUDY CATCBMENT

Chanter 1;
Surface and Subsurface Solute Dynamics in a Small Catchment; 
Research Background and Ob.iectives

1.1 Introductory Comments
1.2 Applications of the Study of Solute Lynamics

A. Chemical i)enudation
B. Nutrient Cycling
C. Eydroohemical Methods of Flow Separation
B. Inter-Catchment Transfer of Water
£. Ground Water Development and River Regulation Schemes
F. Reservoir and Lake Eutrophication

1.3 Conclusion

Page

Chanter 2;
Catchment Solute Dynamics; Atmosnheric Innuts and Surface 
Water Gutnuts - A Review of the Literature
2.1 Introduction
2.2 Atmospheric Inputs to the Catchment System

A. Constituents and Sources
B. Acid Precipitation
C. Metallic Ions
D« Teoqporal Variations and the Influence of

Meteorological Variables on Precipitation Chemistry
(i) Annual Trends

(il) Seasonal Variations ^
(ill) Weekly Variations

E. The Effects of Interception Processes on 
Precipitation Inputs

20

31



Chapter 2 (coni'd)

2 . 3  Surface Water Solute JJynamics
A, Some Characteristic Solute Besponses

(i) Trends
(ii) Cycles

(lil) Short Teian Variations
B, Seasonal Variations in Bischarge/Solute Response

(i) The 'Flushing Effect*
(li) Comparing Chemographs with Hydrographs:

Lag and Lead
C, Modelling Water Quality in Small Catchments u«lng 

Bivariate and Multivariate Begression

Page

Chapter
West Walk Catchment: Physiography. Geology. Soils. 
Vegetation and Climate

Introduction 
3*2 Physiography 
3*3 Geology 
3mU Soils

A. Podsols and Podsolic Soils
B. Brown Earth Soils 
C« Gleyed Soils

3*5 Vegetation 
3,6 Climate

50

SECTION 2:
SUBFACE WATER SOLUTE DYNAMICS IN WEST WALK 

Chapter li:
Water Data Collection and PreHminarv Treatment

1 Introduction 
U* 2 Streamflow Gauging

A. West Walk: Bectangulaivthroated Flume
(a) Design and Construction 
(h) Discharge Calculation
(c) Assessment of Errors in Gauging

71

72



Chapter lx (cont*d)

2|.2 B. V-Notch Veirs
(р) Design and Conccruction
(b) Discharge Calculation
(с) Assessment of Errors in Gauging

C. Data Digitisation
(a) Vest "Walk Plume
(b) V-Notch Weirs

D. Cross-Correlation between Structures
(a) Baseflow
(b) Stormflov

E. Hydrograph Separation 
h»3 Haingauging

A. Gauge Installation
B. Bainfall Data Quality
C. The Estimation of Hissing Bainfall Data 
Aspects of the Hydrology of Vest Walk
A. The Water Balance: 1975 - 1977

(a) Climatic Background - The 1975 - 1976 Drou^t
(b) Tests for Data Homogeneity

(i) Bainfall
(ii) Actual Evaporation

(iii) Streamflow 
(o) The Water Balance

B, Spatial Variation in Short Term Catchment Besponse
(a) Example 1: A Winter Storm
(b) Example 2: A Summer Storm

Chapter
Techniques used in the Sampling and Analysis of Water 

5* 1 Introduction
5*2 Sampling frequency and Methods 
5*3 Sample Preparation and Storage 

Piltration 
5« 5 Measurement
5*6 Specific Electrical Conductance 
5*7 Total Dissolved Solids



Chapter (cont*d)

5« 8 Atomic Ahsorption Methods
A. Introduction
B. Instrument Background
C. Analytical Techniques
B. Noise and Noise Heduction

(a) Flame Noise
(b) Lamp Noise
(c) Electronic Noise

E. Curve Linearisation and Concentration Readout
P.  ̂ Interference Effects

(a) Chemical
(b) Physical

G. Preparation of Standard and Reagent Solutions for AAS
(a) Standard Solutions
(b) Reagent Solutions 

5*9 Element Betermination by AAS
A. Sodium 

Potassiimi 
Calcium 
Magnesium 
Iron 
Silicon

B.
C.
B.
E.
P.

5*10 Sulphate 
5*11 Chloride 
5*12 Bicarbonate
5* f3 Estimation of Total Bissolved Solids from 

Specific Conductance 201

Chanter 6t

1 Introduction
2 Statistical Considerations

(i) Measurement Error
(ll) Linearity 

(ill) Residual Means
(iv) Residual Yarlance

217



I .

Chapter 6 (cont*d)

6.2 (v) Serial Correlation 
(vl) Normality

(vii) Collinearity
6.3 Analysis of the Regularly Sampled Data

A, The Variables
(i) Instantaneous Discharge

(ii) Antecedent Precipitation Index
(iii) Soil Moisture Deficit
(iv) Season Index

B. The Transformation of Variables
C, Preliminary Consideration of Solute Means and 

Standard Deviations for Sub-Catchments
(i) Solute Concentrations

(ii) Solute Loads
D. Maxima and Minima in Solute Concentration and 

Discharge Data using the Sine Index
Bivariate Correlation and Regression Analysis

Peure

on the Regularly Sampled
I. Potassium

II. Sodium
III. Calcium
nrl Magnesium
V. Chloride

VI. pH
VII. Bicarbonate

VIII. Specific Conductance
F. Multiple Regression on the Regularly Sampled Data 

6.1| Summary and Conclusions

262

Chanter 7i
An Analysis of Surface Water Solute Dynamics in 
Vest Walk Catchment; II, The Storm Sample Data (SSP)

7*1 Introduction
7*2 Bivariate Correlation and Regression Analysis
7*3 Polyn<xoial Regression on the Total Sampled Data
7»k An Assessment of the Bivariate and Multivariate Models 

for Prediction of Storm Solute Concentration 32U



Chapter 7 (con t*d )

7.5 Analysis of Individual Storm Sanqples
A. Introducticm

. B. Analysis of Regression Coefficients for 
Individual Storms

C, Analysis of Solute Flushing during Stoxms 
I). Chemograph Lag and Lead

7 . 6  Smmnary and Conclusions

I

Chapter 8 >
The S o lu te  Budget

8 «1 Introduction
8 . 2  Solute Inputs in Precipitation and Dry Fallout

A, Concentrations in Bulk Precipitation Samples
B, S olute  Loads in  B u lk P !re c ip ita tio n  Samples
C, T h ro u g h fa ll and Stem flow C oncentrations

8.3 Solute Outputs in Streamflow
A. Gross Solute Outputs
B. Net Solute Outputs
C. Temporal Variation in Loads for Vest Walk
B. l^atial Variations within Vest Valk

8 .i| Summary ana Conclusions

371



Chapter 7 (co n t*d )

7 . 5  -Analysis of Individual Storm Samples
A. Introduction
B. -Analysis of Regression Coefficients for 

Individual Storms
C. Analysis of Solute Flushing during Storms 
B, Chemograph Lag and Lead

7 . 6  Summary and Conclusions

Chapter 8 :
The Solute  Budget

8 .1 Introduction
8.2 Solute Inputs in Precipitation and Dry Fallout

A. Concentrations in Bulk Precipitation Samples 
, B. Solute Loads in Bulk Precipitation Samples

C. Throughfall and Stemflow Concentrations
8.3 Solute Outputs in Streamflov

A. Gross Solute Outputs
B. Net Solute Outputs
C. Ten^oral Variation in Loads for Vest Walk
B. Spatial Variations within Vest Valk

8 .U Summary ana C onclusions

371



C O N T E N T S

(VOLUME II)

Page

SECTION 3:
SUBSURFACE SOLUTE DYNAMICS IN A HILLSLOFE SOIL AT WEST WALK; 
TOWARDS A PHYSICALLY BASED. SPATIALLY DISTRIBUTED MODEL OF 
CATCBMENT SOLUTE RESPONSE

Chapter 9;
Modelling Strategies and an Introduction to Water and 
Chemical Movement in Hillslope Soils

9*1 Introduction
9*2 Modelling Catchment Hydrology: Progress towards a 

Spatially Distributed Model
9*3 Water Mov^ent in Hillslope Soils

A, Hydraulic Conductivity
B. Hydraulic Potentled

9«U Solute Movement in Hillslope Soils 
9*5 Summary and Conclusions

M5

Chapter 1 0 ;
An Experiment to monitor Water and Chemical Movement in a 
Hillslope Soil; Design. Installation and '
Calibration of Equipment

r.V'10.1 Introduction; The Experimental Slope
10.2 Experimental Design
10.3 Methods used for in situ Soil Moisture Measurement

A. Tensiometers
B. The Measurement of Volumetric Water Content
C. Piezometers

10«U The Methods of Sanpling Slope Tbroughflow for 
Chemical Analysis
A. The Use of Ceramic Suction Cips for 

Extracting Soil Water
(i) The Background

(il) Functional Considerations
Instrument Construction
Pxe-lnstallatlon Tests and Treatments

1*69



Chapter 10 (co n t*d )

10.1| B. In s ta lla t io n  o f th e  Ceramic S uction  Cups
C. Sampling Frocedisre
B. Piezom eter Sampling

1 0 . 5  Tensiom eter C a lib ra tio n
10.6 Summary

Chapter 11;

An A n a lys is  o f Subsurface W ater and S o lu te  Dynamics in  
H ills lo p e  S o ils  a t Vest Walk

11.1 In tro d u c tio n
11.2 Chemical C h a ra c te ris tic s  o f th e  E ills lo p e  S o ils

A. Potassiim i
B. Sodium
C. Calcium
D. MagnesiTim
E . Manganese
P. Phosphorus
G. Iro n
H. Aluminium
J . S ilic o n
K. T itan ium

11*3 H y d ra tilic  C o n d u c tiv ity  o f th e  H ills lo p e  S o ils
A . P ie ld  and Labora to ry  Methods
B. In te rp re ta tio n  and D iscussion o f H esu lts  -  

The Problem o f A n iso tro p y
C. Comparison o f n e a r-su rfa ce  K va lues w ith  

Maximum B a in fa ll In te n s ity  ^
D. H yd ra u lic  C o n d u c tiv ity , P o te n tia l S o lu te  Sources 

and S o lu te  Houteways
l l . l ^  An A n a lys is  o f Subsurface Water and S o lu te  Processes

A . B a in fa ll,  I n f i l t r a t io n  and D rainage:
29 th  November -  7 th  December 1976
I .  W ater Movement

I I .  S o lu te  Movement
(a ) Potassium  C oncentra tion
(b ) Magnesium C oncentra tion

I I I .  D iscussion



Chapter 11 (co n t*d )

11.U B. Rainfall and Infiltration:
26th January - 10th February 1?77

C. Soil Drainage:
12th May - 1st June 1977
I. Vater Movement
II. Solute Movement

III. Further Discussion
D. 12th March - 2nd May 1976:

A Period of Soil Drainage with Rainfall and 
Infiltration during the 1975 - 1976 Drou^t

1 1 . 9  Discussion, Summary and Conclusions
A. Vater Movement
B. Solute Movement

I. Storm Processes
II. Drainage

Page

5i4*

Chapter 12:
Application of the Model for Vater and Solute Movement in the 
Hillslope Soil and a Framework for Modelling at the 
Catchment Scale

12.1 In tro d u c tio n
12.2 The H ills lo p e  Model S tru c tu re
1 2 . 3  Framework fo r  a P hys ica lly -B ased  V a ria b le  c o n tr ib u tin g  

Area Model o f Catchment S o lu te  Response w ith  
Suggestions fo r  fu r th e r  Vork

1 2 .lt Summary and C onclusions

SECTION ht
CONCLUSIONS. REFERENCES AND APPENDICES

Chapter 13:
Conclusions

621

References





LIST OP PIGÜHES

Page

h.9

Principal Water and Solute Components of the 
Terrestrial Watershed Ecosystem
Wet and Dry Atmospheric Chemical Inputs to 
The Catchment System
The Effects of Autumn Flushing on Solute/
Discharge Batings
Tp 3 Effects of Lag and Lead on Solute/
Discharge Batings
West Walk Catchment: Boundaries, Streams,
Footpaths and Vehicle Tracks
Slope Angle Frequency C\irves for West Walk 
Suhcat chment s
West Walk Slope Orientation
West Walk Catchment: Geology and Soils
West Walk: Major Tree Species
West Walk: Land Use and Vegetation Age Structure
West Walk Flime
West Walk Flume
The Mould used for Construction of the 
Fibreglass Flume
West Walk Fl\me: Stage-Discharge Belationship 
90® V-Notch Weir at W2
Forestry Commission Water Level Becorder at W1
Low Flow Stage-Discharge Belationships at the 
V-Notch Weirs
Continuity of Becord for the Flow Gaiiiging Stations
Summary of the Flood Studies Method of 
Baseflow Separation
Frequency Histogram of the Slopes of Baseflow 
Separation Lines using the Flood Studies Method
Bain-gauging and Sampling Site
Daily Bainfall, SMD and Daily Mean Flow at W1:
1975/1976 - 19 7 6 / 19 7 7
Doable Mass Curve for Checking West Walk 
Bain fall Data
Double Mass Curve for Checking West Walk 
Actual Evaporation Data
Double Mass Curve for Checking West Walk 
Streamflow Data 118

101



LIST OF FIGURES (co n t*d )

Page

I+ .1 5 - U.I9 Water Balance for Vest Walk
1+.20 Mean Monthly Plows at West Walk

1 9 7 5 / 1 9 7 6  -  19 7 6 / 19 7 7

14.21 - 1|.22 Hydrograph Hesponse to a Winter Storm 
at Vest Walk (l/e/km̂ )

14.23 Hydrograph Response to a Summer Storm at 
at West Walk

5 . 1  A N.H.P. 12-bottle Vacuum Sampler
5« 2 Trigger Attachment for N.H.E. Water Sampler
5 . 3  Converted Crest Stage Recorder for Triggering 

N.H.E. Sampler at a pre-set Water Level
5«l4 The Rainfall Sampler
5«5 Plow Diagram of the Various Stages in

Sample Preparation, Storage and Analysis
Pye Model 29O pH Meter

5 . 7  Basic Layout of the Pye-Iftiicam SP 90 AAS
5« 8 Three Types of Output Trace using AAS
5*9 Pour Types of Calibration Curve using AAS
5*10 Output Trace for Sodium Detexminatlon by AAS
5 . 1 1  Cedibratlon Ciarve for Sodium Determination by AAS
5*12 Output Trace for Potassium Detexminatlon by AAS
5 . 1 3  Calibration Curve for Potassium Detexminatlon

by AAS
$•114 Output Trace for Calcium Determination by AAS
5» 1 5  Calibration Curve for Calcium Determination by AAS
5*16 Output Trace for Magnesium Determination by AAS
5 . 1 7  Calibration Curve for Magnesium Determination

by AAS
5» 18 Calibration Curve for Sulphate Determination 

by AAS
5 * 1 9  Standing Time required for complete Reaction 

of Ba and 80|^2-
5*20 Chart Output from Bicarbonate Determination
5*21 Specific Conductance/Total Dissolved Solids

Relationship
5*22 Specific Conductance^^lagneslum Relationship
5 . 2 3  Specific Conductance/Chlorlde Relationship
5.214 Specific Conductance/Calclum Relationship

18 2

190



LIST OF FIGUEES (co n t*d )

1 Page

1 5 . 2 5 Specific Conductance/Sodiim Eelationship 208
1 5 .2 6 Specific Conductance/Potassim Eelationship 208

1 5 .2 7 Specific Conductance/Bicarbonate Eelationship 209
1 5 .2 8 Specific Conductance/Sulphate Eelationship 209
1 5.29 Measured and Computed Specific Conductance 2 1 5
1 5 .3 0 Measured and Summed Total Dissolved Solids 2 151 6.1 Variation of Magnesitim and Potaissium Concentrations 

in Streamflow, 1975 225I 6.2 Variation of Calcium Concentration in 
Streamflow, 1975 226

I 6.3 Variation of Chloride and Sodium Concentrations 
in Streamflow, 1975 227

I 6 . k
Variation of Bicarbonate Concentration and pH 
In Streamflow, 1975 228

I 6.5 Variation of Specific Conductance in 
Streamflow, 1975 229

I 6.6 Variation of Sodium and Potassium Concentrations 
in Streamflow, 1977 230

I 6.7 Variation of Calcium Concentration in 
Streamflow, 1977 231

I 6.8 Variation of Chloride and Magnesium Concentrations 
in Streamflow, 1977 232

I 6.9 Variation of Bicarbonate Conc^tration and pH 
in Streamflow, 1977 233

I 6.10 Variation of Specific Conductance in 
Streamflow, 1977 23U

1 6.11 Veir 1 Discharge and Antecedent Precipitation 
Indices, 1975 2 3 5p 6.12 Holagged Sine and Cosine Indices and Vest Walk 
Soil Moisture Deficit, 1975 236

f 6.13
t
■

Antecedent Precipitation Indices, Weir 1 Discharge 
and Vest Valk Soil Moisture Deficit, 1977 237
Iron/pH Eelationship for Streamfiow at Vest Valk 251*

1 6.15
f

TDS Loads computed from Eegularly Sampled Data 
in Vest Valk (1977) 259

1 6.16 Iron, Silicon and Sulphate Loads computed from 
BSD in Vest Valk (1977) 260 - 261

1 6.17 Examples of Eeslduals plotted against Independent 
Variables for assessing Homoscedastlcity 27i+

1 6.18 Comparison between Actual and Predicted Potassium 
Concentrations and Specific Conductance using 
Bivariate and Multivariate Eegression Models 30U



7.7

7.8

7.9

7.12

7.13

(cont’d)
Page

Veir 1 3 10 - 3 1 1
Veir 2 3 1 2  - 3 1 3
the Flume 311» - 3 1 5
Veir 1+ 3 16
Wsir 5 3 1 7

9.3

Comparison of Actual and Predicted Potassium and 
TLS Concentrations for a single April Storm 
using Bivariate and Multivariate Hegression on 
several Bata Sets
Comparison of Actual and Predicted Potassium and 
TBS Concentrations for a single October Storm 
using Bivariate and Multivariate Regression 
on several Bata Sets
The Variation of Potassium, Sodium, Magnesium, 
Calcium and Chloride at Weir 1 between 
August and November
Solute Response at VI and the Plume,
1 0 - 1 1  September 1976
Solute Response at W1i 29 - 30 November 1976
Solute Response at VI and the Flume,
26 - 27 April 1977
Comparison of Actual and Predicted Potassium 
Concentrations for three Storms at VI using 
the Variable Coefficient Model
Ccmiparison of Actual and Predicted Potassium 
Concentrations for Two Storms at the Plxame using 
the Variable Coefficient Model
Variations in Rainfall Solute Concentration
1375/1976 - 1976/1977
The Relationship between TBS Yield and 
Solid Geology at Vest Valk
The Relationship between Solute Yields and 
Solid Geology at Vest Valk
Input and Output Loads for Vest Valk,
1975 - 1977
Tenqporal and Spatial Variation of Sodium 
Loads in Vest Valk, 1975 - 1977
Theoretical Considerations of bnsaturated Plow 
on a Hlllslope (after Veyman, 1973)
Idealised Pattern of Vater Movement in a 
Hillslope during and following a Storm 
(after Veyman, 1973)
Schematic Representation of Beven and Klrkby*s 
Variable contributing Area Catchment Model

333

33U

338

339 -

31+2 - 3Mi

360



LIST OF FIGÜHES (c o n t'd )

• Page

9.1+ Single Hlllslope Elements for Computation 
of Water and Solute Flux • 1+31

9.9 Schematic Diagram of a Hlllslope divided 
into Elements and suitable for Flux Computation U32

9.6 Relationships between the Influence of Diffusion 
and Dispersion in Porous Media 1+1+3

9.7 Spreading of a Tracer from an Instantaneous 
Point Source in a Two-Dimensional, Isotropic 
Flow Field 1+1+3

10.1 Oblique Areal View of the Experimental Slope 1+1+6
10.2 Soil Profile located 10 metres Upslope 1+1+8
10.3 Particle Size Analysis for 16.5 cio and 90.0 cm 

Deep Samples in Figure 10.2 1+1+9
10.1* Detailed Distribution of Vegetation on 

the Hillslope 1+50
10.5 Location of Instruments on the Hillslope U52
10.6 General View of the Hillslope from the Stream 1+55
10.7 Measurements required to Calculate Soil Water 

Tension and Hydraulic Potential i*57
10.8 Webster Mercury Manometer Tensiometer used 

in the Study U59

10.9 Typical Computer Printout from the 
Program 'TENPLOT* h62

10.10 Instcdlatlon Details for the Electrical Resistance 
Units and Thermistors U67

10.11 PoroTis Ceramic Cup Assemblies for Sampling
Soil Water i+71 - U72

10.12 Porous Ceramic Cup Assembly used in the Study i+76 - 1*77
10.13 Layout of an Experiment to determine the Effect 

of Ceramic Sampling Cups on Soil Tension U80
10.1U The Results of Two Identicsl Infiltration and 

Drainage Cycles with and without Suction Sampling 1+80
10.15 Soil Water Sampling Procedure 1+82
10.16 Moisture Content/Pension Scanning Curves at 

Tensiometer Banks 1 and 2 1+85
10.17 Moisture Content/Pension Scanning (hirves at 

Tensiometer Banks 3 U 1+86
10.18 Moisture Content/Pension Scanning Curves at 

Tensiometer Banks 5 6 1*87
10.19 Moisture Content/Pension Scanning Curves at 

Tensiometer Banks 7 and 8 1+88



LIST OF FIGURES (c o n t*d )

Page
11.1 A 2 - D Plot throu^ the Slope of % Organic Carbon 5bo
11.1 B-K 2 - D Plots through the Slope of Total Oxide 

Contents 50 1 - 503
11.2 A-P 2 - D Plots throng the Slope of Exchangeable 

Cation Contents 50U - 505
11.3 A-l 2 - 1) Plots through the Slope of Cation 

Availability 506
11.U Permeameter Equipment for laboratory 

])etermination of Hydraulic Conductivity 5 1 1
11.5 2-1) Plots through the Slope of 

Hydraulic Conductivity 5 1 3
11.6 Sub-Catchment 1 and Slope Hydrology: 

19 November - 8 December 1976 520
11.7 Patterns of Pore Water Pressure in the Slope: 

19 November - 7 December 1976 5 2 2 - 5 2 3
11.8 Patterns of Hydra\ilic Potential in the Slope: 

19 November - 7 December 1976 521* - 5 2 5
11.9 Patterns of Soil Water Potassium Concentration 

in the Slope: I9 November - 7 December'1976 . 5 2 8 - 529
11.10 Patterns of Soil Water Magnesiim Concentration 

in the Slope: 22 November - 7 December 1976 5 3 1 - 5 3 2
11.11 Measured and Computed Slope Throi:ighflow and 

Chemical Concentrations:
28 November - 7 December 1976 535

11.12 Side View of the Pit, illustrating Distortion 
of the Natural Piezometric Surface and 
Emergence of Flow from localised Macropores 536

11.13 Pore Water Pressure and Contents for Selected 
Profiles on the Hillslope:
22 November - 3 December 1976 538 - 539

11.1U Soil Water Potassium Concentration for 
Selected Profiles on the Hillslope:
22 November - 3 December 1976 ShP - 5Ui

11.15 Soil Water Magnesiim Concentration for 
Selected Profiles on the Hillslope:
22 November - 3 December 1976 5U2 - 5U3

11.16 Sub-Catchment 1 and Slope ^drology: 
22 January - 11 February 1977 5i*5

11.17 Patterns of Pore Water Pressure in the Slope: 
2 5 January - 10 February 1977 5U6 - 5U7

11.18 Patterns of Hydraulic Potential in the Slope: 
2 5 January - 10 February 1977 5U8 - 5U9

11.19 Patterns of Soil Water Potassium Concentration 
in the Slope: 25 January - 29 January 1977 55d



LIST OF FIGTJBES (co n t*d )

l!

Page
11.20 Patterns of Soil Water Calcium Concentration 

in the Slope: 2 February - 10 February I977 591
11.21 Subcatchment 1 and Slope Hydrology: 

11 May - 1 June 1977 555
11.22 Patterns of Pore Water Pressmre in the Slope: 

12 May - 1 June 1977 556 - 557
11.23 Patterns of Hydraulic Potential in the Slope: 

12 May - 1 June 1977 558 - 559
Í1.2U Patterns of Soil Water Potassium Concentration 

in the Slope: 12 May - 1 June 1977 560 - 561
11.25 Variation of Tension with Distance IJpslope 

dinging Slope Drainage:
12 May - 1 June 1977 56U - 565

11.26 Variation of Soil Water Potassium Concentration 
with Distance Upslope during Slope Drainage:
12 May - 1 June I9 77 566 - 567

11.27 Helationship between Tension and Soil Water 
PotassliM Content in the Hillslope 5 7 3

11.28 Variation of Tension with Time during Slope 
Drainage: 12 May - 1 June 1977 5 7 5

1 1 . 2 9 Subcatchment 1 and Slope ^drology: 
1 March - 30 April 1976 579

11.30 Patterns of Pore Water Pressure in the Slope: 
12 March - 2 May 1976 581 - 582

11.31 Patterns of Hydraulic Potential in the Slope: 
12 March - 2 May I976 583 - 581*

11.32 Belationship between Weir 1 Discharge and 
Hel^t of the Water Table on the Slope 588

11.33 Belationship between Weir 1 Discharge and 
Computed Slope Base Thro\:ighflow 588

11.3i* Belationship betvreen Soil Water Solute Concentrations 
and Computed Throu^aflow at Piezometer 1 591

11.35 Schematic Bepresentation of Water and Solute 
Processes in the Hillslope during a Winter Storm 595

11.36 Schematic Bepresentation of Water and Solute
Processes in the Hillslope during a Drainage Period 596

12.1 Typical Output from the Hillslope Water and Solute 
Flux Model

1
609

12.2 Pit and Slope Profile Base Water Flux per Unit 
Area for two runs of the Hillslope Model 6 13

12.3 Preliminary IVamework for a Physically-based 
Contributing Area Ifodel of Catchment Solute Be^onse 618



LIST OP TABLES

Page

1.1 Mean Dissolved Load, Concentration and 
Suspended Sediment Concentrations for the 
World's Continents

2.1 Summary of some Seasonal Variations in Water 
Quality reported in the Literature

3.1 Catchment Areas
3.2 West Walk: Percentage Geology
3.3 Deviation of Annual Rainfall from the I9I6 - 19^0 

Average for Southsea Common
1+.1 Survey Data for Structure Design at West Walk
I*. 2 Error Calculations for West Walk Plime
1(.3 V-Notch Weirs installed at West Walk
I4.U Error Calciilations for the V-Notch Weirs
i|.5 Baseflow Cross Correlation Data for the 

West Walk Gauging Stations
1̂ .6 Baseflow Cross Correlations for West Walk

Gauging Stations: Regression Analyses
J|.7 Mean Daily Plow Cross Correlations for 

West Walk Gatiging Stations
1+.8 Conqaarison of 1975 - 1976 RainfaJ.1 with Long Term 

Averages at Southsea Common
1^.9 Summary of West Walk Water Balance

1975/1976 - 19 7 6 /19 7 7
1̂ .10 A Comparison of Hydrograph Characteristics for

West Walk Subcatchments
5 . 1  Stream and Rainwater: Ions Determined
5 . 2  Replicate TDS Analysis for a Solution of NaCl
5» 3 Specifications for the SP90 Series 2 AAS
S»k Sodium Replication
5 . 5  Replicate Analysis for Potassium
5 .6 . Enhancement of Calcixxm Adsorption by addition of

Lanthanum Chloride
5*7 Replicate Analysis for Calcium
5*8 Replicate Analysis for Magnesium
5 .9  Replicate Analysis for Iron
5 . 1 0  Replicate Analysis for Silicon
5 . 1 1  Sulphate Replication
5*12 Chloride Replication

109

123



LIST OF TABLES (cont*d)
Page

5 . 1 3  Pour Quantities commonly reported in 
Alkalinity Determinations

5 . lit Reliability Test for the Potentiometric- 
Graphical Titration of HCO^“

5 . 1 5  Replication Analysis for HCO^"
5*16 Relationships between SC and TDS for Vest Walk Data
5 . 1 7  Relationship between SC and Individual Ions 

for all Vest Valk Data
5 . 1 8  Minimum Values of pH and their percentage 

Contribution to SC
V1 Skewness: Regularly Sampled Data
V1 Eurtosis: RSD
V2 Skewness: RSD
V2 Eurtosis: RSD
Flume Skewness: RSD
Plume Exirtosis: RSD
VI: Skewness: RSD
VI: Eurtosis: RSD
V5 Skewness: RSD
V5 Eurtosis: RSD
Means, Standard Deviations and Coefficients 
of Variation for RSD 2^0 -
Moments for RSD: Silicon, Iron and Sulphate
Mean Solute Discharges for 1977 ®SD 2^6 -
Mean Solute Discharges for 1977 RSD:
Silicon, Iron and Sulphate
Annual Maxima and Minima in Vest Valk: RSD 26 3 -
V1: Correlation Matrix for Bivariate 
Regression: RSD
VI: B Coefficients for Bivariate Regression: RSD
VI: A Coefficients for Bivariate Regression: RSD
V2: Correlation Matrix for Bivariate 
Regression: RSD
V2: B Coefficients for Bivariate Regression: RSD
V2: A Coefficients for BivcLriate Regression: RSD
Flume: Correlation Matrix for Bivariate 
Regression: RSD

6.13 B Flume: B Coefficients for Bivariate
Regression: RSD

196

205



LIST OF TABLES (cont'd)

6 . 1 3  C Plijme: A Coefficients for Bivariate 
Regression: RSB

6.111 A Wlj: Correlation Matrix for Bivariate
Regression: RSB

6.II+ B WI4: B Coefficients for Bivariate Regression:
6.111 C WZ*: A Coefficients for Bivariate Regression:
6 . 1 5  A Correlation Matrix for Bivariate

Regression: RSB
W5: B Coefficients for Bivariate Regression:
V5: A Coefficients for Bivariate Regression:
V1: Multiple Regression for RSB
W2: Multiple Regression for RSD
Flume: Multiple Regression for RSB
Vl|: Multiple Regression for RSB
V3’: Multiple Regression for RSB
A Sionmary of the Ranges and Means of Variance 
Explanation using Bivariate and Multiple 
Regression Models
Results of Bivariate Regression (RMA.) fitted 
to the Total San^led Bata and BIscharge
Results of Bivariate Regression (BMA) fitted 
to the Separate Autumn and Non-aut\2n*n Samples
V1: Polynomials fitted to the Total Sampled 
Bata and Bis charge
V2: Polynomials fitted to the Total Sampled 
Bata and Bischarge
Flume: Polynomials f.Hted to the Total 
Sampled Bata and Bischarge
Potassium: Individual Storm Regressions 
with Bischarge
Correlation Matrix for B Coefficients from 
Individual Potasslum/Bischarge Regressions
Potassium: Individual Storm Regressions 
with Lagged Bischarge
Correlation Matrix for B Coefficients from 
Individual Potasslum/Lagged Bischarge 
Regressions
Correlation Matrix for Bivariate Regression 
at V1: Magnitude of Solute Flush
Correlation between LagAead and Independent 
Hydrological Variables for Potassitim at V1

23k



LIST OF TABLES icont*d)

8.3

8.11

12.1

Bulk Precipitation Chemistry for West Walk 37 6
Precipitation Chemistry for other Locations
within the Northern Hemisphere 37 8
Comparison of Solute Ratios in Precipitation
with those in Seawater 38O
Solute Inputs to Vest Walk 3 8 I
Rainfall Solute Loads for other Areas 3 8 3
Ratios of Stemflow and Throughfoll Solute 
Concentrations to Incident Rainfall Concentrations:
Vest Walk - Pebruary/ilarch 1978 381*
Models employed for Computing West Walk
Solute Loads 386 - 390
Procediare for computing Daily and Weekly
Solute Loads 392
West Walk: Gross Solute Loads 1975 - 1977 (kg) 393 - 39U
Vest Walk: Gross Solute Loads 1975 - 1977
1 9 7 5  -  19 7 7  (k g /W y e a r)  398 -  399
Annu^ Gross Solute Loads Reported in
the Literatiore ' 1*01 - 1*02
Vest Walk: The Solute Balance 1975 - 1977 1*03 - l*0l*
Annual Solute Budgets of relatively undisttirbed 
Forest Watershed Ecosystems in Humid
Temperate Regions 1*05
Ceramic Cup Samplers - Material Details 1*75
Colour of the Soil Samples Chemically Analysed 507 - ^ 8
Relationships between Tension and Height above
Slope Base for the 70 cm Deep Data 588
Relationships between Tension and Hel^t above
Slope Base for 25 cm Deep Data 5^9
Relationships between Tension and Height above
Slope Base for 35 om Deep Data 570
Relationships between Drainage Rate, a', and 
Moisture Gradient, b', with Time since start 
of Drainage, t. 571
Exponential Functions fitted to the Tenslon/Plme
Data: 12 May - 1 June 1977 578 - 577
Relationships between Drainage Rate and
Eel^t above the Slope Base 578
Relationships between Water Table Height above 
the Slope Base, on the Experimental Slope, and 
Stream Discharge at VI 588
Generalised Flow Chart of the FLUX—CHEMFLUX Model 602



ACKNOVIxEDGEMENTS
I am very grateful to Dr D N Mottershead and Hr B P Sprunt, my two 

supervisors, for guidance during the preparation of this thesis.

Thanks are also due to the many other members of Portsmouth 
Polytechnic Geography Department, past and present, who assisted with 
the work at some stage. Other Departments of Portsmouth Polytechnic 
also co-operated, notably Chemistry, Civil Engineering, Pine Art, 
Geology, Marine Resources, Mechanical Engineering and Physics.

Assistance with instrumentation was obtained from:

Mr D Pourt and Dr W Binns, Porestry Commission,
Alice Holt Research Station, Pamham

ihr R Gibbs, Military Engiiieering Experimental 
Establishment, Christchurch

Mr M  Newson and Mr W  Smith, Institute of Hydrology, Wallingford 
Mr M  Waylen, King's College Pield Centre, Rogate

Figures 3.1, 3.1+, 3.5. 5.7, 5.19 and 5.20 were drawn by the 
Cartographic Section of Portsmouth Polytechnic Geography Department,

Mr R Homer assisted with photograph^' and photographic 
reproduction.

Southern Water Authority assisted by loaning equipment and 
piovidiiig hydrological data.

Mr S Rickards and Mr V Cope of the Rooksbmy Estate allowed 
access to the study catchment.

Thanks are due to the painstaking work of typists Judy Hayes, 
Sheila Ladell (first draft) and Judy Cahill (final draft).

Finally, I wish to acknowledge the encouragement and patience of 
my family and friends during the completion of this study.



ABSTRACT ASPECTS OF SURFACE AND SUBSURFACE SOLUTE DYNAMICS 
IN A SMALL CATCHMENT ; WEST VALK« SoBTH HAMPSHIRE
G. E. SPRAGGS

The primary objective of this study was to model the natural, 
unpolluted water quality in a small clay and sandstone catchment (area 
0.6 square km) during the period 1 9 7 5 - 1 9 7 7» The investigation was 
undertaken at (i) the catchment scale, whereby hydrological and water 
quality data were collected for empirical, lumped-parameter modelling 
of quality; and (ii) the hillslope scale, whereby soil and soil 
water physical and chemical parameters were monitored to aid 
explanation of processes observed at the catchment scale.

Chapters 1 and 2 give research objectives, applications and a 
literature review of atmospheric and stream solute dynamics. Chapter 3 
describes geology, soils, vegetation and climate of the study 
catchment. Chapters k and 5 detail the catchment scale hydrometry and 
methods of water quality analysis.

In Chapter 6 bivariate and multivariate regression models of 
solute response are developed using regularly sampled water qu^ity 
data and hydrometeorological variables. In Chapter 7 stora and 
regularly sampled quality data are modelled by linear and’polynomial 
regression, and an improvement in the former is achieved using separate 
autumn and non-autumn periods. Regression models can predict 
approximate weekly solute levels but fail to reproduce intra-storm 
variability. In Chapter 8 it is shown that the 1975-1976 drought was a 
period of net solute accumulation, the post-dro\ight period one of net 
solute loss. Spatial variation of solute concentrations and loads 
within the catchment is strongly related to geology and soils.
Temporal fluctus».tion of solute source areas is shown to be strongly 
influenced by expansion and contraction of the hydrological 
contributing area.

Chapter 9 presents a theoretical basis to the movement of water 
and solutes in hillslope soils. Ch£q)ter 10 describes the 
iiistrumentation of a hillslope to monitor soil water and solute 
movement. In Chapter 11 soil chemical analyses and laboratory 
permeability determinations are used to pinpoint potential solute 
sources and routeways. It is shown that solutes are leached from neaiv 
surface, upslope sources and transported in pulse form to the slope 
base, where they contribute to streamflow recession. Upward water and 
solute movement was observed during periods of plant growth and high 
transpiration, near surface solute accumulations being flushed into the 
stream during subsequent rainfall. The increase during storms is 
shown to be due to leaching from near-surface organic-rich horizons 
close to the stream. Chapter 12 Introduces a siiite of computer 
programs which use the theoretical basis of Chapter 9 for processing 
collected soil water and solute data. Investigation and modelling of 
soil water processes is seen as an impoirtant step towards a physically- 
based model of catchment solute response which should incorporate the 
variable contributing area concept.





CHAPTER 1
SURFACE AUT) SUBSURFACE SOLUTE DYNAMICS IN A SMALL CATCHMENT: 
RESEARCH BACKGROUND AND OBJEOTTVES

1.1 INTRODÏÏCTORY COMMENTS

In Britain during the past few years there has been a 
continuously increasing involvement by geographers in the field of 
hydrology, with major literature contributions from R.C. Ward (I9 6 7, 
19 7 9)» K.J. Gregory and D.E. Walling (l973a) and J,C. Rodda et al 
(19 7 6). Much of this involvement arose from small catchment studies 
Initiated by universities, and quite naturally some of these developed 
specialities in particular facets of the subject, Exeter University 
for example carried out research into sediment and solute dynamics in 
relatively undisturbed catchments (e.g. Walling, 19 7]+), and 
urbanising catchments (e.g. Gregory, 197i+). At Bristol University 
research focussed on stirface and subsurface runoff processes (e.g. 
Weyman, 1970, 197^) aJid karst hydrology (e.g. Atkinson and Drew,
I97U)» with expertise in the latter being offered for applied studies 
(e.g. Atkinson and Soiith, 197i|}« Subsequently there has been a flux 
of geographically trained hydrologists into research Institutes 
(notably the Institute of Hydrology) and decision-making public bodies 
(especially resoiarce planning units of the national Water Authorities). 
Contributions have been made to many other suspects of hydrology, for 
example, mapping évapotranspiration (Foyster, 19 7 3); distributed 
catchment runoff models (Beven, 1977c; Beven and Kirkby, 1979); 
the effects of urbanisation on hydrograph parameters (Hollis, 197^); 
oveivexploitation of ground water resources (Burgess and Smith, 1979); 
urban and hi^way water quality (Ellis, 1977» 1979)»

Tne xise of smsdl catchments for hydrologicsd research is logical 
in that earth surface boundaries are usually well defined, simplifying 
the assessment of inputs and outputs when using a systems or budget 
approach (More, 19 6 9)« Furthermore, the catchment may be treated as 
an outdoor laboratory and detailed investigations carried out into 
component subsystems such as the solute content of thrpughfall or 
solute transport within hillslopes. This approach should ultimately 
lead to a physically realistic model of catchment hydrology. Two 
major criticisms have been levelled at the small catchment approach by



V.C. Ackeimann (I9 66); firstly, there is a difficulty in 
extrapolatixig results to much larger areas and secondly catchments may 
he unrepresentative even within a particular region. To answer ’these 
criticisms is difficult because generalisations cannot be made, and 
project objectives should be considered before starting. If there is 
considerable spatial variation in a regional study then se’veral sample 
catchments m i ^ t  be required (e.g. Wheater et al, I9 78) although cost 
may then become a decisive factor. 3y contrast, investigation of 
fundamental hydrological processes is more convenient in a small 
catchment (say 1,0 km^) where the ’variation of soils and vegetation 
can be minimised. Even here, however, spatial variability may 
necessitate replication of esperiments in order to develop a spatially 
distributed catchment model.

To parallel the Involvement of geographers in hydrology there has 
been a recent upsurge of interest in watershed solute dynamics. One 
reason for this has been the realisation that solutional loss may 
exceed sediment loss in the total denudation of some catchments 
(Vailing and Troake, 1973; Jaworska, I968). Relatl’vely simple 
bi’variate concentration/discharge models have been used to synthesise 
water chemistry (e.g. Steele, I968) and compute rates of chemical 
erosion. D.E. Vailing and I.D.L. Foster (1973) have recently 
demonstrated the Inability of 'these single models to describe 
adequately solute behaviour and there has been recognition that other 
en’vironmental controls should be considered. Acknowledgement of the 
necessity to more precisely model 'background' water quality has 
directed attention to flow through hlllslope soils. ('Background' 
water quality is a term tised by B. V. Vebb and B.E. Vailing (l97Ui 
p. Il;2) "to refer tc the quality characteristics of those smsdl 
streams which are themsel’ves essentially unpolluted and particularly 
to characteristics controlled by natural hydrological processes and 
>hlch are often termed conservative water quality parameters".)
T.P. Burt (19 7 9, p. 266) recognises that conclusions regarding solute 
transport by throughflow and infiltration 'are still poorly understood'. 
It is clear that more precise modelling of 'background' water quality 
depends upon a greater understanding of the processes actually 
contributing to the stream 'Chemograph'. (The 'ohemograph' was a term 
used by A.V. Ba’vies (I9 7 1) to describe the ’variation of water quality



during a flood hydxograph.) This could eventually lead to an 
Improvement in estimates of the rate and spatial variability of 
chemical denudation.

K.J. Gregory and D.E. Vailing (l973a) stress that values of 
denudation rates are very generalised and care is required when 
attempting to extend them in time and space. Temporal variations in 
climate and vegetation make backward extrapolation hazardous, while 
averaging t>ie rate of chemical loss over an entire catchment Ignores 
spatial contrasts lnq)lled by the variable contributing area concept 
(Betson, 196U)» These points are discussed in the next section.

Besides denudation there are other applications for the study of 
solute dynamics which have sometimes been given secondary recognition 
in the geographical literatiure. These Include nutrient budgeting in 
disturbed and undisturbed ecosystems (e.g. Bormann and Likens,
19 7 0); baseflow separation by hydrochemical methods (e.g. Finder and 
Jones, 19 6 9); the Intezvcatchment transfer of i;ater for supply 
purposes (Rodda et al, 1976; Birtles and Brown, I9 7 8); the 
maintenance of river water qusillty using pumped ground water; the 
nutrient input to reservoirs used for water supply and river regulation 
(Rodda et al, ibid). The opportunity to monitor solute variation at a 
time of very low flow has recently been taken by I.B.L. Foster and
B.E. Walling (1978), D.E. Walling and I.D.L. Poster (I9 78), and
M.G. Anderson and T.P. Burt (1978c), while A.W. Davies (1978) has 
discussed general water quality problems assooiated with the I978 
drou£̂ t.

This thesis is divided into four sections. The first presents an 
introduction to the topio of solute dynamics with some applications; a 
review of the literature concerning rainfall chemistry (l.e. Inputs), 
catchment solute dynamics and modelling approaches; an introduction to 
the study catchment including preliminary e:q>erlmental design. The 
second section presents results of research carried out at the 
catchment scale, i.e. hydrometrlc techniques and general Instrumentation; 
methods of sampling and chemical analysis; details and interpretation 
of solute dynamics and development of bivariate and multivariate 
regression models; solute Inputs in bulk precipitation and the 
chemical budget. The third section presents a theoretical basis fcr



water and chemical movement in hlllslope soils (considered as the 
hlllslope scalers the design of an experiment to measure hlllslope 
water and solute dynamics; characteristics of hlllslope water and 
solute movement and model application. An assessment of the results 
is presented in the fourth section. Firstly, however, the applicatloni 
of studying solute dynamics are considered In greater detail.

1.2 APPLICATIONS OF THE STUDY OF SOLUTE DYNAMICS

(A) Chemical Denudation

The geomorphologist's most common objectives In studying solute 
dynamics have been, firstly, to coxopute rates of erosion or denudation, 
expressed in m^An^^/year or mm/lOOO years and, secondly, to understand 
the details of earth surface processes. Using the relationship between 
sampled chemical load (kg/s) (l.e. concentrations x discharge) and 
discharge (m-^/s) for a drainage basin. It is possible to synthesise the 
chemical load from the available discharge record. The gross chemical 
loss can then be confuted by Integrating the area under the time/load 
curve, and the total loss expressed as /year. Conversion to
depth of material eroded (mm/lOOO years) is achieved from a knowledge 
of the specifio gravity, a value which varies with different rock types. 
Lata have been collected from various parts of the world by several 
authors and can be used to Illustrate the relative lo^ortance of 
chemical and suspended sediment loads in the denudation process.
K.J. Gregory and D.E. Vailing (1973a) quote the work of
U.A. Livingstone (I9 6 3) and J.N. Holeman (19^8) ^or the world's 
continents (Table I.I). With the exception of Europe, suspended 
sediment discharge exceeds chemical discharge by a factor of 1 . 1  to 
19 *6 and It Is suggested that the importance of chemical loss over 
STispended sediment loss In Erurope (1.2) may be due to a combination of 
the relatively moist climate and fine-grEilned deposits (Gregory and 
Vailing, 1 9 7 3a). These figures mask considerable Inteivcontlnental 
ranges in concentration, Livingstone (19^3) reporting 10 mg/l 
dissolved solids for the north-western hlg^ands of Victoria,
Australia, and 7900 mg/l for the Kalaus River, USSR. Data from
F.H. Rainwater (I9 6 2) hai^been adapted by Gregory and Vailing (1973&) 
to plot the spatial variation of mean annual dissolved solids 
concentration of rivers In the United States. This shows an 
IntraF-contlnental range of <200 to >1800 mg/l dissolved solids, and



water and chemlced movement In hlllslope soils (considered as the 
hlllelope scaled t the design of an experiment to measiire hillslope 
water and solute dynamics; characteristics of hlllslope water and 
solute movement and model application. An assessment of the results 
is presented in the fourth section. Firstly, however, the application! 
of studying solute dynamics are considered in greater detail.

1.2 APPLICATIONS OF THE STUDY OF SOLUTE DlfNAJCCS

(A) Chemical Denudation

The geomorphologist's most common objectives in studying solute 
dynamics have been, firstly, to compute rates of erosion or denudation, 
expressed in m^/^^/year or mm/lOOO years and, secondly, to understand 
the details of earth surface processes. Using the relationship between 
sampled chemical load (kg/s) (l.e. concentrations x discharge) and 
discharge (m^/s) for a drainage basin, it is possible to synthesise the 
chemical load from the avadlable discharge record. The gross chemical 
loss can then be confuted by integrating the area under the time/load 
curve, and the total loss expressed as kg/km /year. Conversion to 
depth of material eroded (mm/lOOO years) is achieved from a knowledge 
of the specific gravity, a value which varies with different rock types. 
Lata have been collected from various parts of the world by several 
authors and can be used to Illustrate the relative Importance of 
chemical and suspended sediment loads in the denudation process.
K.J. Gregory and D.E. Vailing (1973a) quote the work of
D.A. Livingstone (19^3) J.N. Holeman (19^8) for the world's
continents (Table 1.l). With the exception of Europe, suspended 
sediment discharge exceeds chemical discharge by a factor of 1.1 to 
19 *6 and it is suggested that the inportance of chemical loss over 
suspended sediment loss in Europe (1.2) may be due to a combination of 
the relatively moist climate and Une-gralned deposits (Gregory and 
Vailing, 1973a)« These figures mask considerable inter-continental 
ranges in concentration, Livingstone (19^3) reporting 10 mg/l 
dissolved solids for the north-western hig^ands of Victoria,
Australia, and J$00 mg/l for the Ealaus River, USSR. Data from
F.H. Rainwater (19^2) hai^been adapted by Gregory and Vailing (1973a) 
to plot the spatial variation of mean annual dissolved solids 
concentration of rivers in the United States. This shows an 
IntrsHcontlnental range of <200 to >1800 mg/l dissolved solids, and



TABLE 1.1

Mean Dissolved Load, Concentration and 

Suspended Sediment Concentration

for the World's Continents

(Sources Gregory and Vailing, 1973a>)

Continent
Dissolved Load 

(Livingstone I9 6 3) 2
tonnesA»^ /y^

Mean Chemical Cone 
(Livingstone I9 6 3)

mg/l

Suspended Sediment 
Load

(Holeman, I9 68)2
tonnesA“ /yr

N. America 3 3 . 0 1U2 96

Europe k2.6 182 35
Asia 3 2 . 2 IU2 600

Africa 2k.k 121 27

Australia 2 . 3 59 li5
S.America 2 8 .3 69 63



also STJ^gests an inverse relationship with runoff and precipitation. 
Gregory and Walling (l973a) have plotted, for the United States, 
dissolved solids concentration data from W.H. Durum et al ( i960) and
W.B, Langhein and L.R, Dawdy (I9 6 3) to support the inverse 
relationship. However, dissolved solids load is shown to increase 
with annual runoff because any decrease in concentration is countered 
by an increase in the quantity of runoff (data from Langbein and 
Dawdy, I963 ; Livingstone, 1963; and Van Denburgh and Peth, 1969; 
plotted by Gregory and Walling, 1973a, Pi^rure 6.20B). These general 
relationships are duplicated at vaurious scales down to the small 
Instrumented catchment (see, for example, A.M.C. Edwards, 1973a, 1973b 
and D.E. Walling, 197U), although considerable ten5>oral and spatial 
variations occiir. These will be discussed in Chapter 2. There are 
nimierous problems associated with assessing rates of chemical 
denudation.

The first of these is that confutation of net chemical denudation 
should be based upon the components of dissolved load derived from 
chemical weathering of rocks and soils, and should exclude input from 
the atmosphere (Janda, 1971; Goudle, I97O; E.H. Winkler, I9 70).
R.J. Janda (1971) suggests that some past computations exaggerated the 
significance of chemical denudation because they were calculated from 
total dissolved loads. This problem can be overcome by measuring bulk 
atmospheric solute input in addition to solute output and computing net 
chemical loss fromt

= « 0 ,  _  P Cg Veij^t/Length /Time ( 1 . 1)

where

'̂1
0« *

net chemical loss, W/L /P

discharge, L^/P 
concentration in discharge, M/l?

concentration in precipitation, \f/l?

rainfall, L^/P
s catchment area,

li



The second problem concerns synthesis of the catchment output 
load using an inadequate predictive model. The model inadequacy may 
stem from a poor sampling scheme which fails to incorporate the full 
range of temporal and spatial responses (Walling, 1975; Walling and 
Poster, 1975)»

The third problem is incurred in extrapolation of present day 
denudation rates into the geological past or future due to natirral 
changes in climate and vegetation cover (Young, 19 6 9)* ®ie effects 
of vegetation change have been examined by ecologists interested in 
natural resource-management (e.g. Bormaxm and Likens, I969). Water 
quality investigations during present day extreme hydrological events 
will help in reconstructing palaeohydrological conditions.

The fourth problem involves man's effect on past and present 
stream and precipitation chemistry (Douglas, 19 6 7)* list of
Interferences is long, although some studies which monitor the effects 
are available: plou^iing (l.O.H., 1973» P* 17-19); cropping and 
fertiliser application (Blakemore, I9 66; Cooke and Williams, 1970); 
effluent discharge (Owens and Wood, I9 68); industrial pollution 
(Edwards, afforestation (l.O.H., 1978» P» 35); deforestation
(Bormann et al, I9 6 7); urbanisation (Gregory, 197U); highway runoff 
(Ellis, 1 9 7 7» 19 7 9); and quarrying and mining (ineson and Dowiing, 
I96U). Purthexmore there may be time lags between cause and effect, 
exemplified in the pollution of ground water by nitrates and its 
piedicted reappearance in stream baseflow (Yoimg et al, 1978). 
Increases in the acidity of precipitation in recent years may also 
influence the final ccncentration of water quality (Cogbill and Likens, 
197ii; see Chapter 2).

(B) Nutrient Cycling
The ecosystem* can often be given the watershed boundaries for 

studying input-output relationships. Nutrient cycle^iydrologlcal

* 'ecosystem': defined by Odum (I9 8 3) s-s basic functional omit of 
nature which includes both organisms and their non-living environment, 
each interacting with the other and influencing each other's 
properties, and both necessary for the maintenance and development of 
the system'
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cycle interaction can then he turned to very good advantage in the 
study of the nutrient cycles and other basic parameters of the system 
(Boimann and Likens, According to these authors, there axe six
good reasons why the study of nutrient cycling is important.

Firstly, there is a need to understand the relatively \mdisturbed 
energy nutrient relationships and to develop total chemical budgets of 
the individual ecosystems.

Secondly, the behaviour of individual ecosystems may be compared.

Thirdly, an assessment may be made of the effect of 
geomorphologlcal processes such as sediment erosion and deposition, 
mass movement and weathering on ecosystem dynamics.

Fourthly, meteorokgical and climatic variations on ecosystem 
behaviour may be studied.

0

Fifthly, the chemical budgets of Individual ecosystems may be 
placed in a global context by relating them to the larger 
biogeochemlcal cycles of the earth (e.g. Mackenzie and Garrels, I966).

Sixthly, by comparison with relatively undisturbed ecosystems the 
effects of managerial practices on the structure and function of 
individual ecosystems may be determined.

The first and last of these objectives form the basis of much of 
the research into nutrient cycling in forest ecosystems undertaken in 
the TJhited States. The classic example is that Of Hubbard Brook 
Experimental Forest, in the White Mountain National Forest of New 
Hampshire, USA, which has produced studies of atmospheric chemical 
inputs (Fisher et al, 1968); throughfall and stemflow chemistry 
(Eaton et al, 1973); modelling of water chemistry (Johnson and Likens 
(19 6 9); and budgeting of the major cations (Likens et al, 1967)» 
Studies of the more detailed internal processes have also been 
published, for example, outputs of dissolved organic and fine 
particulate carbcn in streamflow (Hobble and Likens, 1973)? litterfall 
nutrient content (Gosz et al, 1972)? leaching losses from leaves



(Gosz et al, I969); and nutrient cycling of the herbaceous layer 
(Siccama et cl, 1970). The results of research involving manipulation 
of the foresx ecosystem by clear-cutting and herbicide treatment are 
described by Bormann and Likens, (I969» 1970), Boxmann et al, (l967)t 
and Liken a et al, (1970). The effects of forest fires on ionic 
concentration in streamwater have been studied elsewhere in the USA 
(Johnson and Needham, I9 6 6; Brown et al, 1973). The objectives in 
clear-cutting part of Hubbard Brook were fourfold; Firstly, to 
determine whether or not the ecosystem had the capacity under such 
circumstances to hold the nutrients accumulating in the available 
nutrient compartment; secondly, to determine the effect of 
deforestation on streamflow; thirdly, to examine some of the 
fundamental chemical relations of the forest ecosystem; fourthly, to 
evaluate the effects of forest manipulation on nutrient relations and 
the eutrophication of water (Boxmann and Likens, 1970). Continuous 
monitoring at Hubbard Brook has shown that while increased nutrient 
and water loss were the first responses to deforestation, after two 
years particulate matter output rose sharply as biotic control on 
erodibility weakened (Boxmann et al, 197^)* loss of dissolved
matter subsequently decreased, possibly because of diminution of 
readily available nutrients stored within the system. Subsequently, 
nutrient flux and erosion losses began a return to previous levels as 
the catchment processes were increasingly regulated by biotic factors.

The Hubbard Brook experiment assumed that the chemistry of the 
disturbed stream would have been identical to that of the undisturbed 
stream had the disturbance not occurred. However, a study of three 
adjacent catchments in British Colombia has shown that such an 
assumption may not always be valid and emphasises caution in 
interpreting the results of such studies (Feller and Kimmins, 1979)« 
Furthermore, this points to the need for an inderstandlng of the 
physical processes of solute movement within the undisturbed ecosystem, 
and a suitable means of modelling undisturbed streamflow and water 
chemistry for prediction of »undisturbed* solute dynamics after 
disturbance h£is occurred.
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■Ji.

(C) Hydrochemical Methods of Flow SeDaration

Separa+ion of stream baseflow from stoi:m runoff is carried out for 
a variety of purposes ranging from unit hydrograph analysis 
(e.g. NERC, 1 9 7 5) "fco calibration of a ground water flow model 
(e.g. A.W.A., 1980a). The techniques used are ususlly arbitrary by 
nature; the Plood Studies Report (RERC, ibid) used a separation 
line joining the start of hydrograph rise to a point on the recession 
limb four times (distance from total rainfall centroid to total 
hydrograph centroid) units of time later, see Chapter ii; baseflow 
from a Chalk catchment in the Great Ouse basin, Cambridgeshire, was 
successfully synthesised using the multiple regression between present 
and lagged well levels (independent variables) and baseflow (dependent 
variable) (A.V.A., 1980a). Other techniques commonly used are 
semi-logarithmic plotting with back-extrapolation of the recession 
ciarve (Barnes, 1939) and time-based separation by drawing a line from 
the point of hydrograph rise at a gradient of 0.55 l/s/km /hr (Hibbert 
and Chnmingham, 19 6?). A comprehensive review of baseflow separation 
techniques has been written by P. H. Li (1976).

Eydrocliemical methods of flow separation are based upon the 
principle that waters of different origin have characteristic chemical 
'labels'. Por example, solute-rich baseflow dominated by a ground 
water component may be diluted by storm runoff with a imich lower solute 
concentration. It is possible to separate the baseflow from the storm 
runoff by measuring total stream discharge and its chemistry and 
applying the mixing model:

where C s- chemical concentration
Q = discharge
t = total flow
1 = ground water
2 _ storm runoff

(1 .2 )

IX



In  a re -a rranged  fo rm :

S  * S;
-  ^ 2

(1.3)

C. and C« are o fte n  assumed to  rem ain constan t and are determ ined 
1 2

from  samples o f minimum and maximum flo w  re s p e c tiv e ly . The techn ique 

has p r in c ip a lly  been used in  the  U n ite d  S ta tes and R ussia.
G.R. Kunkle (1965) determ ined baseflow  from  a sm all stream  in  Iowa, 
USA, w ith  s p e c ific  e le c tr ic a l conductance used as the  w a te r q u a lity  
* la b e l* . A re co rd in g  conductance m eter a t th e  gauging s ta tio n  gave 
u n ifo rm  va lues o f 520  micromhos i  1 9̂  fo r  low  flo w , which compared 
fa vo u ra b ly  w ith  the  conductance o f w a te r from  w e lls  in  th e  c o n tr ib u tin g  
a q u ife r, averag ing micromhos. A re p re s e n ta tiv e  conductance va lue  
fo r  su rface  ru n o ff o f 160 micromhos was determ ined from  conductance 
da*a fo r  peak ru n o ffs , su rface  d e te n tio n  and d ra inage from  grassed 
d itc h e s . V o ik in g  in  Nova S co tia , G.P. F in d e r and J .P . Jones ( I 96 9 ) 
determ ined the  co nce n tra tion s  o f b ica rb o n a te , n it ra te ,  su lpha te , 
c h lo r id e , ca lc ium , magnesium, potassiion, sodium, iro n  and s i l ic a  fo r  
each component, b u t f in a l ly  used a com bination o f ions which showed 
reasonable and co n s is te n tva lu e s  fo r  ground w a te r d ischarge, l . e .  
b ica rbona te , ca lc ium , magnesium and sodium. R.W. Newbury e t a l (19^9) 
c a rr ie d  out a th re e fo ld  sepa ra tio n  in to  stoxm ru n o ff, le a ch in g  
in te r f lo w  and tra n s ie n t ground w a te r and lo n g  tenn "o ld "  ground w ate r 
conqponents, u s in g  su lphate  and s p e c ific  conductance. B.G. S kaka lsk iy  
(19 6 6) re p o rte d  the  use o f chem ica lly-based hydrograph se p a ra tio n  on 
sh o rt term  and anrmaT flo w  records in  European Russia. U sing d if fe re n t 
h e rb ic id e s ,a p p lie d  on a b a s in  segmented in to  d is c re te  sub—zones,as 
w a te r q u a lity  v a ria b le s , L .J . Lane e t a l (1977) have found th a t 
c o n tr ib u tin g  areas o f a b a s in  as w e ll as th e  ru n o ff hydrograph from  
each zone can be determ ined by s y s te m a tic a lly  ana lys ing  th e  re sp e c tive  
h e rb ic id e  concen tra tions and the  ru n o ff hydrograph a t th e  o u tle t.

S u rp r is in g ly , a l i te r a tu r e  survey fa ile d  to  f in d  conqparisons o f 
hydrochem ical and t r a d it io n a l flo w  se p a ra tio n  techn iques, Purtherm ore, 
th e re  are drawbacks in  u s in g  the  hydrochem ical approach re s u lt in g  from  
th e  com p lex ity  o f stream flow  s o lu te  dynamics. Equation (1.3) is 
u s u a lly  so lved by assuming th a t the  co n ce n tra tio n  in  each flo w
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component is  constan t and known. The d e ta ile d  study o f so lu te  
dynamics has shown th a t th is  assum ption is  n o t always v a lid  and
D.A. P ilg r iiü  e t a l ( I 9 7 9 ) re p o rt two co m p lica tio n s .

F ir s t ly ,  so lu te s  a re  flo ished from  th e  s o il  in  subsurface o u tflo w  
d u rin g  the e a r ly  p a r t o f  sto im s o c c u rrin g  a f te r  long  d iy  p e rio d s . The 
a c tu a l p h y s ic a l processes in v o lv e d  have n o t been s tu d ie d  in  d e ta il,  
a lthough  th e  » flu sh in g * e ffe c t is  l ik e ly  to  be displacem ent o f »old* 
w a te r by in f i l t r a t in g  r a in f a l l .

Secondly, the  s o lu te  co n ce n tra tio n  o f  in f i l t r a t in g  w a te r 
increases w ith  in c re a s in g  res idence  tim e  in  th e  s o il .  The 

d is s o lu tio n  is  i n i t i a l l y  ra p id  b u t as th e  p roducts accumulate in  th e  
s o lv e n t th e  ra te  decreases p ro g re s s iv e ly  u n t i l  th e re  is  no fu r th e r  
change, when e q u ilib r iu m  is  reached (T ru d g ill,  1977).

P ilg r im  e t a l ( I 9 7 9 ) employ a s e m i-q u a n tita tiv e  approach which 
e a tp lic it ly  cons iders  the  v a r ia t io n  o f  co n ce n tra tio n  w ith  co n ta c t tim e . 
H ow  components 1 and 2 in  equa tion  (1 .2 ) were termed 'o ld *  and 'new* 
w a te r re s p e c tiv e ly  and the  equation  re -a rran ge d  to  g iv e :- (Vs) (S - S) ( 1.1.)

A m iarture o f s o il  and pure w a te r was used to  determ ine th e  d is s o lu tio n  
ra te s  fo r  a f ie ld  p lo t ,  and a s p e c if ic  conductance-tim e re la tio n s h ip  
computed. The re la tio n s h ip  was Tised w ith  equation  ( l . l | )  to  compute a 
fa m ily  o f curves o f f o r  va rio u s  va lues o f th e  r a t io  ( ^ /Q j. )  a t 2 5^C, 
w ith  g iven  an e q u ilib r iu m  co n ce n tra tio n  o f 2l*0 ;amho/cm. I f  two 
storm  events coalesced so th a t th e re  was in s u f f ic ie n t  tim e fo r  ru n o ff 
conq)onerit co n ce n tra tio n s  to  reach e q u ilib r iu m  then would a lso  be 
tim e-dependent. A curve m atching procedure was used to  estim a te  the  
r e la t iv e  c o n tr ib u tio n s  o f rece ss ion  flo w  components w ith  d if fe re n t 
res idence  tim e s . However, i t  is  made c le a r  th a t a good understand ing 

H e ld  s o lu te  dynamics is  necessary fo r  in te rp re ta t io n  o f  ru n o ff 
sources and q u a n tita tiv e  a p p lic a tio n  o f  th e  approach.
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(D) In te r-C atchm ent T ra n s fe r o f  V a te r

The Btiategy presented bj»' the now defunct Vater Resoiarces Board 
for future water supplies in England and Wales included the transfer 
of water between major river systems (W.R.B., 1973)» J.C.Rodda et al 
(1 9 7 6 ), who have summarised the proposals, point out that parts of 
northern and eastern England, Ehgland south of the Thames, south-west 
England and west Vales have adequate resources within their boundaries 
to meet all anticipated demands until AD 2000. Integrated resource 
development will be used in these areas for both internal use and 
export to areas of deficiency.

Inter-catchment transfer of water by pumping over watershed 
boundaries is one way in which l i H R  deficiencies can be satisfied.
In order to provide operational flexibility, a number of different 
sources may be used, to be drawn upon depending upon their capability 
to provide the transfer of flow required. Consequently, a complex 
mixture of waters of different origins is likely to result at the end 
of the transfer line. Physical, chemical and biological effects of 
transfer from a donor source to a recipient stream must be studied in 
order to avoid damage to existing natural or semi—natural ecosystem 
conponents. Physical factors to be considered Include river stability 
and siltatlon, the survival of rooted plants, the survival of the 
invertebrate food organisms and the suitability of the habitat for 
different species of fish at various life stages (Allan, 1977)»
Chemical problems may occur if waters with some degree of domestic and 
industrial pollution are used, although the extra dilution might offset 
this problem. Pollution might alter fish susceptibility to diseases 
and affect the *hondr*g* reaction of migratory fish to their natal 
stream. The transfer of water rich in inorganic salts to a nutrient- 
deficient stream is likely to increase primary production in the 
recipient. However, if the addition were too greab then excessive 
production of undesirable vegetation such as Cladophora (green 
filament algae) could occur, with the risk of diminished nig^t-time 
BOD levels and hindrance to angling. Biological problems might arise 
from the transfer of biota in the water, in addition to the chemical 
Anfl physical effects already discussed. Biological factors include the 
transfer of desirable or undesirable fish and fish eggs; the transfer 
of phytoplankton, zooplankton, macrophytes and Invertebrate fish food
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organisms (Allan, 1977; Hancock, 1977). There are several proposed 
inteivcatchment transfers in England and Vales; ex«mples include the 
Ely-Ouse to the Blackwater in Essex; from Northumberland's Kielder 
Reservoir in the North. Tyne valley to the Tees (Durham) and Swale 
(Yorkshire); from the Severn to the Thames. An understanding and 
ability to model the background water quality of both donor and 
recipient rivers, together with the changes in quality during transfer, 
is clearly desirable.

A.B. Birtles and S.R.A. Brown (1978) Have recently attempted 
computer prediction of the changes in the River Thames quality regime 
after receipt of water transferred from the River Severn# Water would 
be abstracted from the Severn at Haw Bridge just downstream of its 
confluence with the River Avon and woiald be discharged to the Thames at 
a point upstream of the Earmoor Reservoir near Eynsham. Severn flows 
would be supplemented by releasing water from the Welsh reservoirs 
Clywedog (Severn ca+chment) and an enlarged Craig Goch (Vye catchment). 
Problems identified at the outset included descaling, pitting and 
corrosion in distribution networks, adverse effects on water treatment 
works, disruption of the ecological balance in storage reservoirs and 
the adverse biological effects (noted earlier). The frequency of 
quality excursions to extreme values, the persistence of concentrations 
outside certain threshold limits, and the degree of this persistence 
were considered to be important with regard to river ecolo®r« Recorded 
concentrations of ortho—phosphate, total nitrogen and chloride were 
used with river discharge for quality model develoi>ment based upon 
division of the river hydrograph into distinct ccmponents, viz. sewage 
effluent returns, two or three aquifer components and surface runoff 
(Birtles, 19 7 8). Water quality was simulated for the Severn and 
Thames with 1932 - 1975 streamflows and used to construct quality- 
duration curves for different values of percentage time that simulated 
concentration persisted in excess of a specified value. Sets of curves 
were drawn for situations with and without water transfer. Clear 
differences were found to result; for example, the five day 
95 percentile difference between orthophosphate concentration with 
transfers and that which would have occurred at the same time In the 
River Thames was found to be 63 % of the overall mean concentration 
prior to transfers, or 1.012 mg/l orthophosphate. Interpretation of
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the study results was lacking, perhaps emphasising the necessity for 
collahoration with ecological eaqpertise before assessing environmental 
impact.

Although in some cases cLonor and recipient rivers may already be 
polluted, the study, interpretation and modelling of background water 
quality and its significance in terms of stream ecology would form a 
sound basis for research prior to inter-catchment transfer schemes.

(E) Ground w a te r bevelonment and R iv e r R egu la tion  Schemes

Th.e integrated use of surface and ground water is now an accepted 
part of water resource planning in the UK (W.H.B., 1973» Ineson, 1970). 
In the case of the Ely-Ouse basin this involves regulation of rivers 
to their natural flow equalled or exceeded 90 % of the time, in order 
to maintain adequate dilution of effluents, and the supply of water for 
domestic, industrial, spray irrigation and agricultural purposes. In 
this scheme (the »Great Ouse Ground Water Development Scheme*) some 
3U5 wells are being drilled in a 2l|62 km area of Chalk. In addition 
it is estimated that up to lUtO M l/d may be available for 
inter-catchment transfer to water deficient areas in south Essex 
(G.O.R.A., 1 9 7?). A pilot scheme was carried out on part of the Chalk 
aquifer in south Norfolk in order to examine the effects of ground 
water abstraction and river regulation on water quality, river ecology, 
soil moisture and crop growth, in addition to hydrological responses 
under operational conditions (l.e. ground water levels, streambed 
ixifiltration losses, etc.). Apart from soil moisture depletion in 
riparian areas the pilot scheme was successful.

More detailed information on temporal and spatial variation in 
solute levels would have been valuable. The autumn flushing of solutes 
could cause problems after drou^it conditions, as the 19 7^ 1 9 7^ drou^at 
indicated, notably with respect to nitrates from land drainage runoff

ground water (Davies, 1978? Walling and Poster, 1978j Poster and 
Vailing, 1 9 7 8 ). Ifoder extreme conditions the extra nitrate load, in 
addition to that contained in effluents, might place an extra burden 
upon regulation by ground water, perhaps requiring much higher short 
term dilution and higher longer term dilution. A further problem is 
likely to occur in the near future ^ e n  nitrates leached from the soil
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reach the eatiirated zone and enter wells and streams (Young et al, 
19 7 6 ). Detailed spatial surveys are likely to point out areas of 
potentially dangerous solute levels.

(F) Reservoir and Lake Eutrophication

There has been an increasing awareness in recent years of the 
dangers of eutrophication and its effects upon water supplies, 
freshwater ecology and amenities such as boating and angling (Rodda et

‘I9 7 6). Eutrophication is the process of enrichment of water by 
nutrients. Naturally it takes place at a very slow rate but it can be 
accelerated by increasing the rate of addition of nutrients, as, for 
example, when water is polluted by sewage and land drainage 
(Collingwood, 1 9 7 7 )* Excesses of nutrients, notably nitrogen and 
phosphorus, feed filamentous bacteria and the problem can be 
particularly serious in lakes and reservoirs because these have a 
lower assimilative power than hi^tily aerated streams.

Programmes of water quality monitoring to ascertain the 
proportions of nutrients derived from natural, agricultural, forest, 
sewage effluents and waste waters have been suggested (Owens and Wood, 
1 9 6 8; Strobel and Silvestro, 1970). Detailed studies of relevant 
solute dynamics above lakes and reservoirs (present and planned) would 
be particiilarly useful, especially where artificial fertilisers were 
applied or where deforestation was anticipated.

1 . 3  CONCLUSION

This introductory chapter has reviewed some general applications 
of water quality studies in geomozphology, ecology and water resoiirces. 
The approach to writing this thesis which was outlined in 1.1 shows 
that ejqperimental work has been approached at two scales; the 
catchment and the hillslope. This rationale reflects a need for 
greater understanding of the intra-catchment processes of solute 
transport contributing to total basin solute dynamics. Studies of 
subsurface water flow and paiirtial area contributions to runoff have 
laid the foundation for distributed models of catchment streamflow 
(e.g. Seven and Klrkby, 19 7 9) and subsequently detailed studies of 
solute transport within the contributing area. It was noted at the
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1973 B.G.R.G. symposium on Fluvial Processes in Small Instrumented* 
Watersheds in the British Isles, that:

*'the prospect appeared to he signposted hy more detailed 
work on sediment and solute production comparable in detail 
to the work already achieved in the study of water discharge, 
and also by attention directed towards the components of
the catchment..... more fieldwoidc is obviously required
and a subsequent meeting could perhaps be devoted to res\;ilts 
from within small instrumented catchments".

(Gregory and Vailing, 1973^).

Accordingly, a project was designed with the following objectives:

(l) To gain an understanding of stream solute dynamics and 
controls in a small woodland catchment.

(ll) To apply traditional techniques of data transformation, 
bivariate and multivariate regression to model the temporal variation 
of Individual ions in catchment and sub-catchment streamflow 
(definition of sub-catchments should allow an assessment of spatial 
variations in solute contributions and the diemical budget).

(ill) To measure and Interpret the variation of bulk atmospheric 
solute input to the catchment (’bulk input* is the solution resulting 
from rainfall and dry fallout (Whitehead and Peth, I96I*)).

(iv) To monitor and describe solute and water movement in the 
hill elope soil of one sub-catchment, in order to improve knowledge 
of the mechanisms of solute delivery to the stream under a range of 
hydrological conditions.

(v) To apply a model of hillslope water and solute flux to the 
collected data, coinparing model and measured outputs (slope base 
discharge and solute concentration), optimising internal parameters 
(hydraulic conductivity, solute dispersion coefficients) until ’real* 
and ’predicted* agree.
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(vi) To place * hill slope’ results in the catchment framework and 
assess the future of spatially distributed modelling of catchment 
solute response.

(vii) To compute solute budgets for the catchment and 
sub-catchments and compare net gains or losses with the results of 
similar studies.

Chapter 2 discusses literature pertinent to solute Inputs in 
precipitation, water quality characteristics and modelling at the 
catchment scale.
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CHAPTER 2
CATCHMENT SOLUTE DYNAMICS:
ATMOSPHERIC INPDTS ANH SURFACE WATER OUTPUTS - 
A REVIEW OP THE LITERATURE

2.1 INTROPUCTION

Atmospheric and stream water solute fluxes may be viewed within 
the framework of the terrestrial watershed ecosystem (Figure 2,1). 
P.H.Bormann and G.R Likens (I9 6 9, 1970) used a similar rationale to 
describe nutrient relationships, sites of accumulation, major pathways 
and origins of chemical losses in stream water from the Hubbard Brook 
Experimental Forest, New Hampshire. S.T. Trudgill (197?) has recently 
enqployed the same approach in discussin^f the components of soil and 
vegeflhion nutrient systems. In this chapter the emphasis will be 
plcu^ed upon literature relevant to stream water solute dynamics and 
atmospheric chemical inputs, while in Section III solute dynamics of 
the soil sub-system and inputs from mineral weathering are discussed.

^ 6  atmospheric component consists of sea salt aerosol, dissolved 
gases and dust (dry fallout). The concentration of this input may be 
increased due to solute pickup during interception and stemflow. 
Minerals in rocks and soils form an important component, contributing 
elements at varying rates to the available nutrient store. The 
available nutrient component itself is composed of nutrients held on 
the surface of particles of the clay-humus complex of the soil, or in 
the soil water solution. Cations held in this way may be exchanged for 
positively charged hydrogen ions produced at the root surface (Keller 
and Frederickson, 1 9 5 2 ), the nutrients then being taken up by roots. 
This is the input to the biotic component, the products of which are 
slowly released for subsequent re-uptake by plants. Leaching is the 
major process of cation removal from the soil nutrient store. This is 
principally achieved throu^ the exchange of anions derived from 
rainfall with cations held on the clay-humus conq>lex of the soil. The 
resulting solution may then be transported to the stream in throughflow, 
although final nutrient concentrations at the slope/channel interface 
msqr differ from the upslope concentrations due to further chemical 
solution or precipitation en route. The channel component may also 
show solute gain by exchange with bed or suspended sediment
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CHAPTER 2
CATCHMENT SOLTJTE DYNAMICS:
ATMOSPHERIC INPDTS AMP SURFACE WATER OUTPUTS - 
A REVIEW OF THE LITERATURE

2.1 INTRODUCTION

Atmospheric and stream water solute fluxes may be viewed within 
the framework of the terrestrial watershed ecosystem (Figure 2.1), 
P,H.Bormann and G.S Likens (I969, I9 7 0) used a similar rationale to 
describe nutrient relationships, sites of accumulation, major pathways 
and origins of chemical losses In stream water from the Hubbard Brook 
Experimental Forest, New Hampshire. S.T, Trudglll (1977) has recently 
enqployed the same approach In discussing the components of soil and 
vegetation nutrient systems. In this chapter the emphasis will be 
placed upon literature relevant to stream water solute dynamics and 
atmospheric chemical Inputs, while In Section III solute dynamics of 
the soil sub-system and Inputs from mineral weathering are discussed.

The atmospheric component consists of sea salt aerosol, dissolved 
gases and dust (dry fallout). The concentration of this Input may be 
Increased due to solute pickup during interc^tion and stemflow. 
Minerals In rocks and soils form an important conqponent, contributing 
elements at varying rates to the available nutrient store. The 
available nutrient component Itself is composed of nutrients held on 
the surface of particles of the clay-hunnis con^lex of the soil, or in 
the soil water solution. Cations held In this way may be exchanged for 
positively charged hydrogen Ions produced at the root surface (Keller 
and Frederlckson, 1 9 5 2), the nutrients then being taken up by roots. 
This is the Input to the biotic component, the products of which are 
slowly released for subsequent re-uptake by plants. Leaching is the 
major process of cation removal fzrom the soil nutrient store. This Is 
principally achieved thro\]gh the exchange of anions derived from 
rainfall with cations held on the clay-himius congplex of the soil. The 
resulting solution may then be transported to the stream in throu^^low, 
althou£^ final nutrient concentrations at the slope/channel Interface 
may differ from the upslope concentrations due to further chemical 
solution or precipitation en route. The channel component may also 
show solute gain by exchange with bed or suspended sediment
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(Kennedy, 19^5) or loss due to chemical precipitation (Barnes, 1965)' 
and plant or animal uptake (Vang and Evans, I9 6 9; Edwards, 1973a; 
Edwards and Liss, 1973)» Knowledge of these various components and 
the links involved lead to an understanding of the inter-relationships 
within the system and of the ramifications of any maniptilation applied 
at any point in the system. The principal components considered in 
detail in this thesflare: atmospheric solute inputs to the catchment 
system, the transfer of solutes throu^ the valley-side soils to the 
channel and the subsequent transfer along the channel and loss from the 
catchment. Literature pertinent to the first and third components are 
discussed below. The transfer of solutes through valley-side soils is 
treated in Section III.

2.2 ATMOSPHERIC IEPÜTS TO THE CATCHMENT SYSTEM

The chemistry of atmospheric inputs to the catchment must be 
studied to determine denudation rates as was pointed out in Chapter 1 
(Groudie, I9 7O; Janda, 1971)* However, if water chemistry is to be 
physically and realistically modelled then the details of input 
chemistry take on a greater significance than in simple solute 
budgeting procedures. Study is required of:

(iv)

chemical sources,
the spatial and temporal variability of individual elements, 
the interaction of atmospheric chemicals with the vegetation 
and soils, and
the effects on stemflow, tliro\:ighfall, leachates, vegetation 
'health* and soil fertility.

Figure 2.2 provides a basis for discussion of these aspects.
J.N. Galloway and G.E, Likens (1976) have recently shown that the type 
of rainfall collector used influences the amoimts of chemical caiii^t, 
while M.P. Paterson and R.S. Scorer (1975) indicate that the quality 
and consistency of analysis leaves much to be desired. These points 
must be borne in mind idien conqparlng chemical data presented in the 
literature.
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(a ) Constituents and Sources

The sources of elements in rainfall are Important because they 
strongly influence the pattern of spatial variability. Atmospheric 
sources were ably discussed by E. Eriksson in the 1950's (Eriksson, 
1955, 19 5 9, I96O 1 Egner and Eriksson, 1955). The principal gaseous
constituents of the atmosphere likely to be of in^ortance are carbon, 
nitrogen, sulphur and chlorine (Eriksson, 1959).

Carbon Is present in the troposphere* as carbon dioxide (COg) 
with a generally accepted concentration of 3 I6 ppm or a partial 
pressure of 3.16 x atmospheres (Reuss, I9 7 6). COg is a product 
of combustion, animal exhalation and is inhaled by plants. It forms 
about 0 .0 3 % of the atmosphere, by volume (Critchfield, I966). Pure 
rainwater in equilibrium with atmospheric COg at 25^C would have a pH 
of 5.65 (Reuss, 19 7 6) which N.M. Johnson et al (I9 7 2) have called 
»geologically normal precipitation* or relatively unpolluted rainfall 
characteristic of the geological past.

• ' - *

Nitrogen constitutes about 78 % of the troposphere by volinne 
although it does not readily combine with other elements. It occurs as 
ammonia gas (NH^) at median concentrations of about U over
Britain but with occasionally much hi^er levels (Stevenson, I968).
T.V. Healy et al (1970) regarded animal urine as the main source of 
NH^ with fertilizer use, coal combustion, ammonia and fertilizer 
factories, human sweat, and sewage contributing in decreasing order of 
Inqportance. They considered that NH^ is converted over several hours 
into (NH|̂ )S0|̂  by reaction with SOg and Og in mist or cloud droplets and 
reactions with HgSO^ droplets from power station plimies. J.O. Reuss 
(1 9 7 6 ) has Illustrated the inqportance of the conq>onent in the 
capacity of rainfall to acidify soils. When NH|̂  is taken up by the 
plant, acidification occurs due to the given off by the plant in the

The troposphere is defined as extending from the ground surface 
to an altitude cf 8 - 18 km depending on the latitude 
(Crltchfleld, I966).
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(a ) Conatituents and Sources

The sources of elements In rainfall are Important because they 
strongly Influence the pattern of spatial variability. Atmospheric 
sources were ably discussed by E. Eriksson in the 195d's (Eriksson, 
1 9 5 5, 1959i I96O; Egner and Eriksson, 1955). The principal gaseous
constituents of the atmosphere likely to be of in^ortance are carbon, 
nitrogen, sidphur and chlorine (Eriksson, 1959).

Carbon is present in the troposphere* as carbon dioxide (CO^) 
with a generally accepted concentration of 3 I6 ppm or a partial 
pressure of 3 . 1 6  x 10"^ atmospheres (Reuss, I9 7 6). COg is a product 
of combustion, animal eadialation and is inhaled by plants. It forms 
about 0 .0 3 % of the atmosphere, by volume (Crltchfield, I9 66). Pure 
rainwater in equilibrium with atmospheric COg at 2^C would have a pH 
of 5.65 (Reuss, 19 7 6) which N.M. Johnson et al (I9 7 2) have called 
•geologically normal precipitation* or relatively mpolluted rainfall 
characteristic of the geological past.

Nitrogen constitutes about 78 % of the troposphere by volume 
althoiigh it does not readily combine with other elements. It occurs as 
ammonia gas (HH^) at median concentrations of about I4. pg/jû  over 
Britain but with occasionally much higher levels (Stevenson, I9 6 8).
T.V. Healy et al (1970) regarded animal urine as the main source of 
NH^ with fertilizer use, coal combustion, ammonia and fertilizer 
factories, human sweat, and sewage contributing in decreasing order of 
inq>ortance. They considered that is converted over several hours 
into (NH|̂ )S0|̂  by reaction with SOg and Og in mist or cloud droplets and 
reactions with HgSO|^ droplets from power station pliones. J.O. Reuss 
(19 7 6) has Illustrated the importance of the NH|̂  conq>onent in the 
capacity of rainfall to acidify sells. When NH^ is taken up by the 
plant, acidification occurs due to the given off by the plant in the

The troposphere is defined as extending from the ground surface 
to an altitude of 8 - 18 km depending on the latitude 
(Crltchfleld, I9 6 6).

24



uptake process. Furthermore, burning of fossil fuels releases large 
quantities of nitrogen oxides to the atmosphere, which are transformed 
to nitric acid (HNO^) (Likens et al, 1972).

Natursdly occurring sulphur is only present in very small
quantities in the atmosphere, hydrogen sulphide (E^S) may be formed by
bacterial reduction of sulphate under anaerobic conditions such as bogs,
waterlogged soils and in lakes with stable stratification (Eriksson,
1 9 5 9 * Junge and Werby, 19^8)« Once in the atmosphere, HgS is
probably oxidised to sulphur dioxide (SO») which is in turn converted 

2- ^to by photochemical processes and by oxidation in cloud droplets
(Junge and Verby, 1958)» although it is doubtful >diether this source
is adequate to acco\xnt for some of the high sxilphate - sulphur
(SOĵ  “-S) concentrations foimd in rainfall. Stevenson (I9 6 8) found
median values of SO|^^"-S to range between 0 .9 and 3»9 ng/l in the
British Isles from 1959 “ 198U» Likens and Bormann (I97l* ) found2-weig^ted axmual concentrations of SOĵ  -S to range between 2.2 and 
3»3 at the Hubbard Brook Experimental Forest, in New Hampshire, USA 
from 19 6 3 - 1 9 7 2 .

It is clear from published analyses that anthropogenic sources 
contribute significantly to SO|̂ '̂*-S concentrations in rainfall (Junge 
and Werby, 1958; Cogbill and Likens, Nord/, 1976; are Just a
few of the published sources substantiating this statement). The 
prlnclpEkl source of anthropogenic sulphur is release throu^ industrial 
processes, particularly the burning of fossil fuels (Likens et al,
1 9 7 2). SO2 may be deposited by dry deposition or oxidised and 
hydrol^ed to sulphuric acid (H^SOî ) and deposited in precipitation.

Free chlorine (Clg) is most unlikely to exist in the atmosphere, 
where hydrogen is present at a fifty times hl^^er pressure, and is more 
likely to occur as the compounds hydrochloric acid (HCl) and ammonium 
chloride ((NH^)Cl) (Junge, 1956). Chloride is probably the most 
commonly reported anion present in rainwater. Its main source is 
seawater, a fact >diich emerges from published spatial surveys from 
various parts of the world (e.g. Soandinavlat Eriksson, i960. Figs. 6.1, 
6.2; British IslesX Stevenson, I968, Fig. 2; North Americax Junge 
and Verby, 1958, Fig. 1; Australlax Eriksson, I96O, Fig. 7.3;
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Eiujopean Russia: Matveyev and Bashmakov, 196?f ^ig* U)» which 
generally show chloride concentrations decreasing inland. It is 
tho\;ight that wind leads to wave formation on the sea surface with the 
larger waves breaking and producing foam patches. Surface bubbles 
burst and shoot up small Jets which break into droplets at their tips, 
some of which are sufficiently small to be swept up into the air, and 
may evaporate there to form sedt particles which are capable of acting 
as nuclei for cloud and raindrop condensation (Ck>rham, I96I;
Eriksson, 1959)* G.Z, Yue and V.A. Mohnen (1976) have recently 
demonstrated that non-preclpltatlng clouds containing NaCl can produce 
a source of free HCl in the atmosphere. The amount of HCl released is 
a combined result of the intricate physical and chemical processes 
occurring Inside the cloud and especially ten^erattire, oxidisation 
rates, ambient concentrations of SO2 , and H2SO, and the liquid 
water content.

(b ) Acid Precipitation

The chemical constituents discussed so far '(carboUf nitrogen, 
sulphur and chlorine) all contribute to ralnffidl acidity. Rainfall ip 
a naturally weak acid due to the combination of H2O and CO2 to form 
carbonic acid (H2C0^) with a pH of 5«7 (e«g* Kennedy et al, 1979)» 
However, there have been a succession of reports since 1970 pointing to 
excessively acid rainfall with pH values between 3 and 9» notably in 
the industrial areas of north-west Europe and the north-eastezn United 
States (Likens et al, 1972; Johnson et al, 1972; Cogbill and Likens, 
1974; Likens and Bozmann, 197^ ; Likens et al, 1976; Oden, 1976).
The excess acid appears to be linked to moiantlng levels of certain 
gaseous pollutants such as sulphur and nitrogen oxides, and their 
conversion to the strong acids H2S0|^ and HNO^. Such Increases can do 
considerable damage to man-made structures and equipment and more 
inq>ortantly it has serious Inqplicatlons for solute dynamics and the 
ecosystem.

Concern over rainfall acidity led the United States Department 
Agriculture Forest Service to organise the 1st International Symposium 
on Acid Precipitation and the Forest Ecosystem in 1976, with discussions 
of atmospheric transport, chemistry and precipitation, aquatic 
ecosystems, forest soils and vegetation (USDA, 1976). C.O. Tamm and
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B.B. Cowling (1 9 7 6 ) discuss the potential direct and indirect effects • 
of acidic precipitation on vegetation. Direct effects include 
Interference with normal functioning of guard cells (which would lead 
to loss of stomatal control and thus alter transpiration rates); 
alteration of leaf- and root-exudation processes (this m i ^ t  lead to 
changes in throughfall due to accelerated leaching of mineral elements 
and organic substances). Indirect effects Include alterations in 
symbiotic relationships such as nitrogen-fixing organisms and increased 
susceptibility to drou^t and other environmental stress factors.
J. Baker et al (1976) show that acidity in rainfall, throughfall, 
stemflow and soil solution is related to the emission of SO^ at nearby 
Industrial sources. The resulting effects on soil chemistry include 
elevated extractable acidity and aluminium and depressed exchangeable 
bases, especially Ca and Mg. J.V. Hombeck et al (1976) give an 
excellent summary of acidity conditions at Hubbard Brook Experimental 
Watershed. The stability of stream water pH at Hubbard Brook indicated 
a uniform buffering action by forest vegetation and soils that reduced 
the hydrogen ion content by a factor of between 5. and 10. N.M. Johnson 
(1 9 7 9 ) supports this conclusion, and suggests that on a regional basis 
acidified lakes and streams in New England are confined mainly to low 
order watersheds. She describes the soil and regolith of the New 
England landscape as a 'large simip' for the absorption of excess 2
acidity, but finds the contemporary ionic denudation rate of 0.22 eq/m 
to be 0 . 1 6  eq/m^ below the North American average, despite the added 
component of strong acids washing out*. T.P. Burt and M.R. Day (1977) 
obtained similar results near Avonmouth industrial con^lex, TJ.K., with 
little variation of stream j)H in response to pollution washout, but a 
large Increase in specific conductance, suggesting leaching of basic 
soil salts accompanied by ^  buffering.

*eq' is an abbreviation for 'number of equivalents',
actual mass of substance 

~ equivalent weight *eq

equivalent weight s 

net positive valence =

molecular weight
net positive valence 
+ element x its subscript
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(C) Metallic Ions

So far, little has been S£d.d of metallic ion inputs from the 
atmosphere. The most commonly reported are Câ '*’, Na'*’ and KT**.
R, Cryer (1976) gave volume-wel^ted mean concentrations for the 
Maesnant Catchment in mid-Wales of Ca^“̂ =1.1+1 mg/l (l58 %),
Mg^+ = 0.3U mg/l (53 %)f Na'̂  » 2.22 mg/l (68 %) and k :̂ = 0.12 mg/l 
(63 %)• The bracketed values are cations in rainfall expressed as 
percentages of cations in catchment streamwater and indicate 
signficant contributions from atmospheric sources (the high value for 
Ca may be due to a consistent analytical error). Fisher et al (I968) 
reported Si and Al In atmospheric precipitation at Hubbard Brook with 
concentrations less than 0.1 mg/l. R.P. Betson (1978) measured total 
Pe, Ml, Pb, total P0|̂ , Hg, chemical oxygen demand (COL)* and suspended 
solids in rural and lurban rainfall in order to determine the urban 
Impact on streamflow water quality. Total Pe was present at 0.18 mg/l, 
total P0|̂  at 1.1 mg/l, suspended solids at 16 mg/l and COD at 6^ mg/l, 
while Mn, Pb and Bg were all present in concentrations less than 
0.1 mg/l. Little difference between rural and ui^ban precipitation 
quality was found. H.C. Whitehead and J.H. Peth (I96I+) reported the 
halogens iodine, fluorine and bromine in rain, dry fallout and b\2lk 
precipitation in California, althou^ concentrations were very low.

Dry fallout, collected between rainfall events, often shows strong 
effects from locally derived materials in the atmosphere, notably 
minered or organic dust from quarrying, roadworking or building. If 
analyses are carried out for catchment budgeting, and the catchment 
contains potential sources of dry fallout, then both re-circulation and 
atmospheric output is possible and results must be interpreted with 
caution. Bulk precipitation is a mixture of rain and dry fallout 
(Whitehead and Peth, I96I+) and is the most commonly reported rainfall 
quality parameter. It is the geochemically active agent in rock 
weathering and soil formation on surfaces with minimal vegetation cover.

COD "provides a measure of the oxygen equlvEJ.ent of that portion 
of the organic matter in a water sample that is susceptible to 
oxidation by a strong chemical oxidant" (A.P.H.A., 1969f P* 510).
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An assessment of solute origin, whether it he land surface, 
Industrial pollution or oceanic, is often achieved by comparing 
measiired ion ratios with equivalent standards for seawater. Only 
sodium and chloride are closely related in atmospheric occurrence in 
that the major soxirce of both is the sea. They occur in seawater in a 
Cl-Na ratio of 1.80; if the ratio is greater than 1.80 then a land 
source of Cl exists; if the ratio is less than 1.80 then a land source 
of Na exists. E. Eriksson (19 6 0) maps 'excess' amounts of Na, K, Ng 
and Ca for Europe and North America, the 'excess' being the sanqple 
concentration remaining after the subtraction of the concentration of 
the element in seawater diluted to the sample chloride concentration. 
Coastal excesses of Na, K and Mg in precipitation over Europe for 1958 
were explained by chemical or photochemical separation, althou^
M.P. Paterson and R.S. Scorer (1975) ascribed this to incorrect 
chemical analysis. Ca excesses in Europe are mainly continental, 
suggesting primarily land sources of this element. R. Cryer (1976) 
obtained similar results for mid-Vales, except that Ca excesses were 
2 - 3  times larger, perhaps confirming the inportance of a terrestrial 
source for this element, or indicating analytical error.

(D) Temporal Variations and the Influence of
Meteorological Variables on Precipitation Chemistry

Detection of significant temporal variations in precipitation on 
chemistry is dependent, amongst other factors, upon sampling frequency. 
The most common sampling interval is one week, which rules out 
meaningful correlation with meteorological conditions, but with a long 
sanpllng period may allow analysis of cycles and trends.

(i) Annual trends have been discussed in association with 
precipitation pH, SOĵ , NH|̂  and NO^, HCO^ and major cations. Likens 
et al (1 9 7 6 ) found significant linear upw^d trends (5 % level of 
probability) in ff** and inputs and significant linear downward
trends in Ca^^, Mg^"^ and Inputs to Hubbard Brook, New England 
between I963 and 197U. S. Oden (1976) presents evidence of upward 
trends in precipitation NO^-N, NH|^-N, S and excess (mineral) acids, and 
corresponding downward trends in pH for various stations of the 
European atmospheric chemical network (which started in Sweden in 19U8)*
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(il) Seasonal variations are also exhibited In precipitation
quality data. Stations situated In New York and Pennsylvania, show pH
to be maxlmsd In summer, Intexmedlate In spring and autumn and
In winter (Hombeck et al, 1976). Nine year monthly average values of 2-S0|̂  for Hubbard Brook exhibited this cyclic behaviour but to a 
greater degree, which might be explained by the reduced efficiency of 
winter snow In capturing sulphur compounds (Fisher et al, I9 68).
R. Cryer (1976) detected an annual cycle In chemicals In bulk p.precipitation at Plymlymon, Central Vales. Specific conductance. Mg ,
Na"̂  and Cl” all peaked significantly In February, while pH showed

2+minimum values In May and April respectively. Ca and ̂  peaks
were not significant. Precipitation sampled simultaneously, at

2+Penglals, a coastal location, only showed a significant Ca minimum and
maximum value In February and May respectively. It was suggested

that this resulted from a land source of Câ '*' and while seasonal2*̂ *1* —variation In Mg , Na and Cl at Penglals was "swamped out" by Influx 
and * sedimentation' of hygroscopic particles from the sea.

m

(ill) Veekly variations in the concentrations of Câ "̂ , Mg^“̂, Na'*’,
Ef** and Cl” in b\ilk precipitation were found from the same experiment. 
Attempts to explain variation by correlation with single meteorological 
variables and synoptic Indices was unsuccessful, probably due to the 
nature of the bulk sanqple and long sanqpllng Interval. E. Gk>rham (1958) 
analysed H*", Na'*’, K^, Câ "*“, Cl”, S0|̂ ”̂ and NO^” in dally precipitation 
samples collected in the Lake District, and examined correlation of 
these with precipitation quantity, wind direction, wind velocity and 
temperatxjre. All solute concentrations were found to decline with 
increasing rainfall, which represented an Initial "flushing" of 
hygroscopic, saline or aold material from the atmosphere, with a 
constantly decreasing availability thereafter. Cl” and (S0|̂  ” + NO^) 
concentrations wore significantly related to wind direction, which 
suggested maritime and Industrial sources respectively. Cl” 
concentration Increased logarithmically with speeds of over 10 km^our 
which suggested that wind was Important to actually produce the sea 
spray carried Inland. These relationships, together with a negative 
correlation between temperature and Cl”, reflect the seasonal 
distribution of solute concentration noted above.
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E, Gorham (1958) and !• Douglajg (I9 6 8) also sampled intra-storm 
rainfall, again finding an initial ‘flushing' of solutes, with reduced 
concentrations thereafter. Concentrations throia^ a storm (K^ apart) 
were not directly related to rainfall intensity, in contrast to reports 
by V.A. Mordy (I953)f A.H. Woodcock and 3),C. Blanchard (1955)*
E.A, Ihice et al (19^5)» D.P. Gatz and A, Dingle (1971) and
V.C. Kennedy et al (1979)« Evidence for considerable variation of 
concentration during one rainstorm was presented by Kennedy et al 
(19 7 9)» They reported variation of Cl“ concentration in San 
Prancisca^ rainfall by a factor of 2000. E. Gorham (1958) also 
detected strong antecedent controls, with Initial storm concentrations 
being higher after a period without rainfall.

(E) The Effects of Interception Processes on Precipitation Inputs

Solutes are removed from vegetation and transferred to the forest 
floor in throughfall and stemflow. Throu^ifall refers to the 
precipitation which drips down throu^ the forest and canopy and 
stemflow refers to the precipitation which reaches the gro\md by 
running down the trunks of trees. Chemistry of these two components 
includes solutes leached from vegetation, solutes washed from the 
surface of the vegetation and solutes contained in the incident 
precipitation. The volume of precipitation intercepted depends upon 
tree species, tree size and structure, antecedent conditions and stoxm 
size and intensity (Butter et al, 1971» 1975)« Interception by the
canopy may affect the chemistry of throii^ifall byt

(1 ) retaining solutes in surface storage;

(ii) leaching solutes from a leaf's surfeu^e and either 
transporting them or depositing them as the water 
evaporates; and

(ill) absorbing solutes into leaves from the water
(Carlisle et al, I966) or being taken by leaf 
and branch microflora (Carlisle et al, 19^7|
Eaton et al, 1973)«
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P.M, Attlwell (19 6 6) found that the concentrations of K^, Na^, 2+ 2+Ca and Mg in throu^afall were inversely related to rsdjifall 
intensity, which sisggests that a long leaf sxirface residence time is 
necessary for maximum solute uptake. Concentrations were found to be 
highest during the early period of the storm.

Chemical contents of throu^ifall and stemflow are usually 
significantly hl^er than in open plot rainfall (Madgwick and 
Ovington, 1 9 5 9 » Attiwell, I9 6 6; Carlisle et al, I9 66; 196?;
Eaton et al, 1973)* ^ e  studies by Carlisle et al in the Lake
District are detailed and Interesting. The contents of P, K, Ca, Mg 
and Na in ihroughfall were 9«5» 2.1|, 2.0 and 1.6 times greater
than the contents of Incident rainfall during I963 - 19^U* Throu^ifall* >■
was shown to be an important contributor of chemicals to the soil - 
surface, giving 37.1+ % P, 72.8 % K, M * 9  % Ca, 79-7 %  Mfe and % Na 
in litter and throughfall. There is general agreement in the 
llterat\ire that the importance of throu^ifall in comparison to litter 
fall as a nutrient return mechanism decreases in the order 
E > C a  = M g > P  = N (Henderson et al, 1977; Carlisle et al, I9 6 6;
Eaton et al, 1973). These data are significant since throughfall 
contains dissolved chemicals, while litter must \mdergo decomposition 
and leaching before transport through the soil is possible, Carlisle 
et al, 19 6 6). Bracken (Pteridium aouilinum) was found to play an 
ing;>ortant role in the woodland nutrient cycle, its litter and 
throu^ifall contributing 3 I.U %  of the total K falling from all sources 
and its contribution to total Interception being 26 %• Stemflow 
contributed 3 ̂  6 % of the total fall of K, Na, Ca and Mg (Carlisle 
et al, 19 6 7).

Varying throughfall concentrations under different tree species 
have been reported by A.A.I. Madgwick and J.D. Ovington (1959)
G.S. Henderson et al (1977). contribution of 'dry fallout*
(impaction) to the canopy with subsequent solution by incident rainfall 
has been recognised by several authors (Carlisle et al, 1987; Eaton 
et al, 1 9 7 3) f although quantitative data appears scarce.

The irqportance of hydrogen ion exchange in the removal of oations 
fïoin the forest canopy was discussed earlier. Low i>H precipitation has
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been shown to accelerate the intrasystem cycling of nutrients within 
forested ecosystems (Eaton et al, 1973; Hombeck ot al, 1976).

There appears to have been little research into spatial variation 
and significance of throu^bfall and stemflow input to the soil. 
Stemflow, for example, represents a h i ^  solute conoentration^polnt 
input to the soil, while both throii^ifall and stemflow m i ^ t  contribute 
significantly to the chemograph via the hydrological contributing area. 
Tracer experiments could be used to detect these contributions.

In summary, precipitation, throu^ifall and stemflow chemistry are 
important aspects of catchment solute dynamics, althou^ they are 
topics about which generalisations are difficult. D. Carroll (I9 6 2), 
in reviewing the role of precipitation in rock weathering, suggests 
that weathering reactions and products are Influenced by rainfall 
chemistry. Again, spatial variations occur. In aireas of resistant 
rock weathering processes may be very slow and rainfall solutes almost 
balance or fozm a h i ^  proportion of stream solutes (Vhite et al, 1 9 7 1; 
Cryer, 197^)f ^diile in areas of less resistant rock precipitation 
solutes account for a small proportion of total stream solutes 
(Douglas, 1 9 6 8). These points are further supported by evidence from 
the North Eastern USA, which suggests that rainfall is a major source 
of reactants for weathering processes to take place (Fisher et al, 
19 6 8). Sedimentary bedrock reacts with acid rainfall to produce solute 
rich stream water, E^.thou^ processes operating within the soil are not 
completely understood (Johnson, 1979)« Collection and analysis of 
atmospheric inputs are essential in local studies of catchment solute 
dynamics to aid interpretation of surface processes, assist modelling 
procedures and congpute overall solute budgets.

2 . 3  SURFACE WATER SOLUTE DYNAMICS

The behaviour of solutes in streamwater and attempts to model 
solute response to variations in flow are well documented. A review of 
the literature indicates a trend away from the more general modelling 
procedures, for example, V.H. Durum (1953) used dally sas^lixg and a 
simple inverse hyperbolic relationship between solute concentration and 
discharge towards attempts to gain a more detailed understanding of the 
oonqplex fluotiiations of solute concentration (e.g. Vailing, 1975)*
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I.D.L. Poster (1978) has used hydrometeorological variables describing 
conditions prior to and at the time of sampling for multivariate 
modelling of solute dynamics.

Such modelling is essentially empirical by nature, follcwing 
observed relationships rather than postulated theory, with little 
knowledge of the processes act\ially causing the relationships. Hnder 
certain circumstances, this approach may point to the physical and 
chemical processes which coxild be given priority for field study as a 
means of progressing towards a conceptual or spatially distributed 
model. In this section, attention is given initially to the 
characteristics of temporal solute response which are of value in 
inqproving the empirical modelling approach and isolating the field 
processes worthy of closer study. Consideration of modelling 
techniques follows.

(A) Some Characteristic Solute Responses

Standard chemical analyses only tell the gross chemical 
constitution of a natural water sample, that is, the total amount of 
calcium, magnesium, chloride, etc., in solution, rather than the 
concentrations of the individual free ions. Ideally, therefore, as 
ccmoplete an analysis as possible should be carried out to allow 
oonqputation of the degree of ion association present and the charge 
balance error, a useful parameter for detecting errors in chemical 
analysis (cooiputer programs are useful in detexmining equilibrium 
spéciation of aqueous solutions and the charge balance error, e.g. 
Wigley, 1977f Plummer et al, 1976j Truesdell and Jones, 197U)« 
major species usually detexmined are Câ "̂ , Hg^^, Na"*" (cations) and 
Cl” , HCO^” and CO^“ (anions), together with pH, For equilibrium
spéciation calculations, water temperature is also required. Minor 
species determined are Si02t Specific conductance
and total dissolved solids are also frequently recorded.

As with rainfall, temporal response may be examined at various 
scales from long term trends to continuous recordings (e.g. specific 
conductance). The concern here is with detailed response, that is at 
sampling intervals of one d£^ to 1 5  minutes, althou^^ some mention of 
longer term changes will be made.
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I * .

(i) Trends
Time series modelling ustially involves consideration of trends, 

cycles and serial correlation. A.M.C. Edwards and J.B. Thornes (1973) 
found signficant upward linear trends in mean aimiial Cl”, NO^“-N, 
non—carbonate hardness and NH^—N in the Hiver Stour near Lan^ham, 
England between 1951 1970. They attributed this to a combination
of increasing intensification of arable agriculture and the increased 
contribution of fertilizers and sewage effluent, that is essentially 
anthropogenic factors. P.W. Anderson and J.R. George (I966) and
L.T. McCaartny and V.B. Eei^ton (I96I4.) detected an upward trend in 
total dissolved solids concentration in the Belawaro Hiver, New Jersey, 
using double-mass curve analysis. The increase was attributed to flow 
reduction implying a simple ground water dilution model.

(ii) Cycles
Annual cycles in water quality are well docimiented in the

licerature. A.M.C. Edwards and J.B. Thornes (1973) detected a strong
annual cycle for the River Stour whose peak NO^ concentration preceded
a peak discharge by 1 - 2 weeks and represented a flushing of
mineralised nitrogen from the soil. Maximum pH and CO^ concentrations
occurred in September, about two months eifter the minimiM flow.
I.B.L. Foster (1977) used harmonic analysis to detect seasonal peak
concentrations of specific conductance, C a "  and Mg (July); Na"̂
(June); and Cl” (November), and NO^-N (February) in a South Devon
catchment. Discharge maxima and minima occurred in December and July
respectively. However, R.Cryer (197^)» working in mid-Vales, found

— 2+  +that peak concentrations of specific conductance. Cl , E/, M|g and Na 
occurred in winter (usually January), corresponding with peak discharge 
and hence rainfall. The details of other reported seasonal maxima and 
minima are simmarised in Table 2.1. Ground water dilution appears to 
be a major cause of the correspondence between maximum discharge and 
minimum concentration (e.g. Johnson and Swsuik, 1973)* relative 
timing of the discharge trough and concentration peak varies in 
response to catchment hydrogeology (c<mpare the Stour (Essex) - Chalk 
— with the Exe Instrumented catchment (South Devon) — Sandstone, Clays 
and Breccias), althou^ in some ground water catchments alkalinity 
shows little variation (e.g. River Ebrome). Potassium and nitrate 
usually peak at or near imTm discharge. Althou^d^ explanations for 
these variations may be tentatively offered at the seasonal time scale,
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recourse is best made to detailed chemographs with a sampllzig Interval 
of one day or lees. D.E. Vailing (1975) criticised the use of weekly 
sampling for evaluating fluctuations and controls, except where long 
periods of records were available, and suggested that 30 minute or even 
10 minute sampling might be necessary using automatic equipment.

(lii) Short Term Variations

D.E. Vailing (1975) bas surveyed the literature on short term 
temporal solute variations, and illustrated the complex nature of 
individual ion response with data from South Devon catchments. Much of 
the recent detailed docomientation of solute response in Britain has 
come from work carried out in South Devon catchments by the University 
of Exeter (e.g. Vailing, 197̂ 4» Foster, 1978)»

The dilution effect described by various authors in the literature 
(e.g. Hem, 1970; Anderson and George, I966) is shown using specific

0» pi
electrical conductance (Vailing, 197^; Figure 8A), Ca Mg and 
Na"̂  (Vailing and Poster, 1975; Figure 2).

In contrast, usually Increases during storm hydrographs 
(Vailing and Foster, 1975; Figure IB; Vailing, 1975)» Very little 
is known about the physical processes contributing this extra to the 
stream, althou^ several mechanisms seem possible. ions form 
complex bonds with clay colloid minerals in the soil (Hem, 1970).
Vhen suspended sediment is washed into the stream during hydrographs, 
the colloidal material, if not filtered, might be included in chemical 
analyses. This would only Include ^  ions attached to the external 
colloid surfaces, because those E^ ions * locked* in between crystal 
units of 2:1 type minerals enter solution very slowly. If suspended 
sediment is an important source of * dissolved* then a consistent
relationship with the type of response described by D.V. Vailing (197U) 
m i ^ t  be expected, althou£^ I.D.L. Poster (1977) found this not be be 
the case. Vailing (1975) attributed increases in ̂  to the washing 
of accumulated solutes and fertiliser residue into the stream following 
a dry period. V*C. Kennedy (196!;, 19^5) noted that the mineralogy 
and exchange capsusity of stream sediments should be considered in 
understanding the chemistry of stream waters. Depending upon the 
conditions, exchange capacity of suspended sediments mi£^t act as a
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stabilising agent for the chemical composition of stream water.
Another possible mechanism of Increase is rapid leaching from the 
tipper soil horizons with the aid of organic acids from surface humus 
(Keinen and Scharpenseel, I9 6 7). During a period of baseflow 
recession concentration is often seen to decline, probably as a 
result of its preferential incorporation into some clay-mineral 
structures. In illlte, for example, ions are Incorporated in 
spaces between ciystal layers where they are not removable by further 
lon^exchange reactions (Hem, 1970).

Anion concentrations in streamflow also esdiiblt dilution diiring 
st023ns. Edwards (1973&) found that bicarbonate concenti^ations in the 
River Yare, Norfolk, decireased during storms, repiresentlng a dilution, 
or more accurately acidification due to the usually lower pH of 
rainfall, (although hydrogen ion concentrations were not presented). 
Hendrickson and Ereiger (I960) repozrted dilutions in bicarbonate, 
chloride and sulphate with increasing flow, but also noted temporary 
increases in concentration at the beginning of storms after a period of 
low flow; this phenomenon will be discussed later. In some catchments 
sulphate and chloride are poorly represented in rocks and soils, and 
atmospheric precipitation is the major source (Johnson et al, 19^9; 
Juang and Johnson, 19^7; Ciyer, 1976). In such cases, there may be a 
concent2:ation of anions during storms.

Although solutes are often reported to have characteristic 
dilutions or concentrations during storm discharge, a survey of the 
lllfbratTire shows that the behavioisr of individual ions is often 
inccmsistent. Seasonal inconsistencies occur in pairtlcTilar catchments 
in addition to the more predictable spatial changes due to geological, 
pedologlcal and land use variation.

(b ) Seasonal Variations in Discharge/Solute Response

(i) The * Flushing Effect*

Detailed sampling pTOgrammes usln8» automatic devices, such as 
those irepoirted by W.P. Lester and G.M. Woodward (1972) and D.B. Walling 
and A. Teed (1971), have picked out seasoned changes in individual ion 
jresponses. Most commonly repoirted is the autumn * flushing effect'
\diere the decease in concentration may be followed by a 3:ise, or an
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initial drop may be followed by an increase before giving way to a 
subsequent decrease (Vailing and Poster, 1975» Walling, 197U;
Edwards, 1973a; Waylen, 1977) (Pigure 2.3A). In some cases dilution 
may be completely replaced by concentration (Pigure 2.3®)» ‘fclia 
magnitude of the concentration decreasing through subsequent storms as 
available solutes are leached from the soil (Gburek and Heald, 1970). 
ÎEhe flushing effect is most pronounced after periods of low flow, 
during whidi time the soil moisture deficit increases. The physical 
processes behind the effect are poorly understood althou^ it would 
appear that diminution of the hydrological contributing area due to 
drainage and évapotranspiration is accompanied by an increase in the 
solute concentration of baseflow. Exchangeable ions may accumulate in 
the root zone at the same time. The way in which these auscumulated 
salts are transported to the stream is likely to depend, amongst other 
factors, upon soil structtire. Clay soils crack whilst drying to 
produce a structure not dissimilar to that of fissured Chalk, althou^ 
on a smaller scade. A tentative analogy can be made between recharge 
of the Chalk aquifer, that is rapidly throu^ maorofissures and very 
slowly Ihrou^ microfissures (Young et al, 197^), and flow thro\:i£̂  a 
clay soil after a long dry period. Accumulated salts mi^t be leached 
from the root zone, carried into the fissure system and transported 
rapidly to the stream.

Another possibility is that after an initial dilution due to a 
combination of channel precipitation and possibly overland flow, 
ion-rich water (which represented the pre-stoim contributing area) is 
* shunted* into the stream as *piston* or 'displacement* flow (Laidlow 
et al, 1971*).

A further contribution to 'flushing* may come from atmospheric 
'washout* of solutes after a long dry spell (Kennedy et al, 1979) 
together with the h l ^  solute concentrations in tbrou^ifall and 
stemflow that would be expected after a lengthy period of dry fallout 
and leaf exudation.

However, the precise mechanlEOD of solute flushing has not been 
studied in detail and requires field study.
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initial drop may be followed by an increase before giving way to a 
subsequent decrease (Walling and Poster, 1975; Walling, 1971+;
Edwards, 1973a; Waylen, 1977) (Pigure 2.3A). In some cases dilution 
may be completely replaced by concentration (Pigure 2,3®)» the 
magnitude of the concéntration decreasing through subsequent storms as 
available solutes are leached from the soil (Gburek and Heald, 1970). 
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combination of channel precipitation and possibly overland flow, 
ion-rich water (which represented the pre-etoim contributing area) is 
'shunted* into the stream as 'piston* or 'displacement* flow (Laidlow 
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More intensive sampling through storm hydrographs has also shown 
that individual ion concentrations fluctuate around a more general 
response (e.g. Gburek and Heald, 1970; Vailing and Poster, 1975; 
Walling and Poster, 1978)» This may be due to random error in 
sampling or analysis, or it may represent the arrival of solutes from 
.different source areas within the catchment. Such areas might show 
delayed response due to a longer transport time from a *new* upslope 
source as the contributing area expands, or a longer travel time in 
channel flow, or both.

(ii) Comparing chemograuhs with hvdrographs; leu? and lead

The relative timing of the hydrograph peak and chemograph trough 
is dependent upon several factors. Channel precipitation or overland 
flow very low in solute concentration is required for the trough to 
precede the peak (Figure 2 .I4B). The more common response gives either 
a trough and peak occiurring simultaneoxisly (Figure 2 .i|A) or a trough 
lagging behind a peak (Figure 2 .l4C)«

B.J. Glover and P. Johnson (l97i|) suggested that in large rivers 
the lag effect was due to solute surface runoff being associated with 
the mean water velocity, which arrived later than the flood wave. Lag 
time was also foimd to be longer for small rises in flow because the 
speed of travel down the channel was slower. B.E.Vailing and
I.L.L.Foster (1975) confirmed these results but showed that the lag 
effect was related to processes operating over the entire catchment in 
addition to those in the channel. The phenomenon was also demonstrated 
in catchments two orders of magnitude smaller than the River Tyne, used 
by Glover and Johnson (197U)» Chemograph lag on the River Creedy, 
Levon, (defined by specific conductance records) was inversely related 
to the logarithm of hydrograph rise, seasonality and log. preceding 
flow level by multiple regression. The first parameter confirms the 
results given by Glover and Johnson (I97l+) whilst the second two are 
interpreted in terms of a 'flushing' effect which acts to delay the 
chemograph trou^.

The seasoned variations in ion response described above introduce 
hysteresis into the sinqple ratings between concentration and discharge. 
Hysteresis loops are widely reported in the literature but are rarely
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as simple as those shovfn schematically in Flgxires 2.3 and 2,k 
(Hendrickson and Kreiger, I96O; Toler, ^̂ 6Si Guniierson, 196?;
Glancy et ai, 1972; Vailing, Î97U; Balek et al, 1978; Poster, 1978). 
Hysteresis adds to the problem of modelling water quality described in 
the next section.

(c) M od e lling  V a te r Q u a lity  in  sm all Catchments 
u s in g  B iv a r ia te  and M u ltiv a r ia te  Regression

A model describes the conversion of one phenomenon into another, 
an * input* into an * output* (Clarke, 1973). The model formulation in 
bivariate regression treats discharge as the iz^ut and solute 
concentration as the output; the physical processes operating within 
the catchment are treated as a * blank box'. The functional 
relationship between discharge and solute concentration is usually 
obtained by sampling over a range of conditions and optimising using 
least squares regression. Multivariate regression also ignores 
physical processes, but can Incorporate hydrologicad and 
meteorological conditions which help to explain the complexity of 
solute response. Again, optimisation is usually achieved by a least 
squares computer routine. P.R. Hall (1970; 1971) described several
discharge-concentration relationships in the context of mixing models. 
Some of the more commonly oised empirical models fit into the 
classification by Hall and are discussed below.

The power relationship (usually linear for log. concentration 
versus log. dischsirge) is the most frequently reported. This takes the 
form

c = Aÿ* (2. 1)

where C is concentration 
Q is discharge
A is a constant, representing concentration 

as discharge nears zero 
• n is also a constant, representing ̂

dQ

44



The value of n may be negative in the case of dilution or positive 
for concentration. The model cannot account for the mixing of 
different waters as it assumes only one source, the inflow to which has 
eero concentration. It has, however, been used in many cases as a 
descriptive equation (e.g. Gunnerson, 196?; Edwards, 1973&) as an 
estimator of historical water quality (e.g. Steele, I9 6 8; 1976) or to
compute solute budgets (e.g. Edwards, 1973b; Hughes and Edwards, 1977). 
J.O. Ledbetter and E.P. Gloyna (I96U) considered that the exponent n 
(representing rate of change of concentration with discharge) was 
empirically related to discharge by

n = pQ (2.2)

where p and b are regression constants. L.B, Walling (197W used this 
relationship to describe specific conductance variations with discharge 
to the Rosebam catchment. South Devon, but only found a marginal 
inrprovement over the use of equation (2.1). In an effort further to 
inq)rove the prediction of n, Ledbetter and Gloyna incorporated an 
antecedent flow index, describing the past 30 days flow record.

= f + g.log.Aq + pQ (2 .3 )

where Aq is an antecedent flow index and f and g are constants. They 
regard the combination of equations (2.1) and (2.3) as the maximum 
degree of complication required in predicting quality from quantity.

A large number of possibilities exist when developing empirical 
models of water quality, due to the range of data transformations and 
curve fitting procedures available in computer packages. The 
literature indicates that best-fit functions are sometimes obtained and 
used both as predictive models and as a means of suggesting the 
physical processes hehlnd solute production. For example Waylen (1976) 
used equation (2.1), a semi-logarithmio function and untransformed data 
to desorihe individual ion responses at East Twin Brook, Somerset, and 
to compute solute tnidgets. I.B.L. Poster (1977) fitted polynomial 
functions to weekly data from South Bevon catchments. There is some 
merit in taking a unique approach to modelling each ion as this is

to give better predictive power and understanding of processes.
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Some authors have preferred to develop curve fitting procedures 
from mixing models, notably P.R. Hall (I970j 1970, F.C. Hart et al
(I96i|), N.li. Johnson et al (¡969) and H.E. Walling (197U).

N.M. Johnson et al (I9 6 9) considered the mass balance equation,

C V +o o = C(v̂  + V ) (2 .U )

where C is the concentration of solute per volume
in the storage solution

V  is the volume of the storage solution
0^  is the concentration of solute in the added solution
V, is the volume of the added solutioneft
C is the resulting solute concentration of 

the mixed solution

Sy substituting y D  for Voc, where ̂  is the residence time of water in 
the system, and J> is stream discharge, (2.U) becomes,

C V  + C-y-D = C(V + y H )

Be—arranging and substituting ̂  for ^^ ^^o ”

C » +
1 + f i

The final equation (2.6) gives concentration as a linear function of 
the reciprocal of discharge, but incorporates elements of physical 
reality in its development from equation (2.1+). N.D. Turvey (1975) 
tested the reciprocal and power function models for data from a 
tropical rain forested catchment and feund no significant difference in 
levels of variance explained. D.E. Walling (197U) followed P.C. Hart 
et al (I96I+) in separating flow components and describing the solute 
response of each by a separate equation. The final mixing model was
of the form.

(2.7)
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where C. is total specific conductancew
is total discharge 

^  is delayed flow
C is total specific conductance of delayed flow d «-bdefined by = aQ,̂

is quickflow
C is total specific conductance of quickflow 
^ .X -fdefined by C = eQq 4

Vailing (1$7U) foimd that this approach gave a better prediction of 
specific conductance than either equation (2.1) or (2.1) plus (2.2). 
However, it failed to explain adequately detailed hysteresis loops and 
flushing effects described in the previous section.

Multivariate models have been used by various authors to e3q>lain 
solute variations and provide information on the relative control of 
independent variables. Principal components analysis and stepwise 
multiple regression are the techniques available, althou^ J.L. Mahloch 
(1971*) found difficulty in interpreting factor solutions from the 
former. Using multiple regression, the model is.

C = k + aP, zP.n (2. 8)

or if log transformed values are used,

0 = ••• ^ V

where C = total solute concentration

(2.9)

... P are independent variables n^1’
k, a, b... z are constants

This approach has been used by H.B. Pionke al)d A.B. Nicks (1970) ”̂0
predict total dissolved solids variation in streamflow yith monthly, 
maximum daily and antecedent precipitation, pan evaporation and 
distance from the raingange. H.M. Keller (1970) found discharge, water 
teoq>erature and a seasonal index e^lained mors than 80 96 of the solute 
variation in three Swiss mountain streams. B.B, Walling (197U) used 
stepwise multiple regression involving three dependent variables and 
thirteen independent variables to produce optimum relationships for
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where C. is total specific conductance X
is total discharge

Q, is delayed flow d
. C is total specific conductance of delayed flow

^ « -hdefined hy = aQ,̂
Q is quickflow
C is total specific conductance of quickflow
^ -fdefined hy = eQ^

Vailing (1STU) found that this approach gave a better prediction of 
specific conductance than either equation (2.1) or (2.1) plus (2.2). 
However, it failed to explain adequately detailed hysteresis loops and 
flushing effects described in the previous section.

Multivariate models have been used by various authors to eaqolain 
solute variations and provide information on the relative control of 
independent variables. Principal components analysis and stepwise 
multiple regression are the techniques available, altho\agh J.L. Mahloch 
(I9 7I4) found difficulty in interpreting factor solutions from the 
former. Using multiple regression, the model is.

C = k  + aP1
2p.n

(2. 8)

or if log transformed values are used,

c = kP̂ ® « 2̂ H ••• « V (2.9)

where C = total solute concentration 
P.J f Pp •« P^ are independent variables 

are constantsk, a, b... z

This approach has been used by H.B. Pionke al|d A.H, Nicks (1970) 
predict total dissolved solids variation in streamflow with monthly, 
iTiA.THTTniTn daily and antecedent precipitation, pan evaporation and 
distance from the raingauge. H.M. Keller (1970) found discharge, water 
temperature and a seasonal index explained more than 80 96 of the solute 
variation in three Swiss mountain streams. H.E. Walling (197U) 
stepwise multiple regression involving three dependent variables and 
thirteen Independent variables to produce optimum relationships for
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p re d ic tin g  Buspended sediment conce n tra tion s  in  th e  Rosebam oatolm ient, 

South Devon. I .D .L . P oste r (1978) has taken a s im ila r  approach in  
deve lop ing  m u ltip le  re g re ss io n  equations fo r  p re d ic tin g  storm  p e rio d  

s o lu te  b eh av io tir in  the  Yendaoott catchm ent. South Devon. The 
dependent v a ria b le s  se le c te d  were minimum storm  s p e c ific  conductance, 
C a 2 \ Na^, and C l"  c o n ce n tra tio n s ; maximum co n ce n tra tio n ; the

co n ce n tra tio n  range e x h ib ite d  by each v a ria b le  d u rin g  th e  storm ; the  
ra te  o f change o f each s o lu te  co n ce n tra tio n  w ith  in c re a s in g  d ischarge. 
Independent v a ria b le s  used in  the  stepw ise m u ltip le  re g re ss io n  were: 
maximum storm  d ischa rge , hydrograph r is e ,  w a te r tem pera ture . S o il 
M o is tu re  D e f ic it ,  antecedent p re c ip ita t io n  in d e x , h a lf-h o u r ly  r a in fa l l  
in te n s ity ,  seasonal (s in e ) ind e x , hydrograph r is e .  Most success was 
ob ta ined  fo r  extreme va lues o f a l l  th e  dependent v a ria b le s , w ith  the  
excep tion  o f C l" , and va rio u s  independent v a ria b le s , the  percentage o f 

exp la ined  va ria nce  rang ing  from  6 7.I1 to  8?.7. In te rp re ta tio n  o f the  
re s u lts  in  term s o f s o lu te  sources and o p e ra tive  processes was a lso

attem pted.
0

It has been pointed out by D.E. Walling and I.D.L. Foster (1975) 
and Poster (1978) that care must be taken in choosing independent 
variables for multiple regression analysis due to their 
inteivdependence; e.g. maximum storm discharge and hydrograph rise 
(Poster, 19 7 8). Residual normality and serial correlation are further 
important factors to be considered (Johnston, 1978)»

T h is  chap te r has g iven  d e ta ile d  co n s id e ra tio n  to  th e  two m ajor 
components o f a watershed ecosystem, i . e .  p re c ip ita t io n  s o lu te  in p u ts  
and stream water s o lu te  o u tp u ts . P re c ip ita t io n  c o n s titu e n ts  and sources, 
a c id ity ,  tem pora l v a r ia tio n s , the  in flu e n c e  o f m e te o ro lo g ica l fa c to rs , 
th ro u g h fa ll and stem flow  have a l l  been d iscussed. W ith respect to  
stream flow  s o lu te  dynamics, ty p ic a l s o lu te  responses, e .g . d ilu t io n , 
and seasonal co m p lica tio n s  in  response, e .g . so lu te  flu s h in g , are 
recogn ised, and a v a r ie ty  o f  d e s c rip tiv e  o r p re d ic tiv e  models presented. 
A p re lim in a ry  l i te r a tu r e  survey o f th is  k in d  is  u se fu l in  th a t i t  
a llo w s th e  s tre n g th s  and weaknesses o f  p rev ious experim ents to  a id
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design of that currently under consideration*. For example, the 
complexity of solute response necessitates sampling streamwater at 
frequent intervals through storms in addition to regular, but less 
frequent times, during a long baseflow recession. Consideration of 
sampling frequency is an important factor if valid comparisons are to 
be made of different types of model (Hall, 1971)»

The following chapter describes the small catchment chosen for 
studying surface and sub-surface solute dynamics.

^ With the obvious exception of some of the later references cited.
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CHAPTER 3
VEST WALK CATCHMENT;
p h y s i o g r a p h y« g e o l o g y, s o i l s, veg et a t i o n AMD CLIMATE 

3«1 INTRODUCTION
During autiamn 1973 two small river basins in south-east Hampshire 

were chosen for hydrological studies. The first of these (Hipley) is 
approximately 1.0 km^ in area, mainly underlain by London Clay and 
used as pasture. It contributes runoff to the River Wellington system. 
The second (West Walk) is 0.6 km^ in area, underlain by Bagshot Sand, 
London Clay and Plateau Gravel and covered by woodland. This 
contributes to the River Meon system. The two catchments are on 
opposite sides of the same divide.

West Walk catchment was selected for research into surface and 
subsurface solute dynamics. It has several advantages over other 
catchments. Firstly, and most significantly, it is \mpolluted by 
fertiliser application or sewage discharge. Secondly, London Clay 
catchments in the Portsmouth area were observed to have a wide flow 
regime, ranging from zero flow during summer 1973 to over bankfull 
stage in the 1973 - 197l| winter. West Walk flow was maintained during 
summer 1973 due to baseflow from the Bagohot Sand, Plateau Gravel and 
Interflow from valley-side deposits. Crest-stage recorders showed 
that high flows during the 19 7 3 - 1971+ winter were all below bankfull, 
probably due to the 'damping* of hydrograph peaks by forest 
interception and the artificial deepenirxg of natural channels. Thirdly, 
West Walk has greater relief and is topographically more suitable for 
the detailed study of subsurface processes than lower angle hillslopes 
of the clay catchments. Purthemore, areas of free-draining brown 
earth soils in West Walk were preferable to gleyed soils on clay
catchments.

However, it was thoa^t that the spatial diversity of vegetation 
and soils within West Walk m i ^ t  oomplioate the explanation of solute 
response and hence xoake modelling difficult* The sclution tc this 
problem of spatially varying response was a division into subcatchments. 
However, coD3>lexity of soils and vegetation even within a small area 
was likely to be such that a division into subcatohments would not
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completely elucidate the processes controlling: stream chemograph 
response. The solution to this problem might be an instrumented 
hillslope within one subcatchm.ent, with the aim of monitoring water 
and solute movement, and using collected data to model inflow to the 
channel. Soil catenary variations might still exist although 
vegetation variability could be minimised. The results from such an 
experiment would probably only be referable to the subcatchment scale 
at best and woiald not have general application at the total catchment 
scale. However, detailed knowledge of solute throughflow processes 
should provide information upon which physically realistic models of 
solute response could build.

Figure 3 . 1  shows how West Walk was firstly divided into three 
approximately equal sections by a f lme and weirs W1 and W2 on the main 
channel. Two east bank catchments were then defined by weirs I4. and 5«
A justification for this division will become apparent in the catchment
description which follows.

3 . 2  PHYSIOGRAPHY
Vest V!alk is a catchment 1.22 km long from divide to main gauging 

station, and 0.65 km in width at its widest point. It has an area of 
almost 0.6 km^ and 57 m relative relief. Table 3 .I gives the areas of 
other subcatchments.

Table 3.1 Catchment Areas

Vest Walk
Subcatchment 1 

(above VI)

Subcat chment 2 
(above W2 )

Subcat chment 3 
(above VI4)

Subcatchment U 
(above W5 )

Area (km ) 9é Vest Vi

0 . 59 8 8 7U 100

O.1650OO 2 7 . 5 5

0 .3 9 1375 65.35

0 .0 7 5 3 1 3 12.58

0 .0 7 2 9 3 8 12.18

(Areas planlmetered from map surveyed by staff and students 
of Portsmouth Polytechnic Geography Department)
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Catchment houndaxies were f i r s t  d e fin e d  from  the  map surveyed in  

1 9 7 5  s ta f f  and s tuden ts o f Portsm outh P o ly te ch n ic  Geography 
Department ¿nd subsequently checked in  the  f ie ld .  The main channel 
d ra in s  northr-vestw ards jo in in g  th e  southward flo w in g  R iv e r Meon in  
about 3 00 m etres. Catchment d ra inage  is  asym m etrica l w ith  a l l  the  
im p o rta n t t r ib u ta r ie s  e n te rin g  from  th e  east bank. In  cross se c tio n  
th e  catchment i t s e l f  is  a lso  asym m etrica l, th e  south-w est fa c in g  slopes 

be ing  much g e n tle r  than those  fa c in g  n o rth  and n o rtl> -e a s t.

Figure 3 . 2  gives slope angle frequency curves for comparing the 
steepness of subcatchment hlllslopes. The data was obtained by laying 
a grid of “lOO metre squares over the catchment map and calculating the 
slope angle for each intersection. Since the data is map—derived 
values are not absolutely correct and Figure 3*2 is beet used as a 
comparative tool. Subcatchment 1, at the head of West Walk has 26 % 
of its slopes greater than 12^ as compared to 12.^ 9̂  for West Walk, 
which would give the former a more rapid response if all other factors 
were equal. Curves for subcatchmente 1* and 5 show these to have a 
high proportion of gentle slopes, with maximum angles of 8.3 6 .2
respectively. This might reduce the response rate for these two 
catchments.

Using the same grid point method a rose diagram of slope 
orientation was constructed (Figure 3»3)« This shows that a high 
proportion of West Walk's slopes face between WNW and SW, while 
slightly less face between NNW and ENE. Since the prevailing winds 
are west south-westerly, south-west and west facing slopes might 
receive more rainfall than those in the opposing quadrant. 
Subcatchments 1* and 5 both fall dominantly in the south-west facing
category.

3 . 3  GEOLOGY

The s o lid  geology o f  West Walk is  dominated by Eocene d e p os its , 
namely London C lay and Bagshot Sand. R ive r and P la teau G ravel o f 
P le is tocene  age cover sm a lle r areas (F ig u re  3*U )* Table 3*2 g ive s  the 
percentage o f catchment areas covered by these d ep o s its .
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yiGDHE 3 .2 i SLOPE ANGLE FEEQOENCY CTRVES FOR WEST WALK SDBCATCHMEHTS 
(10^  C la ss  in t e r v a l s  u sed )
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London C lay

This formation is entirely of marine origin and consists of blue, 
trovn and grey clay, yellow and grey sanda and aandy loam, interspersed 
with pebble beds (Chatwin, I960). Its thickness is difficult to 
ascertain in the West Walk area, although sandy lenses are apparent in 
several parts of the catchment as zones of natural seepage. On the 
whole the London Clay is a poor aquifer, providing a good watertight 
basement to West Walk.

"Râ Hhot Beds
The t r a n s it io n  from  London C lcy  to  th e  o v e r ly in g  Bagshot Beds is  

and d i f f i c u l t  to  map. F ig u re  3*U, based on 1:10560 Geologxoal 

Survey o f G reat B r ita in ,  rep resen ts  a s im p lif ic a t io n  o f th e  tru e  
p ic tu re . The Bagshot Beds th in  northw ards across the  F orest o f Bare 
syn o lin e . W ith in  West Walk they c o n s is t o f ye llow -brow n fe rru g in o u s

with thin beds of laminated loam and grey clay. Thin pebble beds 
are also present in lenses from 0 .5  to 1.0  metres thick. The Bagshot 
Sand is not a good aquifer because of its low transmissivity and the 
fine-grained natiire of the sand#

P la teau  G ravel

Plateau Gravel consists of sub-angular flints mixed with flint 
pebbles and other materials derived from the Eocene deposits. It caps 
the Bagshot Beds in the uppermost part of the catchment forming a 
plateau at 90 -  95 metres O.B. The capping is about five metres in 
thickness and due to its resistance to erosion forms much steeper 
slopes than either the Bagshot Sand or London 01^.

R ive r G ravel

A small gravel deposit occurs near the catchment exit. It is 
probably a terrace of the Elver Mecn, formed during the Pleistocene.
It is of no great hydrological significance in West Walk.
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Table 3.2 Vest Valk: Percentage Geology

•
%

London
Clay

%
Bagshot

Beds
%

Plateau
Gravel

%
River
Gravel

West Walk 6U.73 27.1*2 7 . 3 5 0 .5 0

Subcatchment 1 38.73 1*2 . 5 1 1 8 .7 6 1 -

Subcatchment 2 3 8 .0 0 51.58 1 0 .1*2 -

Subcatchment 1* 7 9 .21* 2 0 .7 6 - -

Subcatchment $ 100.00 — - -

3.1* SOILS
The soils of the catchment axe complex owing to the variable 

lithology of the solid geology, the drift deposits, the variable 
topographic and drainage conditions, and the great variation in type 
and age of vegetation. P,F. Kay (1939) published 'A Soil Survey of 
the Strawberry District of South Hampshire', an area bounded by 
Southampton in the west, Southampton Water in the south, Wickham in the 
east, Swanmore and West End in the north. Althou^i the survey Just 
excludes Vest Walk some of the soils mapped by Kay are represented 
there, as shown by the results of a detsd.led soil suirvey of the 
catchment by staff and undergraduates of Portsmouth Polytechnic 
Geography Department in 1977 sud 1978 (about 75 % the area had been 
surveyed at the time this was written). After preliminary 
reconnaissance pits were dug at selected sites and samples taken from 
each horizon for laboratory analysis. A monolith was also taken from 
each pit. The following analyses were carried out on selected horizons 
fzDm each sites pErtlcle density; particle size; % organic carbon; 
exchangeable Ka, Ca and Mg; cation exchange capacity; pH and 
% moisture; Munsell colour was also recorded. Hesults of the analyses 
are shown in Appendix 1. These were used, in conjunction with a series 
of auger holes, to produce the soil map shown in Figure The
classification is essentially that lused by P.P* Kay (I939)i i*®» 
Podsols, Brown Earths and Clays and a description of each type
follows.
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A, Podsols and Podsolic Soils

These ere strongly influenced by geology, i.e, either Plateau 
Gravel or Bagshot Sand, and a fourfold subdivision has been made. The 
chief moi^hological characteristics of the podsols are (after Avery,
in Clark, I9U0):

(a ) th e  presence o f a bleached (g re y  la y e r) under the  surface  
raw humus; from  w hich v ir t u a l ly  a l l  fre e  iro n  has been removed 

by le a ch in g  w ater

(b ) th e  y e llo w  to  ru s ty  colou3?ed accum ulation la y e r  which 

fo llo w s  has a h i ^  con ten t o f iro n  end alum inium .

(i) Gravel Podsol
This corresponds with the Southampton Series of Kay (1939) and 

occurs on the Plateau Gravels (HP: this refers to an example profile 
given in Appendix I). Beneath litter (L) and a humus layer about 
5 cm deep (h ) is the grey eluviated mineral horizon (Ea) comprising 
gravel and interstitial sand up to about 75 cm depth. Below the Ea 
horizon is a layer of brownAlad^ translocated organic matter (Bh)
U to 1 5  cm deep. Below the Bh horizon is a layer of iron-cemented 
gravel and sand, orange-brown and grey (b /C) with a gradual transition 
to yellowish-brown loose sub-angular flints and sand. The whole 
profile is freely drained, althou^ water may be held up to a certain 
extent by the indurated B horizons. Acidity is very strong throughout 
ranging from pH 3.2 to 3.8. The presence of the exchangeable cations 
is directly related to the quantity of organic matter being highest 
in the H horizon.

(ii) Sand Podsol
This corresponds with Kay's Shirrell Heath Series and is derived 

Ixom the Bagshot Beds (IS). Eie soil is similar to that of the gravel 
podsol, except in the ahsenoe of the,snh-angular flints and the weaker 
induration of the B horizon. In places it contains blade rounded flint 
pebbles inherited from certain pebble beds of the Bagshot Sands. These 
pebbles are bleached in the A horizons. The daric raw humus H horizon 
at the surface is underlain by a dark grey humus-stained A, layer.
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containing bleached sand grains. Below this is a very pale grey sand 
of variable depth (Ea), although it may reach up to 75 cm« These A 
horizons tend to be loose and structureless.

Below the lies the dark humus-stained somewhat indurated Bh 
horizon. It is generally blackish at the top and coffee-coloTired 
below. The humus content is responsible for the cementation but this 
is not as great as in the gravel podsol. The Bh horizon is undulating 
in character and generally runs down in pipes into the Bs horizon 
below. The Bs layer is orange-brown in coloiir and is somewhat cemented 
and indurated by the accumulation of sesquioxldes from above. Below 
this lies the parent material, or C horizon, which is generally a 
coarse yellow-brown sand. The horizons are either strongly acid 
(pH to 1̂ .8) or moderately acid (E^ : pH 5« 5)* Exchangeable 
cations are present in hipest amounts in the H layer, with signs of 
Ha, Ca and Mg accumulation in the Bh horizon.

( i i i )  P o d so lic  S o il w ith  g ra ve l phaae

This has features of types (i) and (ii) with a hi£^ proportion of 
fine sand in the upper layers becoming coarser and more gravelly with 
depth (PP). It corresponds with Kay*s Salisbury Gravelly Fine Sand to 
Fine Sandy Loam derived from the Plateau Gravel.

■Hie L and horizons are esaentlally the same as for (ll) except 
that the coiitains fine sand and silt« This fine sand is also 
present in the Ea layer althoc«i> gravel has increased to 13 %• 
indurated B layer contains 67 % coarse sand and 20 9« gravel, the latter 
increasing to 1*1 Ji in the C horizon. Acidity Increases down profile 
from pH 5.6 in the A, layer to pH 1*. 2 in the B layer, falling eligiitly 
to pH l*.U in the C layer. Conversely the quantities of exchangeable 
cations generally decrease down profile with sllidit accumulations in 
the B horizon.

(iv) Podflolic Soil with Fe/aesauiorfda accumulation 
and/or gley^ng at depth

This is intermediate between the gravel podsol and the podsolic 
soil with gravel phase. Kay describes this as a podsolised/gley soil 
derived from Bagshot and Bracklesham Beds. Its nearest equivalent is
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the Netley Sand to Fine Sand. The example (HW) showed both the gravel 
and find sand contents to remain hig^ throughout the profile. However 
the lower layer, (Eb (B)) browner in colour than the grey Eb (A), 
showed a decrease in gravel and an increase in fine sand and silt. The 
major difference between this soil and the other podsols in the 
catchment is the presence of a clay accumulation in the B horizon, that 
is between about I4O and ?0 cm depth. Bluish mottles indicate 
occasional gleying. Exchangeable cation contents increase significantly 
in this Btg layer. The whole profile is strongly acid (pH U«2 to 4«3) 
althoTJgh the upper Eb layer is very strongly acid (pH 3»9)«

B. Brown E a rth  S o ils

A fovirfold sub-diviBion has been made depending upon the 
proportions of send and olay and »*ether gleylng or olay/sesquloilde 
acoumulatlon occurs at depth. There are three distinct characteristics 
tdiloh form the basic definition of brown earths (Avery, In Clarice,

191*0)»

(a) the soil has free drainage throughout the profile

(b) there is no vertical differentiation of silica and
sesquioxldes in the clay fraction

(c) there is no natural free CaCO^ in the soil horizon.

other morphological and cbemloal features may vary* thus the soil 
may be of any colour, but this colour Is more or less uniform 
throu^ut the profile} the degree of acidity may vary widely. A 
division is usually made Into aolla of low and h l ^  base status.

(i) Gravel-<uhase sanay brown earth
This is represented by a small area within SCI. Ho pits were dug 

and no detailed sedlmentologlcal or chemical Information Is available.

Its nearest equivalent In Kay's classification la the Warsash 
ttravelly Loamy Sand *d»loh Is derived from the K,ateau Gravel. In 
West Walk however the s o U  la thicker with a layer of grey-brown flinty 
loamy sand, 30 cm deep, overlying a brown gravel of sub-angular flints.
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(ii) Sandy brovn eaxth with gleylng at depth

This is equivfiJ.ent to Kay*s Bursledon Fine Sandy Loazo (OW) and is 
derived from non-calcareous sands of the Ba^hot Beds. The A horizon 
is a grey to pale hrown fine sandy loam, stoneless and structureless 
Becoming stiffer with depth. It becomes darker brown in the B horizon 
and shows slight drainage impedance towards the base of the layer, as 
indicated by occasional grey and reddish-yellow mottlings. Demarcation 
between horizons is generally veiy indistinct. The soil appears 
moderately alkaline (pH 8.5 - 8.8) for the first 3 cm, this probably 
being due to the presence of bases from leaf litter. The soil is 
slightly alksJ.ine from 3 cm, then becoming strongly acid
(pH U.8)« Cation exchange capacity contradicts the pH trend, total CEO 
increasing with depth, and some doubt must be placed upon these 
chemical aneJ.yses.

(iii) Clavev. ffravel-nhase brown earth
This no direct equivalent in Kay*s classification. It occurs 

on south-west facing slopes at the head of the catchment where gravel 
and sand has moved downslope from the Bagshot Beds and Plateau Gravel 
(JA). Below the H humus layer is a daric coloured horizon about $ cm 
thick containing humus and mineral matter. From 10 to 23 cm there is 
an orange-brown layer of coarse sand and gravel. The interstitial 
sandy material gives way to a higher clay and silt fraction after 
about 23 cm. Here the gravel comprises angular and sub-angular 
material from the Plateau Gravel, small black rounded flint pebbles and 
large pieces of Indurated sandstone from the Bagshot Beds. Below about 
90 cm the C horizon is an orange-yellow silty-clay loam derived from 
the London Clay. There is also strong catenary development, the gravel 
and sand deposits being thickest near the base of the valley side and 
thinning gradually to the divide. This catenary variation is reflected 
in the exchangeable contents of the soil. Na, K, Ca and Mg all 
decrease in availability downslope, reaching minimum values throu^out 
the profile at about 15 m from the slope base. Thereafter cation 
exchange capacities rise dramatically, showing a considerable reservoir 
in the hydrological contributing area adjacent to the channel. The 
soil ranges from moderately acid (pH 5-1) to very strongly acid 
(ifi 3.5) although this masks catenary variation. Acidity is highest 
throughout the soil depth at 15 m and 75 m upslope which Inversely
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correlates with the availability of exchangeable cations. In general • 
high acidity and low exchangeable cations are associated with the 
maximum depth of sand and gravel about 15 m upslope. Conversely, lower 
acidity and h i ^  exchangeable cations are found at the base of the 
elope in association with higher clay contents.

(iv) Glavev-brown earth with clav-sesQuioxide 
and/or gleying at depth

Again this sub-type has no direct equivalent in Kay*s 
classification. It covers areas of the middle and lower catchment 
(SB/SC) and has some within-sub-type variability of physical and 
chemical properties. Below the H layer there is a grey-brown B layer 
of variable depth composed predominantly of clay and silt, although 
percentages of fine and coarse sand increase with proximity to the 
Bagshot Beds. The B/C layer is characterised by either:

(i) reddish-brown and grey mottling, and grey ped faces 
due to occasional waterlogging; the extent of this gleylng 
depends on the duration of waterlogging;

or, (ii) accumulation of translocated clay and sesquioxides.

Cation exchange capacity depends upon the amount of humus and clay 
present, usually decreasing with depth, but increasing towards B/C
layers.

Acidity follows this trend. Increasing slifi^tly with depth 
(moderately acid, increasing from 5« 5 to 5*3 in profile SC) but
decreasing in the B/C layers (slightly acid, 6.6). There is also a 
general tendency for acidity to decrease away from the Bagshot Beds as 
the percentage sand deoreaises.

C. G^eved Soils
These represent soils in which the profile morpholofiar reflects 

periodic waterlogging. Where pore or ped spaces axe filled by water 
containing dissolved organic substances, reduction and solution or iron 
compounds occurs with the aid of anaerobic bacteria. The evidence of 
gleying is the presence of bluish-grey rusty or yellowish spots or
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mottling. Two types of gley soils are present.

(i) GroTand Water Gley
This is derived entirely from the upper and more sandy beds of 

the London Clay or it may occur where there is a wash of Bagshot Sands 
and/or Plateau Gravels over the London Clay. Ihrainage is generally 
free in the upper layers but becomes impeded with depth. This type 
occurs in the valley bottoms adjacent to the streams and corresponds 
with Kay‘s I'itchfield Gravelly loam and Gvanmore loam to clay-loam, the 
latter containing a lower percentage of gravel (MJ). The srarface soil 
is a brownish-grey medium to heavy loam, generally rust mottled and 
structureless with varying proportions of gravel. Below, the soil 
passes into clay loam and then clay, which is grey and orange-mottled 
in colour. Exchangeable contents vary with the percentage clay 
content; that is, relatively h i ^  in the A horizon, lower in the Ag, 
but higher again in the G layer. Acidity increases with depth from 
pH 5 .2 6  at 6 cm to pH 1+.9 at cm.

0

(ii) Surface Water Gley
This is restricted to a small area of sub-catchment 1 where water 

appears to seep from a flat area just below the Bagshot Beds. No 
detailed profile analysis is available.

The ten eoil types described are the result primarily of 
superficial and solid geology, as emerges from Figure 3«U. Past 
climatic conditions have probably influenced the re-distribution of 
these deposits, particularly downslope by freeze-thaw processes, and 
profile developmmt. Vegetation provides varying degrees of shelter 
and s\q>plies nutrients and organic matter, »diile topography partly 
controls aspect and soil drainage.

3 .5  “VEGIiTATION
The vegetation of West Walk is mainly represented by planted tree 

species with considerable variation in age. The oldest trees are Oaks 
fOneroue robur^. the only remnants within the catchment of the port- 
H^oleonio replanting of the Forest of Bare. These, planted In 1828, 
are situated near the catchment outlet (see Figure 3.5). Heplantlng
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mottling. Two types of gley soils are present.

(i) Ground Water Gley
This is derived entirely from the upper and more sandy beds of 

the London Clay or it may occur where there is a wash of Bagshot Sands 
and/or Plateau Gravels over the London Clay. Ihrainage is generally 
free in the upper layers but becomes impeded with depth. This type 
occurs in the valley bottoms adjacent to the streams and corresponds 
with Kay*s I'itchfield Gravelly loam and G.̂ ranmore loam to clay-loam, the 
latter containing a lower percentage of gravel (MJ). The surface soil 
is a brownish-grey mediTam to heavy loam, generally rust mottled and 
structureless with varying proportions of gravel. Below, the soil 
passes into clay loam and then clay, which is grey and orange-mottled 
in colour. Exchangeable contents vary with the percentage clay 
content; that is, relatively high in the A horizon, lower in the Ag, 
but higher again in the G layer. Acidity increases with depth from 
pH 5 .2 6  at 6 cm to pH 1|.9 at 1*5 cm*

(ii) Surface Water Gley
This Is restricted to a small area of soh-catohment 1 where water 

appears to seep from a flat area just helow the Bagshot Beds* 
detailed profile analysis is available.

No

The ten soil types described are the result primarily of 
superficial and solid geology, as emerges from Figure 3.U. Pas'k 
climatic conditions have probably influenced the re-distribution of 
these deposits, particialarly downslope by freeze-thaw processes, and 
profile development. Vegetation provides varying degrees of shelter 
and supplies nutrients and organic matter, while topography partly 
controls aspect and soil drainage,

3 .5  lyEGLTATION

The vegetation of West Walk Is mainly represented by planted tree 
species with considerable variation in age. The oldest trees are Oaks 
(5BOTçu8_robyr), the only remnants within the catchment of the post- 
H^oleonlc replanting of the Forest of Bere. These, planted in 1828, 
are situated near the catchment outlet (see Figure 3-5). Eeplantlng
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between I928 and 1936 is now represented only by Isolated stands of Oak, 
Scots Pine (Pinus sylvestrls) and Corsican Pine (Pinus nigra var. 
Corsicana) on the Forestry Connnission land. Little change occiarred 
between the mid-1930*s and 1969*s, apart from the planting of Corsican 
Pine (19J46) and Norway Spruce (Plcea ables). Japanese Larch (Larix_ 
lentolenis) and Oak (1955) ^7 ‘the Forestry Commission. The period 
i960 - 1 9 7 5 wan a time of considerable change in West Wsdk.
Clearance of the mat\jre oak stands and replacement with q\iicker growing 
Western Hemlock (Tsuga heteronhylla) and Corsican Pine notably in the 
lower part of West Walk, exemplified the Forestry Commission’s accent 
on economic management. The Rookesbury Estate also placed an emphasis 
on economic land use at that time, not only replanting but later (1975) 
leasing part of the catchment for sand extraction. While the private 
estate maintains a policy of commercial land management, the Forestry 
Commission have recently begun to place greater emphasis upon planting 
for recreational and amenity purposes. Large plantations of Oak and 
Japanese Larch (1972 - 1973), blended with older species in the centre 
of West Walk, exemplify this policy.

In addition to the planted species, Birch (Betula verrucosal grows 
naturally over much of the catchment, althou^i mainly in the valley 
bottoms. A considerable ground flora also exists with bracken 
(Pterldium acuilinum). subordinate bramble' (Bubus sp. ) and grasses 
(mainly Agrostis sp. ) on the drier elopes and rushes (Juncue s r . ) near 
the stream channels.

The age and maturity of the tree species within West Walk can be 
expected to influence the hydrological and hydrochemical response of 
Vest Walk. Clearly the more mature the cover the greater the 
Interception and stemflow times and hence the slower the channel 
response. This factor also varies seasonally depending on vdiether the 
trees are evergreen or deciduous. The amount of évapotranspiration 
also depends upon the type and maturity of the species and therefore
affects the water balance.

The vegetation partioipatee in the circulation of nutriente and 
henoe the hydrochemietry. Nutrients are taken iqi from the soil in 
solution and returned in the form of leaf litter, twigs and branches.
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As the litter decomposes throu^all leaches the nutrients and carries 
them into the soil, although the amounts depend upon the intensity of 
thronghfall, which in t m m  depends upon the density and species, i.e. 
evergreen or deciduous. Throufi^all and stemflow themselves contribute 
nutrients to the soil surface, the amount of these depending upon the 
tree species and the time of year (Madgwick and Ovington, 1959). The 
considerable species diversity at Vest Walk together with the wide 
range in age and maturity might be expected to produce considerable 
spatial and temporal variation in the nutrient content of throughfall 
and leaf litter. Clearly a simple division into sub-catchments with 
\miform age and species is difficult.

The age structures for the main tree species at Vest Walk are 
Bhovm in Figure 3.6. This shows that Oak is the dominant tree species 
with 18.33 % planted since I968. Interception in these young 
plantations is likely to he low and infiltration higher (Oak matures 
relatively slowly when compared with, say, Western Hemlock). Western 
Hemlock covers IU.5 % of the catchment and forms a dense, mature cover 
over part of the lower catchment. By isolating sub-oatohments U and 5 
as shown in Figure 3.5, catchments with h i ^  proportions of a single 
age and species are identified. Four year old Oak dominates SCU (50 %) 
and sixteen year old Western Hemlock dominates SC5 (82.9 % )  giving an 
interesting contrast in type (deciduous/evergreen) and probable 
interception losses (Figure 3.6). Since definition of other nearly 
homogenous areas is very difficult there is some benefit in 
dichotomising into either evergreen or deciduous species when 
considering seasonal variations in throué^all.

3 .6  CLIMATE

Althou^ only rainfall data is available for West Walk considerable 
climatological data is available for the Portsmouth area and some 
generalised comments are possible.

The catchment has a neai>ooastal location rtach would produce 
relatively mild temperatures when taken in the British Isles c^text.
The mean annual temperature (1931 - I960) for Southsea Common (2 m OB) 
is given as 11.1®c, with equivalent maximum and minimum values of 
1U.2°C and 7.9°C respectively (Harrison, 1976). Temperature differences
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As the litter decomposes throu^ifall leaches the nutrients and carries 
them into the soil, although the amounts depend upon the intensity of 
throughfall, which in turn depends upon the density and species, i.e. 
evergreen or deciduous. Throu^all and stemflow themselves contribute 
nutrients to the soil surface, the amount of these depending upon the 
tree species and the time of year (Madgwick and Ovington,1959). The 
considerable species diversity at Vest Walk together with the wide 
range in age and maturity might be expected to produce considerable 
spatial and temporal variation in the nutrient content of throughfall 
and leaf litter. Clearly a simple division into sub-catchments with 
\mifoim age and species is difficult.

The age structures for the main tree species at West Walk are 
shown in Figure 3.6. This shows that Oak is the dominant tree species 
with 18.33 % planted since I9 6 8. Interception in these young 
plantations is likely to be low and Infiltration higher (Oak matures 
relatively slowly when compared with, say. Western Hemlock). Western 
Hemlock covers lU.5 % of the catchment and forma a dense, mature cover 
over part of the lower catchment. By isolating sub-catchments k and 5 
as shown in Figure 3*5, catchments with hifî i proportions of a single 
age and species are identified. Four year old Oak dominates SCi* (50 %) 
and sixteen year old Western Hemlock dominates SC^ (82.9 %) giving an 
interesting contrast in type (deciduous/evergreen) and probable 
interception losses (Figure 3-6). Since definition of other nearly 
homogenous areas is very difficult there is some benefit in 
dichotomising into either evergreen or deciduous species when 
considering seasonal variations in throu^^ifall.

3 .6  CLIMATE
Althou^ only rainfall data ifl available for West Walk considerable 

climatological data is available for the Portsmouth area and some 
generalised comments are possible.

The catohment has a near-coastal location rfiioh would produce 
relatively mild temperatures when taken in the British Isles crateit.
The mean annual temperature (1931 - 1960) for Southsea Common (2 m OD) 
is given as 11.1“C, with equivalent maximum and minimum values of 
1U.2°C and 7.9°C respectively (Harrison, 1976). Tei.çeratur. differences
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have heen found "between Southsea Common and an inland site (Butser Hill 
268 m OD) which sijggect mean lapse-rates of 10.5^C and 7*8 C per 
1000 m increase in elevation. These are far in excess of the commonly 
adopted lapse-rate in mean temperature of 6.5°C per 1000 m (Harrison, 
ibid) and-suggest that the mean anniial maximum and minimum temperatures 
for the top of West Walk might be given as 13.3°C and 7«2°C 
respectively. Such figures could not be eai)ected to apply to the whole 
catchment, since microclimate would vary with the vegetation cover.
Short term differences m i ^ t  also include an inversion effect with 
hi^er temperatures at the head of the catchment than at the exit.

Cloudiness is important in calcTolating evaporation and hence the 
water balance for a catchment. There is an eastwas.*ds decrease in hours 
of sunshine along the south coast, Southsea having a daily mean of 
U.8 hours ( 1 9 3 1 - 1960 average) with a monthly maximum of 7*85 hours in 
June and minimum of 1.78 in December (Harrison, ibid).

The distribution of wind direction for Thomey Island
immediately east of Southsea shows that 58 % of the recordings at 
0900 cm  fall between 200° and 3^0°, a figure which compares very 
closely with other south of England stations and emphasises the 
westerly component of airflow (Atlas of Portsmouth, 1975? Harrison, 
ibid). This is particularly interesting because a h i ^  proportion of 
the catchment faces between 200° and 3*15̂ • dominance of the
westerly wjnds also serves to increase the amount of sodium chloride in
rainfall.

The early 1 9 7 0 *s has been a period of drier than average years and 
this can be shown by reference of annual totals to the long term annual 
mean for Southsea Common (Table 3.3). Only ^̂ lk and 1977 temporarily 
reversed the trend to’.̂ ards drier than average conditions.

Table 3.3: Deviation of An^ îal Rainfall from the 1916 - 1950 Average 
for Southsea Common (705.6 mm)

1 9 7 2 1 9 7 3 19 7U 1 9 7 5 19 7 6 1 9 7 7

Cumulative _ iJiJi 2 
Deviation " - 2 2 3 .2  + 1 8 3 .u - 1I1 . 3 - 1 3 7 + 3 0 .2
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Rainfall data are available for West Walk between 197^ and 1977, 
three very dry years which are not representative of long term 
conditions. Harrison (ibid) suggests that annual rainfall increases by 
15 0 mm for every 100 metres elevation giving West Walk an estimated 
long teim mean annual total of 837« 6 mm. The mean annual figure for 
the period 1975 - 19 7 7 (heavily biased by the 1975 - 19 7 6 drought) is
7 6 0 .5  BMEf and the monthly figures axe shown in Figure U»15 (Chapter 1|). 
This clearly shows how actual monthly rainfall fell below the estimated 
mean monthly totals from October 1975 until October 1976, when twice 
the average fell. Low rainfall coupled with hig^ temperatures (from 
Jtjxie to August the maximum temperatures for Southsea Common were above 
20°C, 79 days out of 92) caused considerable actual evaporation and a 

gfi Boil moisture to accumulate in West Walk.

West Walk catchment was chosen for research into surface and 
subsurface solute dynamics in South Hampshire for reasons stated in the 
introduction. It was hoped that a division into subcatchments would 
help in studying spatially vaiying solute response and that an 
intensively instrumented hillslope experiment would enable modelling of 
the fundamental mechaniins of solute transport in throu^iflow. The 
next chapter outlines the techniques used for water data collection at 
the catchment scale (rainfall and streamflow), preliminary treatment of 
the data and describes catchment hydrology during the period of study 
(July 1 9 7 5 to June 1977)*
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have teen fovind tetween Southsea Common and an inland site^(Butser Hill 
268 m OD) which suggest mean lapse-rates of 10.5°C and 7-8 C per 
1000 m increase in elevation. These are far in excess of the coMsonly 
adopted lapse-rate in mean temperature of 6.5°C per 1000 m (Harrison, 
ihid) and.suggest that the mean annual maxJrmm. ^ d  minimum temperatures
for the top of West Walk mlsdit he given as 13.3°C and 7.2 C 
respectively. Such figures could not be expected to apply to the i*ole 
catchment, since microclimate would vary with the vegetation cover.
Short term differences mi^t also include an inversicn effect with 
ĥ ê ,p■r temperatures at the head of the catclmient than at the exit.

Cloudiness is important in calculating evaporation and hence the 
water balance for a catchment. There is an eastwar-ds decrease in hmirs 
of sunshine along the south coast, Southsea having a daily me^ oi 
U.8 hours (1931 - I960 average) with a monthly maxim^ cf 7.85 hours in 
June and minimum of 1.78 in December (Harrison, ibid).

The annual distribution of wind direction for Thomey Island 
iimnedlately east of Southsea shows that 58 %  of the recordings at 
0900 cm fall between 200° and 3U0°, a figure which compares very 
closely with other south of England stations and emphasises the 
westerly component of airflow (Atlas of Portsmouth, 1975l Har^son, 
ihid) This is particularly interesting because a h i ^  proportion of 
the catchment faces between 200° and 315°. dominance of the
westerly winds also serves to increase the emount of sodium chloride in

rainfall.

The early 1970-a has been a period of drier than average years and 
this can be shown by reference of annual totals to the long term a^ual 
„ean for Southsea Conmon (Table 3-3). Only 197U end 1977 temporarily 
reversed the trend tov-ards drier than average conditions.

Table 3.3: Ttoiriatlon o<~ Annual Rainfall from the 1?16 - J; 
rnv Southaea Common (70*̂ . 6 mm)

1 9 7 2 1 9 7 3 I9 7U '•975 '•976

Cumulative _ 1l4U«2 - 223.2 + 183»U - * '•37
Deviation

Avere

69



Rainfall data are available for Vest Walk between 1975 and 1977» 
three very dry years which are not representative of long term 
conditions. Harrison (ibid) suggests that annual rainfall increases by 
15 0 mm for every 100 metres elevation giving West Walk an estimated 
long term mean annual total of 837.6 mm. The mean annual figure for 
the period 1975 - 1977 (heavily biased by the 1975 - 1976 drought) is
7 6 0 .5  ™ti» and the monthly figures are shown in Figure U«15 (Chapter U). 
This clearly shows how actual monthly rainfall fell below the estimated 
mean monthly totals from October 1975 until October 1976» when twice 
the average fell. Low rainfall coupled with hiĝ i temperatures (from 
June to August the maximum temperatures for Southsea Common were above 
20°C, 79 days out of 92) caused considerable actual evaporation and a 
h i ^  soil moistxire to accumulate in West Walk.

West Walk catchment was chosen fo r  research  in to  su rface  and 
subsurface so lu te  dynamics in  South Hampshire fo r  reasons s ta te d  in  the  
in tro d u c tio n . I t  was hoped th a t a d iv is io n  in to  subcatchments would 
h e lp  in  s tu dy in g  s p a t ia lly  v a ry in g  so lu te  response and th a t an 
in te n s iv e ly  instrum en ted  h ills lo p e  experim ent would enable m o d e llin g  o f 
the  fundam ental mechanisms o f s o lu te  tra n s p o rt in  th ro u ^ ^ lo w . The 
next chap te r o u tlin e s  the  techn iques used fo r  w ater d a ta  c o lle c tio n  a t 
th e  catchment sca le  ( r a in fa l l  and s trea m flow ), p re lim in a ry  trea tm en t o f 
th e  da ta  and describes catchment hydro logy d u rin g  th e  p e rio d  o f study 

(J u ly  1 9 7 5 to  June 1977).
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SECTION 2

SURFACE WATER SOLUTE DYNAMICS IN WEST WALK

CHAPTER U: WATER DATA COLLECTION AND PRELIMINARy TREATMENT

CHmER_2; TECHNIQUES USED IN THE SAMPLING AND ANALYSIS OP WATER

CHAPTER 6: AN ANALYSIS OP SURFACE WATER SOLUTE DYNAMICS IN 
WEST WALK CATCHMENT:
I; t h e r e g u l a r l y s a m p l e d d a t a (RSD)

CHAPTER 7: AN ANALYSIS OP SURFACE WATER SOLUTE DYNAMICS IN
WEST WALK CATCHMENT:

• II: THE STORM SAMPLE DATA (SSD)

CHAPTER 8: THE SOLUTE BUDGET
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CHAPTER h
WATER RATA COLLECTION AR3) PRELIMINARY TREATMENT

1̂ .1 IHTRODITCTION

Rainfall and streamflow are agents of transportation of dissolved 
substances which form the input to and output from the catchment 
system. Their continuous measurement through time achieves high 
importance in the modelling of solute recponse, understanding of solute 
behavioui^ and confutation of catchment solute budgets.

k.2 STREAMFLOW GAUGING

The locationcJ. requirements for measurements of streamflow have 
been discussed in the previous chapter (see Figure Suitable
channel sections were chosen, stirveyed and channel roughness assessed. 
During the winter and early spring of 19 7 3 - 19 7U maximum water levels 
were obtained using crest-stage gauges similar to those described by
K.J. Gregory and D.E. Walling (1971)»

Table It. 1: Survey Data for Structure Design at West Walk

Structure
Gradient 

1 1 X
Manning's

n
5ydraulic

Radius
m

Q
l/s

*QPiAX
l/s

SCI 18.88 0.025 0.05U 52 116

SC2 0.03$ 0.097 130 27U

West Walk 26.65 0.03$ 0.106 13U U20

scu 30.2 0.03$ 0.056 25 53

SC5 28.17 0.035 0.067 20 51

See equation (U*l)

These data were used to compute the corresponding approximate 
channel discharge by the Manning equation as shown in Table l̂ .l. 
Inaccuracy may stem 11?^ the vlErual estimation of the value of *n* 
(Powell, 1979).
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At this stage the prohabillty of these values being exceeded during the 
period of study was unknown, so a comparisou was luade with 'peak* 
discharges computed from the equation,

where Q = discharge (l/s) 2
A = catchment area (km )

(U.1)

This equation was used by the then Hampshire River Authority for 
predicting peak flows from small clay catchments; it was likely to 
over-estimate flows for a forested catchment such as West Walk. Values 
obtained by the method are much in excess of those estimated by the 
Manning equation. The ability of a structure accurately to measure the 
lower range of flows is also very lnq>ortpnt, since these comprise a 
high percentage of the flow duration curve. Estimation of low flows 
was not possible for Vest Walk due to a lack of data. The high 
percentage of London Clay however, together with forest cover, seemed 
likely to produce low flows during late sinmner and early autumn. This 
assunq)tion was confirmed during the 19 7^ drought when flow from the 
catchment ceased completely. The measurement of channel flows over a 
large range of discharge was a problem. However it was decided to 
construct a series of V~notch weirs for the sub-catchments and a 
critical depth flume for the main catchment outlet.

A. Vest Walk! Rectangular-throated Flume

(a) Design and Construction

Several types of structure were considered for the complete West 
Walk catchment. Amongst these the favourites were the trapezoidal and 
rectangular-throated flumes. The foxmer is particularly suited to 
large installations where it is desired to measure a wide flow range. 
The rectangular-throated flume is appropriate for use in small and 
medium size Installations, without a bottom hump where the flow is 
silt-laden (BS368O, Part Uo, 197U)« It was considered that the 
trapezoidal-throated flume would be mere congplex to construct and 
difficult to accommodate in the channel than a rectangular-throated 
flume.
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A rectangulaivthroated flinne without a hottom hump was designed 
for a of 42O l/s and of 3.5 l/s. It had the desirable
property that large quantities of silt and leaves would not be 
deposited in the approach section. Design drawings were completed in 
November 1971+ and a decision made to construct the flume ftom 
fibreglass reinforced plastic (Figures 1+.1, U»2). This had the 
advantage of being cheap to build, smooth and hard wearing, and 
relatively lij^t and easy to install. A male half-mould was 
constructed from marine-plywood (Figure 1+.3); the two halves of the 
flume were formed separately with a minimum of four laminations. The 
sides were reinforced with a series of stiffeners (map tubes sliced 
lengthways^ and subsequently glassed in. The halves were bonded at 
the base and the complete flume cleaned, primed and coated with 
polyurethane yacht vaurnish. Eight threaded cross bars were added to 
the top of the structure to give strength and allow fine width 
adjustment. The flume was installed in May 1975 together with a Munro 
vertical drum, continuous chart recorder (modified to take a fibre tip 
pen) moianted over a concrete stilling-well, with horizontal pipe 
connection to the flume. Design, construction and installation 
specifications conform to BS368O Part 1+C, 197̂ + (see Figures 1+. 1, i+.2). 
Concrete was used to seed the upstream join between flume and channel 
cross-section. The initial zero setting of the recorder was achieved 
by plumbing the depth from the flume top to the level of the throat 
and water level, and setting the pen accordingly. Pliambing was 
midertaken inibially at monthly intervals to check for possible 
settlement and then at interveds of four months.

(b) Discharge Calculation

The basic discharge equation for rectangular-throated flumes is 
(BS3680 Part 1+Cf I9 7W ,

where

4 = ( #  8 Cj, (■V2)

(1 - 2 ̂  i ) (1 - A *
Í L b ' ' L h ̂

(the coefficient of discharge)
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FIGDHE li.3

Ifotes for Figure lx. 3

1, Mould: to be manufactured from 9 (•§") marine plywood
2, Mould: allow for laying up of left and rig^t hand halves of flume
3, PLY to be screwed to (lÿ') sq. pan softwood as necessary 
1|. Side(s) to be square to base
5. Badii can be laminated to form accurate curve
6. All edges to be kept * sharp*
7. Half basé (one each side) to be kept straight and flat 
8« Finished mould to be sanded smooth after filling

all joints and screw heads
9, Finished mould to be coated with polyurethane varnish 
10« £nds of mould can be filled or left open
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where L s length of the prismatic section of
the contraction (m)

= flow boimdazy displacement due to 
boundary layer effects (m) 

b ss width of throat (m) 
h s gauged head (m) 
g ss gravitational acceleration (ms” )

(C y4- 1) = 2 (b -  2 > * ) (h -  >«) Cy
^  B h

(the coefficient of velocity)

In practice Cy was obtained from Table 1 of BS 368O; with b/B = 0.27 
and h ^  + p = 1.0, Gy. = 1.0169. Particular attention was paid
to providing a smooth finish to the flume, achieving a roughness value 
of Kg = 0 .0 3 mm; thus bn̂ /h = 0.003 satisfying the requirement: 
10^>LA3>U000, (l»Ag = 3*3 3C 10^) and Reynolds n\zmber >  2 x 10^ 
(Re = 9 .1+ X 10® (at 3*5 l/seo) and 2.1 x 109 (1̂ 20 l/sec) at 
20°C); thus.

b̂ + 0 .00l*L
b_____(h - 0.003)^
n  nnl.T./ V V» /

(U.5)

The theoretical eq\iation for discharge at West Walk fliime is therefore.

h - O.OO^ji^. I 0 .7 3 0 8 ar (U.6)

Current meter calibration of the flume was undertaken during 1975 and 
19 76 using an Ott mini-current meter. A stage-discharge relationship 
is shown in Figure k»ht with the theoretical line superlaqposed. Ruling 
19 76 the flow fell below the design drou^t of 3*5 1/b and the flow 
ceased; at these low discharges flow wan measured by bolting a ̂ 90^
V—notch weir to the upstream face of the structure (bolts had been 
built in during construction), recording the head and oaloulatlng the 
discharge by the standard V-notch formula (see later in this chapter). 
Discharge was also recorded volumetrloally, by oatchinfiT water pouring 
over the notch in a bucket and making a direct measurement. There
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appears to be some deviation from the line In the range O.Ol; - 0.06 m, 
although generally the fit is good; imfortimately no current meter 
observations were made above h « 0.13 m (3^ l/s). To check for a 
significant difference between field-measured discharges, with the 
given values of h, and their equivalents calculated by equation I4.6, a 
Zolmogorov-Smimov test was used (Siegel, 19^6; p. 27)* This showed 
no difference between the two data sets, actual and calculated, thus 
upholding use of the theoretical equation. The null hypothesis was 
that no significant difference existed between the two distributions 
(Ho) .  a  maximum difference, of at least 10 was required to
establish a significant difference at the 1 % level. Since the * 3 
the null hypothesis (Ho) was accepted.

(c )  Assessment o f E rro rs  in  gauiring

The ‘error’ is defined as the difference between the actiial rate 
of flow and that calculated in accordance with equation (1̂ .6). 
'Tolerance' is defined as the deviation from the true rate of flow 
within which the measured flow is expected 95 times out of 100 (BS368O 
Part UC, 197U)* tolerance is estimated with a combination of
errors from the various sources; full details are given in BS 36 8O 
(ibid).

Tolerance on the flow rate is calculated from.

X «=

%^ere s 0 % error in CyCjj

*b = % error in b
% error in h

X  = 1.0 for a rectangular throated fl\mie
^ = a coefficient

X s 0 i 1 + 20 (Oy - Cj,) Jé

* b “ 100 (ê /̂b)

100 (e^,2 + ®h2^ ••• +

( it .  7 )
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where ê  =
e s

® hV ®h2

error in width measurement 
error in zero setting 
errors in head measurement 
error of the mean of a series of the 
head measurement

Tolerance, X, is not single-valued for a given flume, but varies with 
discharge. Percentage errors are thus calculated for values of h from 
0.01 to 0.75 metres; details are shown in Table i+.2.

Error in the width measurement is assessed as 2 mm, althou^ this 
may vary slightly with temperature and earth settlement around the 
flume. The pen is zeroed to within h = 1 mm of its true value. The 
accuracy of the head series depends upon the type of chart trace (fibre 
tip pen gives a fine line about 0.2 mm thick) and the method of reading 
the trace; the latter was by digitisation and the total head 
measurement error was assiamed to be 3»0 mm. It can be seen that the 
percentage error Increases rapidly for flows less than about 7 l/®i 
decreases rapidly with increasing discharge and stabilises to about
2,0 % above about 1*0 l/s. It is th\is important to realise that gauging 
errors of around 10 %  and possibly hl^er occurred during low flows in 
the dro\]ght of 1976.

5
B. V -no tch  V e irs

(a ) Desian and C o n s tru c tio n

A decision was made to instal V-notch weirs at the remaining four' 
selected sites. These have the advantage of very accurately measuring 
the lower range of flows, owing to their greater, sensitivity. Three 
90® V-notoh weirs were already available for installation; these were 
constructed from 3 mm thick mild steel plate, strengthened laterally 
with steel angle-iron; the notch was bevelled at 60® as described in 
BS368O, Part I4A (1 9 6 5). These three plate weirs were to be installed 
in subcatcfaments 1, 2 and 5 8*̂  ̂ V—notch weir specially built
for subcatchment U; here the structure was built specifically for the 
range of flows es^ected, while in the other oases availability and 
economy ruled the decision. Structure dimensions and the range of 
flows accommodated are given in Table
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Table ii. 3t Y~notch veirs installed at Vest Valk

Sub-
Catchment

Angle

(3>ee)

Height

( W "

Haxtmum
Possible

Plow
(l/s)

Minimum
Possible

Head
(m)

Plow

(l/of

1 90° 0 .3 2 2 3 81 . 3 1 0 .0 5 0 .8 0 3

2 90° 0 .3 0 6 3 7 1 . 5 7 0 .0 5 0 .8 0 3

k 4-90° 0 .3 8 2 0 6 2 . 1 5 0 .0 5 0 .1I06

5 90° 0 .2 1 5 5 2 9 .9 5 0 .0 5 0 .8 0 3

* vertical line from apex of V-notch to
horizontal top of plate

^ from BS368O, Part 1*A (19 6 5)

There are obvious disparities between the values of maxlmuni 
discharge expected (Table 1|.1) and those that can be accommodated 
(Table U.3). This is because, as already stated, weirs 1, 2 and 5 were 
acquired from another experiment and only weir U was specifically 
designed for its location. In retrospect only weir 2 was overtopped 
during the period of study, and even then only twice. The maximum 
values quoted in Table have, with the possible exception of weir 2, 
return periods greater than two years.

The structures were cleaned, de-rusted with 'Jenolite', coated 
with metal chlorate primer and two coats of bituminous paint before 
installation. Site conditions were as near as possible to those 
described in BS368O, Part I4A p. 13)* iSlots were dug in the
banks at each site and the structures hammered home and well grouted 
with clay. Paving stones were laid below each weir to eliminate 
cavitation. It was later discovered (notably during summer 1976) that 
leaks were occurring due to the shrinkage of clay around the plates, 
and repairs made.
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Table U.3: V-notch velrs installed at Vest Walk

Sub-
Catchment

Angle

(Deg)

Hei^t

( W “

Mecrimum
Possible

Plow
(1/b)

Minimum
Possible

Head
(m)

Plow

(l/of

1 90° 0 .3 2 2 3 8 1 . 3 1 0 .0 5 0 .8 0 3

2 90° 0 .3 0 6 3 7 1 . 5 7 0 .0 5 0 .8 0 3

k i-90° 0 .3 8 2 0 6 2 . 1 5 0 .0 5 0 .1*06

5 90° 0 . 2 1 5 5 2 9 .9 5 0 .0 5 0 .8 0 3

* vertical line from apex of V-notch to
horizontal top of plate

^ from BS368O, Part 1|A (19 6 5)

There are obvious disparities between the values of maximum 
discharge expected (Table 1|.1) and those that can be accommodated 
(Table is becaxise, as already stated, weirs 1, 2 and 5 were
acquired from another experiment and only weir 1| was specifically 
designed for its location. In retrospect only weir 2 was overtopped 
during the period of study, and even then only twice. The maximum 
values quoted in Table 1|.1 have, with the possible exception of weir 2, 
return periods greater than two years.

The structures were cleaned, de-rusted with *Jenolite', ooated 
with metal chlorate primer and two coats of bituminous paint before 
installation. Site conditions were as near as possible to those 
described in BS368O, Part l̂ A (19 6 5, p. 13)* ^ots were dug in the 
banks at each site and the structures hammered home and well grouted 
with clay. Paving stones were laid below each weir to eliminate 
cavitation. It was later discovered (notably during summer 197^) that 
leaks were occurring due to the shrinkage of clay around the plates, 
and repairs made.
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Only in the case of weir 2 was the tailwater level ever high * 
enough to interfere with free-discharge of the nappe. ]>uring 
summer 1976 the flow at all V-notch weirs ceased. During the descent 
of water levels helow 0.05 metres the nappe was seen to cling to the 
downstream surface of the weir plate, introducing an unavoidable source 
of error. Volumetric calibrations were made at levels below 0.05 
metres, as described later, to help overcome this problem.

In each case a concrete stilling well was sited l\ upstream of
the plate, with a horizontal pipe connection to the channel.
Continuous water level measurement was made with recorders built and
loaned by the Forestry Commission Research Station at Alice Holt,
Famham, Hampshire (Figure 1|. 5)* These too were fitted with fine
fibre tip pens (which lasted >  2j years) and a continuous roll of
ungraphed paper. The charts were collected weekly. Adjacent to each
stilling well was installed a crest-stage gauge. This gave a valuable
check upon values of maximum water level during storms; this was
considered isi^ortant, initially, since non-standard level recorders«
were being \ised. It also allowed a quick, visual reading of stage 
during storms without uncovering the recorder box. Zero-setting was 
made by dropping a pointer from a horizontal beam laid from weir top to 
the bank adjacent the stilling well. This was deducted from the 
appropriate hei^t given in Table i+»3* The stage was re-checked in 
unison with the flume as described earlier.

(b) Discharge Calculation

Since all weirs had fully developed contractions (l.e. the bed and 
walls of the channel upstream of the weir were sufficiently remote for 
boundaries to have no significant influence on the contractions of the 
nappe) the Kindsvater and Carter equation was considered suitable for 
calculation of discharge (BS368O, Part 1|A, 1965» P* 37)« This states,

Q = 8_ . (2«Ac^.tan £  .
15 2

(U.10)

where discharge coefficient 
notch angle 
h +
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h rs head
= empirical constant allowing for the 

influence of fluid properties

C is a function of 0, obtainable from Figure 5 of BS368O; thus 
sz 0 .5 7 8  (90° notch) and 0.580 ( ^ 90° notch). is also a 

function of 0, obtainable from Figure 6 of BS36 8O; thus
rs 9*0 X 10”^ metres (90® notch) and 1.5 3c 10”^ metres (¿-90° 

notch). The discharge equation becomes,

Q = 1.3655 (h + 
and Q = 0.6851 (h +

0 .0009)^*^ (90° notch) (1*.1 1 )
0 .0 0 1 5)^'^ (i"90° notch) (U.1 2 )

where 3 -1Q is in m sec and h in metres.

Since the weirs were installed according to the BS36 8O and were 
within the application limits described on page 37 of the BS368O 
calibration was restricted to the lower values of h where Q could be 
expected to deviate from that calculated theoretically, due to a 
clinging nappe. Current meter calibration at h l ^  discharges was not 
undertaken because

(i) it was felt that the theoretical equation approximated 
discharge well for the reason described above, and

(li) collection of water samples and data from the weirs 
and eoqperimental slope were given priority.

A portable * spout* was constructed; this bolted into the *vee* of 
the 90° V-notch weirs and directed flow into 12.6 litre bowl; flow was 
measured very precisely by the volumetric procedure, the mean value of 
five successive, stable discharge readings being accepted.
Calibrations gave the following results:

(1 ) Velr 1
Computed Q very slightly under-estimated, actual Q between 

h s 0 .0 5 m and 0.07 m. Below h s 0.05 m (the BS 368O minimum 
gaugeable head for a Y-notch weir) the imder-estlmation progressively
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Increases. A power function fitted to the manually/directly measured 
flow data, h < 0 .0 5 m gives,

Q = 0 .6 2 9 5 (It. 13)

3 -1Q Is In m sec , h Is In m
with n = 6; r r: 0.999; r = 99.8 9é; t = 14I.68;
significance level =s 0.1 standard, error of the

3 —1estimate = 0.000169 m'usée .

The difference between Q actual and Q theoretical Increases from 
0.0558 l/s (6 .5 3 % of actual) at h = 0.65 to 7.659 x 10“^ l/s 
(3 1 .1U % of act\ial) at h s 0.01 m. The empirical equation has been 
used for all calculations of Q where h <0.05 m. The plotted data Is 
shown In Figure î .6.

(1 1 ) Velr 2

Theoretical Q over-estimates actual Q for h < 0.05 m. The 
difference In trend between this and weir 1 may reflect low flow losses 
due to leakage at weir 2. Fewer data points were available, but a 
power function weis again fitted.

3.0077 2 .8 1 3 8 O1.II;)

with n = U; r = 0 .9 9 6; t = 99.17 96; t ss 15.38; 
significance level = 1.0 96; standard error of the
estimate = 5.38 x 10*”̂ .

The difference between Q actual and Q theoretical Increase from 
0 .1 0 6 3 l/s (1 3 . 9  96 of actual) at h * 0.05 m to O.OO69 l/s (58 % of 
actual) at h s 0.01 m. The empirical equation has been used for
h < 0.05 m.

(Ill) Velr h
No calibration measurements were made for the *^90^ V-notoh at 

weir 1|. This was mainly due to problems In constructing a bolt-on 
* spout* for the notch and difficulty encoimtered when current-metering 
very low flows.
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(iv) Velr ^

Q actual »nd Q theoretical differ very little for O.O3 6 < h  
< 0 .0 6 5 m. For h <0.036 m Q actual over-estimates Q theoretical. 
The power fuuction is,

Q = 0 . 1 1 9 1 h1.7M (U.15)

with n = 5} r = 0 .9 9 8 5 r® = 99.53 9̂ 5 t = 25*21;
significant level = 0.1 9̂ ; standard error of the 
estimate = $,6 x 10”\

The difference between Q actual and Q theoretical Increased from 
0 .029!; l/s (8.0 % of actual) at h ss O.O36 m to 0.0255 (65 %  of 
actual) at h = 0.01 m. The empirical equation was used for
h <0;036 m.

*(o) Assesement of Errors in Gauging 

Tolerance is calc\ilated by,

X = ivA/ ♦ Ve)^ * ^  V e ) ‘

where X = o 96 error in C 
96 error in tan 2

= 9̂  error in he

(15.16)

V e )  = O O q /v D ^  * ®h(2)^ + ®K(h)^ + (i*.17)

where e.fad)
eB

m

errors in head measurement 
error in zero setting (O.OOI m) 
error in the term 
Error of the mean of a series of the 

head measurement.

As in Table 1;. 2 percenta^fe error is calculated fcr a r a n ^  of flow. The 
percental error in C is given as 1 — 2 (BS368O, 1965) I therefore,
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FIGDHE l i .6 t LOW ITiOW SPAGE-LISCHARGE RELATIONSHIPS 
AT V-NOTCH WEIRS
( T h « 6 r e t ic a l  e q u a tio n  shownT e r t i c a l  dashed  l i n e s  r e p r e s e n t  u p p e r l i m i t  o r  
• p p l l o a t l o n  f o r  low flow  r a t i n g )
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C was made s 1*5 although this may increase at low flows. The e
top widths of the weirs were checked to within 1.0 mm giving the 
following values of W1 ss 0.16 V2 =s 0.16
Mk = 0 . 3 2  %; V5 = 0 . 2 3 9̂ * Percentage error in head measurement 
was assessed at - 3 mm (as for the flume). The error in K. is given asI ^
3 .0  X 10”^ m (BS36 8O, 19 6 5). The percentage tolerances shown in 
Table U.l| apply to all the V-notch weirs, with no more than 0.02 96 

difference between the sets of values.

Table li.lit Error Calculations for the V-notch Veirs

h i  c 96 - V e ) i X 96

0 . 0 5 1 . 5 6 . 3 5 6.5U
0.1 1.5 Varies - 3.18 3 . 5 2

0.2 1.5 see 1 . 5 9 2.21
0 . 3 V 5 text 1.06 1 . 8 6

0 . 3 5 1 . 5 above 0 . 9 1 1 . 7 8

The percentage errors for low h values reflect the high ratio of head 
measurement error to low flow. Taking W1 as an example, h = 0.05;
Q SI 0 . 7 6 3 ~ 0.0U5 l/s» Errors using the calibration equations are 
given by the standard errors of the estimates quoted earlier.

0. JData Digitisation
During late 1976, a digitising table became available for use with 

the Geography Department WANG 2200B 12k comxniter. This had a suitable 
resolution for digitisation of streamflow traces on an hourly basis

A

inch or 0 .25U nnn) with storage on magnetic tape cassettes.

(a) Vest Walk Flume
Since a weekly Munro recorder with grsiduated charts was used, the 

point digitising mode separately digitised successive hourly values of 
stage. The program used, QDEZEDIG, is givai in Appendix 2. Briefly, 
the following procedure was \ised.
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(i) stick one end of the chart to the table with 
drafting tape.

(ii) Digitise end of the chart and continue until
Y co-ordinates are equal; stick other end of the 
chart to the table.

(ill) Digitise base of the chart at the beginning and end; 
this gives the chart datum.

(iv) Digitise the chart from left to ri^t, Incrementing 
one hour at a time.

On completion the week's data (about 168 co-ordinate values plus two 
chart-base co-ordinates) are automatically recorded on magnetic tape. 
Each file was given a unique name; e.g. "122l|0678”, representing 
1200 hours (12) on the 2i;th (2l|) of June (06) 1978 (78). -An Immediate 
visual check on the digitised data was possible with PLOTS vdiich 
plotted the complete week's values of h on the Tektronix I4OO6-I CRT, 
(see Appendix 2). The program PLDMQ was written to convert head to 
discharge and print out hourly values of time (hours), h (metres) and 
Q (m*̂ sec” ), (Appendix 2).

(b) V-notch Veirs

The digitisation of weekly charts from V-notch weirs was 
approached differently for two reasons; firstly, the paper was 
ungraphed; secondly, the clocks driving the paper always lost time over 
a week. Digitisation was therefore undertaken in the 'stream' mode 
using the program TRACES (Appendix 2). The procedure was briefly as 
follows.

(i) Rule lines from the ends of the trace to meet the 
bottom of the chart at 90^.

(ii) Adjust the chart to give equal Y oo-ordinates; the
• program continues when Y values are equal; both X and
Y oo-ordinates are retained in memory.
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(iii) Enter the time (hours, mins) of the start of the
trace start. Enter the total length of time between 
»pen on* and »pen off» (circa 168 hours). The 
digitising increment, S, is then calculated (line 80 
of the program),

(iv) Digitise the trace by running the »bullseye» along 
the line; a »bleep» is emitted each time a point 
is digitised; if this is done too fast, a point 
may be missed; the program allows missing points 
to be searched bEUsk and digitised; digitising then 
continues.

Data are converted to values of h and recorded on magnetic tape. The 
remaining details are the same as for the flume, except that time, h 
and Q are printed using the program WEIRQ (Appendix 2),

Digitising is an easy, accurate method of reading and storing data 
from charts, far superior to any manual method. Errors are possible 
when digitising (e.g. sudden Jumps, due to »hand-slip», or trends, due 
to »papeivslip» on the table) although these can usually be seen by 
vsing the visual display program, PLOTS. To check the accuracy of the 
digitising method a series of twenty digitised stage readings were 
compared with the same twenty values measured optically using a 
Coradograph (resolution "kh inch or 0.025U nnn by vernier); a 
Eolmogorov-Soiimov two sample test showed that no significant 
difference existed between the two data sets, i.e, they were both drawn 
from the same population (N s 20; required IlMAX = 3} Ho (i.e, no 
difference) upheld at the 1 % probability level). This nonf-parametrlo 
test was used because of its suitability for non-normal data (Siegel, 
1956, p. 127).

D. Cross-Correlation between Structxiree

There was some loss of data due to equipment failure (this ranged 
from stopping clocks to stllllng-well blockage by a nesting animal ») • 
The amount of time lost over two years for each gauging station is 
shown in Figure I+.7« The most extensive losses were for weirs U (15 9̂ ) 
and 5 (10 yhile the flume (2 %) and weir 1 (5 %) were relatively
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reliable. The data lost are either:

(a) baseflow, which is relatively easy to synthesise 
by cross-correlation with another structure;

or, (b) stoxmflow, which is more difficnlt to synthesise 
due to differences in hydrograph parameters, 
e.g. time to peak, form of .recossion, etc.

(a) Baseflow
A set of baseflow data from 20.12.76 to 08.08.77 was assembled for 

all gauging structures (Table i|. 5)* ^ w  flow data from 1976 was not 
considered due to the probability of large errors at low h. Regression 
equations were established for all stations losing weir 1 and the flume 
(i.e. the most reliable stations) as independent predictors. The 
results of the regression analyses are shown in Table 1|.6. The 
regression equations take the form.

Y = bX i a i SEa (It. 18)

where

SB

independent variable (l/sec) 
dependent variable (l/seo) 
slope
Intercept (l/sec)
standard error of the forecast (l/sec)

SEa is a combination of the error texms SÊ . (standard error of the 
estimate), SE— (SB of the mean) and SB. (SB of the regression 
coefficient) (Johnson, R.J., 1978)t

SBa 4* (1*.19)

However, since SE^ varies with x there is no one value for SEÎ  (see 
Table 1;.6).

There aro several reservations associated with the assumptions of 
the gener&J. linear model in applying this method to the available data.
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TABLE

Baseflov Cross Correlation Data 
for the Vest Valk Gauging Stations (l/s)

Bate Time W1 W2 WI4 W5 Flume

20.1 2 .7 6 I2 .I4O 2.140 5 .I49 1 . 7 5 1 .8I4 1 5 .0 0

0 3.0 1 .7 7 114.140 U . 3 3 9 .5 3 2.85 2 . 1 1 1 8 .9 2

2 2.0 3 .7 7 1 0 .2 2 2 . 1 8 5 .6 2 2 . 1 9 1 . 1 6 1 1 . 1 5

0 5.0u .7 7 0 9 .2 5 1.U2 3 .U0 1.18 0 .5 3 6.63

1 3 .ou.7 7 09.U5 0 .8 9 2.014 0.62 0 .1 9 I4.I48

1 9 .ou. 7 7 1 0 . 1 5 0.68 1 . 3 1 0.U3 0 . 1 7 3 . 1 5

26. Oil. 77 10.10 0.68 1.16 0 .3 9 0 .II4 2 .9 8

0 3.0 5 .7 7 0 9 .5 5 ,1.814 U.22 0 .9 0 0.81 8 .9 2

1 0 .0 5 .7 7 1 0 . 1 5 1 . 7 1 U.12 1 . 3 0 1.11 8 .7 9

1 7 .0 5 .7 7 10.20 1.21 3 .0 6 I.I45 0 .3 6 5 . 5 2

2u.0 5 .7 7 1 0 .0 5 O.6I4 1.U2 O.I48 0 .II4 3 . 3 3

3 1 .0 5 .7 7 10.20 0 .3 2 0 .7 3 O.2I4 0 .0 5 1 .U1

Ii4.0 6 .7 7 0 9 .5 5 2 .OI4 5 .6 8 2 . 1 9 0 .9 0 10.00

2 1 .0 6 .7 7 0 9 .5 0 0 .2 8 0 .8 9 0 .1 9 O.OI4 1 .6 9

29.0 6 .7 7 0 9 .3 0 0.20 0.85 0.12 0 1.U1

0 5.0 7 .7 7 O9.I4O 0 .0 3 0 .0 6 0 .0 5 0 1.02

1 2 .0 7 .7 7 1 0 . 2 5 0.02 0 .0 3 0 .0 3 0 0 .9 1

1 9 .0 7 .7 7 0 9 .5 0 0.02 0.014 0 .0 3 0 ,0 .7 9

26.0 7 .7 7 10.15 O.OI4 0 .0 5 0 .0 5 0 0 .9 1

0 2.0 8 .7 7 1 0 . 1 5 0.01 0.01 0.01 0 0 .7 9

0 8.0 8 .7 7 1 1 .U5 0 .0 3 0.02 0.02 0 0 .7 9
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(l) The requirement that observations are independent of each 
other is not completely satisfied, i.e. spatial and 
temporal serial correlation exists.

(il) Both dependent and independent variables are subject to 
error. The linear model assigns error to the dependent 
variable alone; the dependent variable is considered as an 
observation on a z^dom variable, the Independent variable 
as some known constant associated with this random 
variable. M.S. Bartlett (19U9) s\3ggested a method of 
overcoming the problem by dividing the n points into three 
approximately equal groups. Tlie join of the mean 
oo-ordlnates x^, y, and y^ for the two extreme groups 
is used to determine the slope. The intercept is detemiined 
f^om the intersection point of the co-ordinates x, y, as in 
the least squares method. The confidence interval for b 
is slightly wider than that obtained by the least squares 
method, since the assumption of no error in x has been 
dropped. A simpler method of overcoming the problem is to 
regress y on x and x on y, and then to use the mean slope 
of the two best fitting equations, and a re-calculated 
intercept. This gives the reduced major axis line (ISKA.).

(lii) Heteroscedasticity exists in some of the relationships, 
i.e. the residual variance is not independent of x.

In practice little could be done to remove serial correlation or 
heteroscedasticity without recourse to more sophisticated techniques. 
Using the BMA regression line was also found to be unwarranted 
since, in most cases, regression slopes were very similar (althoti^ 
these were not tested for significant differences). Despite the 
reservations cross-correlation was the simplest method to apply and was 
iu3ed to synthesise hourly values of discharge %diere gaps in baseflow 
existed.

(b) Stoimflow
A more coQg;>lex model is required for obtaining hourly flows during 

missing stoxm hydrographs. The development of such a model (e.g.
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N.H. Crawford and R.K. Linsley's Stanford Watershed Model, I966) was 
beyond the scope of the project, especially since there were only a few 
missing storm sequences. Flows for the entire period were required to 
ccHnpute water and solute budgets and it was therefore decided to infill 
the record gaps with dally mean flows obtained from cross-correlations 
with daily mean dTlows from the flme and weirs. The use of dally mean 
in place of hourly flows introduces error into the confutation of 
solute budgets (Walling, 1978) but simplifies the infilling of lost 
stoxmflow data. The regression equations, similar in form to (1^.18), 
are given in Table U.7»

E. Hydrograph Seuaration

A method for the separation of hydrographs into storm run^-off 
(*quickflow* - Hibbert and Cunningham, I9 6 7) baseflow (comprising 
Interflow, ground water discharge and termed * delayed flow* by Hibbert 
and Cunnin^iam, ibid) was required for future work.

An empirical technique used in the Flood Studies Report 
N.E.R.C., 1 9 7 5, p. 3 8 9) was used on twenty-seven hydrographs from
the flume, spanning the entire two years. Reference to Figure I4..8 
shows how both hydrographs and hyetographs are used in determining the 
position at which the separation line Intersects the recession curve. 
Lag is defined as the time between the hydrograph and hyetograph 
centroids; the intersection point is then defined as I4 x lag after the 
cessation of rainfall. In comparison with many arbitrary techniques 
the method is given a degree of reality, employing criteria based upon 
physical processes involved in hydrological events. However, as it 
stands the method has the disadvantage that it requires an input in 
addition to dlschargo (i.e. rainfall) making it less amenable to 
computer processing. Slopes of the twenty—seven separation lines 
determined in this way were plotted as a frequency histogram 
(Figure U.9)« The median value of 0.602 l/s J  k m ^ A  is the most 
acceptable description of central tendency* considering the positively 
skewed distribution. This differs little from tho value of 0.55 l/s / 

proposed by Hibbert and Cunnin^^iam (19^7) l’or use in a time-based 
separation technique. The similarity is interesting in that two 
different methods using different terminology produce almost equivalent 
results, I.e. "baseflow'* approximates to "delayed flow". The proposed
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technique is still arbitraiy in nature, but is simple to implement and 
adequate for the proposed work.

k.3 RAIMGAUGING

A, Gauge Installation

Measurement of gross rainfall input to the catchment was required 
for both water and solute budgeting. • Net rainfall will be less than 
gross rainfall in a forested catchment due to interception by the 
canopy and subsequent loss by evaporation (recent work hats shown the 
loss by interception to vary between 21i; mm and 790 mm in Britsdn;
J.H.C. Gash and A.J. Morton, 1970). No attempt was made to measure 
net rainfall as it was felt this constituted an entirely separate 
project. Attention was therefore focussed on accurately measuring 
gross rsLinfall.

M.J. Green (̂ 96̂ ) states: "It is desirable to design and site 
raingauges so that the funnel collects the same amount of precipitation 
that would have fallen on the ground surface had the ga\;iges not been 
present. If the collecting funnel is raised above ground level there 
is a wind-eddy effect and subsequent loss of catch, while if the funnel 
rim is at ground level it is liable to in-splash from the surrounding 
groimd." After substantial field research into the various methods he 
recommended that gatges should be set with rims at ground level and 
surrounded by anti-splash grids. The Meteorological Office give 
recommendations for raingaige siting, the salient features of which are:

(a) the surface should be level;

(b) the distance from every object shooild be not less 
than twice the height of the object above the rim 
of the gauge;

(o) a position sheltered from the wind is preferable to an 
exposed one;

t
(d) the surrounding ground should be covered by short 

grass (Meteorological Office, \mdated).
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The head of the catchment provided a site meeting two of these 
conditions. The gro\md was level (i.e. the Plateau Gravel surface) 
and sparsely covered with a failed plantation of immatizre Japanese 
Larch, too small to Interfere with catch. I>ue to the gravel surface 
all attempts to germinate grass seed failed; exposure was also greater 
than desirable. Despite these drawbacks the site remained the only 
really siiitable location within the catchment (Figure U*10).

Two types of ralngauge were used during the study period, mainly 
due to availability. These divide the main period into two sub-periods.

(l) Period One - Mav 197^ to July 1976

At the beginning of this period two identical Plessey tipping 
bucket radngauges were installed, one at ground level, surroimded by 
a metre square anti-splash grid, the other five yards away, with rim 
3 2 cm above ground level. The gauge orifice was 18.5 cm diameter; 
thus one bucket tip represented 1.0 mm depth of rainfall. The data was 
recorded as mm per 1$ minutes on a magnetic tape data logger; the 
tapes were translated acciorately by tape recorder to avoid the time 
delay in sending away for processing. It was necessary to rectify the 
following faults in the recorders before installationt

(a) Bucket top lodged against the inlet tube \then tipping; 
the tube length was reduced.

(b) Buckets did not measure exactly 1.0 mm and required 
individual calibration.

(o) Various electronic faults in the data logger. Weekly 
totals from the translated tape were checked against 
a digital ooimter on the logger.

(ll) Period Two - July 1976 to July 1977

Due to recurrent faults in the Plessey recorders and the time- 
consuming nature of data interpretation, a Casella tlltln^syphon gauge 
was installed under the anti-splash grid. This necessitated 
considerably deepening the pit, strengthening the walls and incising 
a drainage trench downslope from the pit base. The orifice cf this 
gauge is 27 cm diameter and records on a weekly chart.
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B, Rainfall Data Quality

The above groimd level Plessey gauge was retained in its previous 
position (i.e. above ground level) but modified to only record weekly 
total on the digital counter. These were used for comparison with 
weekly totals from the Casella gauge. The relationship between the 
two was,

y = 0 .9 2 X + 0.011 mm (U.21)

(r > 0,99; r^ > 99 n = 3 9 ; t = 9 6; significance level = 0,196 
SB = 1.1 mm).

Y = rainfall recorded in Casella gauge, mm
X = rainfall recorded in Flessey gauge, mm.

This Implies that the groxmd level Casella gauge consistently receives 
8 % less than the Plessey gauge. This is surprising since research has 
shown that a gauge orifice set above groxmd level undeivregisters the 
catch (e.g. Green, 1969t found deficiencies of between 3 a*id 7*5 %)t 
raindrops being diverted past the orifice by wind-eddying. Groimd 
level gauges suffer from splash-in \mless surrounded by a grid, as in 
the present case. Site over-exposure (the site is at the top of the 
catchment) is imllkely to be the causative factor, as it would most 
likely work in the opposite direction. Splash into the Plessey gaiige 
is quite likely, enhanced by a combination of over-exposure (hence 
higher terminal velocities than in sheltered locations) and a hard 
pebbly surface (the short grass recommended by the Met. Office cushions 
inq>act and reduces splash). A systematic error in either Instrument is 
unlikely, since both were c£u?efully calibrated before installation. 
However, taking into consideration the Plessey gauge *e design faults 
and the Casella gauge's better resolution, it was felt that the 
Casella gauge was probably correct and all readings from the Plessey 
gauge were reduced by 8 9̂  (including tho*»e from Period l). In 
conclusion it is worth pointing out that no truly objective meliiod of 
measuring absolute point rainfall exists (Bodda, 19 6 7)*
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C. The E s tim a tio n  o f M iss in g  R a in fa ll Data

Some data were lost due to blockage In the Casella gauge orifice 
(caused by vind blown leaves and. other organic debris). This amounted 
to the loss of data for ten individual storms between IO.O9 .7 6  and 
0 1.0 1.7 7 . A linear regiression between West Walk and the Casella 
tilting syphon at Southsea Common (NCR SZ 4o6i+ 0990, 2 m AOR) gave,

Y = I.O6I1 X + 2 . 1 7 5 (1*.2£)

(n = 2 6; r = 0 .9 8 6; T = 9 2 .2  96; t = 2 8 .9 ; 
significance level = 0.1 SE of the forecast = 1.25 mm).

The relationship was based upon individual storm data, and was used to 
estimate missing storm totals. Estimated rainfall was given the same 
hourly temporal distribution as that for Southsea Common, althou^ it 
was realised that this might incur error due to the rate of storm 
movement and spatial variability. The linear regression wan used in 
preference to a double mass curve technique (Searcy and Hardison, 
i960) because of the good regression relationship and the necessity 
for estimating Individual storm totals.

k.k a sp ects o f t h e h y d r o l o g y o f  w e s t WAIg

The study period (July 1975 to June 1977) covered the 1975-1976 
drought, the scientific aspects of which are well described in a recent 
publication of the Royal Society (O. Gibb, et al, 1978). In the short 
term a severe depletion of soil moistu3:e probably concentrated solutes 
in a rapidly shrinking contributing area. Thus during early autumn 
high concentrations were available for flushing into streams. Salts 
were also transported to the root zone by plant uptake of water, 
although it is not certain whether this deposition was hl^er than 
average in 1976 because once available water has been used by plants 
further loss occurs at a reduced rate. It is important to recognise 
that due to the low return periods associated with the droiight 
ertrapolatlon of results beyond the study period becomes dangerous.

Two aspects of the hydrology of West Walk are considered here as 
being relevant to solute dynamics. Firstly, a water balance is 
attempted for the period despite the possible errors incurred in
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estimation of évapotranspiration from forested catchments (Clarke and 
Newson, 1978; Calder, 1979)* Secondly, tho spatial variability of 
short term catchment response is shovm by the comparison of hydrograph 
characteristics for two storms.

A
A. The Water Balance; 197^ - 1977

(a) Climatic Background - the 197*3 - 1976 Droxaght

Prom May 1975 to September I976 the pattern of weather over the 
British Isles was dominated by high presstore that kept most of the 
country in a dry situation. 1 9 7 5 proved to be the fifth driest year of 
the century with less than 70 % of the I9I6 - 1950 average rainfall 
from Devon to Yorkshire and in the east of Scotland. Dry weather 
continued thro\J^ February and March 1976 becoming even more severe 
during the summer. The drought broke at the end of August, autumn 
rainfEuLl rapidly replenishing soil and ground water.

Southsea Common is the nearest rainfall station to Vest Walk with 
a long record; in Table U»8 the rainfall totals for winter 1975-1976 
and the summers of 1 9 7 5 aJid 1976 are compared with the 1916-1950 
averages. Here the deficit for February and Mearch 1976 reached 73 %•

The t e rm * drought* is used to determine both the shortage of 
rainfall and the shortage of river flow, there being a clear difference 
between the recurrence interveds of each (CWPU, 1976). Below average 
short texm rainfall will not produce as severe an effect on river flow 
in a Chalk catchment as in a Clay catchment; while long texm below 
average rainfall is likely to severely reduce runoff from both Chalk 
and Clay catchments and deplete ground water storage in the fomer.

M.J. Hamlin and C.E. Wrl^t (1978) and CWPÜ (1976) map the 
probability of occurrence of various drought lengths of both rainfall 
and river flow for the 1975 - I976 drou^^t. The sixteen month period 
to the end of Axigust 1976 provided an average rainfall over England and 
Vales of 757 0®  which was only 6U % of the average for the period 
19 16 - I9 5Û; the previous lowest such rainfall was 809 nna for the 
sixteen months in August 175^» likelihood of such a low
rainfall for a sixteen month period ending in August was given as about 
once in a thousand years (CVPU, 1976, Table I). South Hanqpshire was
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shown to have 50 - 60 of its lon^ texm average sixteen month rainfall; 
this compares with a figure of 70 - 75 %  for the eighteen month dro\]ght 
April 19 3 3 to September ^̂ 3k• VIhereas rainfall drou^t frequencies can 
he given in terms of a particular starting date, streamflow droughts 
cannot, due to the varying delays in runoff in different catchments. 
Thus, low river flows that occurred during 1975 - 1976 will occur 
appreciably more often than indicated by the frequency of specified 
rainfall for a given starting date. CWPU (1976) conclude that in 
general 1 9 7 5 1976 conditions were comparable with those that occurred
during other years within the past half century. Comparison was 
limited by a paucity of historical TOcords but it.was shown that for 
the Thames at Teddlngton the July 1975 to September 1976 fifteen month 
drought was not as severe in its effects on runoff as the earlier 
periods (notably 1933 - 193̂ 1 and 19U3 - 19W+)» However a conq>arlson 
of the last nine months of each period showed the 1976 period to be 
more severe than 1933 - 193U and 19̂ 4̂ 3 - 19M+»

Assessment of drou^^t severity for West Walk is difficult due to 
the absence of long records. However it is possible to show the 
variation and response of rainfall, runoff and SMD (soil molstiire 
deficit) in the catchment. Potential evaporation (Hp), areal actual 
evaporation (̂ ^̂ )» effective rainfall and areal SHD were calculated by 
the Meteorological Office using climatological data from the nearest 
climate station (Martyr Worthy NGR SU Ul5l 7338, 6l m AQD) and rainfall 
from West Walk. The land use classification for the computation was as 
follows:

«

Type At vegetation up to 10 years old - root constant 5^.8 mm -
6 0 .2  catchment area

!?ype Bt vegetation over 10 years old — root constant 203*2 mm — 
3 I4.8 % catchment area

!I^e Gt bare soil - 5 9̂  catchment area.

Potential and actiial evaporation and SHD are calculated using the 
Penman equation for West Walk. Recent research has shown that in 
forested catchments comprises interception and soil moisture
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depletion losses (see Calder, I9 79, for a »state of the art* Summary). 
The Penman model does not include the former component and will 
introduce errors into the water balance. It is possible that this 
error was smaller diirin^ the drought than in average years, singly 
because there was less rainfall to be interested; that is, soil 
moisture depletion increased by coisarison with interception loss.

Figure 1|.11 gives daily rainfall, daily SMD and dally mean flow 
for subcatchment W1. There was a striking shortage of recharge during 
the 1 9 7 5 - 19 76 winter, the SMD never disappearing. Consequently, 
baseflow diminished rapidly during 19 7 5 with channel flow in the 
catchment ceasing for most of July and August, a period when the SMD 
was usually above 1^0 mm, touching 215 nnn towards the end of August.
The wilting point of some of the shallow-rooted plants and shrubs was 
reached as evidenced in the field during August 1976. Autumn 1976 
represented a period of considerable ground water recharge with the SMD 
disappearing from November to February. Baseflow reappeared as a 
substantial component of catchment runoff. The streamflow response to 
rainfall can be seen to depend heavily upon the state of the soil 
moisture reservoir at any point in time. Streamflow is hi^er for a 
low SMD than for a high SMD, ground level rainfall being equal. In 
the latter case some soil moisture recharge takes place before runoff 
occurs, althou^di rapid Interflow to the channel may operate throu^^ 
Interped fissures near the stream.

(b) Tests for Data Homogeneity

Before a water balance can be attempted the data must be checked 
for homogeneity. Heterogeneity may be due, in the case of rainfall, to 
changing a raingauge, or in the case of streamflow, deforesting an area 
within the catchment. These examples both occurred in Vest Walk during 
the study period. The double-mass curve technique (Searcy and Hardison, 
19 6 0} is used for the purpose here, and Involves plottlx^ the 
ouorulative data in question against cumulative concurrent data from 
another nearby station or average of several nearby stations. Any 
inconsistency in the record will show as a break of slope in the curve. 
V.T. Chew (I96U) recommends that at least five years of record are 
required before any consistent slope can be recognised on a double-mass 
curve. In the present case this is Impossible, so monthly data are used.
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(l) Rainfall

In Pigu2?e U«12 cumiilative monthly rainfalls fnr Vest Walk are 
plotted against the mean of c\;;iinilatiye monthly rainfalls for Butser 
Hill (NGR SU 7 1 6  202, 26 2 m AOD) and Southsea Common (NCR SZ 6I4O 9901 
2 m AOD). There are some small ten^orary deviations from this line, 
Indicating single errors rather than trends. In partlc\3lar, the breaks 
at August and November 1976 may represent cumulative errors In 
estimation of data by linear regression where gaps In the record 
occurred. No attempt was made to In^rove the data quality.

(1 1 ) Actual Evaporation

Areal for Vest Valk Is double-massed against areal for the 
River Rhee catchment (Cambridgeshire) (Figure i4*13)* latter data
were prepared for a separate water balance by the Meteorological Office 
and are known to be consistent (G.E. Spraggs, 1979)* temporary
deviations from the genersd line may be due to land use differences 
between the two catchments (greater E^ Is allowed from the forested 
catchment during summer months) or to regional climatic variations.

(ill) Streamflow

Mean monthly streamflows for Vest Valk and Its subcatchments were
double-massed against the nearby River Valllngton at North Fareham
(NGR SU 5 8 7 075)* Valllngton catchment Is geologically similar to
Vest Valk and Is preferable to the predominantly Chalk River Meon
cptchment Into which Vest Valk drains. However, oatclmient land use
contrasts strongly. Vest Valk having a much higher proportion of forest

%

than the Valllngton, a factor which would produce seasonal deviations 
from a double mass ctncve, using monthly data. In Figures I4.II1 A . E, 
double msu3S curves are plotted for each of the gauging stations at Vest 
Valk against the River Valllngton on a monthly basis, although October 
19 7 6 has been omitted due to Instrument feillure at North Fareham.

Vest Valk Flume versus River Valllngton (Figure U*1U A)

The relationship suggests that the gauged flows at Vest Valk flume 
generally represent a consistent record. Two deviations from the line 
occur frcmi July to October 1975 from October to November 1976» 
although both deviations gradually return to the double-mass curve.
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The earlier deviation is unlikely to he caused hy oveivestimation for 
Vest Walk because corrected values would he less than the sum of 
discharges from suhcatchments 2 and 5» The later deviation may he due 
to undeivestiraation of flows at North Fareham during the veiy wet 
autumn because flow bypasses the gauging station above about 9*2 cumecs, 
Vhile it is possible to speculate about the cause of these deviations 
it is equally likely that they represent seasonal differences in 
catchment response. Similar seasonal fluctuations around a double mass 
c\irve have been detected elsewhere (Spraggs, 1979).

Subcatchment 1 versus River Valllngton (Figure i+«lU

The gauged record at W1 is consistent until February 1977 when 
flows begin to under-estimate the predicted value. This suggests a 
drift in the datum (i.e, setting of the chart pen) until March when the 
datum was corrected as indicated by the line almost parallel to the 
double mass curve. It is Interesting to note that the start of this 
deviation corresponds exactly with a change of field technicians. W1 
flows were corrected by converting Vallington flows from the double 
mass curve.

Subcatchment 2 versus River Vallington (Figure 1*. Il| C)

The relationship is very similar to that of the flume and 
Vallington, and again seasonal fluct\iatlons in catchment response may 
e:q>lain sli^t deviations from the line.

Subcatchment lx versus River Vallington (Figure J+. 11* D)

The record is consistent apart from December and January - 
February 1977 when there appears to have been a drift in the datton 
similar to that at VI. During these three months recorded flows were 
lower than true flows. Between March and June 1977 there is small 
over-estimation of flow. Monthly mean flows from December 1976 to 
June 1977 have been estimated using the double mass curve.

Subcatchment ^ versus River Vallington (Figure U*11* E)

The double mass curve for these data is non-linear, probably due 
to contrasting catchment land use and hence hydrological response. 
Subcatchment 5 has a dense forest cover, 95 % of which is more than
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fifteen years old, enhancing actual evaporation and interception losses, 
As a further check on data consistency SC5 is double massed against 
West Walk flume, which has already been shown to be reasonably 
consistent. There is fluctuation aro\md the straight line, again 
probably best explained by differences in seasonal catchment response. 
In the absence of a nearly identical catchment for comparison the prime 
record for was accepted as accurate.

Use of the double mass curve technique suggests that, with a few 
exceptions, streamflow data for West Walk is consistently reliable.
The double mass curve has been used to homogenise data for 1977 o.t W1 
and Wl| although apparent inconsistencies during the droiight may be due 
to differential catchment response and no changes were made.

(o) The Water Balance

The equation for the water balance is (values in mm):

HP s HO -f AE t ASMD t A S g t jj + jj,

iidiere HP — rainfall
HO s runoff
AE = actual evaporation

ÎASMD = change in soil moisture deficit
Î A S g change in ground water storage
t U = underflow from the catchment
n. B interception loss

U.23)

Runoff is integrated from the record of hourly discharges for each 
gaugixig station using Simpson's rule (see Appendix 2 for computer program: 
WATLO& ). Actual evaporation and soil moisture deficit were calculated 
for West Walk by the Meteorological Office as described earlier. 
Subcatchment variations in land use (i.e. tree age) were taken into 
account when convertixig potential to actual evaporation. The residual 
from the water balance represents a combination of - A  Sg 1 IT + IL. In 
the absence of extensive aqxiifer storage and with a relatively 
watertight basement - ASfg - TJ shoxild be relatively small cooqponents of 
the water balance. It has recently been demonstrated that interception 
loss can be a hi£^y significant component of the water balance in
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FIGURE DOUBLE MASS CURVE FOR CHECKING
VEST WATJf ACTUAL EVAPORATION DATA
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forested catchments. I.H. Calder (1979) used a lysimeter 
experiment to measure interception and évapotranspiration losses from 
a forest in the upper Severn catchment. The rate of interception loss 
W8U3 shown to be twice that by transpiration. In the present case it is 
not possible to quantify interception loss, only to speculate as to its 
possible role in the catchment and subcatchment water balance.
Figures U«15 to 1̂ .19 show the water balance for to 1976/1977»
with Table U»9 giving the annual simmarles.

A combination of low rainfall and h l ^  actual evaporation give an 
overall gain in soil moisture storage dxirlng the period for each 
catchment, this comprising a small loss to storage in 1975/1976 and a 
large gain in 1976/1977* Seasonal variation is characterised by losses 
from storage during summer months, gains in September and October, and 
little change during winter months.

Streamflow is severely depleted during 1975/1976 and only rises as 
the soil moisture store is filled in September 1976. This is well 
Illustrated by the mean monthly flows for all catchments shown in 
Figure U.20 (SCU le omitted because of virtual coincidence with SCI).

Subcatchment $ with the high percentage of forest cover greater 
than 10 years old shows the highest losses by actued évapotranspiration, 
with streamflow ceasing in July and August 1975 from June to August 
19 7 6 . It is also interesting to compare the peak actual evaporation 
losses in 1975» 1976 and 1977 for each catchment. The eqxially hig^ 
values for subcatchment 5 reflect the dominance of older trees with an 
ability to reach deeper storage. I976 peak évapotranspiration is lower 
than in 19 7 5 or I976 in other catchments, the amoimt depending upon the 
proportion of trees more or less than 10 years old.

The water balance residuals are difficult to interpret because of 
the xxnknown proportions of interception and changes in ground water 
storage. Eowever, since there is only a very small Bagshot Sand 
aquifer there are unlikely to be large ground water storage changes 
within Vest Walk or its suboatohments. It therefore seems resusonable 
to interpret residual s from the water baJ.anoe as being predominantly 
interception losses. For Vest Valk and its subcatohments there is a
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good balance from July 1975 to September 19?6t the major residiiale 
occurring in October and November 1975 for all areas. The absence of 
significant negative residuals implies that ground water storage is not 
greatly depleted and that the large positive residuals which occur 
during winter 1976/1977 mainly represent interception losses. Larger 
negative residuals occur in all areas from April - June 1977*

Interception loss may be modelled in terms of both the struct\ire 
of the forest and the climate in which it is growing by the Rutter 
model (Rutter et al, 1971; 1975). Structiare of the forest is
important in terms of its canopy storage capacity, aerodynamic 
properties for evaporation from the canopy store, stemflow and trunk 
storage. Climate Influences the spatial difference in interception 
loss due to different durations of rainfall and hence of canopy wetness 
(Gash and Morton, 1978). Within West Walk there is considerable 
variation in vegetation species and maturity and hence of interception 
loss due to canopy structure. Within a stand of 16 year old Western 
Hemlock in SC5 interception loss has been inferred as varying from 
circa 10 %  under wet canopy conditions to circa 50 % \mder dry canopy 
conditions with an average of circa 35 %• Throiaghfall was also found 
to be a direct function of rainfall intensity (N. Argent, personal 
communication, 1979)» Table 1|.9 shows that there is an overall 
positive residual for all catchments, this being greatest for SC2 and 
West Walk. The smallest residuals occTir in SCl| and ^5* Negative 
residuals occur in all catchments, particularly in the autumn of 1975 
and 1 9 7 6 , and spring 1 9 7 7 » The smaller residual for SCî  suggests the 
Influence of geology in minimising groiand water storage and low 
interception losses resulting from immature vegetation. Low residuals 
for SC5 are surprising considering the mature Western Hezolock forest 
and may reflect the ingportance of geology. Residuals are expressed as 
percentages of rainfall in Figures 1+*15 “fco U»19» xnean values ranging 
from 2 3 % (SC5) to 3 6 .U % (SC2). There is a marked similarity between 
these percentages and Inferred interception (Argent, ibid) althou^ 
true proportions of interception and ground water storage cannot be 
quantified in this study. There are errors in estimation of the water 
balance components which places some uncertainty on the conclusions 
reached. Errors in the measurement of point rainfall have already been 
discussed^ the estimation of actual evaporation by the Meteorological
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Office method is also subject to error (Headworth, 1970). The 
accuracy of streamflow data is variable with discharge, as discussed 
earlier.

In conclusion it appears that actual evaporation was the dominant 
loss process during the drought period of 1975 - 19 7 6 ; spatial 
variation occurred within West Walk with highest soil moisture and AE 
losses and lowest runoff losses from subcatchment 5» with its 
relatively mature forest and London Clay basement. 1976 - 1977 was a 
period of increased rainfall, higher interception and streamflow losses, 
and soil moisttire recharge. Subcatchment 1̂ e^ibited the greatest 
runoff for both periods, with hig^ évapotranspiration and relatively 
low interception losses; this reflects its mainly London Clay base and 
lower percentage of mature forest.

B, S p a tia l V a r ia tio n  in  Short Term Catchment Response
f

Within West Walk catchment hydrological response to rainfall 
varies both spatially and temporally. Spatial variation can be 
accounted for in terms of differences in geology, soils, vegetation and, 
to a lesser extent, topography. There are seasonal variations in the 
relative importance of each of these factors, together with the natural 
variability of rainfall quantity and intensity, évapotranspiration, 
interception and soil moisture. The end result is a hi^ily complex, 
non-linear, spatially variable hydrologiceú. system. Streamflow solute 
dynamics at the flume will reflect the spatial response of the system 
and some understanding of the latter is desirable.

(a ) Example I t  A W in te r Storm

Figures U.21 and U«22 show catchment response to a February 1977A
rainstorm of 13*75 nnn with flows in l/a/km and l/s respectively. The 
soil was at field capacity and actual evaporation almost zero for this 
period. The temporal relationship of the hydrograph peaks is 
interesting «.i though travel times must be treated with caution due to

(i) the linear correction of clock time-loss 
which may in reality be non-linear;

and (ii) errors in extracting data from the charts 
(e.g. due to line thickness).
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Table 1̂. 10 gives a comparison of catchment response using several 
indices. Peak runoff appears to be dominated by geology rather than 
vegetation age and species during the winter storm. The highest value 
occurs from SC1+ where 80 %  is London Clay and ^  % Oak planted in 1973. 
Total catchment peak runoff is similarly h i ^  suggesting the importance 
of geology over vegetation in the catchment area below W2. The value 
of 13»U1 % for SC5, 85 % of which is evergreen forest more than 
15 years old (in 1978) re-affixms this conclusion. It is probably the 
combination of immature Oak and Beech on London Clay adjacent to thep
channel which produces a peak runoff of hS»lh l/sA“ for SC2. The 
lower peak runoff for SC1 is probably due to a combination of higher 
percentage Bagshot Beds and Plateau Gravel (61 and hi^er percentage 
vegetation greater than 10 years old (70 %),

The intensity of hydrograph rise (IP) diminishes up catchment from 
7*5 l/s/iir at the flume to 1.3 l/ /̂hx at W1, This emphasises the 
influence cf geclogy and soils (i.e. London Clay with ground water 
gleys) in rapidly converting rainfall to runoff in lower and middle 
catchment contributing areas. The low IR for SCi+ is surprising 
considering the high peak runoff and vegetation/geologlcal 
characteristics described earlier.

The peak tc mean ratio is a simple measure of hydrograph 
'peakedness' (Gregory and Vailing, 1973a). Headwater areas produce a 
more 'peaky' response than at the Vest Valk flxmie with the exception of 
SC5 where the delayed response can be accounted for by interception and 
tnrou^ifall processes. The low peak to mean ratio at the flume is due 
to attenuation of the hydrograph as storm peaks arrive from various 
parts of the catchment with different time lags.

Time to peak (i.e. hyetograph centroid to hydrograph peak) 
increases down the main channel as expected, althou^^ SC5 peaks later 
due to a delayed response. Individual hydrographs are similarly lagged 
and from these tentative travel times can be calculated The peak from 
SCĴ  arrives at the flisne first, with an approximate mean velocity of
0 . 1 7  m/s; the main channel peak moves between VI and V2 at O.O8 m/s 
increasing to O.U ni/s between V2 and the flume. The flood peak from 
SC5 arrives at the flume later than the msdn peak, contributing to the 
recession curve, although it is not possible to compute a velocity.
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The percentage Direct Runoff gives an indication of the quantity 
of storm rainfall lost from the catchment. Dependence is placed upon 
an arbitrary method of runoff separation (Hibbert and Cunnln^am, I9 6 7) 
discussed in an earlier section. The low percentages for 
the catchment areas within SC2 suggest the effects of interception and 
higher infiltration rates, although 5*65 % for SC1+ is surprisingly low. 
The higher percentages for the catchment below W2 can be explained by 
the lower infiltration rates upon London Clay. The value of 3̂•k̂  % 
for SC5 also implies that a h i ^  proportion of rainfall reaches the 
channel due to limited infiltration, despite delayed response resulting 
from interception and throughfall.

(b) Example 2; A Snmnip-r Storm

An early summer storm is analysed in the same way for comparison. 
This occurred on l^th - l^th June I9 77 when the actual evaporation rate 
was 2*8 mm/day (still at the potential rate) and the pre-storm SMD
7 2 . 1  mm (falling to 58.7 mm after the storm). The total storm rainfall 
was 1 5 .5 8  mm and maximum intensity 1 1 . iranAour. The hydrographs for 
West Walk are given in Figure 1+.23 (no data is available for WI4 as the 
clock on the recorder had stopped). Runoff peaks were lower than for 
the winter storm (with the exception of the anomalous SCI) despite 
h i^er total storm rainfall and greater maximum rainfall intensity, and 
may be attributed to drier soil moisture conditions and higher 
percentage of intercepting foliage. Intensity of hydrograph rise is 
higher for the summer storm (with the exception of SC5 where 
throughfall may significantly delay response) reflecting the increased 
rainfall Intensity and small contributing area. There is very little 
difference between catchment times to peak, reflecting faster chaxmel 
travel velocities and low throughflow discharge to the immediate 
contributing area. The percentage direct runoff is lower for all 
catchments, indicating a replenishment of soil moisture and canopy 
storage (l.e. interception). In the summer storm vegetation appears to 
d<milnate geological variation as a runoff control due to the Increased 
vegetation cover and fairly uniform SMD.

I
Overall, periods with a hi£^ SND give short, quick-response 

hydrographs with a small percentage of direct runoff. This can 
probably be attributed to the replenishment of soil moisture storage
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FIGURE li .2 2 t HYURCXSIAFH RESPONSE TO A VINTER STORM AT WEST WALK 
(l/eeo)

135



7IGDRE ii .2 ^ i HYDROGRAPH RESPONSE TO A SOMMER STORM AT WEST WALK
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over much of a *dry* catchment, with a relatively small contributing 
area adjacent to the channel. Throu^iflow ia likely to be greatly 
reduced by movement into soil moisture storage and evaporation. These 
results agree with a comprehensive analysis of imit hydrographs from 
Clay catchments in thè Gloucester region (H.P. Wheater et al, 1978)*

This chapter has described the design, construction and 
installation of West Walk gauging stations; streamflow data collection, 
processing and storage; errors Involved in gauging, estimation of 
missing data and baseflow separation; rainfall measurement. The data 
is then used to paint the backcloth to the period of study (J\aly 1975 
to June 1 9 7 7) with a water balance, and to Indicate the spatial 
variation in hydrological responses. The water data are to be utilised 
in studying solute dynamics, for which the chemical analyses are 
described in the following chapter.
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CHAPOER ^
ITECHNIQTIES USED IN  THE SAMPLING MU  ANALYSIS OF WATER

5.1 INTRODUCTION

The aims of this chapter ares

(i) to describe the methods used to sample rainfeJ.1 and 
etreamwater;

(il) to outline procedures for sample preparation and 
stora^; and

(iii) to describe the techniques used for the determination 
of lndivid\ial ions, specific electrical conductance 
(sc) and total dissolved solids (TDS).

In chapter 2.3 (a ) it was noted that the major species usually 
determined are Câ '*’, Na"̂ , (cations) and Cl ,
and CO^^” (anions), together with pH. Minor species determined are 
SiOg, Al, Pe, NO^“ and Determinations of all the major ion
species were undertaken with the exception of CO^ which was present 
in very low concentrations or totally absent. Problems were 
encountered in the analysis of some ions due to the lack of instrument 
avfidlabillty or Instrument breakdown. Neither a direct reading 
colorimeter nor tiirbidimeter were available, restricting individual 
ion analyses to either atomic absorption spectrophotometry (AAS), 
flame photometry or volumetric titration. Thus the number of S0|̂  
analyses by indirect atomic absorption were reduced due to the limited 
loan of a barium lamp. Neither NO^ nor were determined due to 
lack of suitable equipment, which in retrospect was regrettable in 
view of the interesting variations in these species dur ing  the 1975 “ 
19 7 6 drought shown by other researchers (e.g. Poster and Vailing, 1978j 
VfiĴ llng and Poster, 1978). A limited number of Si and Fe 
determinations were also made. Neither HCO^ nor CO^ were present in 
dissociated form in rainfall, >dille concentrations were too low
for accurate use of indirect AAS.
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Prom the project outset It was clear that the analysis of a large
number of water samples would be necessary. As standard methods for
the determination of ion concentrations by volumetric titration can be
tedious and time consuming it waus decided, as a basic philosophy, to
employ AAS wherever possible. Methods for the analysis of Na"̂ ,
Câ '*’, Mĝ "*’, Fe and Si were already available. Problems arise when
such a philosophy is applied to the major anions in solution, since
AAS is only applicable to metal cations. Indirect methods have been

-  -  2-developed for Cl , NO^ and S0|̂  , althou^ only the latter species
was analysed by the technique. Cl*" anetl^sis required the use of a 
silver AAS lamp, which was not regularly available, while NO^” analysis 
involved the use of organic solvents and hence a separate atomic 
absorption spectrophotometer to avoid frequent overhauling and 
cleansing of the equipment. Thus standard methods of titration were 
used for determining Cl" and also HCO^" concentrations.

The pH of each sanqple was determined as an essential preliminary
to individual ion analysis. The SC of the water sample was determined

0

at the same time as pH. Totsd. dissolved solids were cdso determined 
for a number of samples and attempts made to relate TDS to SC. The 
ions determined in stream and rainwater are cummarised in Table

5.2 SAMPLING FREQUENCY AMD METHODS

To meet the research objectives outlined in chapter 1, a program 
was designed which would sample streamwater over a wide range of 
hydrometeorological conditions. Initially, it was decided to sample at 
each weir and the flume weekly over a two year period 1st July 1975 to 
30th June 1977 £uid to treat this time series as a water quality data 
base for developing bivariate regression models of solute response for 
each subcatchment. In addition. Individual storms were to be sampled 
at intervals of between 0.25 and two hours during the period in order 
to provide detailed information on the seasonal variability of solute 
response.

B.E. Vailing (1975) placed particular enqphasis on sampling 
frequency when attengptlng to understand teiiq>oral solute variations. 
Using a continuous record of specific conductance for the Elver Cready, 
South Devon, he showed that weekly samples Inadequately described
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TABLE ^.1

Stream and Rainwater; Ions BeteTmined

Ton Streamvfater Bainwater

AAS AAS
Na'̂ AAS AAS
Câ *̂ AAS AAS
Ue2+ AAS AAS
Cl" V Titration V Titration
so^- lAAS -
HCO^" p A  Titration -
pH Pye Meter Pye Meter
SC Conductivity Meter Conductivity Meter
TBS Evaporation/ Evaporation/

Gravimetric Gravimetric
Fe AAS -
Si AAS -

atomic absorption spectrophotometry

volumetric

indirect

potentiometrio
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temporal variability. Ideally, the requirement is for an automatic 
method of sampling, with the option of sampling interval related to 
flow volume (e.g. Fredriksen, I969) and with an on/off switch 
activated by a given water stage. An automatic 12 bottle vacuum 
sampler manufactured by North Hants Engineering was already available 
for use (Figure two 2I4. bottle NHE vacuum samplers were kindly
loaned by the Southern Water Authority (Figure These all use
900 ml glass bottles from which air is extracted with a hand vacuum 
pump, and the vacuum maintained by closing pinch valves on rubber 
tubing inlets to each bottle. The valves are opened at the required 
interval by an arm rotating from a dock in the centre of the Instrument 
(Figure 5*1 )• ^ 3  samples are taken from the stream through Individual
plastic tubes to the sample bottles. The sampling intake was located 
in the centre of the channel, making the reasonable assumption that 
concentration is \miform across the section (Glover and Johnson, 197̂ 4/ 
(Figure I4.I). Switching the sampler on automatically was achieved by 
dropping the rotating arm into position using a solenoid (Figure $.2), 
To switch the solenoid on, two methods of signalling were used.
Firstly, a crest stage recorder was converted by glueing a magnet to 
the top of the float arm. A sliding reed switch outside the crest 
stage guide tube could be pre~set at any water level, and would be 
closed by a rise in water level floating the magnet upwards. This sent 
a signal via an electronic relay to the solenoid to drop the rotating 
arm. Thus, the technique sanqpled above a specified flow level 
(Figure 5*3)• Secondly, a Plessey tipping bucket raingauge sited 
next to the sampling point (normally recording on magnetic tape) sent 
a signal to the sampler after 1.0 mm of rain had fallen, again closing 
a reed switch. Thus samples were taken prior to, as well as throu^^, 
a storm hydrograph. Althou^ these techniques were used 
on numerous occasions to activate samplers there wsus always some doubt 
relating to accuracy of the switch on time. Hence manual switching of 
instruments was used whenever possible.

NHB vacuum sanqplers have several disadvantages. During frosty 
weather vacuum is partially lost due to leakage around the screw caps 
and pinch vsJ.ves; on several occasions as many as I4/2I4 bottles 
remained enqpty, idiile saaq>le size was considerably reduced in others.
An increased head created by locating the samplers on the bank above 
the streambed also reduced the sample taken (Figure I4.1). Algal growth
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yiQUHE ̂ .2» TRIGGER ATTACBMEMP FOR N.E.E. WATER SAMPLER
(rl£̂ t)
FIGURE 5.31 CONTERTED CREST STAGE REK70RUER FOR TRIGOJRIIIG N*H*E. 

SAMPLER AT A PRE-SET WATER LEVEL

143



appeared on the walls of the 'bunched* plastic sampling tubes and was 
difficult to remove without taking them back to laboratory and 
cleaning. This was done only once during the two year sampling program 
(by Immersing the 'bunch* of tubes In very hot water, hanging from a 
roof beam and pulling cleaning brushes through each tube), altho\agh the 
effect of algal growth on solute concentrations was thought to be small.

Hand collected samples were taken from upstream of the gauging 
structures. In the centre of the channel, using 0̂0 ml polythene 
bottles.

Great care was taken to ensure that glass and plastic sample 
bottles were free from contamination. They were washed In tapwater, 
rinsed In concentrated ECl and finally rinsed twice In distilled, 
de-lonlsed water. The HHE sampler was cleaned between each period of 
use by pumping distilled de-lonlsed water through the system.

Although It was Initially decided to take weekly water samples at 
each gauging structure In Vest Walk, It became apparent early In 1975 
that this wo\ild Impose severe logistical problems during thé two year 
field program. This was due to the estimated time that the planning, 
construction of Instruments, field Installation, data and saaqple 
collection and laboratory and computer analysis for the hlllslope 
experiment would take (Section III). The revised scheme Involved 
periodic sampling diurlng two flow recessions: February - August 1975» 
and February - June 1977» and sampling during storms, particularly 
those occurring between September and January. This scheme eliminated 
the possibility of some types of analysis (e.g. time series modelling) 
but placed emphasis on the times vdien the most Interesting solute 
variations were likely to occur (l.e. autumn) and gave Information on 
baseflow water quality.

The fact that the sampling program was undertaken during a rare 
drou^t ha« the disadvantages that extrapolation of results to longer 
time periods Is dangerous. However, since this work places greater 
enqphasls on physical processes than on predicting long term erosion, 
the occurrence of the drought was useful In that It provided a wider 
range of conditions to sample. The frequent heavy rainfall during the 
months Sept^ber — December 1 9 7^ allowed sanq>llng of several stoians In
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sequence. However, there were logistical problems encountered in 
maintaining the hillblope and s\irface water samplii^ schemes and 
subsequently analysing water samples.

Bulk rainfall samples were taken weekly using a sampling 
receptacle situated at the catchment raingauge site (Figures 3.1,
U.IO). J.N. Galloway and G.E. Likens (1976) have described several 
types of rainfall collector varying in complexity. In the present 
e3q>eriment the aim was to use an instrument \diich required a minimum of 
maintenance, yet took representative samples of bulk atmospheric input. 
Trials were carried out during late I97I+ with the rain collector 
described by G.E. Likens et al (I9 6 7), althou^ this had the 
disadvantage that the vapour barrier (included to reduce sample 
evaporation) frequently froze during cold weather. The 6 mm inside 
diameter inlet tubing became blocked by insects on several occasions. 
This rain collector was superceded by that shown in Figure sinqply
a 2 litre polythene bottle situated under a large polythene funnel.
The covering box was built from glass reinforced plastic and covered 
with aluminium foil to reflect incoming solar radiation, reduce 
temperature. and minimise evaporation. The sampling funnel rim was 
situated at 1.5 metres to avoid splash in from the ground surface.
Some researchers recommend a ring of spikes around the funnel to avoid 
birds roosting and fouling the sample (e.g. Gambell and Fisher, I966). 
In the present experiment this was not considered necesssry because of 
the greater probability of birds roosting on trees; no fouling of the 
funnel was apparent during the two year period.

Each time a sample was taken, both the 2 litre bottle and a clean 
funnel were Installed. The same methods of cleansing were used as for 
streanrwater sanqple bottles.

5 . 3  ' SAMPLE PREPARATION AED STORAGE
Considerable attention was given to the treatment of water samples 

between site collection and laboratory analysis. Figure 5«5 shows the 
preparation storEige routine followed between collection and 
analysis. Significant changes in chemical concentrations may take 
place if samples are not stored under suitable conditions. This has 
been shown by specific projects to determine the effects of different
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FIGUHE

FLOW LIAGBAM OF THE VARIOUS STAGES IN SAMPLE PREPARATION
STORAGE AND ANALYSIS

FIELDWOBK Individual Spot

TRinse poly bottle 
in stream twice 
and take sample

Rainfadl sample Automatically 
collected samples

1Disconnect bottles 
from automatic 
sanqpler

LABORATORY
ANALYSIS

Measure pH with laboratory meter
4MeasTore SC
iTitration for HCO, (except rainfall) 

FilterIImmediate analysis ?

— *----------------- a

147



storage methods, as for example that by K.V. Slack and D.W, Fisher 
(19 6 5). River water samples maintained at 25°C in plastic bottles 
and exposed to alternating twelve hour periods of darkness and li^t 
for three months showed no signfleant changes in the major constituents 
(pH, C0„ SO,^", Ha+, K* and SiO ).

However, during a subsequent two month period of dark storage both
o - 2 + 2 -pH and " decreased, while free COg and HCO^ , SlOg, Mg and 

all Increased, Viable explanations were proposed for all the changes 
except Mg Such changes resulted from the alteration of only one 
variable, light, with temperature kept constant.

Thus if samples cannot be analysed within a short time of return 
to the laboratory an adequate method of storage must be used. In the 
present work the use of AAS aimed to ea^edite analysis and so increase 
the number of ions which could be immediately determined. pH, SC, TDS, 
Cl”, HCO^”, Câ "̂ , Mĝ '*’, Na"̂  and S0|̂ “̂ were all determined before 
storage, while Si and Fe were determined later.

H.L, Golterman and R.S. Clymo (I969) suggest three main methods 
for storing river water samples. Firstly, by the addition of 
preservatives. The addition of either 0*5 %  CHCl^ or 0.5 ®1 bromine- 
water/10 0 ml sample are suggested by B, Abbrg and W. Bodhe (191*2),

The second method is to acidify the sample with HgS0|^ or HCl to 
pH = 1 - 2. This prevents the precipitation of iron and aluminium but 
has the disadvantage that it can cause changes in the state of the ions 
in solution.

The third method, and the one used in the present work, is to 
freeze the filtered sample in a polythene bottle. These can then be 
kept for a long time before analysis (no more than six months in the 
present work). It is Important to thorou^ily mix the solution after 
thawing. Problems can also arise >dien, as in the present case, 
silicates are to be determined after freezing, because silica may 
precipitate when the sample thaws.
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Golteiman and Clymo (19^9) suggest the storage of both an acid 
and a neutral solution and prefer the use of borosillcate glassware to 
plastic, the latter to overcome the absorption of phosphorus by the 
plastic. In the present work refrigerator space was only available for 
storing one sample. Samples to be analysed within a few hoTirs after 
return to the laboratory were maintained at 2 - In the refrigerator.

5.1| FILTRATION

During sample storage Ion exchange between dissolved Ions and the 
surface of pairtlculate matter can occtir, so that separation of 
particulate from dissolved matter must be an early step. Filtration 
was undertaken after the measurement of pH, SC and titration for HCO^~, 
to avoid alteration of the dissolved gas content of the sample. Prior 
to the analysis or storage of most samples filtration was carried out 
using a V/hatman No 32 low ash filter circle (mean pore diameter =
0.75 pm)« This was done \mder vacuum In a Büchner funnel and flask, 
the filtration rate being Inversely proportional to the amount of 
sample which has passed throu^ the filter.

Inevitably, some colloidal particles (taking the colloldal/solute 
boundary as 0.01 pm) pass through the filter paper, but a balance must 
be struck between filtration time and purity.

Sample filtration for silicon was an exception to this method. A 
subsample of 200 ml was passed throu^ an oxold membrane (mean pore 
diameter =0.5 pni) Qud stored In the deep freeze at - 20°C. This was 
done to avoid contamination from the glass fibre of the Whatman No 32 
filter circle.

5.5 uH MEASUREMENT

'Sample pH was measured as an essential preliminary (before 
filtration) to all other analyses. It was used In several analytical 
methods, \diich either directly calcTilated Ionic concentration or 
standardised calibration and. sanqple solutions. An example of the 
former Is given in the determination of an exact end point pH for 
HCO^ titration, u«1ng the initial pH and conductivity of the solution 
(see ^.12). Large differences in pH between sample and calibration 
solutions may adversely affect the accuracy of determinations by AAS.
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Inconsistent viscosity resulting from the pH differences affects sample 
uptake in AAS, the size of droplets formed and ultimately the n\amher of 
atoms entering the radiation bsam. Matching of solutions to within 
0.5 pH unit helps to overcome this problem.

The first decision necessary was \diether to measure pH in the 
field or after returning to the laboratory. A time lapse of 2 - 3 hours 
between collection and laboratory determination might allow liberation 
of dissolved gases and thus changes in ifl. A.M.C. Edwards (1971) 
measured pK in the field and several hours later in the laboratory but 
found the differences to be negligible. As a result he discontinued 
field determination. In the present case the time lapse between 
collection and laboratory determination could be more than 2k hoiirs if 
an automatic sampler was being used.

The pH of two water samples from weirs 2 and were determined,
2, 26 and 96 hours after collection. The results are shown below j

The uH Change o f two Samples throu/adi Time

Time after collection W2 wu
(hours) pH - A p H pH - A p H

2 7 .U8O 0.000 7 .6 1 0 0.000
26 7.1425 0 .0 5 5 7 . 5 7 7 0 .0 3 3

96 7 .2 9 0 0 . 1 3 5 7 . 5 2 3 0 .0 8 7

These show increases of only 0.033 0.055 pS units between 2
and 26 hours after collection which are acceptable errors, considering 
the problems of sample collection. Any backward extrapolation to 
standardise values vslb ruled out due to probable variations in the 
rates of change of pH throu^^ time, resulting from variable sample
chemistry and tenperature.

Thus the pH of samples was determined In the laboratory at either 
two or 26 hours after collection using a Pye Model 29O meter 
(Figure 5 .6). This instrument has a pH range of 0 - 1U with ranges
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of 1.1| pH for fine scale detenalnation (allowing a precision of 
+ 0.000^ pH). The instrument stability is better than 0.002 pH per 2k 
hours (non-cum\ilative). Automatic temperature compensation was 
achieved using a resistance thermometer.

A Pye Ingold U^O.E? combination electrode was used. Three EIL 
buffer solutions (pH pH 7 and pH 9) were used to calibrate the meter. 
The electrodes were washed with distilled de-ionised water and immersed 
in the I® 7 buffer solution. The function switch was turned to 
automatic and the asymmetry control adjusted until the meter read 
precisely pH 7; fine adjustment was obtained using the appropriate
1.1| pH ran^e. This procedure was repeated for the other two buffer 
solutions until calibration was perfect.

Measurements of pH were made by first calibrating the instrument 
then, with the range selector switch set to standby, the electrode and 
thermometer probe were immersed in the sample solution. The raxige 
selector switch was turned to the 0 - 1U range to estimate the pH; an 
exact pH reading was obtained by selecting the appropriate 1 — 1+ 
range. The electrodes were rinsed in distilled de-ionised water 
between successive readings. Meter drift was sometimes encountered 
while finding the pH of a sample. In such cases the electrodes were 
removed from the solution and gently brushed and rinsed with distilled 
de-lonlsed water to remove possible contaminants. If drift was still 
encountered, then the pH was taken after two minutes on the 1.1* range 
and B R U T  noted on the method sheet.

5,6 SPECIFIC ELECTRICAL CONDUCTANCE
Specific conductance was measiared at the same time as the pH, that 

is, within 26 hours of sanqpling.

Conductance is a measure of the ability of a conductor to convey 
an electric current. In the case of water it is related to the 
concentration of ions present and to the temperature at which the 
measurement is made (standardised at 25°C in the present case). 
Conductance is reported as micromho/cm and abbreviated to ;jmho. It 
gives no indication of the nature of the substances in solution but any 
increase cr decrease in their concentration will be reflected in a
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ooirresponding increase or decrease in conductance. By establishing a 
relationship between SC and the concentration of total dissolved solids 
(t b s) in a range of solutions it becomes possible to use SC as an 
estimator of TBS.

Conductivity was measured using a MCI Mk V Electrolytic 
Conductivity Measuring Set made by Electronic Switchgear Limited. A 
saa^le was poured into a measuring cell (with a constant K = 1.0) and 
the conductivity read from the measuring dial. Sample SC was 
calculated by multiplying this value by the value of the range selector 
switch (either 10, 10^ or 10^). Temperature compensation was achieved 
by setting the instrument temperature dial to the temperature of the 
solution (measured in ^C by thermometer) and adjusting to 25^C using 
the appropriate conversion factor from Goltennan and Clymo (l9^9f 
Table 3.1).

5,7 TOTAL BISSOLVEB SOLIDS
The concentrations of the total dissolved constituents (TBS) of a 

number of samples were determined in order to establish a relationship 
between TBS and SC,

The simple oven-evaporation procedure was used. A 5^ ml glass 
beaker was oven dried at 90°C and allowed to cool in. a desiccator; it 
was welded on an analytical balance when cool and the weight recorded. 
50 ml of sample solution was added to the beaker and placed in the 
oven at 90°C. This temperature (lower than the normally recommended 
110°C) was used in order to reduce possible losses of volatile 
dissolved organic matter. After evaporation the beaker was plaoed in 
a desiccator to cool and then re-weighed. The weight difference was 
used to calcTilate the TBS concentration in mg/l. The analytical 
balance is accurate to 0.0001 g, which converts to 2 mgA ®)S 
concentrate. A replicate analysis of NaCl solution, concaatration 
230 mgA gave the satisfactory results shown in Table 5.2.
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TABLE ,̂2

Replicate TBS Analysis for a Solution of NaCl
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5.8 ATOMIC ABSORPTION METHODS 

A* Introduction
Atomic absorption methods have become increasingly popular over 

the past ten years. This popularity results from a number of the 
advantages of an ideal technique, well summarised by L.L. Lewie (I96 9). 
Firstly, it allows the detection of low concentrations. Secondly, more 
than one element may be determined by preparing a single solution. 
Thirdly, with direct determination there is usually no lapse time in 
sample preparation (as there is, for example, in colorimetric methods, 
where time is required for colour development). Fourthly, data output 
is in directly readable form. Fifthly, smaDler volumes of water are 
required in comparison with titrimetrio determinations.

It is a method ideally suited to the analysis of river water 
samples, since direct aspiration of the aqueous solution with limited 
pre-treatment is possible.

These attributes combine to make AAS a versatile and rapid tool 
for the analyst undertaking routine determinations of a large number of
samples.

B. Instrument Background
It is unnecessary here to give the detailed theoretical background 

of AAS. However, an understanding of the basic system of analysis is 
useful. In order to be able to make measurements in atomic absorption 
it is necessary to devise an instrumental assembly which will convert 
an aqueous solution as efficiently as possible to a population of 
ground state atoms, and then pass resonance radiation of the element to 
be measured through that population. Ideally the light-measuring 
device should "see” only the wavelength which is being absorbed, as the 
presence of other radiation will lower the proportion of absorbed 
radiation and thus decrease the sensitivity of the measurement.

The basic layout of the Pye Bhicam SP90 atomic absorption 
spectrophotometer is shown in Figure 5-7. Light from the source lamp 
generating a sharp line spectrum characteristic of the desired element 
passes throu^ ths flame into which the sample solution is sprayed as a 
fine mist. The region of the spectrum in the immediate neighLouihood
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5.8 ATOMIC ABSORPTION METHODS

A, Introduction

Atomic absorption methods have become increasingly popular over 
the past ten years. This popularity resiilts from a number of the 
advantages of an ideal technique, well s\jmmarised by L.L. Lewis (I969). 
Firstly, it allows the detection of low concentrations. Secondly, more 
than one element may be determined by preparing a single solution. 
Thirdly, with direct determination there is usually no lapse time in 
sample prep?j:ation (as there is, for example, in colorimetric methods, 
where time is required for colour development). Fourthly, data output 
is in directly readable form. Fifthly, smaller volumes of water are 
required in coo^arlson with tltrimetrlo determinations.

It is a method Ideally stilted to the analysis of river water 
samples, since direct aspiration of the aqueous solution with limited 
pre-treatment is possible.

These attributes combine to make AAS a versatile and rapid tool 
for the analyst undertaking routine determinations of a large ntunber of 
samples.

B. Instrument Background

It is unnecessary here to give the detailed theoretical background 
of AAS. However, an miderstanding of the basic system of analysis is 

useful. In order to be able to make measurements in atomic absorption 
it is necessary to devise an Instrumental assembly which will convert 
an aqueous solution as efficiently as possible to a population of 
ground state atoms, and then pass resonance radiation of the element to 
be meastired throii^ that population. Ideally the li£^t-measuring 
device should "see" only the wavelength which is being absorbed, as the 
presence of other radiation will lower the proportion of absorbed 
radiation and thus decrease the sensitivity of the measurement.

The basic layout of the Fye Hnicam SP90 atomic absorption 
spectrophotometer is shown in Figure 5* 7* Bight from the source lamp 
generating a sharp line spectrum characteristic of the desired element 
passes throufl^ the flame into which the sample solution is sprayed as a 
fine mist. The region of the spectrum in the Immediate neighbourhood
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of the resonance line to be measured is selected by the monochromator. 
The isolated resonance line from the lamp falls on to the detector, a 
photomultiplier, the output of which is amplified and drives either a 
meter or more usually a chart recorder. The intensity of the resonance 
line is measured with and without the sample passing into the flame.
The difference between these readings is a measure of the absorption 
and therefore of the amount of the element being determined.

For emission spectroscopy the source lamp is removed, and the 
flame radiation detected by the monochromator at the desired frequency.

The instrument used for most of the analytical work described 
below was a Pye Unicam SP90 Series 2 Atomic Absorption 
Spectrophotometer. The instrument is capable of carrying out high 
sensitivity, low noise atomic absorption and sensitive emission 
measurements. It is a compact unit which houses a monochromator, 
plug-in electronic unit and interchangeable burner heads into which are 
fed pre-mired fuel, air and sample (Pye Unicam, Technical Manual). An 
SP9I Series 2 lamp turret and SP9U Series 2 nitrous oxide system were 
also fitted. A Mitsui graph recorder was used for most readouts. The 
salient specifications for the instrument are given in Table 5.3.

C. Analytical Techniques
Instrument operation is strai^tforward if a tasio settin»-up 

routine is fo3lowed. Details will not be given here of optical 
alignment or nebulizer-atomizer adjustment; these may be found in the 
Pye Dnioam Teohnioal Manual, pages 1,.15 - 16 and 1*.27 - 30 respectively.

The meet Important instrumental settings for an analysis are lamp 
current, amplifier gain and daiq>ing, scale erpansicn, slitwidth,

and recorder erpansion. The standard setting-up procedure for 
the SP90A was as follows (absorbance mode);

I Th© instrument was set to absorbance

II Th© mode switch was set to low gain
III The lamp current was adjusted to the appropriate value for 

the laxap being used and th© laaq? allowed to warm for 
1 5  minutes
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TABLE ^.3

Snecificationa for the SP90 Series 2 Atomio Absorption SpeotroDhotometer

Range >

Sources

Slits »

Monochromator t

Detector s

Wavelength Stability :

Scale Expansion t

Electronic Stability t

Sasqple Take Tip Rate s

Presentation s

Response Time - Recorder t

Fuel Supply

Air Supply

190 to 892 nm

Hollow cathode lamps mounted in 
rapid-focus holders

Gaiaged slits continuously variable up 
to 1*5 mm

Littrow type with 30®C rear-aluminised 
hi^i-purity silica prism

EMI 9558^ photomultiplier

0 .0 6 nm per ®C change in ambient 
temperature at 300 nm

Continuous absorbance escansión up to 
X 10 maximum

Zero drift less than 1 % per day

3 to ml/m with an indicated air flow 
of $ l/m

Taut suspension meter calibrated linearly 
in transmission and absorbance, depending 
on mode of operation. 10 mV output for 
recorder

Time constant 3 (damping) * 1.8 sec 
time constant k t h» 3 oeo

Acetylene, pressure regulated between
0 . 3 5  - 0 .7 bar (kg/cm^) (5 - ‘•0 psi)

Compressed air with a steady pressure of up 
to 2.1 bar (kg/cm^) (30 Ib/in^) at up to 
10 l/m flow rate
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IV The damping control was set to 1

V The shutter control was set to zero energy

VI Tiie scale expansion weis set to 5* meter zeroed, and 
the SE reset to 1

VII The shutter control was set to absorption and the
slitwidth set to the required value (usually between 
0 .0 8 - 0.1 mm)

(Till The lamp was correctly aligned
IX The wavelength of the spectral line for the individual lamp 

was selected using the wavelength control. This was done by 
adjusting the control to give the minimum absorbance reading

X (i) The acetylene air flame was ignited byj
(a) adjusting the air pressure to 2.1 bar (kg/cnr)
(30 psi) at the compressor and to U*5 - ^»5 l A  on the 
instrument gauge
(b) turning on the fuel at the cylinder to give a 
pressure of 0.7 bar (kg/cm^) (IO psi)
(o) turning on the gas flow control on the instrument 
to 1 . 5  l/m and igniting the flame
(d) the fuel supply was adjusted to provide a 
non-luminous flame

(ii) The nitrous oxide-acetylene system is used to produce a 
significantly higher flame temperature than that attainable 
with alivacetylene mixtures. It allows analysis of 
additional elements which are not reduced to the atomic state 
at the lower temperature of the air-acetylene flame. 
Precautions were taken when using nitrous oxide since there 
is some risk of flashback (Pye Unicam Tech. Man. SP9U p. 2 
et sea^. A special nitrous oxide burner head was fitted 
first. The flame was then ignited byi

(a) turning on the air supply and setting the control 
switch to 'AIH'I Brt 5 x/m at 2.1 bar ( W a « r )  (30 pai)
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(t) turning on the NgO supply switch to *NgO* and 
adjusting the nitrous oxide pressure to 2.1 bar, 
allowing $ l/m flow rate
(o) alternating between *AIE‘ and 'NgO* to ensure 
maintenance of flow rate and pressures

(d) switching to air and allowing the system to flush 
for one minute
(e) setting 1.5 l/m acetylene at 0.7 bar (10 psi) at 
the cylinder and lighting the flame

(f) increasing the acetylene flow to 3 l/m

(g) switching to 'NgO* and adjusting the flame using 
the acetylene flow only

Having set up the instrument to produce a stable non-luminous 
name the next step was to »tune* the instrument for optimum 
performance.. This involved the minimisation of noise and the 
linearisation of the calibration curve. Figure 5.8 gives several types 
of output trace, all innuenced by the amount of noise.

D. Noise and Noise Reduction
(a) Flame noise: this arises from refractive index 

variations in the region between the hot parts of the name and the 
cold surrounding atmosphere and from small variations in effective path 
length of the name cell. It is apparent that name noise always 
exists and it was best minimised by ensuring operation in a drau^^t- 
free environment, with all doors closed and all panels in position.

(b) T.Amp noise I. this has two components*
(i) *shot* or short term noise due to the quantum 
nature of the electronic charge

(ii) ‘drift* or long term noise

Shot noise was not found to bo a major problem with the SP90A. Since 
shot noise is proportional to the square root of the lifî t intensity 
then adjustments to reduce shot noise followed the procedure*
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(l) the laarp c\irrent increased

(ii) the aperture stop removed

(lii) the slitwidth increased
(iv) the gain control altered to compensate, so that 
the readout meter was at aero while aspirating a blank 
solution

This four stage process was continued until a point was reached where 
the low frequency or drift component predominated. Further increase in 
light level worsened the detection limit because the signal decreased 
at a greator rate than the noise.

(c) Elfirtronto noise; this is due to photomultiplier dark 
currents and amplifier noise but was not a major problem in »tuning* 
the SP90A,

B. Curve Linearisation and Concentration Readout

Beer's Law, the theoretically linear relationship between the 
amount C of the absorbing species in the light path and the 
absorbance A, is partially followed in AAS. After an almost linear 
portion the caD ibration curve usually bends towards the concentration 
axis (the independent variable is taken as the abscissa). The amount 
of curvature and point of onset of th3 curvature depend on the amount 
of unabsorbable radiation reaching the detector, and on the presence of 
less sensitive lines within the monochromator. Figure $.9 shows four 
possible calibration curves, (a) is the ideal (almost impossible) case 
where all li^t reaching the detector is absorbed by the element being 
determined to the same extent. The normal curve is shown in (b), 
where Y represents the residual unabsorbed light level and the curve is 
asymptotic to this value. The cause of the curvature away from the 
concentration axis, shown in (c), is ionisation. At very low 
concentrations a hi^er proportion of the element is ionised. Sodium 
or potassium in the aii^acetylene flame exemplify this effect. 
Correction is usually by addition of a buffer as will be described 
later. Many elements give linear calibrations up to about 0.5A and 

• most give only sli^t curvature to I.OA, given optimum operational 
conditions. The following procedure was used to correct the
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(a)

(b )

(0

Cd)

PICORE -;.9 t POOR TYPES OP CALIBRATION CURVE USING AAS 
(se *  t e x t  f o r  d e s c r ip t io n )
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non-linearity of calibration curves (Pye Unioam Tech. Manual, p. 1+.22 -

i*.23).

(a) The instrument was adjusted for conditions of optimum 
linearity; the most important influences upon linearity here were 
found to be stray li^t and non-uniformity,

(i) Stray light» here the photomultiplier detects 
light of a wavelength that is not absorbed by (or not so 
strongly absorbed as) the principal resonance wavelength 
being used in the absorbance measurement. Stray l i^t 
is usually eradicated by optimising the monochromator 
to reduce the amount of light detected by the 
photomultiplier. This adjustment was never found to be 
necessary while using the SP90A,

(ii) Use of the sperature stop reduces non-uniformity 
caused by cff-axis rays passing throu^ a shorter 
pathlength in the flame.

I
Ionic interference cr various anionic effects can cause non-linearity 
of the calibration ciarve and are treated later.

(b) The absorbance/transmission switch was set to T,

(o) The shutter control was set to zero energy and the 
transmittance zero control for a zero reading on the readout meter.

(d) The shutter control was set to absorption and the coarse 
and fine gain controls adjusted until the readout meter read 1 .0
(10 0 % transmittance).

(e) A stock solution of the element being determined was 
aspirated (giving >  3A). The transmittance zero was adjusted for a 
zero reading on the readout meter.

(f) The T/A switch vaa set to absorbance.
(g) While aspirating a blank solution the gain controls were 

tidJuBted until tb. nkot.r XBstd zero*
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(h) Readout was changed to the graph recorder and the 
standard solution aspirated. It was then possible to check visually 
the linearity of the calibration curve. It was found that the best 
possible method of achieving curvature correction was to use two 
solutions, A and B. Solution A was of a concentration giving an 
absorbance of about 0.5 before curvature correction. Solution B was of 
a concentration twice that of A. The absorbance of both solutions was 
measured. If the absorbance of B was less than twice that of 
Solution A, then the transmittance was increased. If the absorbance of 
Solution B was more than twice that of A, then the transmittance was 
decreased. The optimum degree of curvature correction was achieved 
when the absorbance of solution B was twice that of Solution A. The 
curve generauLly approximated to an * S' as in Figure 5*9 (d)» the degree 
of curvature depending upon the prevalence of other causes of curvature.

Once the calibration had been linearised concentration readout was 
easily achieved by using the scade expansion facility. If, for example, 
50 mg/l was read as 0.1*A then the SB expanded the readout to 0.5A; 
thus, 0.5A == 5 0  mgA and multiplication by a factor of 100 gave the 
concentration. There was some loss of precision using this method 
due to incomplete linearisation of the calibration. Where this was 
apparent a separate curve was used for calibration purposes.

P. Interference Effects
These can be divided into chemical and physical interferences 

(Price, 1 9 7 2).

(a) Chemical
Both 'enhancing* and 'depressive' interferences are known to 

occur. In either oaee the proportion of atoms in the flame available 
to absorb the resonance radiation is the o ^ a t i v e  factor.

Stable compound formation is the primary cause of chemical 
interference. IPhis arises because compounds oontaining the element 
being measured are not broken down into individual atoms at the 
temperature of the flame being used.
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In the reaction

heat heat
M-O-X M-0 MfO MfCO

excess
oxyaoid

low temp 
flame

an equilihriiM will he set up between the species M-0 and M-O-X. But, 
in the presence of excess 0-X, the equilibrium will tend to the left 
preventing the formation of free M (Price, 1972). This represmts a 
persistence of the stable oxy-salt and a depression of the metal, M. 
By adding a releasing agent, the effect is to influence the chemical 
equilibrium in the desired direction as follows*

excess R
M-O-X + R R-O-X + M

where R is a metal which forms a stable compoimd with the oxy-salt and, 
when present in excess, allows the reaction to proceed to the rifî it, 
producing a higher proportion of atoms.

The releasing agents most frequently used are those metals 
which form stable oxy-salts, for example, lanthanum. Use of a nitrous 
oxide-acetylene flame in place of aiivacetylene also improves the 
sitiiation by increasing the temperature and thus the sensitivity.

The degree of ionisation of a metal can be affected by the 
presence of a second alkali metal. When the second metal is present as 
an. impurity in varying amounts the degree of ionisation varies and an 
interference effect results. This will cause the calibration curve to 
move away from the absorbance axis as shown in Figure 5.9(b). These 
effects are eliminated by adding an ioniBation buffer, usually a higher
alkali metal, in excess.

(b) Physical
Incomplete volatilisation can be caused by an inadequate 

flame temperature or speed of the droplets throu«^ the flame or both.
A likely result is the curvature of the calibration graph. The 
solution is to increase the temperatoire of the flame or add a 
releasing agent such as ammonium chloride.
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Matrix effects influence the number of atoms entering the 
radiation beam rather than their effectiveness once there. They 
usually arise from physical differences in the solutions being 
aspirated, such as a difference in acid concentration causing 
inconsistent viscosity. This in turn affects nebulizer uptake and the 
size of droplets formed. If both standards and samples are always 
made up in exactly the same way, i.e. with the same additions, then 
matrix effects are largely eliminated. Thus, the pH of sample 
solutions was brought to within 0.5 of the calibration solution pH in
all analyses.

G, Preparation of Standard and Reagent Solutions for AAS 

(a) Standard Solutions
Relatively concentrated stock solutions were prepared for 

each element to be analysed. The minimum quality of chemical used was 
analytical grade. These solutions were as follows.

(i) r.hinridet 0.1779 S of BaClg.fflgO Were dissolved
in de-ionised water and diluted to 500 ml. The solution 
contained 200 mg/l Ba.

(li) carbonate? 0.21+97 g of dry CaCO^ were dissolved
in the Tn̂ n̂ ltnlTn amount of HCl and made up to 1 litre. The 
solution contained 100 mg/l Ca.

(ill) Ferric chloride; BDH PeCl^ solution, concentration 
1000 mg/l Pe, was used. This is a solution prepared in 
N HCl specially for atomic absorption spectroscopy.

(iv) MAimeHlpm chloridet 0.1000 g of oxide free magnesium 
ribbon was dissolved in the minimum quantity of dilute HCl 
and made up to 1 litre. The solution contained 100 mgA Mg*

(v) chlorldet Q . 19 0 5 g ©f dry potassium chloride
was dissolved in de-ionlsed water and made up to 1 litre.
The solution contained 100 m g A  ^*
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(vi) Sodi\m metasilicate; 7*6 g of Na2Si0^5B2® dissolved 
in de-lonlsed water and made up to 1 litre. The solution 
contained 1000 mg/L Si.

(vii) Sodium chloridet 0.25U2 g of dry sodium chloride was 
dissolved in de-ionised water and maide up to 1 litre. The 
solution contained 100 mg/l of Na.

All solutions were stored in polythene bottles with a maximum 
shelf life of six months. Very dilute standards, e.g. 5 or less, 
were prepared fresh and used for one week only.

(b) Reagent Solutions

These were solutions added to standards and samples to 
overcome the interferences of other ions. It was important that these 
were of a high degree of purity.

Lftŷ thanum chloride: this was used extensively as a 
spectroscopic buffer to overcome Interference. Special atomic 
absorption grade lanthanum oxide was used in preference to ordinary 
grade, since the latter is contaminated by calci\mi and magnesium.
C&/Ke is as lovr as 0.1 mg/l in the ’pure' lanthanum oxide. Even so, 
it was found to be important to add L a ^  to both standards and samples 
to obtain uniform results. 1+.7 g of AA grade lanthanum oxide was 
added to a 500 ml beaker. 300 ml of de-ionised water followed by 25 ml 
of 12N HCl were added. The beaker was hoated and the mixture stirred 
until all the salt had dissolved. After cooling the solution was 
filtered into a 1 litre flask and made up to the mark with de-ionlsed 
water. All stock solutions, wherever possible, were stored at pH 2.0, 
except Na2Si0^.5H20 which was stored at pH 1.0 and made up freshly 
every two weeks.

5,9 TCT.TgMEW»P TiETEHMINATIQN BY AAS

Atomic absorption spectroscopy is a hig^y sensitive technique for 
determining metals. Sensitivity of an element is defined as the 
concentration (mgA of aqueous solution) \diloh will absorb 1 96 of the 
incident resonance radiation of that element.
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The detection limit is particularly important when analysing 
solutions of low concentration. This is the concentration corresponding 
to twice the standard deviation of a series of not less than ten 
determinations taken close to the blank.

Sensitivity and detection limit, where avsdlable, are quoted for 
eetch element determined. These values are from V.J. Price (1972) and 
were themselves obtained using a Fye Unlearn SP90 AAS.

A. Sodium

Sodium may be determined either by atomic absorption or flame 
emission spectroscopy. The latter allows higher concentrations to be 
determined without large dilutions. Atomic absorption was used due to 
its greater sensitivity and the small sample dilution actually required 
(large dilutions tend to magnify sources of error in the results).

Partial ionisation of sodium may occur in the aiivacetylene flame 
due primarily to high concentrations of calcium. These effects are 
substantially overcome by addition of an excess (1000 mg/l) of KOI as 
^  to both standards and samples. This addition was made to liie first 
batch of samples analysed but no difference in absorption found. The 
practice was henceforth discontinued.

Calibration solutions of 1.5* 3.0 and 5.0 mg/l were made from the 
100 mg/l stock solution. Sample dilution was always required for Na, 
ranging from 10 (winter samples) to 25 (summer sasqples). This was 
carried out using distilled de—ionised water. Instrument settings were 
typically as follows.

Wavelengths 
Flames 
Slit widths 
Lamp currents 
Gains
Scale expansions 
Chart speeds

589.0 hM
Aiivacetylene, lean 
0 .0 8 mm
6 . 5  mA.
5
1.0
2 om/mln
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The sensitivity Is approximately 0.02 mg/l at 1 absorption. 
Flg^ure 5*10 shows a typical output trace for Na determination with 
calibration and three sample solutions (chart speed was 2 cm/mln). The 
calibration curve Is shown In Figure this case the
relationship Is only linear to 1.5 since curve linearisation was
not carried out. The sample shown was diluted by a factor of 10 before 
aspiration.

Precision Is remarkably good using AAS. A replicate analysis for 
six dilutions of one sample give the results shown In Table

Table 5.lx Sodium Replication

Replicate Absorption % Concentration mg/l

1 31». 5 19.65

2 3U.5 19.65

3 yk.k 19.6

k 3k»k 1 9 .6

S 35 2 0 .1

6 3U.5 19.65
Méan s 19.71 o s A

SB = 0 .1 9  n « A  

CV 9é = 0 .9 6 %

B. Potassium
Like sodium, potassium may be determined In either the absorption 

or emission mode. Sample dilution was very rarely required In the case 
of potassium, justifying the use of atomic absorption.

Poteusslum may be partially Ionised In the alivacetylene flame.
The effects be overcome by the addition of NaCl, with a 
concentration of 1000 m g A  ^  with Na, additions of an alkali
salt (Na*̂ ) were made to the first batch of sanplea analysed. No
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The sensitivity is approDcimately 0.02 mg/l at 1 %  absorption. 
Figure 5«10 shows a typical output trace for Na determination with 
calibration and three sample solutions (chart speed was 2 cm/min). The 
calibration curve is shown in Figure In this case the
relationship is only linear to 1.5 mg/l, since curve linearisation was 
not cairried out. The sample shown was diluted by a factor of 10 before 
aspiration.

Precision is remarkably good using AAS. A replicate analysis for 
six dilutions of one sample give the results shown in Table

Table 5.1i Sodium Replication

Replicate Absorption % Concentration mg/l

1 3U.5 19.65

2 31*. 5 19.65

3 3U.U 19.6

k 3k»h 19.6

5 35 2 0 .1

6 3U.5 19.65
Méan = 1 9 .7 1 “s A  

SB = 0.19 n « A  

cv 9é = 0 .9 6 %

B. Potassium
Like sodium, potassium may be determined in either the absorption 

or emission mode. Sample dilution was very rarely required in the case 
of potassium, justifying the use of atomic absorption.

Potassium may be partially ionised in the aia^acetylene flame.
The effects can be overcwne by the addition of NaCl, with a 
oonoentratlon of 1000 m g A  as Na'*’. As with Na, additions of an alkali 
salt (Na***) were made to the first batch of samples analysed. No
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difference was found between those with an addition and those without 
an addition. Again, the practice of alkali salt addition in large 
concentrations was discontinued. Calibration solutions of 1.5» 3»0 
and 5»0 m g A  ^  were prepared from the 100 mg/l ^  stock solution. 
Sample dilution was rarely necessary; exceptions occurred for eaiiy 
autumn storms when a dilution by 2 - 2.5 was required. Figure 5-12 
shows a typical output trace for the three calibration solutions with 
two samples; Figure 5*13 gives the calibration curve. The calibration 
curve is linear to approximately 1.?5 ^ • Interference effects
are apparent on the trace; the absorption was obtained by averaging 
the two lowest and the two highest absorption values from the trace.

Instrument details for Figure 5»12 were as follows.

Wavelength:
Flame:
Slit width:
Lamp current: 
H i ^  Gain:
Scale e3q)ansion: 
Chart speed:

766.5 nM
Air-acetylene, lean 
0.1 mm 
U*5 mA
7.0 (with K filter)
2.0

1 cm/min

The sensitivity is approximately 0.1 mg/l K^for  ̂% absorption. A 
replicate analysis of one sample gave the results shown in Table 5« 5» 
Despite the noisy output trace precision is again remarkably good.

Table 5.6 Replicate Analysis for Potassium (No Dilution)

Replicate Absorption % Concentration mg/l

1 16.5 2.20
2 16.3 2.19
3 16.3 2.19
k 17.1 2.22

5 16.25 2.18
6 16.75 2.21

Mean s 2.198 ng/l 
SD s 0.015 nigA 

C7 9é = 0.68 %
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C, Calcium
Determination of calcium by atomic absorption is complicated by 

the fact that several interferences occur in the cooler flames 
(e»g« air-acetylene). In the air-acetylene flame the oxy—salts of 

phosphorus and silicon are the chief interferente* The 
result of such interference is a depression of calcium value in the 
sample solutions^ which depends upon the X/Ca ratio (where X is an 
interferent). The greatest problems arise when this ratio is eq\ial to 
or greater than 1.0. Unfort\anately the most sensitive part of the 
air-acetylene flame, immediately above the blue cone, is affected 
strongly by interference (Price, 1972).

Lanthanum chloride solution was added to both samples and 
standards to overcome the depression of calcium. A comparison of 
results obtained with and without the addition of La"̂  showed an overall 
enhancement of absorption, this being greatest at greater concentration 
of calcium, (Table $•(>)»

Table ^.6 Enhancement of Calcium Absorption 
by Addition of Lanthanum Chloride

% Absorption

Calcium
Concentration

mgA
Without L a ^ With L a ^

UOO mgA
Differe nee

10 58.5 81* ' 25.5

7 U6 69.5 23.5

3 17 32 15

0 2 10.5 8.5

Figure shows a typical output trace for calcium standards of
concentration 0, 10, 1 5 , 20, 30 ngA. Each contained la n t ^ u m
chloride, concentration 1*00 mgA* Equivalent additions of La wore 
made to sample solutions, necessitating a sllfi^t dilution, usually of 
1.11. The ccLllbratlon curve for Figure is shown in Figure 5» 15«
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Instrument details were as follows.

Wavelength*
Flame*
Slit width*
Lamp current*•
Gain*
Scale Expansion* 
Chairt speed*

1^2.7 nM
idr-acetylene, lean 
0.08 mm
5 . 5  niA.
1.0

1.0
2 om/min

The sensitivity is about O.O6 m g A  1 absorption. A replicate 
analysis for calci\mi is given in Table 5*7* Replication is excellent; 
variation is probably due to calibration drift and dilution error.

Table ^.7 Replicate Analysis for Calcium

Replicate Absorption % Concentration mgA

1 1*0.1 1 7 . 5 1
2 1*0.1 1 7 . 5 1

3 1*1.0 1 7 . 5 9

k l(0.U 1 7 .5U
$ 1(0.U 17.5U
6 1*0 . 5 1 7 . 5 5

Mean = 17.5U » s A
£0) a 0 .0 2 7 mgA 

c v 5é=s 0 .1 5 %

1). Magnesium
Interference has been reported from aluminium» phosphorus and 

silicon salts (Price, 1972) when determining Mg**by atomic absorption.
As with calcium determination lanthanum chloride was added to both 
samples and standards to overcome this interference. Magnesium is 
detectable in low concentrations by atomic absorption; Price (1972) 
gives an approximate sensitivity of 0.00^ and a detection limit of
0 .0 0 0 5 mgA. Thus considerable dilutions (usually by a factor of 
10 - 1 5 ) were required to bring the sample solutions within the
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calitration range of the instrument. Figure $,16 shows a typicaJ. 
output trace for magnesium standards of 0, 0 .2 5, 0.5, 0.75 and 1.0 mg/l 
with final concentrations of added La'*’ at 1*00 mg/l. The calibration 
curve given in Figure 5.17 is slightly curved between 20 and 1*5 % 
absorption.

Instrument details were as follows.

Wavelength* 
Flames 
Slit width*
Lamp ctirrent* 
Gains
Scale expansions 
Chart speeds

285.2 nM
Air-acetylene, stoichoimetric 
0 .1 mm
5 . 5

A replicate analysis for magnesium is given in Table $,d. One ml 
of the sample solution used for calcium determination (UP = I.II) was 
pipetted into a 10 ml volumetric flask and an amount of La added 
which would bring the final concentration up to 1*00 m g A  (0.9 nd
in this case). The volume was then made up to 10 ml with de-ionlsed 
water. The dilution factor for the data in Table 5.8 1® 11.11.

The multiplication by 11.11 (the 3)F) causes a twelve-fold increase 
in the standard deviation. Although this is expected and unavoidable 
it points to the dangers of dilution, especially when analysing on less 
sensitive wavelengths and under unfavourable analytical conditions.
The replication for magneei\mi however is highly consistent.

B. Iron
A tmaii number of samples were analysed for iron. The method used 

was based upon that suggested by Pye Tfaicam for the determination of 
iron in Igneous silicate rocks (Fe 5). Concentrations of iron were 
generally low (<0.1 mg/l Fe) and it was necessary to evaporate 100 ml 
of sample solution at 90®C and then dissolve the residue salts in 1*.0 ml 
of N HCl, giving a concentration factor of 25.0.
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TABLE ^ .8

R e p lica te  A n a lys is  fo r  Magnesium
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TABLE ^ .8

R e p lica te  A na lvs ia  fo r  Magnesium

Replicate Absoirptlon % jConc. mg/l Cone, mg/l X 
BP (11.11)

1 39.9 0.650 7 .7 7 7

2 39.8 0..6U5 7.166

3 39.8 0.6U5 7 .1 6 6

k 39.8 0.61^5 7 . 1 6 6

$ 38.9 0.638 7 .0 8 8

6 39.5 0 .6U0 7 . 1 1 0

X = O.6I+38 5  = 7 . 1 5 3 0

i SD r: O.OOU SD = O.OU76

CV 9é s 0 .6 20 CV = 0.665
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The stock PeCl^ solution A (prepared by BDH in N HCl: 1000 mg/l Pe 
or 2859 Jng/l was diluted to 100 mg/l *̂©2^3 later use in
ferric oxide determination in soils* 35 ®1 of stock solution A was 
added to a 1000 ml volumetric flask and made up to the mark with 
de-ionised water, giving solution B. 5» 10, 25 and 50 ml of solution B 
were added to 100 ml volumetric flasks and made up to the mark with 
N HCl, giving calibration solutions of 5» 10, 25 and 50 mg/l Fe^O^ 
(1 .7 5 , 3 .5 , 8.7U, 1 7 . 5  mg/l Pe).

Instrument details were as follows*

Wavelength:
Plame:
Slit width:
Lamp current: 
Gain:
Scale expansion: 
Chart speed:

21*8*3 nM • 
Air-acetylene, 
0*09 mm 
10 xnA
3 .0
2*5
2 cm/min

lean

Despite concentrations by 2 5 most sample solutions were still only 
between 0 - 5  mg/l Pe^O^ (O - 1*75 m g A  Pe)* However the calibration 
curve was linear between 0 — 10 mg/l PegO^ (O — 3*5 m g A  ^©) 1̂̂ ®
output trace showed little noise making interpretation relatively simple 
and accurate* A replicate analysis showed reasonably consistent 
results taking into consideration the initial evaporation process
(Table 5.9).

P, Silicon
Silicon was determined in a similar way to iron for a small number 

of samples using a method based upon that described by Pye Unlearn for 
the determination of silicon in cement (Si I)* Again sample 
concentrations were low (< 6*0 mg/l Si) which, when combined with the 
low sensitivity of the method, required sample concentration*
Accordingly 100 ml of sample solution was evaporated at 90°C in a PTPB 
beaker; 5 ml of N HCl was added, rinsing around the side of the beaker* 
When the sample was re-dissolved (except for any precipitated silica)
1*0 ml of HP'was added (1*0 % w/w)* After swirling the mixture 25 ml of 
boric acid solution (1* % w/v) was added and mixed thoroui^y. The
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TABLE ^.9

Replicate Analysls for Iron
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solution was transferred to a 100 ml volmetrio flask and 10 ml of 
lanthanum chloride % La^) added, and made yxp to the mark with 
de-ionised water*

Calibration solutions followed a similar procedure, 0, 10,
25 and 30 ml of the 1000 mg/l Si (211*0 mg/l SiOg) stock solution were 
added to 100 ml volTametric fleisks. These were diluted to about 50 ml 
with de—ionised water and 5 N HCl, 25 ml of boric acid solution 
(1* % w/v) and 10 ml lanthanum chloride solution ( 5 % La^) added.
They were then made up to the mark with de-ionlsed water, representing 
0, 100, 150, 250 and 300 mg/l Si or 0, 211*, 321, 535 and 61*3 mg/l SiOg.

In this preparation PTFB beakers are used throu^out to prevent 
the uptake of inqpurities (from glassware) by the action of HP, The 
addition of boric acid complexes the HP before addition to glass 
volumetric flasks* Lanthanum chloride is added to all solutions in 
order to con5>ensate for the enhancing effect of aluminium, iron and 
calcium ions on silicon absorption.

Instrument details were as follows.

Wavelengths 
Flames 
Slit widths 
Lamp currents 
Gedns
Scale expansions 
Chart speeds

2 5 1 . 6  nM
Acetylene/nitrous oxide

3 .0
2 cm/min

The calibration graph over the range 0 - 300 mg/l Si was 
sli^tly curved (type (c). Figure 5»9), although most of the samples 
fell in the range 0 - 150 mgA Si where the graph was approximately 
linear* The analysis of six replicates is shown in Table 5*10*

The coefficient of variation is relatively hifi^ due to the 
evaporatlon/dlssolution procedure and noise associated with the 
silicon wavelength.
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TABIE ^.10

Replicate Analysis for Silicon

Replicate ♦Absorption % Si Cone. 
mg/l

Si Cone. 
1Dg/l X CP
(o.ol*)

1 2l|.0 11*7.5 5 .9

2 26.14 162.5 6.5

3 27.7 1 7 0 .0 6.8

k 30.1 185.0 7.U

5 2U.0 11*7.5 5 . 9

6 2I4.8 1 5 2 . 5 6.1

X = 6.U3
SD = 0 .2 9 2

• CT )« = 1*.55

* Calibration linear, therefore Si (mg/l) 6 . 1 5  A 9ii
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5.10 SULPHATE

There are seve?3J. methods avallahle for determining sulphate 
concentrations. A.I. Vogel (I96I) details the colorimetric technique 
using harium chloranilate; the potentiometric technique with lead 
nitrate; and the gravimetric method precipitating harium sulphate. 
Gk)lteiman and Clymo (I969) outline in detail the popular turhidimetric 
technique; a volumetric titration \ising ELTA; and a potentiometric 
method using Pt and Ag electrodes. Problems arose in choosing any one 
of these techniques, either throu^^ lack of equipment (e.g. 
colorimeter) or slowness of method (e.g. turbidimetric with a simple 
comparator).

A little used indirect atomic absorption method is described by
H. Dunk et al (I9 6 7). In principle an accurately measured excess of 
barium chloride solution is added to sulphate solution and the excess 
barium is determined by atomic absorption. The following reaction 
occurs.

2 BaClg + NagSOi^ = BaSO^ + 2 NaCl +

Iprecipitate unreacted - measxired by AAS

The methed may be used over the concentration range 0 - 1 0 0  ing/l. 
It has an advantage over volumetric titrations in that the latter are 
slow and inconvenient when handling large numbers of samples. AAS 
involves a longer start to finish time but less operator handling.

2-

Reagents
1 . Barium chloride, 200 mg/l Ba
2. Sodium sulphate, 1000 mg/l Nag S0|̂
3 . HCl, 0.012 N

Method
Reagent (2) was diluted to make standard solutions of 10, 25, 50, 

75, 100, 1 2 5  and 150 m g A  NagSO^^ (corresponding to 7, 17, 35, 51, 68, 
85 and 101 mg/l S0|^^").
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There are several methods available for determining siaphate 
concentrations. A.I. Vogel (I96I) details the colorimetric technique 
using barium chloranilate; the potentiometric technique with lead 
nitrate; and the gravimetric method precipitating barium sulphate. 
Golteiman and Clymo (I969) outline in detail the popular turbidimetric 
technique; a volumetric titraticn using EDTA; and a potentiometric 
method using Pt and Ag electrodes. Problems arose in choosing any one 
of these techniques, either through lack of equipment (e.g. 
colorimeter) .or slowness of method (e.g. turbidimetric with a simple
comparator).

A little used indirect atomic absorption method is described by
R. Punk et al (19 6 7). In principle an accurately measured excess of 
barium chloride solution is added to sulphate solution and the excess 
barium is determined by atomic absorption. The following reaction 
occurs.

2 BaClg + NagSO^^ = BaSO^^ + 2 NaCl +

precipitate unreacted - measured by AAS

The method may be used over the concentration range 0 - 1 0 0  nig/l. 
It has an advantage over volumetric titrations in that the latter are 
slow and inconvenient when handling large numbers of samples. AAS 
Involves a longer start to finish time but lees operator handling.

2-

Reagente
1. Barium chloride, 200 mg/l Ba
2 . Sodium sulphate, 1000 mgA Nag S0|̂
3 . HCl, 0 .0 1 2 N

Method
Reagent (2 ) was diluted to make standard solutions of 10, 25» 5̂ )» 

75, 100, 1 2 5  and 150 mgA NagSO. (corresponding to 7, 17, 35, 51, 68,
, _ 2-v ^85 and 101 migA ")<
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10 ml o f sample co n ta in in g  no t more than  $̂0 m g /l NagSOî
(100 m g/l SO^^"") were p ip e tte d  in to  a 25 m l graduated f la s k . One drop 

o f (3 ) was added, and again by p ip e tte  10 ml o f reagent ( l ) .  The 
s o lu tio n  was made up to  25 m l. The su lpha te  standards were tre a te d  in  

e x a c tly  the  same way.

Sample and standard  s o lu tio n s  were l e f t  o ve rn ig h t ( i . e . > l 8  h o u rs ).

A pproxim ate ly $ ml of th e  supernatant l iq u id  was c a re fu lly  

decanted and the  unreewsted B a ^  determ ined by a tom ic a b so rp tio n  

spectroscopy.

The Instrum en t d e ta ils  were Id e a lly  as fo llo w s .

Wavelengths 
Flames 
S l i t  w id ths 
Lanp cu rre n ts  
Gains
Scale expansions 
Chart speeds

U55.1+ nM
N itro u s -o x id e  acetylene 

0.1 mm 
6 mA

k
1.0
2 cm/min

Using the wavelength 1*55. U nM with a nitrous-oxide flame has the 
advantage that interference by CaOH is largely obviated. Typical 
sensitivities and detection limits of 2 mg/l and 1 mg/l respectively 
are obtained using this wavelength.

A calibration graph of absorption versus S0|̂  was plotted 
(Figure 5 .1 8 ) and the sample absorptions read directly in terms of
mg/l S0|̂ ”̂ .

There are two potentially serious sources of error in the above 
procedure to precipitate (Bunk et al, 196?). Firstly, at low
concentrations of Ba and SO^^, in the cold, the reaction is relatively 
slow. Bunk showed that a minimum of 18 hours is required for complete 
reaction of Ba and (Figure 5» 19)»

Secondly, at low concentrations the solubility of BaS0|^ is 
significant and very dependent upon acid concentration. It was shown

1 8 9
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to 1)0 essential to work at low acid concentrations to avoid large 
errors due to the solubility of BaSO^^. Precipitation must be made in 
acid solution to avoid errors due to non-selectivity and ^
co-precipitation. A replicate analysis of a known ng/l S0|̂  
standard gave a mean value of kB.Ql mg/l (Table

Table *3.11 Sulphate R e p lic a tio n

R e p lica te

1

2 1*7 .8

3 1*9.5

I18.I

5 1*9 .1

6 1*9 . 5

X « 1*8 .8 7  osA
SD = 0 .7 3  n«A

CV9é* l .U 9 %

5.11 CHLORIBE
Chloride, together with bicarbonate, was determined immediately 

(i.e. within 26 hours) of return to the laboratory. Thus no storage 
procedxsre was required.

Several methods are available for determination of the chloride 
ion. Golterman and Clymo (I969) describe volumetric titrations with 
both mercuric nitrate and silver nitrate, potentiometric titration 
xuslng an Ag electrode and conductometric titration using Ag NO^.
A,I, Yogel (1 9 6 1) gives a more comprehensive treatment. In addition 
to the techniques proposed by Golterman, he describes volumetric 
titrations using Volhard's method (the chloride solution is treated 
with an excess of standard silver nitrate solution, and the residual 
silver nitrate determined by titration with standard thiocyanate

1 9 2



to be essential to woik at low acid concentrations to avoid large 
errors due to the solubility of BaSO|^. Precipitation must be made in 
acid solution to avoid errors due to non^-selectivity and 
co-precipitation. A replicate analysis of a known 5Ò n>g/l SO^ 
standard gave a mean value of U8 .8 7 mg/l (Table

Table «̂ .11 Sulphate Replication

Replicate

1 1*9.2

2 1*7 . 8

3 1*9 . 5

U8.1

1*9 . 1

6 1*9 . 5

X as 1̂ 8.8 7 m g A

• SD as 0 .7 3 n e A
CV9é* 1.li9 9é

5 , 1 1  CHLORIlffi
Chloride, together with bioarhonate, was detemiined imiiediately 

(i.e. within 26 hours) of return to the laboratory. ®hus no storage 
proced\2re was required.

Several methods are available for determination of the chloride 
ion. Golterman and Clymo (19^9) describe volumetric titrations with 
both mercuric nitrate and silver nitrate, potentiometric titration 
pnjng an Ag electrode and conductometric titration using Ag NO^.
A.I. Vogel (1 9 6 1) gives a more comprehensive treatment. In addition 
to the techniques proposed by Golterman, he describes volumetric 
titrations using Volhard»s method (the chloride solution is treated 
with an excess of standard silver nitrate solution, and the residual 
silver nitrate determined by titration with standard thiocyanate

1 9 2



solution), and also with mercurous perchlorate; colorimetric or 
spectrophotometric with mercuric chloranilate; gravimetric with silver 
nitrate. V. Vesterlund-Helmerson (I966) has described an indirect 
method using atomic absorption spectroscopy.

The choice of technique was restricted by the laboratory 
facilities available. The mercuric chloranilate method was ruled out 
through lack of a spectrophotometer; the rapid potentiometrio 
titration throu^ the lack of an Ag electrode; the indirect atomic 
absorption method through the lack of a silver lamp. The gravimetric 
method is considered slow and unsuitable for the analysis of a large 
batch of samples. Of the remaining methods titration with either 
mercuric nitrate or silver nitrate seemed most attractive, since both 
are uncomplicated and accurate to about 1.0 mg/l Cl •

The merc\aric nitrate titration (Golterman and Clymo, 19^9) was 
chosen because of its simplicity, although there is no particular 
advantage over the silver nitrate procedure. The chloride ion is 
titrated with mercuric ion (i.e. with a solution of mercuric nitrate 
acidified with nitric acid) and follows the reaction*

201” + Hg**̂  * HgClg

The end point is determined with a mixture of diphenyl-carbazone 
and bromophenol blue. The bromophenol blue changes from blue 
(alkaline) to yellow (acid) at circa pH 3 .6, which is the acidity 
recommended for 01“ concentrations below 10 mg/l. At the equivalence 
point the yellow colour of the solution becomes blue-violet owing to 
the reaction of the excess of mercuric ions with diphenylcarbazone
(Vogel, 1961):-

0,H..

O ^ H ^ . HE
0 + 4 Hg"̂ * 0 +

O g H ^  = n ‘

1 9 3



2— 3+  2+The ions > Pe , Mi , and Cû **’ react with
dlphenyloaibazone if present in oonoentrations greater than 10 ng/l. 
Such interference vas not found in the analyses. The method described 
follows that of Golterman and Clymo (1969)*

Reagents
1. Standard NaCl, 0.01 N
2. Hg(N0 )g, 0.02 N (standardised against NaCl as described in 

¿.I. Vogel (1 9 6 1, p. 1*8 - 50) using bromophenol blue as
indicator)

3 . HNO., 0 .2  N
1|, Diphenylcarbazone-bromophenol blue mixed indicator solution

Method
To 50 ml sample (diluted by 2 - 3) to bring it within 

approximately 10 mg/l Cl") were added ten drops of reagent (U).
Reagent (3 ) was added dropwise until the solution became yellow 
(pH = 3 .6), whereupon five more drops of (3) were added.

Titration with (2 ) proceeded until the colour changed throufi^ 
orange to blue-violet.

An automatic stirrer was used in the titration. Table 5# 12 gives 
a replicate analysis using the titration.

Table <̂ .12 Chloride Replication



Variation in the results can he attributed to the standard of the 
equipment used and also variation in huretto drop size. A 50 ml 
burette was used and read to the nearest 0.025 ml (0.?1 nig/l Cl ). As 
this is the approximate size of a drop from the burette 
undeivestlmation of Cl“ occurs when only half a drop forms. This 
problem was overcome by washing the drop from the burette with a little
de-ionised water.

5.12 BICARBONATE
As with chloride, HCO^” was determined as soon as possible on 

return to the laboratory; that is, within a maximum of three hours. 
Bicarbonate values decrease continuously from sample collection. 
Golterman and Clymo showed that an unboiled solution of
0.001 M NaHCO^ increased in alkalinity and decreased in pH over a 
2U hour period (pH froa 7.2 to and COg from 6 mg/l to 1.1 mgA).
The concentrations in a boiled sample remained the same over 2l* hours. 
He sugsested that the water became more alkaline due to the uptake of 
CO by algae. Two samples from West Walk showed the opposite trend in 
iflf pointing to the necessity of analysing for HCOj (and pH) as soon 
as possible after sample collection.

Bicarbonate is Just one component of the carbonate-bicarbonate 
system, generally referred to as alkalinity. The alkalinity reaction 
of water is due to the relative amounts of effective acids and bases 
present. Carbonate, borate, silicate and phosphate act as strong 
bases and can be neutralised by titration with a stro^ acid.^ In this 
case carbonate is converted to carbonic acid. H^SiO^^ , HgBO^ and 
H PO. “ are not present in large enou^ quantities to affect the total 
alkalinity in the waters analysed. Golterman and Clymo (I969) ci't® 
four quantitiea which are commonly reported in alkalinity 
determinations (Table 5.13). concentrations of O T  and T  can be
neglected because of their small magnitude. The alkalinity duo to 
00 H- OH is determined by titration with acid to ^  A  8.3, whei» the 
end point can be detected by phenolphthalein. Since the pH of water 
saaq>les from the catchment rarely rise above 7.5, «  is argued that 
alkalinity is all in the form of HCO^- >*ich can be found by titration 
to an end point of pH 1*.5. At this end point virtually all the 
bicarbonate has been ccnverted to carbonic acid.
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Two methods were considered fo r  th e  de te rm ina tion  o f HCO  ̂ in  th e  

p resen t w ork. The f i r s t  method uses e ith e r  a m ixed in d ic a to r  o r 
m ethyl orange to  id e n t ify  th e  t i t r a t io n  end p o in t o f U .5. The method 
is  u n s u ita b le  fo r  p re c ise  w ork, however, because the  exact end p o in t 
pH o f the  TA t i t r a t io n  depends on the  amount o f COg in  s o lu tio n  and is  
th e re fo re  re la te d  to  TC. I f  in d ic a to rs  are to  be used an approxim ate 
va lue  o f TA is  found f i r s t ;  from  th is  an estim ate  is  made to  TC and 
then  the  TA reca lcT ila ted . T h is  tru e  va lue  o f TA w i l l  g ive  an end 
p o in t pH v e ry  c lose  to  the  tru e  va lu e . The method is  d e ta ile d  in

Golterman and Clymo (1969)*

The second method employs a p o te n tio m e tric  t i t r a t io n .  Th is uses 
a pH m eter w ith  g ra p h ic a l o u tp u t to  m on ito r the  n e u tra lis a tio n  o f 

a lk a l in it y  as a c id  is  added from  a b u re tte . The end p o in t is  
id e n t if ie d  on the  graph as th e  steepest g ra d ie n t on the  pH descent 
curve (F ig u re  5 .2 0 ). A conductom etric t i t r a t io n  makes th is  end p o in t 

much e a s ie r to  determ ine. Since th e  c o n d u c tiv ity  o f the  w ater 
increases lin e a r ly  up to  th e  end p o in t, past the  end p o in t the  increase  
o f c o n d u c tiv ity  pe r u n it  o f t i t r a n t  added is  g re a te r, b u t s t i l l  lin e a r .  

The in te rs e c tio n  o f th e  two curves g ive s  the  t i t r a t io n  end p o in t. 
Conductom etric f a c i l i t ie s  were not a v a ila b le  and the  end p o in t was o f 
n e ce ss ity  determ ined from  th e  s in g le  pH descent curve. T h is  method 
has the  advantage o f be ing fa s t and re lia b le  when ana lys ing  a la rg e

number o f samples.

Reagents

1. HCl, 0.012 N, standard ised  aga inst 0.01 N NaOH

2. Sample, 100 ml

Method

,A ..em b le  the  apparatus as shown In  F igure  5 .6 . T « ra te  the  senple 

w ith  HCl from  the  b u re tte , o p e ra tin g  th e  g ra p h io a l re o o ra s r 
s im u ltaneous ly . Bead th e  end p o in t end ml t i t r a n t  from  the  trao e  

(F ig u re  5e20)e C a lcu la te  b ica rbona te  b y i

ECO.
(m l t i t r a n t  I  M) x  1000 »  61.018

m l sample
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A Bet of six samples was checked independently using a more exact 
method of end point determination suggested hy Golterman and Clymo 
(19 6 9). The pH and conductivity of the sample are recorded first.
The sample is then titrated with HCl as described above until the TA 
end point is almost reached (pH = 5) the burette read.

End point pH is then calculated as follows.

(i) Estimate TA from the expression 

^ (ml titrant x N) x 1000 

ml sample

(ii) Calculate CA = TA - 0.01 using Table 3.3 in
Golterman and Clymo (19 6 9). This gives an easy solution of 
CA r= TA - 10^ (OH").

(iii) Calculate TC = from the eoqpression 

TC rr CA^
where % is obtained from Table 3-h in Golteiman and Clymo 
(19 6 9), given the initial conductivity and pH of the sample.

(iv) Cadculate end point pH by

^  log (TA K^),

^ e r e  = 10

Titration then continues to the new and the HOO^" concentration 
is calculated as shown previously. The use of a magnetic stirrer 
keeps COg losses to minimum during the analysis.

Hesults frcm the comparison of the two methods are shown in 
Table 5 .1U. The Kolmogorov-Stoimov test shows that the two sauries 
were drawn from the same population (Siegel. 1956). Therefore, the 
potentiometrio graphical method was used throu^out.

m  several cases the detemination cf HCOj" by the usual method 
was not possible due to instrument failure. A relationship between pH
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(determined by field pH meter) and HCO^" was established to overcome 
this problem. It was found that

HCOj“ = (1 . 3 2  X 10"^)

(N = 5 0 , r = 0 . 9 7 , SEy = 0.2U j significant at 0.1 %  level) 
This was used to estimate a total of 2U samples.

Table 5 . 1 5  elves a replicate analyele of one eanple nelne the
potentlometrlo-eraphloal procedure, with a eurprlelngly ccneletent 
result. As with all titrations problems ooour when half-formed drops 
remain on the burette. These were washed Into sasrle with a little
de-ionised watere
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(de te im ined  by f ie ld  pH m eter) and HCO “̂  was e s ta b lish e d  to  overcome 

th is  problem . I t  was found th a t

HCOj“ = (1.32 X 10“ )̂

(N = 5 0 , r  = 0 . 9 7 , SBy = 0.2U} s ig n if ic a n t a t 0.1 % le v e l)  

T h is  was used to  estim ate  a to ta l o f 2\\ samples.

T a tle  5 . 1 5  e lve s  e re p lic a te  a n a lys is  o f one saa®le us lne  the  
p o te n tlo m e trio -g ra p h ic a l procedure, w ith  a s u rp r ls ln e ly  co n s is te n t 
r e s u lt .  As v ith  a l l  t i t r a t io n s  prohlems occur when h a lf- fo m e d  drops 
rem ain on the  b u re tte . These were washed in to  sample w ith  a l i t t l e

d e -io n ise d  w ater.
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(determined by field pH meter) and HCO^~ was established to cnrercome 
this problem. It was found that

HCOj” = (1 . 3 2  X 10"^) pH**̂ *̂ *̂ ^

(N = SOt r = 0 .9 7, SEy s 0.21*1 significant at 0.1 % level) 
This was used to estimate a total of 2l* samples.

Table .̂1li Reliability Test for the
Potentiometrio-Granhical Titration of HCO^

P-G Titration P Titration with Calculated End Point pH

1*5.9 1*6.1

1*6.1 1*6 .9

9 .9 10.0

6.8 6.1*

7.1 7 . 3

3 . 1 2.8

Hc

N =

No. difference between the two samples 
Signficlant difference between the two samples 
1 

6
H ‘ upheld at the 99 9̂  significance level

Table 5.15 gives a replicate analysis of one sample using the 
potentlometrlo-graphlcal procedure, with a surprisingly ccnslstent 
result. As with all titrations problems occur when half-formed drops 
remain on the burette. These were washed into sample with a little 
de-ionlsed water.
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Table Replicate Analyses for HCO^

^ , ‘13 e s t i m a t i o n o p t o t a l LTSSQLVEl) SOLIDS FROM SPECIFIC CONRUCTMCE

Specific conductance (SC) is an easily measured water quality 
parameter widely \ised as an estimator of total dissolved solids (TDS). 
In the present study knowledge of TDS was required for calculating 
total solute loss and for checking the sum of the individual ion totals 
of each sample. In the past various models have been used relating SC 
and TDS and these range from empirical to analytical.

The simplest most widely used empirical model is,

C s: hK (5.1)

where C = concentration in mgA
K o specific conductance, ;nnhos/cm
b B constant •

This model assumes, txom theoretical considerations (i.e. C b  0, 
K B O), a aero intercept or an intercept which is insignificantly 
different from aero at some specified level of probabality. The values 
of *b* have ranged from 0.55 to 0.75 (Gregory and Walling, 1973)} in
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the TO 'h' has been fovmd to vary from 0.65 (Walling and Wehh, 1975) 
to 0 .9 1 (Cryer, 1976). The second model, including an intercept, is

C c + hE (5 .2 )

E. Cryer (1976) used this model separately for precipitation and . 
streamwater, obtaining intercepts of + 3.38 and - 1.11 respectively.
He does not state whether these values are significantly different 
from zero, nor does he recalculate through the origin. The 'b' value 
of 0.28 obtained for precipitation probably reflects the increasing 
contribution of to conductivity at lower pH, accompanied by little 
increase in TDS (this point will be discussed later). Cryer explains 
his value of b = O.9I for streamflow by the assumed presence of 
uncharged organics which inflate the TDS concentrations. These resists 
are Interesting, and re-affirm the conclusions of T.D, Steele (I968) 
that mixing water bodies with different origins may increase scatter 
about the regression line and give an intercept which is significantly
greater than zero#

Hail« equation (5.2) the results for West Walk are given in 
Table 5.16. The plotted data are shown in Figure 5.21. The 
correlation coefficient for all the data, althou^ significant at the 
0.1 % level, is not satisfactory if the model is to be used for the 
calculation of TDS, Furthermore, the intercept of the line (I4U . 3  ) i» 
significantly greater than zero (using a H' test: Brownlee, 19 .
p. 3U5) which suggests that dissolved matter is being included In 
but not contributing to conductivity (either uncharged paired ions or 
organic molecules). When Individual bodies of water are treated 
separately there is no improvement, with intercepts Increasing in ^ 1  
cases. Although not having a significant individual relationship (the 
scatter here is probably due to pH variation) the rainfall data 
clearly acts to pull the overall regression line towards zero. 
Treatment of Individual components was unsuccessful and a q a c 
fitted to the complete data set glYing»

9 . 5 2  + 0 ,9 6 Z - 0.0012 (5.3)

H 160, r - 0 .7 8 , r® = 61 %, significant at the 0.1 ?i level,

= 3 9 .5
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A *t* test showed the intercept to be significantly different from 
zero at the 1.0 %  level \diich did not justify forcing the regression 
line through the origin. This re-affirms the suggestion that dissolved 
matter is being included in the TDS but is not contributing to 
conductivity. The percentage variance explained improves over the 
linear model, from 52 % to 61 %. An unexplained variance of 39 % still 
leaves room for improvement if the model is to be used for accurate 
estimation of TDS. Purtheimore, the model is a poor predictor of TDS 
above about 1+00 urn, where TDS declines with increasing SC. A further 
model was used by T.D. Steele (19 6 8) which related conductivity to 
individual ion concentration,

«  ̂ V (5*U)

ss concentration of the ion species, i;where
thus TDS is calculated from.

i =: n i s n
X  (o^) = 2

i = 1 i = 1

(5.5)

where n ss number of ions.

Steele found that in most cases the individual c^ was well 
predicted from Z, althou^ with lower r^ % values than for the TDS/SC 
relationship (r^ = 0 .9 8, » = 7 0 ). To satisfy the requirement of a
zero intercept (this must be true from theoretical considerations) the 
data was dichotomised about a specific flow level and each set 
described by a separate regression. This produced r % values ranging 
from i,.0 (lower SO. data) to 98.0 (hi^er Mg * data). The overall 
conclusion was that the method could not be applied successfully to all 
ions, which made it difficult to apply equation (5.5). Scatter 
diagrams of individual ions plotted against SC for West Walk data 
suggested that the relationships could not all be fitted by a siaqile 
linear model (Figures 5.22 - 5.28). A variety of best-fit functions 
were therefore employed and these are given in Table 5.17.

Bxoeptlng the plots of HCO-" and SOj^^" against SC all the 
regression lines pass very close to the origin. 11.0 scatter about the 
regression line is partly due to the mixing of different bodies of
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water (i.e. rainfall/streamflow from several different eubcatchments) 
and sampling during highly contrasting seasonal conditions (e,g. 
eummer/autumn, 1976). The plot of against SC exemplifies the 
effect of these factors. The winter and spring streamflow data 
(central group) shows that concentration changes very little with a 
change in SC while autumn samples (upper group of points) are 1 ^ - 5  
times higher; the rainfall data (lower group), clustering near the 
origin, pull the regression line towards zero. The wide scatter of 
HCO “/sc data is due to the inclusion of autumn values (cluster on 
right of plot) with higher values of SC. M.J. Waylen (1976) comments 
on the similarity between the ranking of r values for linear 
regression« (K/C^) and the limiting ionic conductivities (X^®) given 
by R.A. Robinson and R.H. Stokes (1965, P. U63). The order of values 
for (i.e. the conductance of an ion at limiting infinite
dilution) reflects ion mobility in a very dilute solution (Robinson ^ d  
Stokes, 1 9 6 5). Thus the lack of a similarity in the rankings of A  ̂  
and r(K/C^) for West Walk data could suggest a degree of ionr-pairing 
exists, possibly during autumn storms whon concentrations are high 
(Table 5.17)« This interpretation can only be tentative, since 
ion-pairing is generally of minor Importance in surface and soil waters 
(Waylen, 1976); furthermore, the first four r values themselves differ 
only slightly. The approach gives an incomplete description of 
individual ion concentration and was not used for estimation of TDS at
West Walk.

K.K. Tanjii and J.W. Biggar (1972) tested a »simplified, 
multi-component conductance model* of the form,

 ̂ = I '‘1 “ I  i
1 1  O 1

(5.6)

wheri k. = i o n l o  epeoifio oonduotanoe («nhoB em"’)
V = ionic aquivalMit conductance (cm Int ohm  ̂ equiv )
o| = concentration of the ith ion in meq litre

For dilute concentration ranges the Kohlrauach equation states that.

i i =  V  - ao.
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2 “1 “1 \where = limiting ionic conductance (cm Int ohm equiv )
a = an adjustable empirical coefficient for the salt 

concentration and ion association effects, or the 
slope of the plot, of against o^^.

The model satisfactorily predicted conductivity with values of *a* 
ranging from 1* to 9. Waylen (1976) re-calculated the value of *a* from 
measured conductivity and ion concentration of each sample for East 
Twin Brook, Mendips, and found that it ranged from $6 to - 21+00. He 
foimd that the value of the constant increased as pH decreased and 
concluded that ionic specific conductance for hydrogen should be 
included in the model if water is particularly acidic (i.e, pH < 1+.5). 
This is calculated from.

° 10^ (Sjors, 19 5 0 ) (5 .7 )

where • (H^) = concentration in mg/l
= 31+9 .8  pnhos cm”  ̂ (25°C)

Equation (5-7) gives = HI-0 ;Jnihos cm"’ at pH 3-5 (Z5°C)
and = 0.11 pnhos cm“  ̂ at pH 6.5 (25°C)

Thus the concentration of the hydrogen ion begins significantly 
contributing to total conductivity at pH 1+.5 and becomes rapidly very 
important down to pH 3-5. For West Walk the measured pH values, 
calculated and percentage total measured conductivity, are given in 
Table 5.18. This confirms the importance of considering pH. The value 
of 59 % for subcatchment W1 reflects the contribution of organic acids 
derived from accumulations of surface humus j the influence clearly 
diminishes downstream. Organic complexes may affect cation 
concentration by chelation, also reducing the conductivity. No 
analyses for organic complexes were undertaken for West Walk samples 
and hence nc quantified assessment of chelation effects is possible.

%

The Tanjii and Biggar model is a coD^romlae between the eiiq)irioal 
approach (e.g. Steele, 1968) and the analytical finally used by Waylen 
(1 9 7 6 ). This simply states.
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K = (5.8)
i = 1

where a. s= individual ionic activity.

Furthermore, î * ^ i ^ i

where

and - logH^ =

where

activity coefficient of the ith ion 
molality of the ith ion 

A z 2 / i (the Debye-Huckel Bqtn) (5» 9)
1 + 8^ b / T

s charge of the ith ion
B an empirical value dependent on ‘effective 

ion diameter*
A = 0.U921 - 0.00079 (t - 5) ^
B = 0.321*9 - 0.00016 (t - 5)
I, the ionic strength of the solution is calculated 
from,

temp °C

M Z * "i i

These equations are treated in greater depth in R.M. Garrels and
C.L. Christ (19 6 5). Waylen found close agreement between calculated 
Anti measured conductivity using this approach. A computer program was 
written to process the data for West Walk (Appendix 2i WATQUAL) with the 
outputs! ionic strength (l)» calculated conductivity (K̂ »)» measured 
conductivity (K^) ®um of ions (O^). A plot of against 
(Figure 5 .29) shows there to be a systematic difference between the two 
values, a difference which increases with conductivity. The first 
explanation of this discrepancy is that of systematic errors in the 
analyses of individual ions; secondly the lack of analysis for 
certain constituents. The former is unlikely with the possible 
exception of since great care was taken in ensuring analytical
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accuracy. Nitrate (NO^") is the ion which probably contributes the 
major part of this excess conductivity. If the excess conductivity is 
used to approximately back—calculate NO^ concentrations tbeni

NO " s= 19 mg/l at K = 150 umhos cm3 ✓ c
and NO^" s= 60 mg/l at = k$0 umhos cm

Althou^ rather high these values may be compared with figures 
quoted by i’.H. Bormann et al (196?) for a disturbed forested catchment 
in New Hampshire, USA. They attributed increases in NO^“ concentration 
in leaching waters to clear-cutting and herbicide treatment. Similarly 
much of West Walk was clear cut in the period I969 - 1971» periodic 
thinning was carried out and herbicide (’Casaron G*) widely applied in 
April^lay to young oak plantations during the study period.
D.E. Walling and I.D.L. Foster (1978) recorded very hifi^ concentrations 
of NO^”N after the 1976 drought (up to 100 mg/l NO^-N in a catchment 
of area 1.6 km^) which they attributed to the influence of extreme 
drought conditions on mineralisation and nitrification processes within 
the soil. Similarly the divergence of the lines y = x, and 
y = 0.86 X ,  in Figure 5*29 suggests that the concentration of NO^
increases dramatically with discharge particularly during the autumn 
flushing of elements. The plot of TDS (measured) and TDS (sum of ions) 
reinforces the view that some ions »escaped* analysis (Figure 5«30).
It is possible that a proportion of this unanalysed matter may have 
been unchaurged organics which would support the findings of a hig^ 
intercept for equation (5.2). However, the samples were evaporated 
to dryness at a temperature of 90°C (lower than the normal 110°C) in 
order to reduce the losses of volatile organic matter. Purthemore it 
is difficult to envisage uncharged organic ions occurring in rainfall.

A further possibility is related to the hygroscopic nature of the 
salts remaining after evaporating the water. As the salts cool in a 
moist atmosphere they take back some of the water lost from the crystal 
structure, thus increasing in weight. This should not have occurred in 
the axialysis of West Walk samples since these were all cooled in a 
desiccator containing the dehydrant silica gel before weig^iing. The 
only time available for uptake of water from the atmosphere was between 
removal from the oven and insertion in the desiccator, for a short
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I*1GUHE ^ .2 9 » MEIASORED AND COMPTHED SFECIFIC CONDUCTANCE 
(top)
PTCURB MEASURED AND SUMMED TOTAL DISSOLVED SOLIDS
(bottom)
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period while the desiccator stop-tap was left open to allow for heat • 
expansion, and between removal of each sample for weighing. This 
might account for the scatter about the regression lines and the 
positive intercepts in Figure 5.21. The procedural and chemical 
aspects of TDS determination need more careful examination if these 
problems are to be overcome.

None of the models discussed is entirely satisfactory for Vest 
Walk data, »ilthough the analytical model discussed would probably be 
suitable if NO^“ data were available. The model evaluation is more 
time consuming and d̂ ita intensive than the sinple empirical approach 
of equation (5«1) cannot be used for checking the ion balance.

The fitted quadratic regression (equation 5*3) is probably the 
best available means of generating TDS from SC, for SC < 1*00 pihos. 
Above 1*00 pmhos TDS the qoiadratic predicts an unrealistic decrease in 
TDS with increasing SC.

0

Chapter 5 has outlined the methods used for sampling stream and 
rainfall quality, the procedures of sample preparation and storage, 
described the techniques for individual water quality parameter 
detennination and discussed the problems in using SC as a predictor 
of TDS, Chapter 6 draws upon the data generated from Chapters 1* and 5 
to examine the characteristics of surface water solute dynamics and to 
develop bivariate and multivariate regression models of solute response,
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CHAPTER 6
AN ANALYSIS OF SURFACE WATER SOLT3TB DYNAMICS IN VEST WALK CATCHMENT;
It the r e g u l a r l y s a m p l e d d a t a (RSD)

6.1 INTRODUCTION
The previous two chapters outlined the collection and analysis of 

water samples and hydrometry for West Walk. In this chapter bivariate 
nn<̂  niultlvarlate regression analyses are applied to the regularly 
sampled solute and hydrometeorological data and an assessment made of 
the spatial variation of solute levels within West Walk. In the light 
of the regression results factors controlling solute levels are also 
discussed. In Chapter 7 the regularly sampled data (RSD) are combined 
with those collected during storms, and further regression analyses are 
carried out. Thus a similar rationale to that of Chapter 2.3 Is used, 
proceeding from general to detailed analysis, ending up with models for 
synthesis of solute response from one or more easily measured 
hydrometeorological variables.

Recapping, the following data are available for use In this 
chapter.

(l) Approximately weekly concentrations of Na^ »Miff , Ca ,
Cl", HCO^“ , pH and values of SC, sampled synchronously for West Walk 
and Its subcatchments during the first six to eight months of 1975 and
1977;

(ii) A reduced number of concentrations for TDS, S0|̂  , SI and Pe 
for the first six months of 1977;

(ill) Hourly values of discharge for West Walk and Its subcatchments 
over the period 1975 - 1977;

(iv) Hourly v€J.ues of rainfall over West Walk for the period
1975 - 1977;

(v) Dally actucl evaporation and SMD oalciaated by the 
Meteorological Office for the period 1975 ” 1977*
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This chapter begins with a discussion of the assumptions inherent, 
in using the general linear regression model. It proceeds via a 
description of solute and hydrometeorological variables, data 
transformation and preliminary consideration of average solute 
concentrations to bivariate and multivariate regression analyses. 
Bivariate model residuals are briefly discussed. The chapter closes by 
examining predictive accuracy of the models developed.

6.2 STATISTICAL C0NSI3MIATI0NS

The use of bivariate or multivariate regression methods for 
Interpretation and prediction Involves assumptions relating to the 
statistical structure of the basic data. M A Poole and P N 0* Farrell 
(1 9 7 1) have pointed out that few authors rigorously test the 
requirements of the general linear regression modal which may place 
limitations on the inferences or predictions made. H T Clarke (1973) 
has made a similar observation concerning the stochastic structure of 
residuals in hydrological modelling. tj

To satisfy the six main requirements of the bivariate model adds 
considerable time and effort to analysis, 8lLthough some of these may be 
relaxed, depending upon the use to which the regression is put.
Although it is not always possible to fulfil these for hydrological 
data, then there should at least be an awareness of model limitations 
for prediction or inference. The six critical assumptions attached to 
the model may be summarised as follows (Poole and O'Farrell, 1971; 
Johnston, 1978)*

(1 ). Measurement Error

Both X and Y in the expression Y ss a + bX + e are without 
measurement error (e represents a stochastic disturbance texm). An 
assessment of errors is possible and this was discussed for stream 
discharge and solute concentration in Chapters k and 5 respectively.
If error exists in the independent variable, X, then this may lead to 
biased estimates of the regression coefficients. However, J Johnston 
(1 9 6 3) states that measurement error can be ignored if the sole 
objective of the regression analysis is to predict the value of Y 
corresponding to a given set of X values.

218



( l i )  L in e a r ity

The re la tio n s h ip  between X and Y is  lin e a r  when co n s id e rin g  the  
s p e c ific  fu n c tio n  chosen. Serious n o n - lin e a r ity  in  a re la tio n s h ip  can 
u s u a lly  be seen by p lo t t in g  th e  data  p a irs  on normal axes. I t  may be 
removed by a p p ly in g  a s p e c if ic  tran s fo rm  to  th e  data  (e .g . lo g a rith m ic ) 
o r described by a h ig h e r o rd e r po lynom ia l fu n c tio n .

( i i i )  R esidua l Means

The means o f th e  c o n d itio n a l d is t r ib u t io n  should be ze ro .
A

C o n d itio n a l d is tr ib u t io n s , i . e .  re s id u a ls , represented by e = 
fo r  each X^; should be Independent o f X^. I f  l i t t l e  o r no c o rre la tio n  
e x is ts  then th e  re s id u a ls  may be considered independent and th e  
assum ption v a lid . I f  s ig n if ic a n t c o rre la tio n  e x is ts  then th e  lin e a r  

model is  in v a lid a te d .

( iv )  R esidual V ariance (hom oscedastic ity )

The va riances o f th e  c o n d itio n a l d is tr ib u t io n s  should be equal 
( l . e .  th ey  should be hom oscedastic). Thus each va lue  o f

^  /  N (re s id u a l va ria nce ) should be Independent o f X^.

I f  th e  va riance  o f e is  n o t constan t, b u t is  independent o f X^, then 
th e  estim ates o f th e  re g re ss io n  c o e ff ic ie n ts  are unbiased and may be 
used in  a p re d ic tiv e  b u t no t an in fe re n tla d  model. C o rre la tio n  o f 
the  va riance  o f e w ith  X^ s e rio u s ly  b iases the  reg ress ion  

c o e ff ic ie n ts .

(v ) S e ria l C o rre la tio n

There should be no s e r ia l c o rre la tio n  between the  re s id u a ls . I f  

the  e^ s a re  not s e r ia lly  independent then

,(a ) a u to c o rre la tio n  e x is ts  in  the  da ta ;

(b ) ebtlm ates o f  th e  re g re ss ion  c o e ff ic ie n ts  have excessive, 

in a ccu ra te  va ria n ce ; and

(c ) s ta t is t ic a l In fe re n ce  is  inqpossib le.
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Autocorrelation may be detected by the Durbln-Watson statistic, d, * 
(Durbin and Watson, computed from*

and

d sr Z ( a »)2

A m  := A y  - b A x
= (y - y -

A y  *
A x  » *1 ■ *1 -

(6. 1)

.X -

The value of d is compared with critical upper and lover bounds dg and 
dĵ , such that if d < d^ significant serial correlation exists, if 
d > dg no slgnificcnt serial correlation exists, and if dĵ  <  d < dg 
the test is inconclusive.

(vi) Normality
If both X and Y are randomly selected from the population, then 

marginal and conditional distributions of each variable should be 
normal, althoxigh this only applies if the model is to be used for 
Inference, not for prediction. R J Johnston (1978| P»M) points out 
that t

"...if the conditional distributions are normal, then it is almost 
certain that the distributions of Y and X (the marginal distributions) 
are also noimial, but the converse is not necessarily the case..."

This creates problems in testing for normality, since the conditional 
distributions are only known when much of the ocmiputatlonal work has 
been ccmipleted. Departure from normality can be tested by examining 
the skewness kurtosls of the marginal and conditional distributions« 
R C Geary (193^) gives the methods for computation of skewness and 
kurtosls.

Skewness is calculated froms

/ T  - (*i - (6.2)
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Autocorrelation may be detected by the Durbin-Watson statistic, d, * 
(Durbin and Watson, computed from*

d = I ( A z ) ' (6 . 1)

Z z 2

where A m  =

and "1 -  1

The value of d is compared with critical upper and lower bounds dg and 
dĵ , such that if d <  significant serial correlation exists, if 
d > dg no significant serial correlation exists, and if dj^< d < dg 
the test is inconclusive.

(vi) Normality
If both X firiA Y are randomly selected from the population, then 

marginal and conditional distributions of each variable should be 
normal, although this only applies if the model is to be used for 
Inference, not for prediction. R J Johnston (1978» P»M) points out 
that:

”...if the conditional distributions are normal, then it is almost 
certain that the distributions of Y and X (the marginal distributions) 
are also normal, but the converse is not necessarily the case...”

This creates problems in testing for nomality, since the conditional 
distributions are only Imown when much of the computational woidc has 
been ccmipleted. Departure from normality can be tested by examining 
the skewness kurtosis of the marginal and conditional distributions. 
R C Geary (193^) gives the methods for computation of skewness and 
kurtosis.

Skewness Is cedoulated from:

a; - A'I (-1 - *)vS (xi - *) (6.2)
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where = n + 1

The value / T  is compared with a graphical plot of / T  againstI '
n' _ 1 (Geary, 1936) to obtain the significance of skewness in the 
sample. Generally, the closer / T  lies to zero the greater the 
probability of normality.

Kurtosj s is computed froms

- \ 2<=  E  -  * ) / r '  L1=1 ^  (  1=1 ^

7.
(6.3)

The significance of kurtosis is determined by graphical comparison of a, 
with upper and lower significance bounds on the plot of a against n' - 1 
(Geary, 1936). The closer a lies to 0.8, the greater the probability 
of normality.

If departure from normality is significant, then a specific 
transformation can be applied and the data re—tested until a 
satisfactory approximation to normality is obtained.

In general it is considered that the normality, measurement error 
and conditional distribution mean assumptions are all less Important 
than linearity, homoscedastlclty and serial independence.

A further assumption applies if multiple regression is being used,

(vii) Collinearlty
Colllnearlty must be absent or insignificant amongst the 

independent variables, l.e. they should be linearly Independent of each 
other. If this is not the case then the regression coefficients may 
become xninterpretable, certain Independent variables should be omitted, 
and perhaps others Included. Initial computation of a bivariate 
correlation matrix helps in the selection of independent variables, 
correlation coefficients are greater than about 0.8, then pairwise 
linearity is considered ’serious* (Huang, 1970} Johnston, 1978). 
However, if the multiple regression equation is to be used^ for 
prediction then multicollinearity is not a serious problem, provided 
that intercorrelations remain unchanged into the future (Johnston, 1963)*

If
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Clearly, such an assumption is hazardous when dealing with data 
collected during 1975 1976.

6,3 ANALYSIS OF THE RBGUIiARLY SAMPIED DATA (RSD)

In the belief that solute response is dependent upon more than 
stream discharge, variables describing catchment moisture status and 
seasonality were included in correlation matrices with solute data for 
each subcatchment. A similar approach has been used in association 
with storm solute levels (Poster, 1978) and storm sediment 
concentrations and loads (Walling, 1971+) • Information on collinearity 
between independent variables can also be obtained from the correlation 
matrix for multiple regression analysis.

A, The Variables
The dependent variables (X1 - X8) are represented by the 

individual solute concentrations (see Figures 6.1 - 6.10). The 
following independent variables were selected.

(i) Instantaneous Discharge at the time of Sampling (Q l/sec): X9

This is a standard parameter used in solute models and represents 
the current level of catchment outflow (Figures 6.11A and 6.I3C).

(li) Antecedent Precipitation Index (API, mm) t X10 - XI3

An API calculated for any day provides information on the amount 
of rainfall which has fallen over a preceding period of T days, and 
hence catchment moisture conditions. The individual API's are usually 
weighted so rainfall exerts progressively less Influence the further 
back in time the API is calculated. One method of calculating the API 
for any preceding period T (the API.T) employs a decay function, K 
(Gregory and Vailing, 1973)»

*API.T T  P.K 
tTl

(6.1+)

where K is fixed at a value fXom 0.85 - O .9 8  
P s precipitation on a day t before the point of 

calculation.
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A second, similar approach employs a reciprocal decay faction, l/t 
(Osborn and Laiie, 19^9; Weyman, 197U)»

t=T
API.T = 2  P.t

t=1
-1 (6.5)

The second method was employed for its simplicity; it also 
obviated the need to estimate a decay function, K. The use of 
progressively greater values of T gives the API.T*s longer »memories* 

such an approach could be useful where long throu^iflow times are 
considered to be important. Thus API.T*s were calculated for T = 5> 10, 
15, 20, 25, 30 and 60 days for West Walk, \ising daily rainfall 1975 - 
1977 (see Appendix 2 for program APIPEOG). To avoid excessive use 
of computer storage in correlation matrix programming API,5f 15» 30 and 
60 were selected for use. Figures 6.1 IB and C and 6.13^ and B show 
API 5 and API 6o for 1975 and 1977 respectively. 6.11 clearly shows 
how API 60 for the end of June 1975 includes the effect of heavy 
rainfall in May, while for API $ this effect »dies* well before the 
end of May, and API 5 at 30th June is zero.

(lii) Soil Moisture Beficit (SMD, mm) t Xll*
Soil moisture deficit represents the cumulative excess of rainfall 

over evaporation and was calculated for West Walk by the Met. Office as 
described in Chapter 1̂. Figure 6.12C shows that the SMD rose from 
20 mm in May to about 150 mm in August 1975 as actual evaporation 
Increased and streamflow decreased. To some extent, therefore, the SMD 
duplicates Information contained in the API»s althoi]^ it represents a 
more direct index of catchment moisture status. The SMD took longer to 
accumulate in 19 7 7 due to frequent heavy rsilnfall and lower 
évapotranspiration (Figure 6.13^)*

(iv) Season Index (SI, dimensionless) j Xl5
The seasonal variation of solute concentration was discussed 

earlier some of the reported details summarised in Table 2.1. The 
data collected from West Walk axe not susceptible to time series or 
harmonic analysis (e.g. Edwards and Thornes^ 1973) due tc their 
discontinuity and brevity of record. Seasonal variation can be 
detected, hcwever, by ccrrelation with a simple sine or cosine curve
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(e.g. Walling, Walling and Poster, 1975)
points out thaï; the sine function:

SINE INDEX = SIN (RAD)

365

D E W a llin g  (197U)

(6. 6)

where D = day o f year numbered from  1 s t January, has i t s  maYlmima a t 
31st March and minim\m a t 30 th  September, c lo s e ly  approxim ating  the  
w ater yea r. Th is is  considered more a p p ro p ria te  fo r  h y d ro lo g ic ^  
analyses than a cosine fu n c tio n  o f  th e  same form , %diich c lo s e ly  
approxim ates th e  ca lendar ye a r. However, th e  use o f an unlogged s ine  
in d e ii does n o t a llo w  p re c ise  d e f in it io n  o f annual maxima and minima in  
s o lu te  co n ce n tra tio n s . By in tro d u c in g  a la g , L , in to  equation  (6.7)*

S I  = SIH (HAD) 2 li (D -  I»)

365
(6.7)

f i r s t l y ,  approxim ate s o lu te  maxima and minima may be determ ined and, 
secondly, th e  co n ce n tra tio n /S I re la tio n s h ip s  optim ised (e .g . C ryer, 
19 7 6). A computer program was w r itte n  fo r  th is  purpose, c o rre la tin g  S I 
w ith  so lu te  co n ce n tra tio n  fo r  each catchm ent, in c re a s in g  L from  1 to  
18 3  (Appendix 2 : SINDAY). The program gave the  optimum
c o rre la tio n  between so lu te  co n ce n tra tio n  and SI -  5 days (L  was 
increm ented by 5*0 "to save computer tim e ). I t  should be noted th a t in  
th e  c o rre la tio n  m atrices  which fo llo w , th e  va lue  o f L is  kep t constan t 
fo r  each s o lu te  in  each catchm ent, i . e .  o th e r independent v a ria b le s  are 

n o t op tim ised  in  the  same way.

B. The T ransform ation  o f V a ria b le s

L in e a r ity  was g iven  p r io r i t y  over n o rm a lity  when tra n s fo rm in g  th e  
v a ria b le s , as suggested by Poole and 0 ’F a r re ll ( ib id ) .  The s im p les t 
method o f de te rm in ing  whether l in e a r ity  had been achieved in  th is  x /y  
re la tio n s h ip  was to  p lo t the  d a ta . A reduced number o f p lo ts  were made 
to  deteianlne the  best fu n c tio n a l re la tio n s h ip s . These were u s u a lly  
found to  in v o lv e  a lo g a rith m ic  tra n s fo rm a tio n  o f the  b a s ic  data  (th e  
lo g a r ith m ic a lly  transform ed p lo ts  o f s o lu te  co n ce n tra tio n  aga ins t 

d ischarge aré g iven  in  F igures 7*1 'to 7«5)*
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N o rm a lity  was considered by c a lc u la tin g  skewness and k u rto s is  fo r  

each v a ria b le  in  each catchment and te s t in g  fo r  th e  s ig n ific a n c e  o f 
non—n o rm a lity  according to  equations (6*2) and (6 .3 ) (u s in g  th e  program 
MOMENTS 3 t Appendix 2). In  a d d itio n  to  the  untransform ed data 
and the  log -transfo rm ed  da ta , re c ip ro c a l, sq iia re .and squa re -roo t 
transfo rm s were a lso  used be fo re  computing skewness and k u r to s is . The 
re s u lts  are g ive n  in  Tables 6.1 - 6.5 and show the  p ro b a b ility  le v e ls  
fo r  s ig n ific a n c e  o f skewness and k u rto s is  ( i . e .  n o n -n o rm a lity ).

First focusing attention upon the log-transformed data, since 
this corresponds with linear relationships, normality is achieved in 
only 1 6 / 7 5 cases when considering skewness and kurtosis together (5 % 
significance levels). A reciprocal transform was appropriate in 
1 5 / 7 5  cases; square root transform in 2 / 7 5 cases; sqxiare transform in 
1 / 7 5  cases; untransformed data was normal in 8/75 cases; leaving 
3 3 / 7 5  variables where none of the considered transforms was appropriate. 
These results were surprising, since a logarithmic transform has been 
recommended for normalising hydrological data (leopold, 1962).
However, tests were carried out on the marginal distributions and thus 
represent only a very general guide to normality. Furthermore, "the 
robustness of regression analysis with respect to the assumption of 
normality and the fact there is greater need to satisfy such other 
assumptions as homoscedastlclty and linearity, together have the result 
that transformations specifically for the purpose of imposing normality 
are infrequent” (Poole and 0*Farrell, 1971» P»155)» Henceforth, 
transformations for achieving linearity are given priority over 
transformations for normalising conditional and marginal distributions.

C. P re lim in a ry  C onside ra tion  o f S o lu te  Means and 
D ev ia tions fo r  Sub—Catchments

(i) S olu te  C oncentra tions

Means, standard deviations and coefficients of variation were also 
output by the program MOMEJNTS 3 considered here because they
form an introduction to subsequent work (Tables 6.6 and 6.7)* Althougji. 
the flume data is not strictly comparable with that from other 
subcatchments because of non—synchronous sampling times, concentrations 
Increase downstream frcmi VI, comparing well with similar results from 
the Eastern USA (Johnson, 1979). This is seen to be part of a process
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( n

of neutralisation of acids derived primarily from organic materials 
within the soil, hut also from atmospheric sources. Neutradisation is 
effected by chemical weathering reactions with the gain of bases en 
route downstream. Within West Walk there is a tendency for hi^^er 
hydrogen ion concentration (lower pH) to be associated with areas of 
podsols, notably within SC1. The slightly yellow-coloured water at W1 
suggests the presence of organic acids, which are probably derived from 
humic deposits on the side slopes and valley bottom.

H i ^  concentrations recorded at Wl|. may be related to deforestation 
and replanting in the lower part of the subcatchment during 1973« 
associated soil disturbance is likely to have Increased solute 
availability for some time after deforestation, especially since slow 
growing oaks were planted and ground flora was suppressed by herbicides 
(c.f. Likens et al, 1970). The ‘flashy* response of SClt (noted in 
Chapter U.I4. B, ) probably accounts for higher solute levels, notably 
potassium. The high levels of Na^ and Cl may represent the 
contribution of rainfall, especially since throughfall and stemflow 
processes are unlikely to be significant. H i ^  concentrations of 
Câ "**, Mĝ '*’ and Kigh pH at W5 seem more likely to be the result of 
évapotranspiration than storm runoff, under the control of mature 
Western Hemlock woodland.

Means sûid standard deviations for Fe, Si and SOĵ  (Table 6 .7 ) 
compiled from smaller samples and only give a general indication of 
solute levels. Mean Si levels are high compared with those recently 
fcund in Dartmoor drainage waters (Teman and Williams, 1979) 
compare favouj^bly with the median value of 6.9U USA.
streams (Davis, I96U). Silicon is probably derived from hydrous 

silicates in the London Clay, notably montmorillonlte 
(dikes, 19 6 8). It also seems likely that a higher proportion of fine 
colloidal silica (SiOg) would be present in London Clay drainage waters 
than in those derived from granite rooks.

Whilst Si concentrations are poorly related to pH, Pe solubility 
appears to increase rapidly below pH 1̂ .8 (Figure 6.1U). J D Hem 
(19 7 0) also noted that above a pH of U.8 , the solubility of ferric 
species was low (less than 0.01 mg/l Pe). iHiis probably co3?responds to 
eu. increase in organic acid concentration with subsequent reduction of
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TABLE 6.6 MEANS. STANDABL DEVIATIONS AND COEFFICIENTS OF VAHIATION
FOR REGULARLY SAMPLED DATA

Data untransformed I N = 3U for W1 - W5; N =s 33 for Flume 

Variables defined in Table 6.1A

TABLE 6.6 A s VI TABLE 6.6 B : V 2

Mean S.D. cv 96

X  1 1.U5 0 .3 2 2 1 . 8

X  2 1 5 . 3 7 1 .6 2 1 0 . 5

X  3 1 0 .6 3 3 .8 7 36.1*

X  k 6 .7 8 1 .7 6 2 5 .9

X  5 2U.61 3 . 3 2 1 3 . 5

X  6 6.1*5 0.87 1 3 . 5

X  7 2 1 .8 0 18 .9 6 8 6 .9

X  8 227 60 26.5

X  9 1 .2 1 1 1 . 7 3 1 3 9 .9

X  16 1 1 * .  1 0 6 .9 3 1*9 .2

X  11 1 5 . 2 5 6 . 8 8 1*5 . 1

X  1 2 1 6 .2 7 6 .9 7 1 * 2 . 8

X 1 3 1 7 . 9 1 7 .5 9 1 * 2 . 1 *

X  1 U 7 9 .31* 1*9 .6 6 6 2 . 6

X 1 5 0.51*1 0 . 1 * 1 1 * 7 6 .6

Mean S.D. cv%

X  1 1 .7 6 0 . 2 6 11*.9
X  2 1 7 . 3 1 . 7 3 1 0 . 0

X  3 1 6 .0 7 6 .7 6 1*2 .0 9

X  1* 9 . 1 7 3 .7 6 1*0 .5

X  5 2 7 .0 7 1* . 1 * 1* 1 6 . 1 *

X  6 7 .2 9 0 .7 6 1 0 . 5

X  7 6 1.71* 1*1.55 6 7 .3

X  8 239 8 6 3 5 .9

X  9 9.71* 1*0 .1*3 1 * 1 1 * . 0

X  1 0 il*.io 6 .9 3 1*9 .7

X  11 1 5 . 2 5 6 . 8 8 1*5 . 1

X  12 16.27 6 .9 7 1 | 2 . 8

X 1 3 1 7 . 9 1 7 .5 9 1*2 .1*

T  1 1 * 7 9 .31* 1*9 .6 6 6 2 .6

X  1 5 0 .51*1 0 . 1 * 1 1 * 7 6 .6

2 5 0



TABI£ 6.6 C : Flime TABLE 6.6 B t VU

Mean S.L. CV %

X 1 1 . 7 8 0.1+1 2 3 .0

X 2 1 9 .6 2 1 . 5 5 7 .9

X 3 1 9 .2U 5 .8 7 3 0 .5

X k 8 . 8 8 2 .9 5 3 3 . 2

X 5 2 7 .7 3 . 1 5 1 1 . 3 8

X 6 8.U1 3 . 3 3 3 9 .6

X 7 8 3 .6 1 W».77 53.5
X 8 260 7 2 2 7.S

X 9 6 . 1 6 U.87 7 i » .0

X 10 18.6U 26.33 1 1 + 1 .0

X 11 1 7 .2 6 61.9U 2 7 7 .0

X 12 1 7 . 1 6 6 . 2 2 3 6 .3

X 1 3 1 8 .7 2 6 .9 0 3 6 .8

X 1î 7 6.1+0 so. 85 6 6 . 6

X 1 5 O.U95 0 . ! + 0 8 8 2 . 0

Mean S.D. C7%

X  1 1 .9 1 0.21 10 .9

X  2 1 9 .7U 2.21 11.2

X  3 21.61+ 5 .9 2 2 7.1*

X  1+ 1 0 .3 6 1.86 1 7 .9

X  5 3 0 .7 0 U.i|8 11». 50

X  6 7 . 1 8 0.1+1+ 6.12

X  7 U7.99 1 9 .6 8 1+1.0

X  8 266 5 2 1 9 .1»

X  9 1 .5 9 h»k7 281.3

X  10 11+.10 6 .9 3 l»9.2

X  11 1 5 . 2 5 6.88 U5.1

X 12 1 6 .2 7 6 .9 7 U2.81
X 1 3 1 7 .9 1 7.59 1(2.1*

X  11+ 7 9.3 U 1+9 .6 6 6 2 .6

X  1 5 0.5M 0.1+iU 7 6 .6

Variables defined In Table 6.1A

2 5 1



TABLE 6.6 E I

Mean S.D. CV %

X 1 1 . 2 8 0 .0 9 6 . 8

X 2 17.1*6 6 .6 0 3 7 . 8

X  3 1*2 .1 1 2 .9 2 3 0 .7

X k 1 0 .91* 3 .7 9 31*. 6

X 5 2 3 .8 1 1 . 0 2 1*6 .3

X  6 8 .3 2 1*.93 5 9 . 3

X  7 5 5 . 2 I*l*.55 80.7

X 8 239 1 6 6 6 9 .6

X 9 0.56 1 . 5 1 2 6 9 .1

X 10 11*. 1 6 .9 3 1*9 . 2

X 11 1 5 . 2 5 6 . 8 8 1*5.1

X 12 16.27 6 .9 7 1 * 2 .8

X 1 3 1 7 . 9 1 7 .5 9 1*2 .1*

X  1U 7 9.31* 1*9*66 6 2 . 6

X  1 5 0 .51*1 0.1*11* 7 6 .6

Variables defined In Table 6.1A

2 5 2



TABLE 6.7

6.7 A t W1

MOMEMTS FOR REGULARLY SAMPLED DATA (untransformed) 
SILICON, IRON AND SULPHATE 
Concentrations (mg/l)

Mean S.D. CV 96 N

Si U*66 1.02 22.0 12
Fe 0.115 0.013 11.5 5
SOî 1 7 .2 0 1.7U 10.1 5

6.7 B j V2

6.7 C I FLUME

Mean S.D. CV 96 N

SI 5.27 2.07 39.3 15
Fe 0 .10 8 0.0U9 Uk.9 5
SOî 16.50 I.OU 6.3 5

6.7 D t WU

Mean S.D. CV 96 N'

Si 7 .9 8 2 .7 8 31*. 8 12
Fe 0 .1 3 1 0 .0 5 3 Uo.o 5

SOî 1U.10 0.5U 3 . 8 5

6.7 E I W5
Mean S.D. CV 96 N

Si 5 .6 3 2 .0 7 3 6 .9 12
Fe 0 .10 9 0 .1 0 7 9 8 .0 5
soî 1 5 . 1 0 1.M 9 .3 5
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iron from the ferrio (Fe3+) to ferrous (Pe^+) form by chelation. The 
reverse process has also been observed at Vest Walk (see Figure k»S) 
colloidal iron precipitating in slow moving waters as the organic acid 
supply diminishes and pH rises dxaring baseflow recession.

(ii) Solute Loads
Mean solute loadings for the sub-catchments give an overall check 

on data accuracy (i.e. only in exceptional circumstances should 
dissolved loads deorease downstream) and illustrate temporal and 
spatial variability in sub-catchment contributions to total load 
(Tables 6 .8  and 6.9 ). The res\ilts appear reasonable with the exception 
of Mg2+ loads at W1 and WI4, which add to more than the load at V2. The 
error may lie in low flow calculations for WU, where calibration was 
not carried out. The alternative e3Q)lanation, that the area of 
catchment between W1 and W2, excluding SCI*, contributes little or no 
solutes to streamflow, seems likely.

Solute loads per unit area (Tables 6.8C and 6.9c) confirm the 
importance of SCI* as the area of most intensive solute production 
within West Walk, possibly due in part to the disturbance caused by 
deforestation and replanting, as noted earlier.

A preliminary view of temporal and spatial patterns has been 
obtained by schematically plotting the change of TDS loads for each 
sub-catchment throu^ the 1977 sampling period (Figure 6.15)» 
Proportions of the total catchment load are also shown for each gauging 
station. It is shown that, over the period 28th March to 1i*th J\me 
1 9 7 7 , as flow decreases and SMD increases, the proportion of total 
solute load contributed by the more remote sub-catchments diminishes. 
For example, at 28th March 1977 the catchment area between W2. W^ and 
the flume ( 2 3 of total catchment area) was contributing II* of the 
total solute load. By 31st May 1977 this had increased to 57 %•
During and after storm rainfall, e.g. 3rd May 1977» the remote areas 
agft-fn contribute significantly to total catchment load (although there 
may be some disparity in the data during hi£^ discharge due to 10 — 15 
minute differences in the times manual samples were taken). These TDS 
results demonstrate the operation of a dynamic contributing area within 
West Walk, the downstream areas delivering a hig^ proportion of the

2 5 5



TABLE 6 .8 MEAN SOLUTE DISCHARGHES FOR 1977 REGULARLY SAMPLED DATA

6.8 A MEAN CONCENTRATIONS (mgA) (N = 15)

W1 W2 Flume Vl* W5

z 1.68 1 . 8 3 1 . 7 8 2.00 1.81*

Na 1 5 .6 8 18.10 19 .6 0 2 0 .8 7 23.1*6

Ca 9 .2 0 12.1*2 1 7 . 2 5 1 9 .6 2 26.71*

Mg 5 . 7 8 6 .91* 8 .3 2 10 .0 9 11*. 83

Cl 2 5 .U7 16.55 1 6 .8 3 2 9 .1 2 3 3 . 0 5

pH 6.12 6 .7 9 7.i*2 6 .9 9 7 . 2 5

HCO3 1 1 .1 U 31*. 16 58 1*1.2 82.1*0

SC (van) 19 7 2 3 1 21*8 259 377

ft (i/b) 1.22 2 . 5 2 5 .U6 0 .9 9 0.1*0

2 5 6



6 ,8  B MEAN SOLUTE DISCHAR(3iS (milligrams/sec) (Bf** x 10“^)

W1 V2 Flume VI* V5

K 2 .OU U .6 1 9.7i* 2 .01* 0 .7 3

Na 1 9 .2 6 U5.60 10 6 .9 9 20.56 9 .3 6

Ca 11.18 3 1 . 3 3 91». 90 1 9 .3 2 1 0 .6 7

Hg 7 .0 2 1 7 . 5 2 U5.I4I* 1 1 . 0 7 5 .9 2

Cl 3 0 .9 7 6 6 .9 5 11*6.50 2 8 .6 9 1 3 . 1 9

E 9 1 .3 9 U0 .9 2 2 0 .9 5 10.08 2 .2 3

HCO3 1 3 . 5 5 86.18 3 1 6 .7 0 1*0 .6 0 3 2 .9 0

*̂TDS 186 U22 9l»9 17 6 80

* Using measured TBS

6.8 C MEAN SOLUTE BISCHARGES PER UNIT CATCBMENT AREA 
(mg/secAm^) x 10”5)

W1 W2 Flume VI* V5

K 1 2 .3 6 1 1 . 7 8 16.26 27.11» 1 0 .0 51
Na 116.73 1 1 6 .7 0 17 8 .7 0 2 7 3 .0 1 2 8 .3 0

Ca 6 7 .7 6 8 0 .10 1 5 7 .3 0 2 5 6 .5 0 11*6 .3 0

Mg t*a.55 1(1*. 7 7 7 5 .9 1!»7.0 81.1

Cl 187.7 1 7 1 . 0 2l*l*.6 381.0 180.8

H 55U.9 1 0 5 .0 85.0 •3k 3 1 . 0

HCO3 8 2 .1 2 220.0 5 2 9 .0 539 i»5i.o
«t b s 922 10 7 8 1585 2 3 3 7 1096

* Using measured TBS
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TABLE 6.9 MEAN SOLUTE LISCHAHSES FOR 1977
REGULARLY SAMPLED LATA: SILICON, IRON AND SULPHATE

6.9 A MEAN CONCENTRATIONS (mg/l) (N = 5)

W1 W2 ETiUME wu W5

S i h . 7 7 6.81 »*.52 7 .6 8 5 . 5 2

Fe 0 . 1 1 5 0 .1 9 0 0 .1 0 8 0 .1 3 1 0 .10 9

SOî 1 7 .2 0 15.25 16 .5 0 1U.10 1 5 . 1 0

fo r  S i/  Q ( l / s ) 1 .7 0 3 . 3 7 6 .7 8 1.1*2 0 .6 7

fo r  FE/SO^  ̂ ^ ( l / s ) 1 . 2 7 2.8 5.83 1.0 0 .5 1

6 .9 B MEAN SOLUTE DISCHARGES (m illig ra m s ,/sec)

W1 W2 FLUME Wh V5

SI 8 .0 8 2 3 .0 3 0 .6 7 1 0 .9 1 3 .6 9

Fe ' 0.1U6 0 .5 3 2 0 .6 2 9 0 . 1 3 1 0.056

SOî 21.8U 1*2.70 9 6 .2 0 1U.10 7 .7 0

6 .9 C MEAN SOLUTE DISCHARGES PER UNIT CATCHMENT AREA (mg/sec/km^)

W1 V2 FLTTME wh W5

S i k9 59 51 1U5 5 1

Fe 0 .8 9 1 . 3 6 1.1 1 .71* 0 .7 7

SOî 1 3 2 109 161 187 106

2 5 8
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so lu te s  d u rin g  low  flo w s , the  remote areas ■becoming s ig n if ic a n t 
c o n tr ib u to rs  d u rin g  h ig h  flo w s . An exam ination o f the  d ischarge  

components used to  compute loads g ives s im ile r  re s u lts .

Iron, silicon and sulphate loads are presented in a similar way in 
Figure 6.16, since they will not be given detailed treatment elsewhere. 
The anomalously low iron load at the flume on 3rd May 1977 can be 
explained by the relationship with pH noted earlier. As pH rises near 
the flume (probably due to acid neutralisation by bases) dissolved iron 

hecomes unstable and precipitates, foxming a colloidal gel.
B lack d is c o lo \ira tio n  o f bed pebbles above and below the  flam e suggests 
th a t some o f th is  iro n  is  re -d e p o s ite d . T h is  is  a common problem  in  
hydrogeology, where underground mi x i ng o f w aters can cause iro n  
e n c ru s ta tio n  o f w e ll screens and thus reduce w e ll y ie ld . C o llo id a l 
m a te r ia l, however, co u ld  be lo s t  d u rin g  f i l t r a t io n  and th e re fo re  rem ain

unmeasured.

Silicon loads generally increase downstream, althou^ anomalies 
are present. Why loads (and concentrations; see Table 6 .9) m :© lower 
at the flume than upstream is not clear, because silica solubility 
usually increases with increasing pH and temperature (R A Freeze and 
J A Cherry, 1979)»

Sulphate loads increase  downstream, m a in ly  due to  in c re a s in g  
d ischarge , because co nce n tra tion s va ry  l i t t l e  w ith in  West Walk 

(Tab le  6 .9)*

D. and M inima in  S o lu te  Conc e n tra tio n  and D ischarge Bata

us ing  th e  Sine Index

The optimised solute and discharge/Sine Index relationships are 
summarised in Table 6.10. The fact that only the first eight months of 
1 9 7 5 and 19 7 7 are represented in Table 6.10 makes interpretation of the 
results tentative. Discharge maxima occur during AprilAay in all 
except SC5, where maximum discharge occurs in late January.
Exam ination o f th e  s ig n if ic a n t s o lu te /S I re la tio n s h ip s  suggests th a t 
co n ce n tra tio n  minima occur a t th e  tim es o f d ischarge maxima, a genera l 
In d ic a tio n  o f a d ilu t io n  e ffe c t.  Conversely, maximum co n ce n tra tio n  and 
minimum d ischarge occur a t about the  same tim e . Potassiian and d ischarge

262



TASLE 6.10 ANNUAL MAXIMA AND MINIMA IN WEST VALKt 
REGULANLY SAMPLE]) LATA

(Log. concentration and discharge)

Computed from 1975 and 1977 regularly sampled data; L = number of 
days before 31st March when maxima or minima occurred; r = best fit 
correlation coefficient; N = 3U for VI,. W 2 , Wl̂ , W5; 33 for Plume

6.10 A : W1

L r MAX MIN % Slg. r

X 156 - 0 .7 2 2 ? M 26/10 0.1
Na 61 0 .0 7 29 /0 1 3 1 / 0 7 NS
Ca 15 6 0.85 2 6 / 10 2 7/oit 0.1
Mg 161 0 .6 3 21/10 2 2 /0 4 0.1
Cl 146 0 .6 7 0 5 / 1 1 0 7 /0 5 0.1
pH 126 0.3U 2 5 / 1 1 2 7 /0 5 10.0
HCO^ 111 0 .2 7 2 0 / 1 1 1 1 / 0 6 10.0
SC 1 5 1 0 .7 8 3 1 / 1 0 0 1/ 0 5 0.1
Q 1 5 1 - 0 .7 6 0 1/ 0 5 3 1 / 1 0 0.1

6.10 B i V2 '

L r MAX MIN % Slg. r

E 186 0 .3 1 26/09 28 /0 3 10.0
Na 36 0.22 2 3 /0 2 25/0 8 NS
Ca 17 6 0.8U 0 6 /10 07/01* 0.1
Mg 181 0 .7 1 0 1 / 1 0 0 2/0 4 0.1
Cl 156 0.39 2 6 / 10 2 7/01* 5 .0

I® 6 - 0 .3 8 2lt/09 2 5 /0 3 5 .0

HCO3 11 - 0 .3 9 30 /0 8 20/03 5 .0
SC 3 1 0 .2 3 28 /0 2 30 /0 8 NS
Q 156 - 0 .7 9 2 7/01* 2 6 /10 0.1
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6.10 C t FLUME

L r m x MIN % Sig. r

K 1 5 1 0 .6 0 3 1 / 1 0 0 1/ 0 5 0 .1

Na 3 1 0 .2 2 28 /0 2 30 /0 8 NS
Ca 15 6 0.7U 2 6 / 10 2 7/ou 0.1
Mg 91 0 .7 0 3 1 / 1 2 0 1/ 0 7 0.1
Cl 101 0.58 2 0 / 1 2 2 1/ 0 6 0.1
pH 26 - 0 .5 3 0V 09 0 5 /0 3 1.0
ECO, 161 0 .3 8 2 1 / 1 0 2 2/01+ 5 .0

SC 76 0 .5 7 1 U/0 1 16/07 0.1
Q 1 5 1 - 0 .7 9 0 1 / 0 5 3 1 / 1 0 0.1

6.10 B :
L r MÀX MIN % Sig. r

E 166 - 0 .6 9 1 7 /ou 16/10 0.7
Na 17 6 - 0.80 0 7/0U 0 6 /10 0.1
Ca 6 0 .6 7 2 5 /0 3 2lt/09 0.1
Mg 181 - 0 .6 9 02/01+ 0 1 / 1 0 0.1
Cl 186 - 0 .8 0 28 /0 3 28/09 0.1
pH 12 6 - 0.66 2 7 /0 5 2 5 / 1 1 0.1
HCO, 11 0 .7 1 20 /0 3 19 /0 9 0.1
SC 6 0.81 2 5 /0 3 2l*/09 0.1

Q 66 0.66 2I+/OI 26 /0 7 0.1
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minima and respectively, occur at approximately the same time, a
general indication of a concentration effect for .

Contrasting with other suhcatchments, SC5 shows a direct, although 
lagged, concentration response to discharge, with all solute maxima 
occurring two to four months after maximum discharge. It is also to be 
noted that the data for SC^ produce a consistently high set of 
correlation coefficients, siaggesting a stronger seasoned fluctuation 
than in other subcatchments.

B. Bivariate Correlation and Regression Analysis
on the Regularly Sampled Data
This section discusses the results of the log-linear bivariate 

model Y = discussed at length in Chapter 2.3 for solute/
discharge relationships. Here, the model is used to determine 
correlation between all variables with a correlation matrix approach. 
The results are used, firstly, to examine factors tentatively 
influencing solute levels and, secondly, to help select variables for 
multiple regression analysis (Section 6.3^).

A program was written to produce correlation matrices using the 
fifteen variables for each subcatchment outlined earlier (COEMAT I4: 
Appendix 2 ). Outputs from the program in matrix form were:

(i) correlation coefficients, r;

(il) students t valuejfor testing the significance of r;

(iii) the b coefficients for power functions;

(iv) the a coefficients for power functions;

(v) standard errors of the estimates of dependent variables.

Regressions of Y on X and X on Y were computed using the program, as 
this gave the information necessary for calculation of the RMA 
regression line (Till, 1973). Having averaged the b coefficients the 
intercept, a, can be re-calculated from:
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a = Y / x'*

where b = tan j(90 - arotan|bj^l+ arotanl 

Y can be obtained from

(6. 8)

Y = EXP

log,e

and X from

X = aY^

The results for each subcatchment are given in Tables 6# 11 — 6.15 
and are discussed for each solute in turn below. Standard errors are 
not listed but are quoted in the text where necessary. The % of 
variance in Y e3q>lained by variance in X (r %) is quoted in 
preference to r because it indicates how good the regression is for 
prediction. Significance levels are accepted if better than 5 9̂ .

I. (i) Potassium/Pischarge
Only at W1 is there a strong, significant, positive correlation 

between and discharge (r^ = 77 9̂ )f conforming to the often reported 
direct relationship (e.g. VsJ.ling and Poster, 1975» Poster, 1978).
This may be due to rapid leaching from \q>per soil horizons with the aid 
of organic acids derived ftom surface humus; average pH for W1 water 
is the lowest in West Walk (6.1|5 units). The soils in SCI are also 
acid — see Chapter 3 fî nd Appendix 1. Tho next best significant 
correlation occurs at the flume (r^ = 21 %), lnqplying a weak inverse
association. The b coefficients were not statistically significant 
(using a t test, R J Johnston, 1978, p.U8) and an interpretation of the 
rates of concentration change with discharge not attempted.

I. (il) Potasslum/API
Again, the correlations are strongest and most significant for W1, 

Inoreaslng from 33 % (API 5) “to 55 % (API 30 and API 6o). This
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suggests that rain which fell 30 - 60 days before sampling had a 
significant effect on concentration. The positive relationship for 
APl/i*’ agrees with that for Q A ’’; this is logical since the API*s and 
Q show significant positive correlation (r^ =s 2$ %  - 53 %)• Weaker 
significant positive correlations exist for W2, with maximum 
correlation at API.5, diminishing to a minimum at API.60. This 
suggests that concentration is strongly influenced by rainfall over 
the five days prior to sampling. For V5. API.60 shows the strongest 
correlation with (r^ = 2? %), perhaps due to a longer residence
time of water in SC 5» The relationships between API and K!*” for WI4 
and the flume are not significant.

I. (iii) Potassium/SMD
Significant correlations exist at V1, W5 and the flume (r = 339̂  

21^, and 23 % respectively); there are negative relationships for W1 
and W5, but a positive relationship for the flume. These results agree 
with the i^/discharge relationships noted above (as the SMD increases, 
discharge decreases). concentration responds more qiiickly to an SMD 
change in SC1 than in SC5 (b coefficients and their differences 
significant at the 1.0 %  level). This agrees with the slower 
hydrological response times for SC5 noted in Chapter

The flume shows a consistently opposite response to the other 
subcatchments for significant relationships. As an example, when 
discharge increases, ^  increases at VI but decreases at the flume.
This may be due to the conq)aratively low pH of water at W1 (i.e. VI 
pH i 6.U5; flume pH t 8.Ul)t which reflects soil and drainage water 
acidity. The implication is that the catchment area below W2 and W5 
is an abundant source of bases for neutralisation of acid water from 
upstream. leaching in this area is probably reduced due to lower 
concentrations of organic acids in drainage waters, assisting ̂  
dilution at the flume.

II, (1 ) Sodium/Pischarge
There are no strong correlations between Na“̂ and discharge at any 

of the gauging stations. Significant, low, negative correlations 
occurred at VI; and the flume (r^ = % for both) suggesting a sllfi^t
dilution effect.
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II, (li) Sodltnn/API
As with discharge, correlations are weak and mostly insignificant 

The negative correlations between Na"’’ and API.30 at and API. 15 at 
the flume confirm the sli^t dilution effect,

II. (iii) Sodium/SMD
Only at W1+ and W5 are the Na'*’/SMD correlations significant 

(r^ = 1 5  %  and 23 % respectively). • However, the relationships are
positive and negative respectively, which means that for an increasing 
SMD in both catchments, Na"̂  concentration would increase in SCJ+ but 
decrease in SC5. The positive relationship for Wl| agrees with slight 
dilution effect noted above. It may be tentatively suggested that the 
decreasing Na”̂ concentration with Increasing SMD for SC5 is due to 
uptake of water and solutes from deeper storage by the dominant cover 
of mature Western Hemlock, Evidence from Thetford Pcresti Norfolk, 
suggests that mature tree stands can exert strong negative pressure 
(tension) at depths of several metres into the unsaturated zone 
(D a  Fourt, pers. comm. 1976; J P Cooper, I980). It is interesting to 
note that SC5 is the only subcatchment where all the solute/SMD 
correlations are negative implying that a similar mechanism acts upon 
all solutes.

III. (i) Calcium/Pischarge
.2+There are significant, strong correlations between Ca and 

discharge for W1, V2, the flume and Wl* (r^ = 59 52 %t 73 %
37 % respectively). No significant correlation exists at W5« The 
direction of the relationships is also consistent, all showing a 
dilution effect. The b coefficients (all significant with the 
exception of W5, at the 0.1 96 level) indicate that Ca concentration 
change is sensitive to discharge change in the orders flume = W2 ^ 
Wl* > W1, Only the differences between the flumeA2 and W1 coefficients 
are significantly different (O.I 96 level), suggesting differences in 
catchment solute response above and below W1.

III. (ii) Calcium/API
As with Câ '*’/dlsoharge, the Ca^*^/API relationships show 

significant correlations for W1, V2, the flume and V5 is again the
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exception. The beet correlations are achieved for API .60 at W 1 , W2 and 2  ̂
the flume (r ^ kS%, hk% and 62 % respectively) and for API .3 0  at

(r = 2$ suggesting the importance of throughflow waters with
long residence times in controlling solute concentration during the
periods of sampling.

III. (iii) Calcium/SMD 
2+Ca concentration increases as SMD increases at W 1 , V2, the flume 

2and Wl| (r = 1*9 38 %t 1*6 % and 59 % respectively). At W5 i;here isp.a weak negative correlation between Ca and STŒ). All correlations are 
significant, and concur with the Ca^'^/discharge dilution effect. The 
sensitivity of Ca concentration change to SMD change is in reverse 
order conç)ared with Ca /discharge: W1a< W2 > Wl̂  > flume 
(b coefficients significant at the 0.1 %  level). Interpretation of 
these results is difficult althou^^ the influential mechanisms may be 
évapotranspiration and soil draina^, whose rates of operation and 
relative importance vary spatially.

IV, (1 ) Magnesium/Pi scharge 
2+Mjg concentration shows significant inverse correlation with 

discharge at W 1 , V2, the flume and Wl* (r^ s= 61 53 52 % and 21 ^
respectively). The correlation coefficient for W5 is low, positive and

2+ 2+ insignificant. Mig behaves in a similar way to Ca in that it
dilutes with increasing discharge. All the b coefficients are
significant at the 0.1 9̂  level with the exception of those for VI* and
V5. These indicate that Mg change is sensitive to change in
discharge in the order, flume > V2 > VI, which is similar to that for
Ca • This reflects the rapid response of the lower catchment areas
and hence faster dilution.

IV, (ii) Magnesium and API
2+The correlation coefficients between Mg and API are significant 

in all cases. For VI and V2 there is an Inverse relationship with 
API.6 0 (r^ = 1*5 96 for both); at V5 a weak positive relationship 
exists with API.6 0 (r^ = 8 9̂ ); ^or the flume an Inverse correlation 
exists with API. 1 5  (r = for VI* an Inverse correlation exists
with API, 30 (r^ = 30 9̂ ). The different APIs suggest varying rates of
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throughfloWy lon^r above W2 than below, again concurring with the 
hydrological response rates noted in Chapter

rV. (iii) Magnesium and SMD

These results are very similar to those obtained for Câ '*’, Mĝ "̂
concentration increases with increasing SMD at W 1 , W2, the flume and 
WI4 (r = 26 %• 2I4 %, 1+8 % and i+5 % respectively), A weak negative 
correlation exists at (r = 12 9̂ ). All correlation coefficients 
are significant. The b coefficients (all slgnficant at the 5 9̂  level) 
show increasing sensitivity of Mg change to change in SMD in the 
order, flume >  V2 >  W 1 >  Wl*. This contradicts the order for Câ "̂  and 
SMD, but agrees with that for Câ '*’ and discharge.

(1 ) Chloride and Discharge

Chloride correlates inversely with discharge at W1, W2, the flume 
and Wl| (r = 21 9̂ , I9 9̂ , U6 % and 28 % respectively). All are 
significant at or above the 1,0 9̂  level, Bainfall appears to make an 
insignificant contribution to streamflow chloride, in direct contrast 
to results from upland Britain (e.g. Cryer, 1976), although the data 
used for these regressions were not specifically obtained during storm 
hydrographs. Correlation is absent at V5* Con^arison of ths 
regression slopes is invalidated by their statistical insignificance.

V. (il) Chloride and API

Negative correlations exist between Cl~ and API in all catchments, 
implying that concentration Increases during catchment drying phases. 
There is little difference in the strength of correlation coefficients 
between the different API for W1 or V2 (r^ = % and 1*9 %
respectively). At the flume the strongest correlation exists for 
API. 1 5  (r^ = 62 %) and at WU for API.3 0  (r^ = 31 9̂ ). There is a 
weak positive correlation between API.60 and Cl“ at V$ (r = 16 9̂ ).

V, (ill) Chloride and SMD

The relationships between Cl“ and SMD are positive and significant 
at VI, V2, W2* and the flume (r^ s 1*9 9̂ » 17 9̂» 3k % and 61 % 
respectively), confirming the inqplicatlon that concentration increases 
during catchment drying. For V5, however, there is a weak but
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significant negative relationship (r^ « 18 Jé), agreeing with the
Cl /API,60 correlation noted above. It was suggested earlier that the 
decrease in solute concentrations for may be partly due to reversal 
of soil moisture potential under the. influence of évapotranspiration* 
Under such conditions, solutes mig^t be taken up by the tree or 
accumulate at the root—soil interface* Chloride is not required by 
plants in such large quantities as potassium, calcium and magnesium
(Sutcliffe and Baker, 197U) thus would form larger accumulations in 
the soil*

VI* (i) pH and Discharge

An inverse relationship exists between acidity and discharge at 
all sites with the exception of W5* The strength of the correlation 
decreases downstream from W 1 (r^ 28 %), to W2 (r^ = 13 9̂ ), to the
flume (r <  1*0 ?é); at VI*, = 13 %. The lower pH of waters
flowing from SCI was noted earlier, and the negative relationship with 
discharge accounted for by increased leaching of organic acids during 
higher flows* The downstream decrease in the strength of correlation 
inq>lies a mixing of waters ftrom different origins and simultaneous 
partial neutralisation of acidity*

At V5 acidity increases significantly with decreasing discharge 
(r = 61 %) suggesting that SC5 is an important supplier of bases at 
hi^er flows. The mixing of waters from SC5 and above W2 would thus be 
an important factor in reducing acidity and weakening the pH/discharge 
relationship at the flume* The rate of pH decrease with increasing 
discharge is in the order VI >  V2 >  VI*, although only the V2 
b coefficient is significant (o*1 level)* Ccnversely, pH increases 
more rapidly with rising discharge at V5  (b significant at the 0 *1 % 
level)*

VI. (li) pH and API

A significant negative relationship occurs between API and pH at 
VI (for all API t r^ s 3 6 9é) agreeing well with the trend noted for 
pH and discharge* A much weaker negative correlation also exists at 

i 7 %)• The strong positive correlation with API 15 at theW2 (p2 ,
films (r‘
catchment water in neutralising acid from upper areas at higher flows*

56 %) is strong evidence for the dooninanoe of lower
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A b tho API 1 5  decreases, pH decreases, which seems Incongruous; 
however, between 1 5  and 30 days the relationship becomes negative, 
suggesting that * older* water has exchanged Ef*" ions for cations during 
throu^flow. The interpretation of pH/API relationships for and W5 
(API 30 : r = 10 96 and 16 % respectively) agrees with that for
pH/discharge.

VI, (iii) pH and SMD

Relationships are weak and insignificant for W1, W2 Wl* and' the 
flume. A negative correlation at W5 (r = 18 9̂ ) implies that as SMD 
decreases acidity also decreases , which agrees with the pl^^discharge 
relationship.

VII. (i) Bicarbonate and Discharge

There are low negative correlations between HCO^“ and discharge at 
VI, V2, the flume and VI4 (r^ = 20 96» 13 9̂ » 2? 96 and 3U % respectively) 
at W5 the negative correlation was not significant. These results 
suggest a straightforward dilution effect with Increasing discharge, 
although this might be more correctly termed acidification, as pH 
decreases with increasing discharge.

The rate of HCO^" dilution occurs in the order VI* >  W1 >  V2 > W5 > 
flume (all b coefficients significant at the 0.1 96 level).

VII, (ii) Bicarbonate and API

Correlations between HCO^ and API are low and negative, but 
significant with the exception of W5. There is no particular pattern 
to correlations with separate API’s, except for the flume, where 
5 and 1 5  day Indices are most strongly correlated. The direction of 
correlation agrees with that for discharge.

VII, (ill) Bicarbonate and SMD
The HCO^* /SMD correlations are low and, with the exception of the 

flume, insi^^fleant,

VIII. (i) Specific Conductance and BjschMBgft

With cne exception all the correlations are significant and

2 7 2



n©gatlve, su^gestin^ a dilution of total dlssolvod matter with 
increasing discharge. The best correlations are for V1 (r^ = 6? %),
vit (r^ = U5 %) and the flume (r^ = 30 Jé). For W5 the correlation 
is not significant, suggesting that factors other than discharge 
dominate concentration.

V T II, (il) S p e c ific  Conductance and API

High negative correlations between SO, API 10 and API are 
obtained for the flume (r^ = 87 %  and 7̂  % respectively) agreeing with
the dilution effect noted above. At W 1 and MU similar, weaker 
relationsMps are noted with API 60, which at the correlation with 
API 60 is positive, suggesting that concentration increases as the API, 
and hence flow, increase.

V I I I .  ( l i i )  S p e c ific  C o n d u c tiv ity  and SMD

Only at W1 and the flume are there significant positive 
correlations (r = % and 3 +̂ % respectively) implying that
concentrations Increase as the soil moisture store is depleted. Thep
significant negative relationship for W5 (r = 20 %) agrees with most
other results for the subcatchment, implying a decrease in 
concentration with loss of water by évapotranspiration.

Residuals from the regressions were tested for homoscedasticity 
and serial correlation. Two programs were written for this purpose: 
•DUBBIN' (Appendix 2 ) calculated the Durbin and Watson statistic
for Serial Correlation; 'EESID1 * (Appendix 2 ) calculated squared
residuals from the regression and plotted these against X^. Por serial 
correlation to be significant at the 5 % level the d statistic had to 
be less than 1.39 (» = 3U); if d >  I. 5 1 no significant serial 
correlation existed at the 5 % level. Serial correlation was found to 
be present in only a few regressions of Y cm X. Only 2k out of a total 
of 805 regressions exhibited serial correlation significant at the 5 % 
level.

«
Hcmioscedastioity was assessed by visual inspection of the X^ 

against (Y^ - ^i^^ plots. Selected regressions from each 
suboatchment were plotted to save computer time. These indicated that 
homoscedasticity was likely to occur in only about 18 9̂  of the
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regresBions, with heteroscedasticlty prevalent in individual solute/ 
discharge relationships* Some esKunples of these plots are shown in 
Tigure 6 ,1 7 , The implications of this analysis are that estimates of 
the regression coefficients are biased and valid inference is 
impossible.(Poole and 0 »Farrell, ibid). This places doubt upon 
conclusions regarding rates of solute change with discharge and SMD. 
Furthermore, it suggests that multiple regression coefficients might 
also have bias (although separate analysis of these coefficients is 
required), possibly ruling out this technique for everything expept 
prediction of solute concentration.

I*. Multiple Reprression on the Regularly Sampled Data

Since predictive models were required for synthesis of solute 
concentration and solute loads in the subcatchments, an attempt was made 
to Improve upon the % variance explanation of bivariate models by using 
multiple regression. This is only essential for Wl* and W5, becaxise no 
storm sampling was undertaken at these points to Increase the range of 
conditions described. However, multiple regression was applied to all 
five regularly sampled data sets in order to assess any general 
inqprovement in % variance eaq)lanation by including hydrometeorological 
variables other than discharge.

Usually a stepwise procedure is employed in order to build up the 
multiple regression equations one variable at a time, and then assess 
the significance of the additional variance e3q>lalned using an F 
statistic. Stepwise multiple regression was not available on the 
VANGr 2200 B coDq>uter and, although a program could have been written for 
this purpose, the stepwise procedure was hand-calculated. Only four 
independent variables were involved, which made the method described by 
L J King (19 6 9) relatively easy to apply.

I. First enter the Independent variable with the highest 
correlation coefficient from the bivariate correlation matrix.

II. Secondly, compute first-order partial correlation coefficients 
between Y and the remaining Independent variables, holding constant the 
one already In the equation. These are conqputed bys
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'01.2
^01 ■ ^*02^ (6.9)

(1 -  (1 -  r „ 2 ) i
‘12

where = correlation coefficient between Y and

02 = correlation coefficient between Y and Xg etc

III. Thirdly, select the largest of these partial correlation 
coefficients and add the relevant independent variable to the imiltlple 
regression equation. The latter now includes two independent variables.

rv. Foiarthly, compute the second-order partial correlation 
coefficients, r^g etc., from an extension of equation (6.9)* i^aln 
select the hd^est and include the independent variable in the 
regression.

The procedure continues in this way until all the independent 
variables are Included. Although collinearity is possibly not a 
serious problem, where a correlation coefficient between two independent 
variables exceeds 0.80 the one less correlated with the dependent 
variable was excluded from the stepwise procedure (Huang, 1970).

Multiple regression equations were fitted by least squares using 
the program MULTBEG 2 (Appendix 2 ). The coefficients for each
stage of the procedure are shown in Tables 6.16 - 6.20, together with 
the % variance ei^lained by each equation (R^ %), A variance ratio test 
was used to determine whether the additional variance explained by a new 
variable contributed significantly to the overall value of R 9̂ 
(Brownlee, 1965)* I* was computed f̂ roms

SSR^g  ̂ -  SSR^g
(6 . 10)

RMS123

where sum of squares of the regression 
residual mean squares 
independent variables Included
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and tlia S 5̂  significance level sel; as 'the lini'fc for accep'fcance or 
rejection of an additional independent variable.

There are several points to note from the results.

(i) Discharge is not always the variable most hlg^y correlated 
with concentration — seasonal or soil moisture conditions may control 
solute variation (this also emerged from the correlation matrices).

(ii) It is rarely worthwhile including more than two independent 
variables in a multiple regression model for predicting solute 
concentration, because the extra variables do not significantly improve 
the variance explanation. A comparison was made between actual and 
predicted solute concentrations for the best and worst multiple 
regression models from WI4 and W5 (chosen by 96). These are shown in 
Pigoare 6.18. The worst predictive model is for K** at WI4.

conc.(mg/l) s EXP (0 .3 3 7  + 0 .0 9 5 log^(API ^10) + O.O86 Si)
(r2 = 12.1 %) (6 .11)

ill

The best predictive model is also at Vl̂ s

SC (pmhos)
EXP (10 .6 9 + 0 .0 7 1 log^(API 60+ 10 ) 

(Ĥ = 96.0 %)
- 2 .2 2 2  log (Q+ 1 0 ))e

(6.1 2 )

The bivariate model predictions are also plotted in Figure I8. 
These ares

^  cone, (mg/l) s 1 . 9 1 Q0.0076

and SC (umhes) 222

(h 2 =

(R̂  = SO.lt Si)
(6 .1 3 )

The multiple regression model accurately predicts specific 
conductivity while the power ftinction slightly under-estimates most of 
the time and grossly over-estimates during the months of June, July and 
August. The API and discharge appear to describe total dissolved 
solids concentration more accurately during a general stream recession 
phase than does stream discharge alone. Standard errors of the
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estimates for each model underline the advantages of usln^p the multiple 
regression, l.e. O.O98 for multiple regression and 0.16 for bivariate 
regression.

Neither the multiple (using API 5 and the Sine Index) nor the 
bivariate regression (using discharge) are capable of accurately 
predicting the fluctuation in ^  concentration from April - August 1975 
nor the increase in concentration during May and June 1977. The 
standard errors are similar for multiple and bivariate regressions 
(0 .1 1 and O.lU respectively).

(ill) Thirdly, In several cases the signs of the b coefficients 
change as a new Independent variable Is Included, suggesting that 
significant colllnearlty may be present. Although other coefficients 
are iml-dlrectional some exhibit large changes after their initial 
Inclusion, as much as UO 9̂  in some cases. These problems, together 
with possible heteroscedastlclty noted earlier limit the use of the 
b coefficients for Interpretation.

A summary of the ranges and means of variance ejq)lanatlon Is given 
for each solute In Tables 6.21 A and B.

Although multiple regression gives Improved levels of variance 
e:q>lanation over bivariate regression most are still low for a good 
predictive model, i.e. R ^ >  90 9̂ « One possible cause of low variance 
explanation is omission of significant Independent variables from the 
multiple regression procedure. Since the BSD Includes late winter hlg^ 
flows in addition to flow recession phases, it seems likely that 
independent variables pertinent to the former (e.g. flood intensity) 
might improve explanation. This is difficult for weekly sampling times 
because much of the detailed solute variation is missing and an 
appraisal of the significant solute controls Is not possible.
(c.f. Walling, 1 9 7 5).

6. 4 SUMMARY AND CONCLUSIONS
(1 ) There Is a spatial variation of solute levels within West' 

Walk, shown by subcatchment means of the regularly sampled data. This 
spatial variation has developed ~under the influence of soil and
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TABIE 6.16 W1 MULTIPLE REGRESSION FOR REGULARLY SAMPLED DATA 
(LOG DATA EXCEPT SINE INDEX)

Discharge (x 9) i» l/sec; API 5 - 6 0  (x 10 - x I3 ) in mm; 
Sine Index (x 15); Concentration in mg/l

6.16 A : W1 POTASSIUM CONCENTRATION

A B1 B2 B3 BI+ h 2  % SigBJi P * SigP %

X 9 o.hh^ 0 .0 9 2 - - 77.1* 0 .1 - -
X12+10 •-0 .0 5 3 0 .0 7 5 0 . 1 7 5 - - 81.1 0.1 1 1 . 3 5 0.1
xlii+l -O.O66 0 .0 6 7 0 . 1 7 1 —O.OI+I+ - 81.6 0.1 0 .6 7 NS
X 1 5 Colllnear t excluded

6.16 B :  W1 SODIUM CONCENTRATION
A B1 B2 B3 B1+ h 2  % SlgR % P SigP %

x1>10 U . 1 6  -0 .0 6 7 - — 1+.8 NS - -
X 9 3 .U6 -0 .0 7 9 0 .0 09 - - 8.1+ NS 3 . 7 6 5 .0
x11*+1 3 .1+5 -0 .0 7 5 0 .0 0 9 0.002 - 8.5 NS 1.2 NS
X 1 5 Coll inear t excluded

6.16 C t W1 CALCIUM CONCENTRATION
• '

A B1 B2 B3 B1+ R2 % SigR % P SigP %

X 1 5 2.U9 0 .5 3 0 - - 7 2 .3 0.1 - -
X 9 2 .3 9 0 .3 9 0 -0 .01+5 - - 7 6 .6 0.1 5 .6 9 . 1.0
XI3+ 10 2.88 0 .3 7 8  -0 .0 2 8 -0 .1 6 7 7 7 .9 0.1 1 . 2 8 0.1
X II4 Colllnear t excluded •

6.16 D j W1 MAGNESIUM CONCENTRATION •

A B1 B2 B3 B1+ r 2 % SigR 96 P SigP %

X 9 1 . 7 9  -0.088 r - - 6 0 .8 0 .1 - -
XI3+I0 2 . 2 5  -.0 .0 7 0 -0 .1 5 8 - - 6 3 .0 0 .1 1 2 . 7 1 0 .1
X 1 5 2 .1+2 -0 .0 7 1 -0 .2 0 6 —0 .0 6 5 - 61+.5 0 .1 1 . 2 6 NS
X 11* Collinear t excluded

* for inclusion of independent variable 
Variables defined in Table 6.1A
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6.16 E : W1 CHLORIDE CONCENTRATION

A B 1 B2 B3 Bl* % SlgB % P SigP %
xllffl 3.030 0.055 - — U9 .O 0 . 1 mm

r13 + 10 3.533 0.03U -0.156 - - 5 6 .6 0 .1 2 0 .1 7 0.1
X 9 3.67k O.OkO -0.205 -0 .0 1 5 - 5 9 . 1 0.1 1 . 7 NS
X 15 Collinear : excluded

6.16 P : VI pH VALUES

A B1 B2 B3 Bl* h 2 Jé Siéiljé P SigP %
x11+10 2.6 -0.281 - — 3 7 . 2 0.1
X 9 2.393 -0.210 -0.018 - - 1*1 . 5 0.1 2.18 NS
X 15 2.1*02 -0.217 -0.075 -0.037 - 1*2.6 0.1 0 .6 3 NS
xlU+l Colllnear t excluded

6.16 G : W1 BICARBONATE CONCENTRATION

A B1 B2 •B3 Bl* R2 % SigR % P SigP %
X 9 1.92 -0.39U — — 2 0 .3 1.0 — mm

x11+lO 5.670 -0.267 -1.360 - - 23.Ì» 1.0 1 . 2 5 NS
X 15 5.81*5 -0 . 3 1 7  -1.1*31* -0 .271* - 2 3 .8 1.0 0.18 NS
Xll|+1 Collinear s excluded 1

6.16 B t VI SCy i^mhos

A B1 B2 B3 Bl* r 2 % SigR % P 31gP9é

X 9 5 . 2 9  -0.01*1 — - 6 7 .2 0.1 - -
X13+10 5 . 3 7 3  -0 .0 6 3 0 .1 6 1 - - 7 3 . 2 0.1 6.86 1.0
X 15 5 . 1 3 9  -0 .0 7 1 0.168 0 .0 8 1 - 7 3 . 8 0.1 0 .6 3 NS
Xlli+1 Colllnear t excluded

Variables defined in Table 6.1A
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TABLE 6.17 W2 MULTIPLE REGHESSION FOR REGULARLY SAMPLED DATA 
(LOG DATA EXCEPT SINE INDEX)

6.17 A W2 POTASSIUM CONCENTRATION

A B1 B2 B3 BU y ?  96 SigR % P S ig P 96

xlO+10 0.126 0 .16 6 - - - 1k.h 5 .0 - -

X 1 5 0.090 0.222 0 .17 9 - - 3 2 .8 1.0 8 .5 0.1
X 9 - 0.012 0 .2 51 0 .1 2 7 - 0.018 - 31*. 8 1.0 1.58 NS

X114+1 •-0 .19 2 0.289 0 .10 3 -0.009 0 .023 3 6 .2 1.0 0.88 NS

6 .1 7  B t W2 SODIUM CONCENTRATION

A B1 B2 B3 BU r 2 96 SlgR % P SigP %

X12+10 3 .0 6 3  ■-0.080 - - - 6.8 NS - -

X 1 5 3 .0 1 2  -0 .0 76 0.063 - - 10.86 NS 1.1*1 NS

X 9 2 .9 77  •-0.063 0.063 -o.ooU - 1 1 . 1 7 NS 0 . 6U NS

x1i*+1 3 .0 7 1 ■-0.089 0.092 -0 .0 11  -0 .oiU 13 .0 8 NS 0.10 NS

6 .1 7  c t W2m CALCIUM CONCENTRATION

A B1 B2 B3 BU R  ̂ % SigR % P SigP %

X 1 5 3.0 93 0.739 - - - 70.6 0.1 - -

XI3+IO 3 . 91*0 0 .39 5 - 0 .1 7 7 - - 7 8 .3 0.1 10 .89 ' 0.1

X 9 3.8 6 2 0 .36 3 -O .I5 5 - 0 .1 3 2 - 78 .6 0.1 0 .5 0.1
X 1U U.020 0.390 - 0.188 - 0.016  - 0 ,.019 79. 1* 0.1 O.I46 0.1

6 .1 7  D I W2 MAGNESIUM CONCENTRATION 1

A B1 B2 B3 Bit r 2 % SigR % P S ig P 96

X 9 2 .18 6  -0 .1 3 9 — - - 5 3 .3 0.1 - -

X 1 5 2.358  - 0 . 08U 0 .330 - - 59 .50 0.1 1*.75 5 .0

XI3+IO 3.201 --0.056 0.281 - 0 .3 1 2 - 6J+.36 0.1 1*.11 5 .0

xlIl+1 3.6 89  -0 .0 7 1 0 . 3U8 —0.U 15 —0 «056 67.86 0.1 3.18 5 .0

Variables defined In Table 6.1A
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6.17  E : W2 CHLORITE CONCENTHAniION

A B1 B2 B3 BU r 2 % SlgR % P SlgP %

xlO+10 U.682 -0.551 - - - 1*9 .0 0.1 - -
X 9 1+.571 -0 .5 0 6 -0.018 1*9 . 5 . 0.1 0 .3 3 NS
xlU+1 U.6 3I -0 .5 7 9 -0.022 -0 .0 09 1*9 .7 0.1 0 .0 7 NS
X 19 U.9Ì+2 -0 .5 7 1 0.001 -0.0l|9 0.185 5 1 . 8 0.1 0 .9 5 NS

6.17 F : V2 pH VALUES

A B1 B2 B3 BU R2 % SlgR9é P SlgP %

X 15 2 .0 6 1 -0 . 1 3 7  - - - lU.U 5 .0 - -
X 9 2 .0 3 6 -0 .0 8 9 -0 .0 1 5 16.8 5 .0 0 .9 NS
Xllj+I 2.0 9 0 -0 .0 9 7 0.02U -0.016 1 9 .1* 5 .0 0 .9 6 NS
X13+10 2 .2 3 7 -0 .0 9 2 -0.021 -0 .1 9 7  -0 .0 5 0 20.1 5 .0 0 .2 7 NS

6.17 G : ¥2 BICARBONATE CONCENTRATION

A B1 B2 B3 BU r 2 % Siedisi P SlgP %

X13+10 8 .9 9 5 - 1 .8 8 0 1 5 . 2 5.0 - -
X 9 7.U5 - 1 . 3 1 5  -0.158 1 7 . 1 9 5 .0 0 .71* NS
X 15 7.656 - 1 . 1 5 7  -0 .0 5 3 - 1 .0 8 3 20 .70 5 .0 1 . 3 NS
x IIh -I 9 .6 5 9 - 1 .6U2 -0 .1 6 0  -1 .0 0 3 -0 .2 3 1 23.81* 5 .0 1 . 1 9 ' NS

6.17 H s ¥2 SC ;uanhos

• A B1 B2 B3 BU r 2 % SigRJi P SlgP9é

X 15 U.98U 0.530 - 5.3 NS - -
xll+10 5.7SU 0.536 -0.291 6 .9 0 NS 0.53 NS

X 9 5.393 0.563 -0.158 -o.oUU 7.6U NS 0.25 NS
X 1U 5 .9 9 7 0 .7 7 6  -0 .3 0 6 -0 . 1 1 1  -0 . 1 1 7 10.51 NS 0 .8 9 NS

Variables defined In Table 6.1A
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TABLE 6,18 FLUME MULTIPLE REGHESSION FOR REGULARLY SAMPLED DATA
(LOG DATA EXCEPT FOR SIHB INDEX)

6.18 A FLUME POTASSIUM CONCENTRATIONS

A B1 B2 B3 Bl| B2 % 31^56 F SigF %

3C 9 0,62 -0 .0 5 9 - - 21.2 5 .0 - -
X13 + 10 2 .3 9 1 -0 .0 1 5  0 .0 3 2 - - 28.9U 1.0 3.28 5 .0
x 11h -1 2 .3 3 I1 -0.011 O.Oiili 0 .0 0 7 - 35.71» 1.0 3 .0 5 5 .0
X 1 5 Colllnear t excluded

6.18 B FLUME SOLIUM CONCENTRATION

A B1 B2 B3 Bi| r 2 % SlgR96 F SigF %

X 9 2 .99I1 -0 .0 19 - - 1 5 . 2 5 .0 - -
Xli).-f1 3 .IU12 -O.2I1O -0 . 1 1 7 - - 2 3 . 7 1.0' 3 . 3 6 5 .0
xll+10 3 .5 2 9  -O.2 3I1 -O.I63 -0 .0 2 7 - 3 0 .5 7 1.0 8.63 0.1
X 1 5 Colllnear : excluded

6.18 C FLUME CALCIUM CONCENTRATION •
A B1 B2 B3 Bi| r 2 % SlgR % F SlgP %

X 9 3 .0 7 9  -0 . 1 5 2 - - 7 2 .3 0.1 - -
XI3+IO 3 .8 8 0  -0 .1 0 2  -0 .2 9 7 - - 7 6 .8 0.1 5 .8 6 ' 1.0
Xll4rf1 3 .8 7 0  -0 .1 0 1 -0 .2 9 3 0.002 - 7 6 .8 0.1 0.01 NS
X 1 5 Colllnear t excluded

6.18 D FLUME MAGNESIUM CONCENTRATION

A B1 • B2 B3 Bl| r 2 % S i ^  56 F SigP Ji

xll+10 3.62 -O.5 3I1 - - 7 5 . 7 0.1 - -
X 9 3.1|2l| -0.1|23 -0 .1 0 3 - - 8 9 .1 0.1 3 5 . 9 0.1
X 111 3.U35 -0.1|25 -O.IOI1 -0.002 - 8 9 .1 0.1 0.01 NS
X 1 5 Colllnear % excluded

Vcurlables defined in Table 6.1A
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6.18 E FLUME CHLORIDE CONCENTEATION

A B1 B2 B3 Bl| h 2  % SigR % P SigP %

x11+10 3.118 0.11|3 - - 62.1| 0.1 - -
X  9 3.663 -0.112 -0 .0 2 9 • - 7 5 . 0.1 1 5 .8 8 0.1
xli|+1 3 . 7 1 7  -0 .1 2 0  -0 .0 3 6 -0 .0 89 - 7 6 .2 0.1 . 0 .9 9 NS
X  15 Collinear :  excluded

6.18 P FLUME pH VAIUES

A B1 B2 B3 Bl| R2 % SigR % P S ± g F %

xll+10 1.356 0 .2 6 2 - - 56.3 0.1 - -

X  9 2 .3 9 2 0 .1 9 6  0 .0 3 6 - - 7 8 .1 0.1 2 9 .8 0.1
X  1 1 1 2 .3 9 7 0 .1 9 5 -0 .0 3 7 -■0 .0 08 - 7 8 .1 0.1 <0.1 NS
X 15 Collinear :  excluded

6.18 G FLUME BICARBONATE CONCENTRATIONS

•

A B1 B2 B3 Bl| . r 2  % SigR % p SigP %

x11+10 5.861 -0 .5 7 2 - - 31+.8 0.1 -
X  9 5 .56I1 -O.I1I9 -0 . 1 3 7 - - 1*3 . 3 0.1 1I . 1+7 5 .0
X  1 1 1 6.163 -O.I1I2 -0 .2 2 5 -0 .1 2 9 - 5 0 .2 0.1 1|. 01 1.0
X  15 Collinear t excluded

6.18 H FLUME SC umhos

A B1 B2 B3 Bl| r 2  % SigR % p SigP %
x1+10 7 . 1 7 2  -0 .5 9 5 - - 8 6 .5 1.0 - -
Xll|+1 7 .O2I1 -0 .5 6 0 0 .0 2 3 - - 86.8 1.0 3.1*1* 5 .0

X 9 7 . 1 1 7  -0 .5 5 7  0 .0 0 1 -0 .0 3 7 - 8 6 .9 1.0 1 .8 9 NS
X 15 Collinear t excluded

Variables defined in Table 6.1A
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TABLE 6 .1 9  yk MULTIPLE HEGEESSION POR REGULARLY SAMPLED LATA
(LOG LATA EXCEPT POR SINE INLEX)

6 .1 9  A Vi* POTASSIUM CONCENTRATION

A B1 B2 B3 ■ Bl* SigR % P SigP %
X10+10 0.1*76 0.065 - - - l*.l* NS - -
X 15 0.337' 0.095 0.086 - - 12.1 5.0 7.1* 1.0

X 9 0.568 0.110 0.060 -O.IOI* - • 11*.8 5.0 1.5 NS
x1l*+1 0.567 0.151 0.01*1 -0.162 0.016 19.1 ^.0 0.98 NS

6.19 B Wli SOLIUM CONCENTRATION
A B1 B2 B3 Bl* r2 % SigR % p SigP %

X 9 2.901* 0.025 - - - 15.2 5.0 - -
x1l*+1 3.17 -0.112 0.026 - - 19.1» 5.0 1U.95 0.1

X 15 3.82 -0.21*8 0.057 -0.126 - 33.0 0.1 6.13 0.1
X12+10 3.806 -0.260 +0.059 -0.131 0.013 33.2 1.0 0.07 NS

6.19 c VI* CALCIUM CONCENTRATION
A B1 B2 B3 Bi* r2 % SigR % p SigP %

X 15 3.26 0.1(73 - - - 67.2 0.1 - -
XII4+I 3.01* 0.317 0.051 - - 71.3 0.1 11.32 0.1

X 9 3.10 0.310 0.053 -0.028 - 71.3 0.1 0.1*1 NS
x12+10 3.21» 0.313 0.01*1* 0.003 0.070 71.7 0.1 0.05 NS

6.19 L VI* MAGNESIUM CONCENTRATION
A B1 B2 B3 Bl* r2 ^ SigR % p SigFSé

x1l*+1 2.117 0.069 - - 1*1*. 9 0.1 - -
X 15 2.21* 0.01*9 0.121 - - 1*8.1 0.1 11.26 0.1

x12f10 2.61 0.036 -.116 -0.122 - 51.5 0.1 1.81* NS
X 9 2.1*1*- 0.030 0.121*-0.157 0.121 52.8 0.1 1.03 NS

Variables defined In Table 6.1 A
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6.19 E Wl; CHLORIDE CONCENTRATION

A B1 B2 B3 B1+ R2 % SlgE % p SlgPJi

X 1 5 3.51*2 0.21+6 - - - 6 0 .8 0.1 — -
xlU+1 3 .3 9 0 0.11+1 0 .031+ - - 6 8 .9 0.1 7 7 .6 0.1
x12+10 3.51*0 0 .1 3 9 0 .0 2 9 -0 .0 50 - 6 9 .9 0.1 0 .0 9 NS
X 9 3.1*20 0 .1 5 0 0 .0 2 3 -0 .0 7 3 -0 .0 8 3 7 1 . 2 0.1 0.01 NS

6 .1 9  P Wl< pH VALTJES

A B1 B2 B3 B1+ ■ R̂  % SigR % P SigP 9̂
X 9 1 .9 5 9  -0.022 — - 1 3 .0 0 5 .0 — —
X12+10 2 .2 0 9 -0 .0 2 5 -0 .0 6 6 - - 1 3 .9 0 5 .0 8 .71* 0 .1
X 1 5 2 .2 0 3 -0 .0 3 5 -0.01+7 0 .0 36. - 1 3 . 9 3 5 .0 1.10 NS
x11++1 2.281+ -0.020 -0 .071+ 0 .0 5 9 -0 .0 1 1 11+.20 5 .0 1.10 NS

6 .1 9  G W1+ BICARBONATE CONCENTRATION

A B1 B2 B3 B1+ h 2 SigR % P SigP %

X 9 3 .1*11 -0 .5 0 7 - •- - 3 3 . 6 0.1 - -
XI3+IO 9 .89 0 - 1 .8 0 2 -0 .6 6 3 - - 3 7 . 3 0.1 10.22 0.1
X  15 10.1+0 - 1 .7 9 -0 .8 3 2 —0« 1 7 7 - 3 8 . 1 0.1 0 .3 9 NS
X ll+ +1 1 0 . 1 3 -1.60 -0 .8 7 5 —0« IOI+ -0 .0 2 9 3 8 .2 0.1 0.02 NS

6 .1 9  H SC ponhos

A B1 B2 B3 B1+ r 2 % S l ^  % p SigP Ji

XI3+IO 7 .7 6 9 -0 .7 8 3 - - - 5d.i* 0.1 - -
X 9 10 .6 9 0 .0 7 1 -2.222 - - 9 6 .0 0.1 1 9 1 . 3 0.1
X 1 5 10.1+9 0 .0 8 8 -2 . 1 7 7 0 .0 6 3 - 9 2 .6 0.1 1 . 9 2 NS
X 11+ 1 0 .3 9 . 0.01+7 -2 .0 7 8 0 .0 89 0.012 9 6 .3 0.1 0 .71* NS

Variables defined in Table 6.1A
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TABLE 6.20 W5 MULTIPLE REGRESSION FOR REGULARLY SAMPLED DATA
(LOG DATA EXCEPT SIRE INDEX)

6.20 A V5 POTASSIUM CONCENTRATION (k:*’ + 10.0)

A B1 B2 B3 R^ % SlgH Ji P SlgFJi

X 15 2.383 -0 .0 9 2 - - - 1*7 . 6 0.1 - -
x 11h .1 2.351 —0 . 1 1 3 0 .0 0 79 - 1*8 .3 0.1 12.1*5 0.1
X12+10 2.252 -0 . 1 1 9 0 .0 1 3 0 .0 2 9 - 5 2 .6 0.1 2 .71* NS
X9+10 2.239 -0.116 0 .0 1 3 0 .0 2 5 0 0095 51*. 0 0.1 0.82 NS

6.20 B W5 SODIUM CONCENTRATION (Na+ + 10.0)
A B1 B2 B3 BU SlgR % P SigP %

X 15 2.781 -0 .8 9 9 - - - 6U.0 0.1 - -
x IIh -I 2.558 -I.OI1O 0 .0 5 2 - - 65.9 0.1 1 2 .8 0 0.1
x13 + 10 2.812 -0 .0 5 1 o.olUt -0 .08U - 66.1 0.1 1.0 NS
x9+10 2.657 - 1 .0 6 3 0 .0 5 1 —0.100 0.065 6 7 .2 0.1 0.11+ NS •

6.20 C W5 CALCIUM CONCENTRATION (Ca 1 0 .0)
A B1 B2 B3 Bk r 2 % SigR % p SigP 96

X 15 2.711 1.01*1 - • - - 1*1*.9 0.1 - 1 “*
x1>10 2.837 1 .0 6 1 -O.O5O - •- U5.5 0.1 12.21 0.1
xlli+l 2.617 1 .0 7 9 O.OO6U 0 .0 19 - 1*5.6 0.1 0 .5 3 NS
x9+10 2.U55 1 . 1 2 3 -0.021 0.028 0 .0 7 2 I16.6 0.1 0 .0 8 NS

6.20 D W5 MAGNESIUM CONCENTRATION (Mg' 1 0 .0)

A B1 B2 B3 Bh r 2 % SlgR % P SigP 96

X 15 2.6U7 -0..6U8 - - - 1*7 .6 0.1 — -
xlli+1 2.1*67 -0 .7 5 5 O.OU2 - - 1*9 .1 0.1 12.10 0.1
X9+10 2 .0 9 8 -0 .7 9 2 0.060 0.11U - 51*. 9 0.1 3 .8 3 5 .0
X13+10 2 .3 5 2 -0 .8 0 6 0 .0 5 1 0 . 1 1 6  -0 .0 8 7 55.1 0.1 0 . 1 7 NS

Variables defined In Table 6.1 A
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6.20 B W5 CHLORIDE CONCENTRATION (cr 10. 0)

X 1 5  2 . 6 9 U - 1 . 2 7 0  -  -  -
x11|+1 2.728 -1.2U9 -0.008
X 1 3 + 1 0  2 . 8 U 8  - 1 . 2 5 5 - 0 . 0 1 2  - 0 .0 1 ^ 0
X 9 + 1 0  2 . 8 5 6  - 1 . 2 5 3  - 0 . 0 1 3  - 0 . 0 3 9  -O.OOU

63.0  0.1
63.2  0.1
63.2  0.1
63.2  0.1

II4.2 0 .1
. 0.02 NS 
0.002 NS

6.20 P W5 pH VALTJBS (pH + 1 0 .0)

Variables defined In Table 6.1A
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TABIÆ 6.21 .

A arntma-rv of the Baru?es and Means of Variance Exolanation uslxur
Bivariate and Multlnle Re«rresslon Models

A. Bivariate Modela

Range R^ % Mean R^ %
u.u - 7 7 .1» 3 3 . 0

Na*** 1̂ .8 - 61*. 0 21.2
Ca2* Uh.9 - 7 2 . 3 65.9
Mg2+ là.9 - 7 5 . 7 56.6
Cl“ U9 .0  - 6 3 .0 5 7 .0
pH 1 3 . 0  - 6 0 .8 3 6 . 3
HCO “ 1 5 . 2  - 50.1» 3 1 . 0
SC 5 . 3  - 8 6 .5 5 5 .0

B. Multivariate Models

Rature R^ % Mean R^ 9é
Increase ov 
bivariate '

Kt 12.1 - 8t.1 1*2.0 + 9 .0
Na“** 6.8 - 6 5 .9 3 5 . 5 + 11*.'3
Câ '̂ 1*5.5 - 7 8 .3 7 0 .0 + U.5

1*8 .1 - 8 9 .1 61*. 6 + 8 . 1
Cl“ 56.6 - 7 5 .1* 6 2 .7 + 5 . 7
pH 1 3 . 9  - 7 7 . 5 hk.2 + 7 .9
HCO “ 1 5 . 2  - 9 1 .6 3l».9 + 3 . 9
SC 5 . 3  - 9 6 .0 66.1 + 1 1 . 1
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vegetation controls. In particular solute levels Increase downstream 
as pH Increases, which agrees with the findings of Johnson (1979)» 
waters flowing from subcatchment 1, with Its acid podsols developed on 
Bagshot Sand and Plateau Gravel, have a low pH and relatively low 
solute content. The low pH Is thought primarily due to the presence of 
organic acids derived from humic deposits on the sldeslopes and valley 
bottom.

The hl£^er base-exchange capacity of soils developed on London 
Clay provides for partial neutralisation of acid waters from upstream. 
One of the Interesting effects of this pH variation Is the leaching cf 
Iron by acid waters and precipitation as the j)H rises above about U.5 
further dowxistream. The lower part of subcatchment U was replanted In 
1 9 7 3 » ®2id It Is Interesting to note that there the highest solute 
concentrations were recorded. Mean solute loads per imlt area 
emphasise the relatively high solute yield of this subcatchment.

Study of weekly loads from the subcatchments for the first months 
of 19 7 7 points to the operation of a dynamic contributing area within 
Vest Walk, the downstream areas delivering a h l ^  proportion of solutes 
diurlng low flows, the remote areas becoming significant contributors 
during high Hows.

(1 1 ) Solute concentrations for Vest Valk have been modelled using 
two different types of approach. Bivariate and multivariate regression 
analyses on the regularly sampled data has shown that catchment 
moisture conditions. In addition to discharge, are Important In 
determining solute concentration. Some Interesting relationships were 
demonstrated using correlation matrices which Included discharge, 
antecedent rainfall, soil moisture deficit and a season Index. These 
were considered In detail In an earlier section and are given here In 
summary form.

The t**/dlsoharge regression changed from strongly positive at VI 
to weakly negative at the flume, emphasising spatial variation In 
solute response. Strong correlations between Na /discharge did not 
exist, lnq)lylng that neither dilution nor concentration dominate the 
response of any one subcatchment. A general dilution effect was
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demonstrated for and Cl" with the exception of SC5, where
correlations were weakly positive for Câ "̂  and but very weakly
neg^atlve for Cl . The acidity of water increased as discharge 
increased at all sites except V5. This is due to a combination of the 
hydrogen ion content of storm rainfall and organic acids leached from 
humic soil horizons, particularly in SCI. The Inverse correlation with 
acidity for SC5 Implies that this suboatchment is capable of supplying 
bases to the main channel at higher flows. Operation of an overall 
dilution effect for Vest Walk and its subcatchments was demonstrated 
by the inverse SC/dlscharge relationship, although this disguises the 
variable response of individual solutes.

The relationships between individual solutes and other 
hydrometeorological variables also produced some interesting results. 
For example, considering a single solute, the API.T was better 
correlated for some lengths of T (the memory length of the API) thanO • ■
others. Ca and a were most hl£^y correlated with 30 and 60 day 
API's, tentatively suggesting the Influence of "older" rainfall and a 
longer throughflow period. Direct correlations between SMD and 
conoentration, e.g. Cl", suggest that concentrations increase as 
moisture is lost throu^ évapotranspiration. The reverse is true in . 
SC5y possibly due to uptake of water and solutes by the vegetation. 
However, it is dlffloiilt to reconcile one process producing opposite 
results in separate catchments, pointing to the need for detailed field 
study of the actual mechanisms •

Statistical analysis of the regression residuals points out 'the 
dangers of placing too much emphasis upon interpretation of the 
regression coefficients. Thus multiple regression analysis was 
employed primarily to improve upon bivariate model prediction. This 
was successful in 33/hO cases, althou^ in 2 3 / 3 3 the use of only one 
culditional variable proved significant.

Chapter 7 examines the data collected during storms between 1975 
and 19 7 7 in order to elucidate some important solute controls and 
liq)rove model prediction.

30 7



CHAPTER 7
AN ANALYSIS OF SURFACE WATER SOLUTE DYNAMICS IN WEST WALK CATCHME!MT» 
II: THE STORM SAMPLE DATA (SSD^

7.1 INTRODUCTION

This chapter introduces data sanqples from VI, V2 and the flume 
during stozms. Firstly, they are combined with BSD In assessing the 
ability of regression models to model over a wide range of flow 
conditions. Bivariate solute/dlscharge regressions are also perfoxmed 
with the separate autumn and non-auttunn data to assess the Influence of 
seasonal effects such as solute flushing on variance explanation. 
Polynomial regression Is used In an attempt to describe non-linearity 
remaining after taking logarithms of the basic data. Secondly, an 
analysis of individual stozms Is undertaken to Identify the inqportant 
factors controlling the 'flushing effect* and non-synchronous 
hydrograph and ch^ograph peaks. Potassium Is used as a specific 
sanple.

Samples were collected at intervals ranging from 15 ~ 120 minutes 
during the autumns and winters of 19 7 5 â id 19 7 6* It should be pointed 
out at this stage that the 1 9 7 5 “ 19 76 drou^t badly disrupted the 
original san^llng program, %dilch had aimed to place emphasis on the
19 7 5 autumn and winter for storm sampling of streamflow and then to 
concentrate upon the examination of hlllslope water and solutes during 
the autiaan and winter of 1976. Figure shows that there were very 
few storms for sampling in late 1975 or early 1976. Hence, much of the 
storm sampling was done after the end of the drought, from September
19 76 onwards. This created two problems. • •

Firstly, the total rainfall in the months September to December 
19 76 was 15 9 % of the I9 16 - 1950 average (Southsea Common), stozms 
were very frequent and the hydrological effects overlapped fToa^^ the 
next. Secondly, saoq>ling streamflow and soil water together created 
field woric logistical problems and a large backlog of sasq>les awaiting 
laboratory analysis.
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7.2 BIVARIATE COHRELATION AND REGRESSION ANALYSIS

In an atten^t to produce a set of simple relationships capable of
predicting solute concentration over a wide range of conditions, the

*
storm data set was combined with the regularly sampled data set at V1, 
V2 and the flume, and bivariate regression performed. The solute/ 
discharge data are plotted in Figures 7.1 - 7.5. Table 7.1 A - C gives 
the results of these regressions for VI, V2 and the flume (using the 
program GBOREG 2, see Appendix 2 ). Coirrelatlon coefficients are all 
significant with the exception of pH, HCO^*" and SC for V2, pH and SC 
for the flume. With the exception of Na*̂ , variance e:q>lanatlon is 
almost invariably much worse than for the RSD data regressions. An 
esqplanatlon for the improvement in Na*̂  variance explanation can only 
be tentative from 'black box' modelling. It appears that with Na*̂  the 
dilution effect only becomes dominant during storms; during periods of 
flow recession there is no single dominant process.

The 'break' of the 1975 - 1976 drou^t signalled a large flush of 
solutes from Vest Valk, as in many other British catchments (e.g.
Foster and Vailing,' 1978; Vailing and Foster, 1978). Over this 
drou£^t period the 'normal' dilution changed to concentration for some 
solutes during individual storms. Such inter-storm response 
variability was thought to be a reason for the decrease in variance 
e3g[)lanatlon using the total san^led data (TSB) set. This sxiggested 
that solute concentration during 'autumn' (arbitrarily defined as 
September, October and November, according to the time when significant 
flushing occurs) should be modelled separately. As a first step 
autumn sarnies were removed and the oonqplementary data set subjected to 
bivariate regression.

The results are shown in Table 7*2 A and B for VI and the flume,
V2 regressions returning to the RSB set. There is no overall 
consistency to the results. In six regressions R % progressively 
decreases from the RSI) to the TSDt Câ "*” at VI and the flume; at VI; 
SC at VI; and pH at the flume. The i*’/dlscharge relationship is 
Interesting in that it changes direction, frxHQ positive for the RSD and 
TSD without autumn samples, to negative for the TSD. Inspection of the 
rating plots shows that this is due to hi^i ooncentratlons at low 
discharges Hm-'fwg individual autumn storms, i*"'response is treated in 
detcLll later in this chapter.
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PIGTJRE 7.2t SOLUTE MSCHABGE RATINGS FOR VEIR 2
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For f iv e  reg re ss ion s  the  R is  h i^ e r  than fo r  e ith e r  the  TSD o r 
th e  RSD; Na'*’ a t V1; a t W1 and the  flum e; and pH a t W1, In
th re e  reg ress ions th e  TSD w ith o u t autim n samples p ro v ide  tLo  w orst 
va riance  e xp la n a tio n .

The o v e ra ll co nc lus ion  from th is  a n a lys is  is  th a t autumn storm  
samples add to  unexpla ined variance  in  the b iv a r ia te  reg ress ions, bu t 
w ith  severa l in c o n s is te n c ie s  ev ident from  Tables 7.1 and 7 .2 .

Separate regressions were also fitted to autumn storm data
(Tables 7*2 C and D ). For VI va riance  exp lana tion  is  good w ith  the
excep tion  o f Na'*’ , w h ile  a t the  flum e variance  e xp la na tion  is  poor w ith

2+th e  excep tion  o f Mg . There are changes in  the d ire c tio n  o f 
c o rre la tio n  between autumn storm data and the TSD w ith o u t autumn 
samples, w hich is  most marked fo r  th e  case o f Reference to  the  
ra t in g  p lo t (F ig u re  A) shows th a t the  negative  re la tio n s h ip  fo r  
autumn storm  data  is  due to  d ire c t c o rre la tio n s  d u rin g  a succession o f 
autumn storm s. In te rc e p ts  decrease throiagh tim e , the  ne t re s u lt being 
an inve rse  re la tio n s h ip .

For Na* ,̂ Ca^'*', SC and TDS a t W1 th e  in te rc e p ts  increase (th e  pH 
in te rc e p t decreases) and fo r  E^, Na***, Ca '̂*' and SC a t the  flum e, the  
in te rc e p ts  increase  (th e  pH in te rc e p t decreases) when compared w ith  
reg ress ions e xc lu d in g  autumn samples. Where reg ress ion  slopes rem ain 
s ta b le , th is  in d ic a te s  a genera l r is e  in  so lu te  co nce n tra tion  in  these 
param eters d u rin g  the  months o f September, October and November.

7 ,3  POLYNOMIAL REGRESSION ON THE TOTAL SAWPEEID DATA ( i . e .  RSD + SSD)

Polynom ial re g re ss io n  was employed in  a fu r th e r  a ttem pt to  model 
th e  TSD u s in g  a s in g le  Independent v a ria b le  ( i . e .  d isch a rg e ). A 
po lynom ia l is  a sp e c ia l form  o f th e  m u ltip le  reg re ss ion  equation (2 .8 )»  
w ith  d ischarge ra is e d  to  success ive ly  h i^ e r  powers re p la c in g  the 
independent v a ria b le s . I t  was thought th a t a q u a d ra tic  o r cubic 
fu n c tio n  m ight describe  n o n - lin e a r ity  remai ni ng  a fte r  ta k in g  loga rithm s 
o f th e  b as ic  da ta . The program NTHOREG 1 (Appendix 2 ) was used to
f i t  th e  reg ress ions by le a s t squares and equation 6,10 used to  
determ ine the  s lg n iflo a n e e  o f each a d d itio n a l term  to  the  re g re ss ion .
I t  was found th a t term s high®^ than cub ic  d id  n o t c o n trib u te
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7.1 B j V2

r h a féSlg r SB N

K Q.29 0.099 1*.1*5 5 .0 0.1*6 51* 11*.l* 8.1*
Na - 0.1*5 - 0.078 9 .9 2 0.1 0 .2 3 5 1 6.8 2 0 .3
Ca - 0.56 - 0.125 7 . 3 2 0.1 0 .2 9 53 7 0 .6 3 1 . u
Me - 0.75 - 0.11*6 3 . 2 1 0.1 0.20 56 5 3 . 3 56.3
Cl - 0.71 - 0.059 1 8 . 1 3 o.t 0 .0 9 1*5 U9.0 5 0.1*
pH 0.15 0.023 7 .9 9 NS 0.16 53 11*.l* 2 . 3
HCO. - 0.11* - 0.221 6.81 NS 1.66 53 1 5 . 2 2.0
SC 0.09 0.021 2 5 9 .6 NS 0 . 1 7 53 5 . 3 0.8

as in 7 . 1 A

7.1 Ct PLUMB

r b a 9éSig r SB N

K - 0.30 - 0 .1 7 6 1 . 3 1 1.0 0 .6 9 89 21.2 9 .0
Na - 0.1*2 - 0 .1 3 6 8 .3 3 0.1 0 .3 7 62 1 5 . 2 1 7 . 6
Ca - 0 .6 0 - 0 .1 9 8 7.U5 0.1 0 .3 7 101 7 2 .3 3 6 .0
Me - 0.80 - 0.221 2.82 0.1 0 .2 3 101 7 5 . 7 61*. 0
Cl - 0.29 - 0 .0 5 1 2 2 .2 5 5 .0 0.21* 71* 62.1* 8.1*
pH 0.09 - 0 .0 0 7 7 . 3 2 NS 0 .0 7 70 56.1* 0.8
HCO« - 0.17 - 0 . 1 3 1 1 6 .7 8 NS 0 .8 3 77 31*. 8 2 .9
SC - 0.88 - 0.1i08 32.85 0.1 0 .1 9 69 8 6 .5 7 7 .it

9é, % OB in 7,1 A

320



7.1 Bf V2

1------
1 r b a ?fölg r SE N
K 0 .2 9 0.099 1*.1*5 5 .0 0.1*6 51* 11*.l* 8.1*
Na - 0.1*5 - 0.078 9 .9 2 0.1 0 .2 3 51 6.8 2 0 .3
Ca - 0.56 - 0.125 7 . 3 2 0.1 0 .2 9 53 7 0 .6 3 1 .1*
Mg - 0.75 - 0.11*6 3 . 2 1 0.1 0.20 56 5 3 .3 56.3
CI - 0.71 - 0.059 1 8 . 1 3 0.1- 0 .0 9 1*5 1*9 .0 5 0.1*
pH 0.15 0.023 7 .9 9 NS 0.16 53 11*.l* 2 . 3
HCO. - 0.11* - 0.221 6.81 NS 1.66 53 1 5 . 2 2.0
SC 0.09 0.021 2 5 9 .6 NS 0 . 1 7 53 5.3 0.8

% as ln 7 .1 A

7.1 Cf NLÜMB

r b a 9éSig r SB N
K - 0.30 - 0 .1 7 6 1 . 3 1 1.0 0 .6 9 89 21.2 9 .0
Na - 0.1*2 - 0 .1 3 6 8 .3 3 0.1 0 .3 7 62 1 5 . 2 1 7 . 6
Ca - 0 .6 0 - 0 .1 9 8 7 .1*5 0.1 0 .3 7 101 7 2 .3 3 6 .0
Mg - 0.80 - 0.221 2.82 0.1 0 .2 3 101 7 5 .7 61*. 0
CI - 0.29 - 0 .0 5 1 2 2 .2 5 5 .0 0.21* 71* 62.1* 8.1*
pH 0.09 •- 0 .0 0 7 7 . 3 2 NS 0 .0 7 70 56.1* 0.8
HCO. - 0.17 •- 0 .1 3 1 16.78 NS 0 .8 3 77 31*. 8 2 .9
SC - 0.88 .- 0 .1*08 32.85 0.1 0 .1 9 69 8 6 .5 7 7 .1*

% as ln 7.1 A
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7.2 C: W1 Aiitiimn d?te only

r b a 5®ie r SE N %

E - 0.80 - 0 .2 9 1 0 .3 6 0.1 0.1*1 67 6 3 .2
Na - 0.26 - 0.016 26.10 5 .0 0.11 67 6.8
Ca - 0.70 - 0.158 8.1*7 0.1 0 .3 0 67 1*9 .0
Mg - 0.76 - 0.2M 1 .51* 0.1 0 .3 8 67 5 7 . 5Cl - 0.71* - 0.202 5 .9 0 0.1 0 .3 7 5 1 51*. 5pH - 0.58 - 0 .0 69 3 . 3 1 2 0.1 0.18 67 3 3 . 5
HCÔ - 0.76 - 0.365 0 .351* o.t 0 .5 9 51* 58.1*
SC - 0.52 - 0 .1 0 5 1 3 7 . 7 1.0 0.21* 35 2 7 . 3
TDS 0.63 - 0 .3 5 3 11*1*2 1.0 0.11 20 1*0.2

7.2 D: FLUME Autumn data only

r b a % S i g  r SE N
K - 0.23 - 0.0U5 6.26 NS 0.18 21* 5 .1*
Na - 0.19 - 0.111 22.1* NS 0.56 28 3 . 6
Ca - 0.23 - 0 .0 99 1 8 .6 3 NS 0.1*0 33 5 . 3
Mg - 0.81 - 0 .2 7 9 2.1*6 0.1 0.20 33 65.0
Cl - 0.27 - 0 .3 5 5 3 .71* NS 0.1*2 21 7 . 5
pH - 0.07 - o.ooU 6 .7 3 NS 0.058 3 2 0.1*
HCÔ - 0.28 - 0.261 7 . 2 7 NS 0.88 3 2 7 . 7
SC - 0.36 - 0.11*2 2 9 5 5 .0 1.21 35 1 2 . 9
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significantly to the regression, and these were discontinued after 
initial trials. The results are summarised in Tables 7 . 3  - 7 .̂ .

In some cases, both quadratic and cubic terms inqprove e.g.2+Mg at V1, while in others either quadratic or cubic terms alone are 
significant, e.g. Cl“ at W2 and at the flume, respectively. In 
several instances the additional variance explained by the polynomial 
over the bivariate model is large, e.g. TDS at V2, where a cubic 
function Increases R by 3 I %, The results imply that the addition of 
storm data (particularly from autiamn storms) to the regularly sampled 
data creates non-linearity in the bivariate solute/discharge models. 
Analysis for heteroscedasticity was not undertaken, but an examination 
of the rating plots suggests that there is unlikely to be inq)rovement 
over heteroscedasticity found in the RSD. This is because the 
considerable variance introduced by autumn data is unequally 
distributed along the regression line, e.g. Figure 7*1A.

Polynomial models improve the variance explanation over bivariate2models, partly returning R % values to those obtained for the RSD
2+regresslons.. For Na the cubic fimctions give the best overall 

variance explanation at W1, W2 and the flume, the only solute in which 
this occurs.

7.i* AN ASSESSMENT OF TBE BIVARIATE AMD MULTIYARIATB MODELS FOR
PREDICTION OF STORM SOLUTE CONCENTRATION

The main reasons for studying detailed solute dynamics are, 
firstly, to gain an understanding of the controlling processes and, 
secondly, to build models capable of predicting solute concentration 
during storms at different periods in the year. Simple bivariate 
models, involving concentration and discharge (e.g. Steele, 197^) have 
been criticised on the grounds of inadequacy in predicting 
concentration during individual storms (Foster, 1978)*

Figures 7*8 and 7*7 show actiial and predicted and TDS 
concentration for storms in October 1976 and April 1977» The equations 
used for synthesising solute concentration were derived from the 
foregoing ansilysis. These are as follows s solute concentration in 
mg/l; SC in pmhos, converted to TDS using equation 5*3 (SC<1|00 pmhos)
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significantly to the regression, and these were discontinued after 
initial trials. The x'esults are summarised in Tables 7 . 3  - 7 ,5 .

In some cases, both quadratic and cubic terms improve e.g.
2*̂Mg at W1, while in others either quadratic or cubic terms alone are 

significant, e.g. Cl" at W2 and at the flnme, respectively. In 
several instances the additional variance eaqplained by the polynomial 
over the bivariate model is large, e.g. TDS at V2, where a cubic 
function Increases R by 3 I %, The results imply that the addition of 
storm data (particularly from autumn storms) to the regularly sampled 
data creates non-linearity in the bivariate solute/discharge models. 
Analysis for heteroscedasticity was not undertaken, but an examination 
of the rating plots suggests that there is \mlikely to be improvement 
over heteroscedasticity found in the RSD. This is because the 
considerable variance Introduced by autumn data is \mequally 
distributed along the regression line, e.g. Figure 7 .IA.

Polynomial models improve the variance ei^lanation over bivariate2models, partly returning R % values to those obtained for the RSD
2+regressions.. Per Na the cubic fimctions give the best overall 

variance explanation at W1, W2 and the flume, the only solute in which 
this occurs.

7.̂ 4 AR ASSESSMENT OF THE BIVARIATB AND MULTIVARIATE MODELS FOR
PREDICTION OF STORM SOLUTE CONCENTRATION

The main reasons for studying detailed solute dynamics are, 
firstly, to gain an understanding of the controlling processes and, 
secondly, to build inodels capable of predicting solute concentration 
during storms at different periods in the year. Simple bivariate 
models, involving concentration and discharge (e.g. Steele, 1976) have 
been criticised on the grounds of inadequacy in predicting 
concentration during Individual storms (Foster, 1978)*

Figures 7*6 and 7*7 show actual and predicted K!** and TDS 
concentration for storms in October 1976 and April 1977* eqtiatlons 
used for synthesising solute concentration were derived from the 
foregoing analysis. These are as follows: solute concentration in 
ing/l; SC in pmhos, converted to TDS using equation 5*3 (SC<1^00 pmhos)
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TABLE 7 . 3  W1: POLYNOMIALS PITTED TO THE TOTAL SAMPLED DATA
AND DISCHARGE

(Concentration in m^/l; discharge in cumecs)

7*3 A POTASSIUM CONCENTRATION (N = 1l;6)

log A B1 B2 B3 Bl* . R̂ % SigR % P SigP %
log Q 0.166 -0.196 - -  - lO.i2k 0.1 . . mm

logQ 2 0.7U5, 0.062 0.010 - 10.91 0 .1 1.08 NS
logQ 3 5.581 2.163 0.296 0.012 17.92 0 .1 12.11* 0.1

7.3 B SODIUM CONCENTRATION
»

»

(ijTE TERM EXCLUDED PROM FURTHER REGRESSION) (N =  135)
log A B1 B2 B3 R̂  % SlgR % P SigP %

log Q 2.553 -0.067 - — 11.6 0 0.1
logQ 2 0.7U7 —0.5^ -0.031 - 30.30 0.1 35 .17 0.1
logQ 3 -1.0̂ 6 -1 .31*7 -0.138 -0.005 32.50 0.1 U.26 5.0

7.3 C CALCIUM CONCENTRATION [N =  11+8)
log A B1 B2 B3 R2 % SigR % P SigP %

log Q 1 .5 13 -0.170 - - 3 1.36 0.1 - -

logQ 2 O.U2I —0.1|66 -1.86U - 3 1.3 7 0.1 0.01 NS
logQ 3 2.110 0.262 0.080 o.ooU 3 1.76 0.1 1.39 NS

7.3 D MAGNESIUM CONCENTRATION (N = 11*8)
log A B1 B2 B3 r2 % SigR % p SigP %

log Q 1 .5 13 -0.170 - - 27.01* 0.1 - -
logQ ̂ 0.123 -0.338 -0.010 - 1*8.9 0.1 62.1 0.1
logQ 3 3.392 1.071 0.180 0.008 •53-3 0.1 13 .5 0.1
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7.3 E CHLORIDE CONCENTRATION (N = 105)

log A B1 B2 B3 % SigR56 p SigP %
log Q 2.350 -0 . 1 1 9 - - 33.61» 0.1 — _

logQ 2 0 .8 3 9 -0 .1*89 -2.122 3 9 . 1 5 0.1 9 .2 3 0.1
logQ ^ 1+.657 0 .9 6 0 0 . 1 5 5 0 .0 0 7 1*2 . 3 7 0.1 5.65 1.0

7.3 P VALUES (N = 1 1 2 )

log A B1 B2 B3 h 2 56 SigH56 p SigP %
log Q I.I188 -0 .0 3 8 - - 1 5 . 2 1 0.1 — _

logQ ^ 1 . 6 3 2 0 .0 0 3 0 .0 0 3 - 1 6 .9 6 0.1 2 .. 30 NS
logQ ̂ 2 .3 9 0 0 .3 3 7 0.01*8 0.002 18.81* 0.1 2 .1*6 NS

7.3 G BICARBONATE CONCENTRATION (N = 98)
log A B1 B2 B3 R2 % SigR % p SigP %

log Q -0 . 3 1 1 -0 .3 0 3 - - 1*0 .9 6 0.1 - —

logQ 2 0.122 -0.180 0 .0 0 8 - 1*1 . 1 9 0.1 0 .3 7 NS
logQ 3 -5 . 1 5 2 -2.ii99 -0 .3 0 8 -0 .0 1 3 1*1*. 89 0.1 6 .3 1 0.1

7 . 3  H SC ^omhos (N s 7 3 )
log A B1 B2 B3 R^ % SigR % p SigP %

log Q 1*.591 -0.120 - - 27.56 0.1 - -
logQ 2 U .7 3 6 -0 .071* 0 .0 0 3 - 2 7 .6 8 0.1 0 .1 2 0 NS
logQ 3 -0.1*16 - 2 .5 1 9 -0.358 -0.167 1*1.01 0.1 1 5 . 5 2 0.1

7 . 3  I TDS CONCENTRATION (N = 5 9)
log A B1 B2 B3 R2 % S i ^  56 p SigP %

log Q 3 . 9 1 5 —0.168 - - 2 9 .1 6 0.1 - -
logQ ^ 0.1*21* -1.1*27 -0 .1 0 8 - 5 9 .6 0 0.1 1*9 .2 7 0.1
logQ 3 3 . 0 1 2 -0 .0 6 6 0.120 0.012 60 .0 8 0.1 0.69 NS
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TABLE 7.il V2: POLYNOMIALS PITTED TO THE TOTAL SAMPLED 'nATAAND DISCHABCæ
(Concentration In mg/lj discharjje in cumecs)

7.i| A POTASSIUM CONCENTRATION (N = 51|)
log A B1 B2 B3 % Si^ % p SigP %

log Q 1.1*93 -0.099 - - 8.1*1 5.0
logQ 2 1.776 0.193 0.007 - 8.1*0 5.0 <0 NS
log« 3 7.593 3.189 0.1*99 0.026 11 .5 2 5.0 1.76 NS

7.U B SODIUM CONCENTRATION (N = 5 1)
log A B1 B2 B3 r2 % SigR % p SigP %

log Q 2.295 -0.078 - - 20.25 0.1 — —

logQ 2 0.767 -0.568 -0.037 - 38.2 0.1 13.96 0.1
logQ 3 -^.867 -1.383 —0.166 -0.007 39.78 0.1 1.22 NS

7.U C CALCIUM CONCENTRATION (N = 53)
•

Log A B1 B2 B3 B2 % Si^% P SigP %
log Q 1.991 -0.125 - - 3 1.36 0.1 - -

logQ 2 1|.021 0.1*91 0.01*1* - 39.78 0.1 11*.1*3 0.1
logQ 3 10.29 3.1*11 0.1*77 0.020 1*6.73 0.1 11*. 80 0.1

7.1+D MAGNESIUM CONCENTRATION (M = 56)
log A B1 B2 B3 R2 % sigH5é P SigP %

Log Q 1.166 —0. Il*6 — - 56.25 0.1 - -
logQ 2 2.61*3 0.259 0.030 - 67.75 0.1 18.6 0.1
logQ 3 2.21*7 0.151* 0.011* -0.001 67.78 0.1 <0.1 NS
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7.U E CHLORIDE CONCERTEÄTION (N = 1̂ 5)

log A B1 B2 R^ % SigR % P SigP %
log Q 2.098 -^.059 - - 5Ò.M 0.1
logQ ^ 2 .Ì4Ì^ -0 .1 9 2  -0 .0 1 0  - 5 5 . 5 9  0 .1
logQ^ 1.79 -0.1^89 -0.053 - 0.002 56.62 0.1

7.i^P pH VALUES (N = 5 3 )

log A B1 B2 B3 SigH % P SigF 9é
log Q 2 .0 7 8 0 .0 2 3 - — 2 . 2 5 NS _
logQ 2 U. 03 0 .7 6 3 0 .0 6 7 - 2 5 .8 9 0 .1 6 .1 0 .1
logQ ^ 6.183 2.0Ì+ 0 . 3 1 3 0 .0 1 5 26.95 0.1 0 .2 3 NS

7.i* G BICARBONATE CONCENTRATION (N = 5 3

log A B1 B2 B3 » 2 % SlgR 9é P SigP %
logQ I.9I8 -0.221 - — 1.96 NS
logQ ̂  11.28 7 3.227 0.307 - 5.63 NS 0.89 NS
logQ I41,20 20.05 3.387 0.18J+ 6.90 NS 0.31 NS

V»i*H SC gafamos (N = 53)
log A B1 B2 B3 % SlgH Jé P SigP %

log Q 5.559 0.021 - 0.81 NS
logQ 2 3.ol|3 -0.805 -0.067 - 2.77 NS 0.18 NS
logQ 3 -2I+.3I ■-11*. 07 -2.20 —0.1 lia U. 60 NS 0 .15 NS
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TABIE 7 . 5 FLUME: POLYNOMIALS PITTED TO THE TOTAL SAMPLED DATA
AND DISCHAHC^

(Concentration in mg/lj discharge in cimecs)

7 . 5  A POTASSIUM CONCENTRATION (N = 8 9)

log A B1 B2 B3 % SigE Ji p SigP?6

log Q 0 .0 2 7 -0 .1 7 6 9 .0 1.0 — —
logQ ^ - 1 .3 6 9 -O.8I5  -0 .0 5 9 1 1 . 9 0 1.0 2 .8 3 NS
logQ 3 1 5 . 1 3 2 9.0it2 1.806 0.112 3 3 .7 0 0.1 27.96 0.1

7 . 5  B SODIUM CONCENTRATION (N = 62)

log A B1 B2 B3 R^ % SigR % p SigP %

log Q 2.120 -0 .1 3 6 1 7 . 6 0.1
logQ ^ -0.661 -I.O8U -0 .0 7 7 - 3 3 .9 1 0 .1 11*. 61 0 .1
logQ ^ -5 .9 8 7 -3 .8 0 2 -0 .0 3 3 -0011 3 8 .8 9 0 .1 1*.76 1 .0

7 . 5  C CALCIUM CONCENTRATION (N = 1 0 1)

log A B1 B2 B3 R^ % SlgEJi P SigP %

log Q 2 .0 0 8 -0 .11*8 - - 3 6 .0 0 .1 - -
logQ ^ 1 . 0 2 5 -0 .5 5 7 -0 .0 3 1 - 3 9 . 1 3 0 .1 5 .0 7 1 .0
logQ 3 3,237 0 .6 6 0 C.I79 -■0 .0 1 1 1*1 .0 0 .1 3 .061* 5 .0

7 . 5  D MAGNESIUM CONCENTRATION

log A B1 B2 B3 E^ % SlgE P SigP %

log Q 1 .0 3 7 -0 .2 2 1 - - 61*. 0 0 .1 - -
logQ ^ 0.185 -0 .5 3 3 -0 .0 2 7 - 6 8 .0 0 .1 1 2 .1*0 0 .1
logQ 3 3 .0 9 3 1 .0 6 7 0.21*9 0 .0 1 5 7 2 .6 8 0 .1 16.51» 0 .1
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7.5 E CHLORIDE CONCENTRATION (N = 7I4)

log A B1 B2 B3 % SiêiR % P SigP %
log Q 3 . 1 0 2 -0 .0 5 1 - 8.1+ 5 .0 •> m.
logQ, ̂ 2 .9 0 5 -0.122 -0 .0 0 6 - 8.9U 5 .0 0.1+1 NS
logQ ^ 4 .6 3Ì1 0.81+2 0 .1 6 2 0.009 1 3 . 3 8 5 .0 3.58 5 .0

7 . 5  E pH VALtIBS (N = 70)

log A B1 B2 B3 % SigR % P SigP %
log Q 1 .9 9 1 -0 .0 0 7 - - 0 .8 NS — —

logQ ^ -0 . 1 1 0 -1 . 3 3 2 -0 . 1 1 7 - 6 .7 5 5 .0 1*.72 5 .0
logQ ^ - 1 .3 0 9 -2 . 1 0 5 -0.275 -0.010 6 .7 9 5 .0 0.1 NS

7 . 5  G BICARBONATE CONCENTRATION (N = 7 7 )

log A B1 B2 B3 R^ % SigR % P SigP %

log Q 2 .8 2 0 -0 . 1 3 1 - - 2 .9 NS — -

lOÉÂ ^ 1 .5 0 1 -0 .1 7 8 -0 .0 1 7 - 6 .6 9 5 .0 2 .6 9 NS
logQ ̂ -0.1+58 -1 . 3 1 3 -0 .2 3 1 -0 .0 1 3 9 .9 3 5 .0 2 . 3 5 NS

7 . 5  fi SC VALDES ;amhos (N = 69)

lo g  A B1 B2 B3 % P SigP %

lo g  Q 3.1*92 —0.1+08 - - 7 7 . 1* 0.1 - -
logQ  ^ 3 . 71*2 - 0 .3 1 8 0 .0 0 8 - 76.85 0.1 1 .56 NS
logQ  ^ 3 5 . 7 2 1 7 . 1*1 3 . 2 3 5 0 .1 9 3 81+.1+0 0.1 3 1 . 3 0.1
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or TLS = 0.^8 SC + (SC i+00 umhos); Q in l/sec.

I. Bivariate Regression for RSD

(i) cone. = 1.56
(ii) SC = 19 8 .6 QfO.OUl

II. Ktiltiple Regression for RSB

(i) Kf** cone. SI
EXP (0 .0 7 5 logg(Q) + 0 . 1 7 5  logg(API 30 + 1 0 ) - 0 .0 5 3)

(ii) SC
EXP (5 . 3 7 3  - 0 .0 6 3 log^(Q) + 0.161 log (API 60 + 10))© o

III. Bivariate Regression for TSD

(i) k :̂ cone. = 1.18 (0/1000)”®*°^^

(li) TBS cone. = 5 0 .1 5  (0/1000)“°*^^®

0
IV. Bivariate Re.?res3ion for TSD Minus Autimm Storm Bata 

(i) r** cone. SI I4 .37 (Q/1000)®’^^®

(li) TBS cone. SI U6 .5 3 (Q/IOOO)"®’*'̂ ^

V. Bivariate Regression for Autumn Storm Data 

(i) k:*” cone. = 0 .3 6 (Q/IOOO)“®*^^

(ii) TLS cone. = 1M*2 (Q/1000)°*^^^

VI. Polynomial Regression for TSD 

(1 ) cone. =
EXP (5.581 + 2 . 1 6 3  log^(Q/l000) + 0.296iiog^(Q/l000)]p +

^ 0.012^1og^ (Q/1000^)

(li) TBS cone. =
EXP (3 . 0 1 2  - 0 .0 6 6 log^(Q/l000) + 0.120 |og^(Q/lOOoJ +

0.012^ 1og^ (Q /l000j)
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A. StQrm.,,1: 26/2? April I9 77 (30 mimite storm sampling interval)

This was a storm of 9 mm rainfall which began with the SMD at 
37*6 mm and API 1 5  at 3 , 7  mm, i

(a) ^  concentration actually behaves as other ions behave 
during autumn flushing, initially diluting, then increasing and 
diluting again before returning towards pre-storm concentration. This 
response is atypical for Vest Walk: concentration usually increases
with discharge. None of the regression models are capable of 
predicting pre-storm concentration, the intra-storm concentration or 
timing of peaks and trougiis, or the post storm concentration.

0») TDS concentration shows a straightforward dilution, with 
minor increases on the descending limb. The concentration trough lags 
the peak by about eight hours. None of the regression models correctly 
predict the pre-storm or post-storm concentrations and the lag effect 
is not accounted for. If the data were lagged by about eight hours and 
increased by about 25 umhos, then the bivariate regression for TSD 
would approximate the actual chemograph form,

B, Storm 2; II4 / 15 October 1976 (30 minute storm sampling interval.)

This was a storm of 21,5 mm rainfall which began with an SMD of 
2l|,3 mm and an API 1 5  of 11,6 mm,

(a) concentration shows a marked flush with the initial 
discharge rise, a decreaise, and then a second peak, followed by a rapid 
decrease, then a gradual return towards pre-storm concentration. The 
detailed K!*" behaviour is poorly modelled by the regressions, although 
general solute level prediction is good, ,

(h) TDS concentration shows an Initial decline, a small increase, 
then a rapid, peaked flush coinciding with a rapid rise in discharge; 
this was followed by a decrease, and then increase to above pre-storm 
concentrations. The multiple regression model using BSD predicts the 
general solute level well, althou^ other models under-estimate the 
autumn TDS concentration and fail to give accurate intra-storm detail.

The general conclusion here is that the regression model« are poor
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A. Storm It 26/27 April 1977 (3 0 minute storm sampling interval)

This was a storm of 9 mm rainfall which began with the SMD at 
37*6 mm and API 1 5  at 3*7 nnn. i

(a) concentration actually behaves as other ions behave
during autxmin flushing, initially diluting, then increasing and 
diluting again before returning towards pre-storm concentration. This 
response is atypical for West Walk: concentration usually increases
with discharge. None of the regression models are capable of 
predicting pre—storm concentration, the intra^storm concentration or 
timing of peaks and trouts, or the post storm concentration,

(b) TDS concentration shows a straightforward dilution, with 
minor increases on the descending limb. The concentration trough lags 
the peak by about eight hours. None of the regression models correctly 
predict the pre-storm or post-storm concentrations and the lag effect 
is not accoimted for. If the data were lagged by about eight hours anH 
increased by about 25 tnnhos, then the bivariate regression for TSD 
would approximate the actual chemograph form.

S. Storm 2i II+ /15 October 1976 (30 minute storm sampling interval)

This was a storm of 21.5 mm rainfall which began with an SMD of 
2l*.3 mm and an API 15 of 11.6 mm.

(a) concentration shows a marked flush with the initial 
discharge rise, a decrease, and then a second peak, followed by a rapid 
decrease, then a gradual retm» towards pre-storm concentration. The 
detailed behaviour is poorly modelled by the regressions, although 
general solute level prediction is good. ,

-(b) EDS, concentration shows an Initial decline, a small increase, 
then a rapid, peaked flush coinciding with a rapid rise in discharge; 
this was followed by a decrease, and then Increase to above pre-storm 
concentrations. The multiple regression model using BSD predicts the 
general solute level well, althou^ other models undezvestimate the 
autumn TDS concentration and fail to give accurate intra-storm detail.

The general conclusion here is that the regression models are poor
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nCUHB 7 .6 : COMPAfilSON OP ACTUAL AND PREDICTED PCTASSIUM AND
TDS CONCENTRATIONS FOR A SINGLE APRIL STORM USING 
BIVARIATE AND MULTIVARIATE REGRESSION 
ON SEXTRAL DATA SETS
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yiGintE 7 .7 : COMPAHISON OP ACTUAL AND PREDICTED POTASSIUM AND
TDS CONCENTRATIONS FOR A SINGLE OCTOBER STORM USING 
BIVARIATE AND MULTIVARIATE REGRESSION 
ON SEVERAL DATA SETS

334



predictors of detailed solute response under different catchment 
conditions (this also applies to other solutes not Illustrated). The 
multiple regression model based upon RSD provides an encouraging 
estimate of general solute levels (re-affirming the conclusion of 
6 .2F), pointing to the importance of considering hydrometeorological 
variables in addition to discharge.

7 . 5  a n a l y s i s o f IMDiyiDUAL STOHM SAMPLES

A . Introduction

The features of storm solute variation requiring detailed study 
were identified as:

(i) the generally high level of solute concentration during 
autumn storms and the 'flushing effect' (e.g. Walling and Foster, 1975);

(ii) the non-synchronous hydrograph and chemograph peaks, i.e. 
the 'lag and lead effect' (e.g. Glover and Johnson, I97I+).

Ib?oblems encountered in the sampling program were discussed 
earlier, and as a result only 18 storm data sets were available for 
analysis; nine for W1, six for the flume and three for W2. From these 
storms, eight represent conditions during autumn I9 76.

i

Several authors have reported imusually high solute levels during 
the post dro\:ight period (e.g. Foster and Vailing, I9 7 8; Walling and 
Foster, 1978; Anderson and Burt, 1978). Figure 7 .8  shows the 
variation in five solute parameters between August and November I976 at 
VI (hydrological features of the drou^t were discussed in chapter I*). 
There had been little or no flow at W 1 for six weeks before 29th August, 
when 29 mm rain fell, and a small rise in streamflow wan accompanied by 
large rises in solute concentration. Above average solute levels were 
maintained until a further storm on 10th September, when ftirther 
flushing occurred. Figures 7*9 A and B show this storm in detail and 
its effects on solute response at W1 and the flume. Both are plotted 
at the same scale, although the sainpling interval at the fliime 
(one hour) smooths detail in comparison with VI (0 .5  hour).

Considering VI, for Ef**, the normal concentration effect occurs.
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althoiagh the peak concentration was higher than average. However, for 
Na , Ca and I2g the normal dilution effect was almost completely 
ovei^helmed by massive flushing. Cl concentration reacted very 
quickly to rainfall and may represent a direct input from the 
atmosphere to the channel (c.f. Weyman, I9 7I*, for the effect of 
»channel precipitation’) or indirect input of Cl“ which had 
accumulated in channel—side interception storage. It is interesting to 
note that K!̂  exhibited an initial concentration rise at the same time 
as Cl , since bracken has been found to contribute significant founts 
of in throughfall (Carlisle et al, 1 9 6 7)« pH showed a normal 
dilution effect, the minimum value coinciding with flushirg peaks of 
the other solutes, possibly due to the presence of dissolved organic 
acids. Fluctuation of solute levels continued after the maTr-irmTin or 
minimum was reached, in this and other storms sampled, and may 
represent the arrival of solute pulses from relatively remote areas.

At the flume the response was different, which may be due to a 
variable spatial response within West Walk, and to the lees frequent 
sampling interval. Hydrological response also varied, the hydrograph 
peaking earlier in response to the initial maximum rainfall intensity. 
Pre- and post storm solute levels were similar at both stations, but at 
the flume dilution replaced flushing.

After this storm h i ^  solute levels were maintained until the SMD 
had reduced to about 110 mm, when heavy rainfall caused an increase in 
streamflow, a rapid decrease in the HMD and a gradual decline in solute 
concentrations. Later storms caused reduced flushing effects as the 
available solute supply became exhausted.

Figure 7« 10 shows solute response in late November 1976. By way 
of contrast with the earlier period described, dilution is now the 
dominant feature, with much smaller flushes of Ca*̂ , TBS (and SC) 
and an Increase in pH, all during the hydrograph rise. Fluctuation of 
all solutes occurs during hydrograph recession.

Ccmqparison of 1976 solute levels with average conditions is not 
possible because the early study period was also dry (l.e. summer - 
autumn 1975)* However, mean concentrations for the RSB are plotted in 
Figure J»8 and show the abnormally high September 1976 concentrations
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although the peak concentration was hi^er than average. However, for
+ 2 + 2 +  *Na , Ca and Ilg the normal dilution effect was almost completely

overwhelmed by massive flushing. Cl concentration reacted very
quickly to rainfall and may represent a direct input from the
atmosphere to the channel (c.f. Veyman, I9 7I+, for the effect of
»channel precipitation') or indirect input of Cl" which had
accumulated in channel-side interception storage. It is interesting to
note that exhibited an initial concentration rise at the same time
as Cl , since bracken has been found to contribute significant founts
of in throu^fall (Carlisle et aQ, 1967)« pH showed a normal
dilution effect, the minimum value coinciding with flushirg peaks of
the other solutes, possibly due to the presence of dissolved organic
acids. Fluctuation of solute levels continued after the ma.Yinr»m or
minimum was reached, in this and other storms sampled, and may
represent the arrival, of solute pulses from relatively remote areas.

At the flume the response was different, which may be due to a 
variable spatial response within West Walk, and to the lees frequent 
sampling interval. Hydrological response also varied, the hydrograph 
peaking earlier in response to the initial maximum rainfall intensity. 
Pre- and post storm solute levels were similar at both stations, but at 
the flume dilution replaced flushing.

After this storm h i ^  solute levels were maintained \antil the SMI) 
had reduced to about 110 mm, when heavy rainfall caused an increase in 
streamflow, a rapid decrease in the SMD and a grad\ial decline in solute 
concentrations. Later storms caused reduced flushing effects as the 
available solute supply became exhausted.

Figure 7*10 shows solute response in late November 1976. Sy way 
of contrast with the earlier period described, dilution is now the 
dominant feature, with much smaller flushes of Ef**, Ca*̂ , TDS (and SC) 
and an increase in pH, all during the hydrograph rise. Fluctuation of 
all solutes occurs during hydrograph recession.

Ccmq>arison of solute levels with average conditions is not
possible because the early study period was also dry (i.e. summer - 
autumn 1975)* However, mean concentrations for the BSD are plotted in 
Figure 7*8 and show the abnormally h i ^  September 1976 concentrations
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followed by the return to 'average' concentrations.

A further example of solute response is provided by a storm in 
April 19 7 7 (Figures 7.11 A and B). Dilution dominates the response 
at W1, a feature well shown by SC and TDS. The exceptions to this 
trend are Na"̂ , Câ "̂ , and pH which all exhibit a late flush during
flow recession. Samples analysed for silicon, expressed as Si^”**, show 
an increase with discharge at W1 and the flume, which may reflect the 
contribution of colloidal material (<0.5 not excluded during the 
filtration process. On this occasion the flume exhibited a far more 
varied sol'*’te response. Althou^ the overall reaction was one of 
dilution, flushing of Na^, Câ '*’, Mg^^, Cl” (possibly rainfall) and TDS 
(with sc) occurred. These examples serve to emphasise:

(i) the complexity of detailed stream solute response;

(ii) the variable spatial response; and

(iil) solute flushing in West Walk can occur at any time 
of the year.

The latter phenomenon varies according to catchment moistin:e 
status, autumn lying at one end of a spectrum of conditions.

B. Analysis of Regression Coefficients for Individual Storms

Earlier regression analysis identified separate regressions for 
autumn and non-autimin data. In general this showed that the 
a coefficient (intercept) representing solute concentration at 
infinitely low flow, was higher for autumn than for non-aut\min data.
The effect was particularly pronounced for potassium concentration 
(e.g. Figure A) where the Individual storm intercepts began high in 
September and decreased as autumn progressed. This suggested that a 
regression model similar to that described by J 0 Ledbetter and 
E P Gloyna (19 6I*) with variable coefficients, could be developed. It 
was decided to undertake detailed work using ^  concentration at W1 and 
the flume. This is presented as a case study.

Regression equations were fitted to the 15 Individual storms to 
obtain a and b coefficients (Table 7*6). Using a t test, five of the
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Mean concentrations from RSD (1975&.1977)

yiGUHE 7 .8 : THE VARIATION OP POTASSIUM, SODIUM, MAGNESIUM, CALCIUM 
AND CHLORIDE AT WEIR 1 BETWEEN AUGUST AND NOVEMBER I 976
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nCUHE 7 .9  A» SOLUTE RESPONSE AT WEIR 11 
10-11 SEPTEMBER I976
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nCUHE 7.9 B: SOLUTE RESPONSE AT THE raUMEi 
10-11 SEPTEMBER I976
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FIGURE 7.10r SOLUTE RESPONSE AT VRIR 1i 
29-30 NOVEMBER 19?(,
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FIGURE 7.11 Ai SOLUTE RESPONî J! AT WEIR 1i 
2 6 - 2 7  APRIL 1977
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yiCÜHE 7 .11  Bl K)LUTE RESPONSE AT 'TaE FLUME*
26 - 1977





correlation coefficients were found to be insignificant at the 5 .0  %  
level. Standard errors were computed for a from:

SE = V a X (Brownlee, ^̂ 6$)

“ ■ *)'
(7.1)

where V = residual mean squares from the regression

and b from:

(Johnston, 1978) (7.2)

where SE = standard error of Y 
y
= standard deviation of X

Significance levels for a and b were calculated from a*t* test, 

t = a / SEa

t = b / SE^

Despite the insignificance of some coefficients, all were included in 
the analysis, primarily due to the small number of storms actually 
sas^led.

Intuitively, it was thought that 'a* should be strongly related to 
the level of flow preceding the storm, Other indices representing
soil moisture status could have been \ised, e.g. SMD or an API, but 
had appeared to be important from visual inspection of the solute 
discharge ratings and was readily available from flow records. For W 1 
it was foimd that:

a = 1.567 0^-0.325 (7.^)

r = -0 .9 6 5; t * 9 3.I 9̂ ; N = 9 ; slg. level = 0.1 96;
SE^ s 0.1 8 3 . ^  ^  litres/sec. a in mg/l

Slight non-linearity In this relationship can be described by a cubic 
function:
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a = EXP (0 .3 8 1 + 0 .0 6 2 loggQp + 0 .2 8 7 + 0 .0 3 8

r  = -0 .9 9 7 i = 99.h 9i} N = 95 S ig . le v e l = 0.1 %}
SEa = 0e066a

(7 .6)

F fo r  in c lu s io n  o f = 11.5 , s ig . le v e l = 0.1 %
F fo r  in c lu s io n  o f Qj, = 13«5f s ig . le v e l = 0.1 9̂

For the  flum e i t  was found th a t:

= 2.261 Q (7.7)

r  = -0.867; r  = 75*1%; N = 6 ; S ig . le v e l = 5.0%;
SE^ = 0.867

T h is  re la tio n s h ip  was n o t s ig n if ic a n t ly  improved by th e  a d d itio n  o f 
h ig h e r o rde r te rm s.

Both re g re ss io n s  e x h ib it h ig h  va riance  e xp la n a tio n  and the  
neg a tive  c o rre la tio n  suggests th a t th e  low er the  p re -s to rm  d ischarge 
the  h ig h e r w i l l  be th e  model in te rc e p t. Furtherm ore, fo r  any s in g le  

p re -s to rm  d ischa rge , th e  in te rc e p t w i l l  be h ig h e r a t th e  flum e than a t 
W1, which agrees w ith  genera l catchment s o lu te  le v e ls  noted e a r lie r  
(6.3 C).

L e d b e tte r and Gloyna ( ib id )  and V a ilin g  ( I 97 I4) re la te d  th e  
b c o e ff ic ie n t to  d ischa rge . However, be fo re  a tten5> ting  to  c o rre la te  
b w ith  h yd rom e teo ro log ica l fa c to rs , a va riance  r a t io  te s t was used to  
determ ine w hether a s ig n if ic a n t d iffe re n c e  e x is te d  between in d iv id u a l 
c o e ff ic ie n ts , b ^, and a mean c o e ff ic ie n t,  b . I f  th e re  was no 
s ig n if ic a n t d iffe re n c e  then b cou ld  be used in  th e  re g re ss io n  model. 
The va riance  r a t io  , F, was computed from :

F(K -  1, H -  2K) /  S '̂ (7 .8)

where S. = va ria nce  about in d iv id u a l reg re ss ion  lin e s
' 2 = va riance  about in d iv id u a l slopes
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l,,,k = nmber of separate regressions
V...n^^ = sajDî le size for regression i

n.
V  = I  r

i V i
V

solute concentration, mg/l 
discharge, l/sec

8^2 = 2 ( b , - t ) 2  I ) f = ( k - 1 )

Df = (N - 2k)

(7 . 9)

(7.10)

This test was programmed in BASIC (Appendix 2 t ANACOVAR). For 
VI and the flume, considering significant coefficients only,
P(5» 92) = 21.1+8 and P(l+, 39) = 11.8 3 respectively. The P values 
increased when all the b coefficients were included. Thiis, at the 
0.1 9̂  level, significant differences in b and b^ existed.

Recognition of the factor controlling b coefficients was not as 
easy as with the intercepts. Therefore, eight possible factors were 
identified and included in a correlation matrix procedure, similar to 
that used earlier. The independent variables were as follows:

(i) Pre-storm discharge (^), l/sec

(ii) Sine Index (Sl)

This was included to identify any seasonal variation in b. SI was 
optimised in the same way as for RSD (6 .3 Aiv).

The remaining six variables described hydrometeorological 
conditions during each storm.

(iii) Time of hydrograuh rise. (T^), minutes 

This is the time from the start of the hydrograph to peak flow.
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(iv) Hydrograph rise (H^) 1/sec

This represents peak storm discharge minus preceding flow 
level (Qp).

(v) Flood Intensity (FI) l/sec^our 

This is computed from H / T .

(vi) Total Storm Rainfall (R), mm

(vll) jfexjjBum Rainfall Intensity (IMAX), mm/hour

(viii) Mean Rainfall Intensity (IMEAN), mm/hour

Ccrrelation matrices for W 1 and the flume are shown in Tables 7 . 7  
A and B. The insignificance of correlation coefficients is strongly- 
influenced by the small sample size. However, the b coefficient is 
strongly correlated with SI at W1 and the flume, although the 
relationships are positive and negative respectively. They imply that 
the hipest rate of solute change with discharge occurs in January at 
W 1 and March at the fliame; minimum rates occur in July and September 
respectively. At W 1 the b coefficient shows significant negative 
correlation with IMAX but a positive correlation with IMEAN. 
Furthermore, the SI is positively correlated with IMAX and negatively 
correlated with IMEAN. These relationships imply that in July, for 
example, high IMAX would correspond with a low b coefficient. The 
occxirrence of greatest IMAX in July is logical since it is during 
summer that heavy convectional rain often falls. The correspondingly 
low b value is difficult to interpret without knowledge of the physical 
processes, but it may be due to the longer time required for water to 
Infiltrate dry soils and hence leach K^.

It was noted in Chapter 2.3 that differences in the times of 
hydrograph end chemograph peaks (i.e. lag or lead) increased hysteresis 
in bivariate solute/discharge relationships. In the present case, it 
was thought that the elimination of lag and lead effects would Improve 
the significance of indivldTial stozm correlations and their regression 
coefficients. This was achieved by cross-correlating series of 
interpolated hourly discharges and solute concentrations for each stozm
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«sin« the program LAG (Appendix 2 ). There was a significant
improvement in correlation coefficients for lagged over unlagged 
^egressions (Table 7 . 8  A and B).

Using the intercepts from lagged regressions it was found that the 
relationships were little different from equations 7 , 5  - 7.7 with no 
in5)rovement in r^ %, Correlation matrices for lagged b coefficients 
and independent variables are given in Tables 7 .9  A and B. None of the 
correlation coefficients between b and independent variables for W1 are 
significant. Only the correlations with rainfa].! variables are 
significant for the flume. Although lagging the individual storms 
Improves solute/discharge correlations, it worsens the relationships 
between b coefficients and independent variables. The \mlagged data 
were therefore preferred to lagged data.

Consideration was given to developing multiple regression 
equations for explaining and predicting b values. The best bivariate 
relationship for W 1 was:

b . = 0 .6 1 1 IMAT0.60
(7 .1 1 )

r = -0 .8 1 ; r = 6$,6 %; N = 9 ; Sig. level = 1.0
SEa = 0 .2 9 6

Collinearity reduced the number of variables which could be 
included in a multiple regression model although the variables R and T 
did not significantly Improve the variance explanation. Ths final 
predictive model for at W1 is therefore:

cone, (mg/l) =
EXP (0 .381 + 0.062 log^Q^ + 0 .287 + 0.038 loggQp^)

q(0.611

where Q = discharge, l/sec
IMAX s maximum storm rainfall intensity, mmAour 

= discharge prior to storm, l/sec

(7.12)
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The best bivariate relationship for the flume wasj 

b = 0»̂ 2̂,'EXP (0«66i|. s i) (7 »1 3 )

r = 0.79; = 6 2 . % ;  N = 6; Sig. level = 5.0 %•,
SEg = 0.1+18

A
Colllnearity was not such a problem as with VI data and stepwise 

multiple regression using the procedure described earlier was applied. 
However, no additional variable significantly added to r^ %  and the 
final predictive at the flume is therefore:

K^conc. (mg/l) =s (2.261 q (0.552.EXP (O.66I+ Si) (7.11+)

Q = discharge, l/seo

In Figures 7*12 A, B and C predicted ^  concentrations at VI using 
the equation (7.12) are compared with actual data (A and B are directly 
comparable with Figures 7*6 and 7.7). Predicted K!̂  concentration using 
storm regression coefficients from Table 7*6 is also plotted.

(1 ) Storm: 26th April 1977

There is good agreement for pre-storm and post-storm 
concentrations, but a failure to predict the maximum storm 
concentration and subsequent dilution effect.

I
(1 1 ) Storm: lUth October 1976

Pre-storm concentration is slightly oveivpredlcted, while 
intra-storm predictions are about 6 %  too low. There is also a failure 
to model the initl^ peaic of 2 . 2 mgA*

(iii) Storm: 10th September 1976

Concentrations are consistently under-predicted. Again, the sharp 
peak of 1 3 . 2 mg/l is estimated as only 8 mg/l.

Figures 7.13 A and B plot measured and’predicted ^  concentration 
for the flume using equation (7 »1U).

3 5 8



(i) storm; 10th September 1976

Th© model greatly under^estlmates concentrations, primarily due to 
a low Intercept.

(li) Storm; 1st December 197^

Kf*" concentrations are oveivpredicted, largely due to poor 
estimation of the regression coefficients.

There are several conclusions to this particular case study.

Firstly, the variable coefficient model fails accurately to 
describe detailed storm solute variation over the full range of 
conditions recorded at West Walk. It therefore has no distinct 
advantage over other regression models developed in this chapter with 
the possible exception of bivariate and polynomial regression using the 
total sampled data.

Secondly, the individual storm 'a* coefficients are clearly 
dependent upon catchment wetness preceding the storm. The *b* 
coefficients are significantly correlated with maximum rainfall 
intensity at W1 and the sine index at the flume. It is the errors 
incurred in the regressions which combine to reduce the advantage of 
the variable coefficient models over bivariate and multivariate 
approaches.

Thirdly, all the models developed so far fall to predict flushing 
of elements, as Figure 7*19 ̂  shows. The next section attempts to 
elucidate the factors controlling these flushes.

C. Analysis of Solute Flushing during Storms

Eight storms from W1 were chosen for quantification of the
.2+ 2+flushing effect in Na , Ca and Mg . These solutes, usually showing 

a dilution effect, exhibited pronoimced increases in concentration 
during autumn storms. is excluded from this analysis because
concentration increase is a normal response.

It was noted earlier that the physical processes causing solute 
flushing are poorly understood. In an attempt to highlight p'»'lmary
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A. K*fng/l

FIGURE 7 .1 2 t COMPARISON OP ACTUAL AND PREDICTED POTASSIUM
CONCENTRATIONS FOR THREE S-iORMS AT WEIR 1 USDIG 
THE VARIABLE COEPPIC>£NT MODEL
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B.

--------.true storm coefficients used

-------- modelled •• •• ••

20

10/9/76
FIGURE 7 .1 3 X

1V9 12/9
COMPARISON OP ACTUAL .MU) PREDICTED POTASSIUM 
CONCENTRATIONS FOR TWO STORI-IS AT THE PLUME USING 
THE VARIABLE CCEFPICIENT MODEL
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controlling factorSy tlio eight hydrometeorological variables used in
6 .5  ^ werey with the addition of SMD, included in a correlation matrix 
with the magnitude of Na'̂ y Câ "̂  and Mĝ '*' flushes. Plush magnitude was 
taken as the peak concentration minus the concentration halfway between 
the start and end of the flush. The complex fluct\iation during some 
storms presented problems in identifying individual flushesy and
probably lead to en?or. Where two or more flushes occurred the largest 
was taken.

Pew of the correlations are significant y partly due to the small
san^le size (Table 7»10 A). The SI Is significantly correlated with
the Ca and Mg flushes (R^ ss 81i..6 % and I4.6 .2  % respectively). The
optimisation procedure used earlier for SI showed that flushing was at
its peak in September. None of the other variables were significanty
although PI and SMD gave consistently high correlations. Multiple
regression was used in an attempt to improve variance explanation
inflush magnitude. The selection procedure was that used in 6 .3 P,

2+Por Mg the bivariate regression gave:

2+Mg flush magnitudey mg/l = (10.59«EXP(- 1.10 Sl))/l0 (7.15)

r = -0.68; r = J+6.2 96; N = 8; Sig. level = 5.0 %
SB = 0.985

The addition of only one extra variabley Ply was significanty 
giving:

I
Mĝ '*’ flush magnitudey mg/l = (EXP(2.026 - 1.18 SI - 0.5^9 log Pl))/lOo

(7.16)
r = O.9I; = 82.8 9̂ ; N = 8; Sig. level = 1.0
SB = 0.U2 I

P for inclusion of PI = 11.92 (significant at 5.0 9̂  level)

2+Por Ca y the bivariate regression gave:

Câ "̂  flush magnitudey mg/l = (l6.l4l*.EXP(- I.9 8 Sl))/10 (7 .17)

r = 0.92; r^ =* 81|.6 96: N = 8; Sig.level = 0.1 96; SB ^ 0.392
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This variance explanation was not significantly improved by the 
addition of other variables. For Na"*” the bivariate regression gave:

Na"̂  flush magnitude, mg/l = (75» 2 Fl“^*^)/1000 (7.18)

r = -0.65; r = 1*2.3 N = 7; not significant at 5 %  level;
SB = 1.120

The addition of SI gave:

Na“̂ flush magnitude, mg/l = (EXP(37.15 - 1.1*6 log PI - 2 .2 7  Sl))/l000
0

(7.19)
r = -0.80; r^ = 61*.0 N = 7; not significant at 5 9̂  level;
SB = 0.720

P for inclusion of SI = 5.96 (significant at 5 9̂  level)

The sine index does not aid explanation of the physical processes 
contributing to flushing but it does point to a significant seasonal 
cycle, the maximum flush occurring in September, and minimum in March. 
These times correlate approximately with the water year, when flows are 
at minima and maxima respectively. The significant additional variance 
e:]q)lanatlon by PI indicates the importance of storm characteristics.
The negative coefficients, indicating greater flushing at lower PI, are 
difficult to explain in terms of physical processes. They could 
indicate the importance of longer infiltration times in early autumn 
when the SMD is still hi^, and water is able to dissolve a greater 
quantity of accmiilated solutes than under wetter conditions.

A further correlation matrix was computed in an attempt to obtain 
predictive equations for the actual loads carried by flushing events.
It was thought that, if quantified, the solute load due to flushing 
alone could be added to that predicted with a bivariate or multivariate 
model, giving more accurate computation of loads during autimin. This 
required precise definition of flushing duration and integration of the 
area between the normal dilution response and that due to flushing on 
the load/time curve. The results diowed that only the Ca /SI 
relationship was significant probably due to thé error involved in
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computing the solute loads (Table 7.10 B). The addition of other 
variables in m\iltiple regression relationships was not significant.

It may be concluded that, although the analysis points to a 
significant annual variation in solute flushing, it does not clarify 
the factors controlling the phenomenon. This can be attributed to:

(i) the difficulty and probable error involved in
defining solute fliishes during complex fluctuation 
of concentration; and

(ii) the small sample size.

B. Cliemograph Lag and Lead

It was noted in Chapter 2.3 that lead and lag effects liitroduce 
hysteresis into simple ratings between concentration and discharge.
This was illustrated for at W1 (Tables 7.6 and 7.8), in that, by 
eliminating lag and lead, individual storm rating coznrelation 
coefficients were considerably improved, Walling and Foster (1975) 
suggested that the lag effect was related to processes operating over 
the entire catchment. Lag, defined by them as the time difference 
between streamflow peak and solute minimum, was found to be inversely 
related to and directly related to SMD. They also found a seasonal 
variation in lag with a peak in July/August.

An attempt was made to confirm these results for the le^s^ and 
leads determined earlier, with the same independent variables used in 
the previous section. was used because peaks were relatively easy 
to define con^ared with other solutes where the dilution response was 
complicated by flushing,

concentration leads discharge in most of the sto:.ms sampled.
The highest (and only significant) correlation was with flood intensity 
(Table 7*11)« This suggests that the greater the FI, the smaller is 
the lead over discharge. Time of rise, T^, and hydrograph rise, H^, 
although insignificantly correlated with lead, both agree with the 
direction of the lead^I relationship. The SI is poorly correlated with 
lead even after optimisation. This edso applies to the cosine index 
(logged by one month) used by Walling and Foster (1975)*
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These results suggest that, not only does behave differently to 
other solutes by concentrating with increasing discharge, it also 
exhibits a lead effect, completely opposite to that found by Walling a 
and Poster (ibid) for specific conductivity in a South Devon catchment. 
They attribute the lag effect to flushing into the stream of readily 
soluble material, which has accumulated on the ground surface and in 
upper soil horizons, thiis maintaining solute concentration until after 
the hydrograph peak. KT*’ may be precipitated closer to the soil surface 
or stream bank than other solutes, or it may represent preferential 
washout from Interception storage or the atmosphere. The exact 
mechanisms may be better understood by field experiment.

7.6 SUMMARY AND CONCLUSIONS

(i) It was found that by including stoim data with the regularly 
sampled data, bivariate correlation coefficients were, in gcieral, 
reduced. Separate regressions were performed upon the total sampled 
data excluding autumn samples, and the autiomn samples alone, generally 
improving levels of variance explanation over those for the total 
sampled data, but rarely above those for the regularly sampled data.
Na“** proved an exception, however, with the total sampled data givingp
better levels of r 9̂  than for the regularly sampled data at W1, V2 and 
the flume. The use of polynomial regression also improved variance 
explanation for the total sampled data, partly describing non-linearity 
Introduced by the storm data. For Na^ cubic fimctions gave the best 
overall variance explanation at W1, V2 and the flume, the only solute 
for which this was the case.

■à

(ii) Close examination of the storm data shows unusually high 
solute levels during autumn 1976, according with results from other UK 
catchments (e.g. Foster and Walling, 1978). Solute response during 
this period, although exhibiting some general trends, e.g. diminution 
of flushing thro\3gh time, was complex and highly variable, both 
spatially and temporailly. The high solute levels associated with end 
of summer and early autumn conditions suggested that a variable 
Intercept model, similar to that siiggested by Ledbetter and Gloyna, 
(I96U), could be employed. It was found that intercepts from 
individual storms were h ig^y correlated with the preceding flow level, 
indirectly stressing the significance of soil water storage in
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determlnir^ storm concentration. The rate of Er*" concentration 
change with discharge was foimd to vary significantly with maximum 
rainfall intensity at W1 and the time of year at the flume. The models 
incorporating these variable coefficients improve the general prediction 
of storm solute level but fail to accurately predict the detailed E^ 
response within storms.

(ill) The magnitude of the flushing effect for Câ "̂ , Mĝ "̂  and Na'*’ 
was found to vary with the time of year^ maximum flushing occurring in 
autumn. Flood intensity was also identified as a significant influence. 
Bivariate and multivariate models were formulated for predicting Câ '*’ 
and Mg flush magnitudes respectively, both with high explanation of 
variance. The models for Na"̂  were not significant. Similar models for 
predicting flush loads were not significant, possibly due to the error 
involved in estimating loads for individual storms.

(iv) Potassium concentration lead over discharge was found to be 
inversely correlated with flood intensity at W1. This exactly mirrors 
the findings of Glover and Johnson (197U) 2Uid Walling and Poster (1975) 
who both found that a chemograph lag for specific conductance was 
directly correlated with hydrograph rise.

If the requirement were to be a model capable of predicting 
specific conductance at no less than weekly intearvals, excluding the 
months of September, October and November, then multiple regression 
models employing instantaneous values of discharge, a 60 day a 
Sine Index and the Soil Moisture Deficit, would give reasonable 
approximations at all the subcatchments within Vest Walk.

However, use of the bivariate models developed in this chapter 
gives only approximately correct levels. They do not accurately 
synthesise intrar*storm solute variability, including maxima and minima. 
Furthermore, insight into the processes controlling solute variability 
is restricted by using such a 'black box* modelling approach. The 
second half of this thesis describes a field experiment to monitor 
solute and water mov^ent in the hillslope soil of Subcatchmeht 1.

369



A detailed chemical analysis of the soil is also undertaken, to 
Identify potential solute sources* An attempt to model the processes 
is made and the results used to assess the future of spatially 
distributed modelling of catchment soluto response.

Firstly, however, tentative budgets are computed for West Walk 
and its subcatchments.
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CHAPTER 8
THE SOLUTE BDIX3ET

8.1 INTRODUCTION

In this chapter the best predictive models developed in chapter 6 
are used to compute solutional output from West Walk catchment and its 
subcatchments. Bulk precipitation is also considered and the net 
solutional loss estimated.

8.2 SOLUTE INPUTS IN PRECIPITATION AND DRY FALLOUT

In this study the main objective in obtaining solute input data 
was the computation of net solute budgets. Thus, only brief 
consideration is given to chemical sources, temporal variability, 
rainfall acidityp stemflow and throughfall.

Concentrations in Bulk Precipitation Samplan

West Walk samples include atmospheric dust in addition to the 
dissolved constituents of rainfall. The dust may be derived from 
either inside or outside the catchment boundaries, which could lead to 
errors when computing gross catchment budgets (and net outputs). 
Pinlayson (1976) found that more particulate matter was received in 
precipitation than left East Twin Brook (Mendips, UK) in streamflow.
He attributed this to windblown material originating within the 
catchment boundary. The re-cycling process is thought to have 
increased concentrations in West Walk bulk sanóles during the months of 
May to August 1976, when dust deposits were visible on the sampling 
funnel. The problem was accentuated by sand extraction within the 
catchment and the consequent traffic of heavy lorries within about 
1CX) metres of the sampling site. Since this was the only wide, open 
area it was not possible to re-locate the sampling device without 
Interference from vegetation.

2^ 2*4*Temporal variations in the concentrations of KT, Na , Ca , Mg ,
Cl , TDS and pH in bulk precipitation are given in Figures 8.1 A - G 
and the data summarised in Tables 8.1 A — C. Arithmetic and volume- 
weighted means are Included in Table 8.1, because they can be compared 
to show whether concentration increases or decreases with Increased
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TABLE 8.1; BULK PBECIPITATION CHEMISTHY FOR WEST WALK 
(concentrations in mg/l)

8.1 A: 1 9 7 5 / 19 7 6

N Mean Bange Vol.Wt.Mean
K'*’ 3 2 1 .3 9 0.2 - 1 6 .6 3 0 .4 5
Na
Ca2+

3 2 6.1*1* 1 . 1 3 - 2 3 .0 4 .9 3
3 2 5 .2 2 0 .3 2 - 26.10 1.65
3 2 0 .5 2 0.02 - 2 . 1 3 0.28

01“ 32 7.1*6 2 .3 2 - 2 1 .2 6 6 .3 2
TDS 3 2 1(2.78 1 5 .0 - 900 1*6 .8 3
pH 3 2 5.56 4.1(7 - 6 .5 0 5 . 5 7

8.1 B: 19 7 6 / 19 7 7

N Mean Bange Vol.Wt. Mean
K*** « 37 0 .2 5 0.02 - 0 .7 5 0.20
Ma"̂ 37 3 . 1 9 0 .5 0 - 9 .9 6 3 . 1 7
Ca2+
Hg^*

37 0 .5 0 0 . 1 5 - 7 . 3 1.11*
37 0 .3 3 0 .0 5 - 0 .9 2 0 .3 1

01’ 35 6.82 1.1*5 - 2 0 .5 5 6.56
TDS 36 1*8.1*2 29 .0 - 9 5 .5 5 4 .3 8
pH 36 5 . 1 5 3 .9 1 - 6.61 1*.69

8.1 C: 1 9 7 5 / 1 9 7 7 (two year period)
N Mean Bange Vol.Wt

Mean Streamflow * Streamflow /

K+ 69 0 .7 8 0.02 - 1 6 .6 3 0 .2 9 1 . 7 8 1.1*5
Na"** 69 1*.69 0 .5 - 2 3 .0 0 3 .7 8 1 9 .6 2 1 5 . 3 7

69 2 .6 9 0 , 1 5 - 26.10 1 . 3 2 1 9 .2 4 1 0 .6 3
Mg^”̂ 69 0.U2 0.02 - 2 . 1 3 0 .3 8.88 6 .7 8
01“ 67 7.06 1.1̂ 6 - 21.26 6.1*8 2 7 .7 0 2 4 .6 7
TDS 68 1*5.56 1 5 .0 - 900 5 0 .6 1 81.1* 62.8
pH 68 5 . 3 5 3 .9 1 - 6.61 5 . 1 3 8.1*1 6.1*5

* Means of BSD for Plume (Table 6,6 C) 
/ Means of BSD for VI (Table 6.6 A)
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rainfall amount (Cryer, 1976). The volume-weighted mean was computed 
by summing weekly products of rainfall (mm) and concentration (mg/l) 
over each year and dividing by the annual precipitation total. With 
the exception of TDS and pH for 1975/1976, all solute concentrations 
tend to decrease with increasing rainfall amoimt (i.e. arithmetic 
means >  volume weighted means), which agrees with the results of Cryer 
(19 7 6), Gorham (1958) and Douglas (I9 6 8). TDS concentrations are 
subject to the errors involved in estimation using specific 
conductivity because the small sample size often made it impossible to 
obtain a dix'ect TDS measurement. Thus the low pH could increase the 
specific conductivity value and hence the estimation of TDS. Closer 
examination of the data does not support this hypothesis because, 
althou^ low pH values in May - J\me 1976 correspond with high TDS, 
even lower pH values in March - May 1977 correspond with about average 
TDS concentrations. The other possibility is that solutes not 
determined by chemical analyses contribute significantly to TDS. These 
could include and NO^” in rainfall and Pe^, Sî **" and other
mineral elements from particulate matter.

Mean concentrations of individual solutes may be compared with 
results from a selection of other published sources (Table 8.2). There 
is good agreement with other near-coastal sites in the UK, Penglais, 
West Central Wales (Cryer, 1976) and Newton Abbot, South Devon 
(Stevenson, I96 8). Mean chloride concentration for West Walk agrees 
exactly with a value interpolated from Stevenson (19 6 8); i.e.
7 .0  mg/l. The mean pH of bulk precipitation at West Walk acidity also 
ties in with values interpolated from Oden's maps of pH over Western 
Europe (5.5 - 5» 75) (Oden, 1976). Furthermore, at West Walk, there 
does not appear to be the problem with acid rainfall encoimtered in 
Eastern USA and industrial Europe, i.e. pHsili.O.

Proximity to the sea usually increases the concentration of 
rainwater, especially that of Na^ and Cl , the major constituents of 
seawater. Comparison of the ratios of solutes in rain and seawater can 
give an indication of how important a source the sea is in comparison 
with land sources, e.g. windblown dust. The 1975"J977 Cl/Na ratio for 
West Walk (I.7 2 ) is close to the value of 1.8 for seawater (Erikkson, 
i960), emphasising the importance of coastal location on rainfall 
chemistry (Table 8 .3 ). The 1975/1976 ratio is lower which may point to
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the contribution of Na’*’ in dust from land sources during the drought. 
The Cl/Ca ratio is considerably lower than that for seawater, implying 
that most (90 %) is land derived, agreeing with the suggestion by
Allen et al (I968) that Câ '*’ is essentially of terrestrial origin. It 
is also interesting to note that the M. 27 road construction near 
Portsmouth was generating Chalk dust locally and regionally (due to 
quarrying and transportation) during 1975/1976. A land source also 
seems likely for about 1+5 %  of in bulk precipitation. The Cl/Mg 
ratio is lower for bxilk rainfall than seawater which Implies either 
inconq)lete pick up of oceanic Mg or early preferential deposition, 
because Cl is essentially derived by advectioii and evaporation from 
the seawater surface.

The temporal variation in rainfall solute concentration (Figures
8.1 A - G) shows above average values during the drought, particularly 
in May - July 1976. An annual cycle can be detected for pH, with 
higher acidity during the first five months of the year. Streamflow pH 
minima also occiir in the first five months of the year for Vest Walk 
subcatchments.

With the exception of pH all mean rainfall solute concentrations 
are lower than those in streamflow. This is most pronounced for Mg 
the mean streamflow solute concentration being sixteen times greater 
than that in* rainfall.

B. Solute Loads in Bulk Precipitation Samples
I

Solute concentrations can be combined with rainfall quantity to 
compute the weights of each solute input to West Walk over the study 
period. These are shown in Table 8.1+ A as kg, and 8.1+ B as kg/ha/year. 
Clearly there is a very large difference in solute inputs between the 
two years. About twice as much Cl", Mĝ "* and TDS entered Vest Walk in 
1976/1977 as in 19 75/19 74» sixteen times as much hydrogen; 1.35 times 
as much Ca^^, and 1.3 times as much Na"̂ . However, there was little 
difference in ^  Inputs between the two years. The fact that TDS is 
almost four times greater than the sum of individxial solutes again 
points to the likely ove3>estimation of TDS. The input differences 
between 1975/1976 and 1976/1977 strongly reflect low rainfall during the 
1975/1976 drought and above average rainfall in autumn I976 with its 
associated solute washout effect.
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TABLE 8.3; COMPARISON OF SOLUTE RATIOS IN PRECIPITATION 
WITH THOSE IN SEAVA'l'Ett (row/col\3inn)

A, RATIOS IN  SEAWATER (from Erikkson, I960)

B. RATIOS IN WEST WALK - BULK PRECIPITATION I9 7 5/I976 AND I9 7 6 /19 7 7  
(Upper half of table 1975/1976; lower half I976/I9 7 7)

Cl Ca Na K

Cl 1 U . 1 9 2 2 .9 7 . 1 .2 8 11*.0
Ca 5 . 7 5 1 6 .0 1 0 .3 5 3 .6 6

2 0 .9 5 3.65 1 0.u6 0.61

Na 2 .0 8 0 .3 6 0.10 1 1 0 .9U
K 1U.5U 5.62 I.5I4 1 5 .6 1 1

RATIOS IN WEST WALK - BULK PRECIPITATION 1975/1977

Cl Ca Mg Na K

Cl 1 U .9 2 2 1 .5 9 1 . 7 2 2 2.U9

Ca 1 U .3 9 0 .3 5 U .5 7

% 1 0 .0 8 I.OU

Na 1 1 3 . 1 1

E 1

3 8 0



TABLE Q,ht SOLUTE INPUTS TO WEST WALK
(input, kg = concentration, mg/l,
X rainfall, mm, x catchment area, km^)

Weights of Solutes Input to Went Vaiv (kg)

k:*" Na"̂ Câ '*’ Mg2+ 01” TBS

19 7 5 / 6 1 4 1 . 7 8 1 5 0 5 .5 0 5 2I+.88 82.75 2 0 7 7 .1 0.811 15695
19 7 6 /7 1 3 0 .7 0 1 9 6 1 .3 0 7 1 0 .5 0 191+.10 1+0 3 8 .2 12.61+8 29131*
1 9 7 5 / 7 2 7 2.1+8 31+6 6 .8 0 1 2 3 5 .3 8 2 7 6 .8 5 6 1 1 5 .3 0 1 3 .1*59 1*1*829

B. Weights of Solutes Input to West Walk 
(kgAa/yr) (Table 7-U A ^ 59.887U ba)

Na'̂ Ca2+ Kg2+ Cl" TBS

19 7 5 /6 2 .3 7 2 5.11* 8 .7 7 1 . 3 8 31+.68 0.011+ 262.1

19 7 6 /7 2.18 3 2 . 7 5 11.86 3 .21* . 6 7.1*3 0.211 1+8 6 .5

1 9 7 5 / 7 2 .2 8 2 8 .9 5 1 0 .3 2 2 . 3 1 5 1 .0 6 0 . 1 1 3 37l*.3
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Table 8,5 lists a selection of reported precipitation solute 
loadings for Britain and other parts of the world. The nearest 
locations to Vest Walk are Bedgebury (Kent) and East Twin (Avon), 
although neither of these are coastal sites. Thus Na"̂  snd Cl" inputs 
are higher at West Walk than both these sites (except Cl" at Bedgebury: 
no data). Norwich, further inland again, gives even lower loads of Na^ 
and Cl . At the other extreme Lerwick (Shetland Isles) receives very 
high loads of Na , KT and Mg due to its e;}q)osed coastal location.
Bata from Israel also illustrates the Important influence maritime 
location exerts upon rain solute load, with a fourfold decrease in K*" 
and th3?eefold decreases in Na and Ca , over a distance of $6 km from 
the coast. It is difficult to ccmipare West Walk with other near coastal 
locations because all of these are in northern or western Britain, at 
much higher altitudes. However, the Vest Walk figures (excluding TBS 
which may be over-estimated) are the same order of magnitude as those 
recorded at other TJK locations.

C, Throughfall and Stemflow Concentrations

Throughfall and stemflow were not sampled d\n:ing the study period. 
The concentrations of solutes in these components are known to be 
higher than concentrations in rainfall and could contribute to the 
stream chemograph. However, within West Walk the species and age of 
vegetation is so variable that any attempt to quantify the significance 
of stemflow and throughfall were considered beyond the scope of the 
project.

However, measiirements of stemflow and throughfall chemistry were 
made at one site in Vest Walk during the months of February and March 
19 7 8 (Vidler, 1978). Samples were taken beneath a 1|0 year old Quercus 
petraea in the area of catchment between SC5 and the flume (other 
deteiilst canopy area - U5 height - 30 girth - 1.0 m), Resiilts 
showed that stemflow contained appreciably greater solute concentrations 
especially of than incident rainfall (Table 8.6). Throu^ifall 
concentrations were also greater than those in incident rainfall. 
Incident rainfall pH decreased during stemflow and throughfall, probably 
as a resxilt of the uptake of basic salts.

These data confimi findings in the literature (Chapter 2.2(e )),
The uptake of solutee by stemflow is particularly high and provides
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TABLE 8.6: EATIOS OF STEMPLOW AMD THRODGHFALL SOLUTE CONCENTRATIONS 
TO INCILENT EAINPALL CONCENTRATIONS - WEST WALK 
FEBRUARY/toCH I978 (Data from Vidler, I9 78)

Stemflow Throufi’hfall

Mean* SD CV % Mean* SD CV %

2 1 .91* 7 .6 9 35.0 2.kk 0 .2 8 11.6

Na”̂ 1+.25 1.81 U2.6 1 . 3 7 0 .1*7 3U.1*
Câ '*’ 11+.62 1*.92 3 3 . 7 3 . 2 2 1 . 7 7 5 5 . 1
Mg2+ 7 .1*9 3 .21* 1*3 . 3 1 . 5 7 O.li* 8.8

pH 0 .9 0.16 1 7 . 9 0 .7 8 0.10 1 2 . 7

SC 3 .31* 1 . 9 57.0 1.28 1 . 1 3 88*0

TDS U.8 2 .9 6 0 .0 1 .71* 1 . 3 2 7 6 .0

* Meanc of 5 weekly bulk samples
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considerable qxiantltles of dissolved matter at point locations within 
the catchment» It should also be noted that stemflow and throughfall 
increase the pH of incident rainfall finally reaching the ground 
surface, which must affect leaching processes within the soil.

8.3 SOLUTE ODTPHTS IN STREAMFLOW

The best predictive equations developed in Chapters 6 & 7 were used to 
compute daily loads of each solute leaving each subcatchment during the 
period 1975 - I9 7 7. The predictive models used are summarised in 
Table 8.7* Some of these are inadequate in terms of the percentage 
variance explained in concentration by one or more independent 
variables, but they represent the best predictors available.

Careful consideration was given to the method for computing solute 
loads in West Walk. Walling (1978) reviewed some of the methods 
available ,^d emphasised the need to take account of the degree of 
reliability of load measurements used in geomoxphological studies.
Very little difference in the percentage error terms was found between 
use of hourly and dally mean flow series with rating models based upon 
instantaneous data. The differences between total dissolved loads 
using an instantaneoiis rating and daily mean flow series, and a 
continuous record based upon specific conductivity were also small 
(3 . 7  % in I97U- 1 9 7 5 for the River Creedy, South Levon). Lifferences 
for individual ions were greater, - 2 9 .9 %  being recorded for NO^ loads 
in the River Lart d\iring 1976 - 1977« It was also shown that little 
difference in error magnitude existed between the use of a weekly 
sampling scheme and daily mean flows with a rating model to compute 
loads.

It was thought that the use gf an hourly flow record with 
instantaneous rating models would gain very little in accuracy, and use 
a disproportionate amount of computer time. Furthermore, such an 
approach would not have been compatible with the multiple regression 
models for W1+ and W5, which required daily Inputs of SMD, API and a 
Sine Index. Therefore, a daily mean flow series was used in combination 
with the instantaneous rating models given in Table 8.7« Althou^ 
conceptually simple this involved logistical problems in programining and 
processing using the WANG 2200 B computer. Laily mean flows were

385



TABLE 8.7: MODELS EMPLOYED FOR COMPUTING WEST WALK SOLUTE LOADS

A. SC 1 : W1 Discharge in cuinecs; concentration in mg/l
(’’Autmnn” =s September, October and November)

POTASSIUM 
Non-autumn data: 
Autumn data:

k:** mg/l = 1|.37
iC*' mg/l = 0 .3 6

SODIUM 
All data: Na"̂  mg/l s

EXP(- 1.056 - 1.3U7 lo«g Q - O.l38[iog^ ^  - o.oos/iogg

CALCIUM
Non-autumn data: Ca^“̂ mg/l 2 .7 0  Qr®***^®
Autimin data: Ca2+ mg/l = 8.U7

MAGNESIUM 
Non-autumn data: Mg2+ mg/l 2.1+9
Autumn data: Mg2+ mg/l = I.5I4

CHLORIDE
Non-autumn data: Cl" mg/l s 18.2U
Autimin data: Cl" mg/l S 5 .9 0

Non-autumn data: 
Autumn data:

= 3 .9 1
= 3 . 3 1  qr°‘°^9

BIOABBOlMiE

Non-autumn data: HCO^" mg/l 
Autumn data: HCO.^” mg/l = 0,35k Q

= 0.5M Q‘.-O.U08
rO.365

SPECIFIC CONDUCTIVITY 
All datat SC ̂ mohos* =

EXP(0.U2U - 1 .1+27 Q -  o.io8£iog^
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TABLE 8.7; (cont'd)

B. SC 2 ; W2 Discharge in cumecs; concentration in mg/l

POTASSIUM

mg/l = EXP(o.767 - 0.568 loĝ  Q - 0.037|logg

^^2+ mg/l = EXP(10.29 + 3.UH loĝ  Q + O.h77^og^ ̂  + 0.020

E*- rog/l

SODIUM

Na"̂ ag/l

CALCIUM
mg/l

MAOilESIUM
Hg2+ mg/l

CHLORIDE

Cl“ mg/l

d h

pH

BICARBONATE

Mŝ '̂  ae/l = EXP(2.61t3 + 0.259 log^ Q + O.O^ojlogg ¥ )

Cl" mg/l = i!XP(2.1(l,2 - 0.192 log^ Q - O.OIO^log^

= Exp(u.03 + 0 .7 6 3 logg Q + o.oeyjiogg 3 )

ECO" nig/1 = 6.81 <r

SPECIFIC COOTCTIVICT 

SC ;jnihos = 259.6 Q

387



TABLE 8.7: (cont»d)

C» WEST WALK ; FLBMB Discharge in cumecs; concentration in mg/l 

POTASSIUM

soejiogg ̂  + o.ii2|ioĝ  S)Kt mg/l = EXP(15.132 + 9,0^2 log Q + 1.e

SODIUM

Na”̂ mg/l EXP(- 5 .9 8 7 - 3.802 log^ Q - 0.033 ̂ og^ ^  - 0.011 ̂ og^^)

CALCIUM

Non-autumn data: 
Autumn data:

MAGNESIUM

Non-aut\mm data: 
Autumn data:

CHLORIDE

Non-autumn data: 
Autimin data:

Câ '*’ mg/l = 6 .7 2 Q“ *̂**®'̂  
Câ "** mg/l = 18.63 OT

Mg^+ mg/l = 2.98 or 
Mg^^ mg/l = 2.1|6 or

or mg/l = 2 3 .9 2 Q" 
Cl" mg/l = 3 .71* Q“

= EXP(- 0.110 - 1 . 3 3 2  log^ Q - 0.117jiogg

BICARBONATE
0 . 1 3 1HCO^" mg/l = 1 6 .7 8  or 

SPECIFIC CONDUCTIVITY

SC, pahos = EXP(35.72 + I7 . M  log^ Q + 3-23S^og^ ^  + O.193jlog^
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TABLE 8.7> (cont»d)

D. SC it ; WU Discharge in l/sec; API in mm;
Sine Index (Sl) in radians; concentration in mg/l

POTASSIUM 
mg/l ■ a

EXP(0.337 + 0.095 log^ (API 5 + 10) + 0 .0 86 SIN.I)

SODIUM
Na“̂ mg/l 
EXP(3.82 0.2lt8 log^ Q + 0.057 log^ (SMD + 1) - 0.126 SIN.l) “ 0

CALCIUM 
Câ "** mg/l s
EXP(3.01| + 0 . 3 1 7  SIN.I + 0 .0 5 1 log (SMD + I))

0

MAGNESIUM 
Mĝ '*’ mg/l a
EXP(2.2U + O.OU9 log^ (SMD + 1 ) + 0.121 SIN.l)0

CHLORIDE 
Cl" mg/l a
e x p (3.39 + o.iM SIN.I + 0 .031* log^ (SMD + 1))

0

pH
EXP(2.209 0 .0 2 5 log^ Q - 0 .0 6 6 log^ (API 30 + 1 0 )) 0 0

BICARBONATE - 
HC0^~ mg/l a , •
EXP(9.89 - 1 .8 0 2  log Q - 0 .6 6 3 log^ (API 60 + 10 ))0 0

SPECIFIC CONDUCTIVITY 
SC ̂ mdlOS a
EXP(10.69 - 0 .0 7 1 log^ (API 60 + 1 0 )

0
2 .2 2 2  logg Q)
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TABLE 8.7t (cont'd)

E. SC ^ Discharge in l/sec; API in mm;
Sine Index (Sl) in radians; concentration in mg/l

- 0.113 SlN.I + 0.008 loĝ  (SMD + )̂)J - 10

POTASSIUM

mg/l
/EXP(2.351

SODIUM 
Na^ mg/l s

- I.Ol+O SIN.I + 0.052 log^ (SMD + l)j/ - 10

CALCIUM 
Ca'*‘ m g /l =s

¿i;XP(2.837 + 1.061 SIN.I - 0.050 log^ (API 60 - 10))7 - 10

MAGNESIUM 
Mg“̂  m g /l s

/fecP(2.098 - 0.792 SIN.I + 0.060 log^(SMD + l)+ 0.111+ log^(Q + 10))/- 10

CHLORIDE 

C l“  m g /l s

¿fep(2.728 - 1.21+9 SIN.I - 0.008 log^ (SMD + )̂)? - 10
0

/ijXP(l.8l5 + 0.207 log^(Q + 10) - 0.566 SIN.I + 0.11+01og^(SMD + Oj/- 10

BICARBONATE
HCÔ ” mgA =
¿£x p (3.160 + 1.850 SIN.I - 0.159 log. (Q + 10))/ - 10

SPECIFIC CONDUCTIVITY 
SC ̂Limhos =
¿^( U . 5 U 3  + 295U SIN.I - 0.115 loĝ (SMD + 1) - 0.3691ogg(Q + 10)^ - 10
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computed from the hourly flow sequences stored on magnetic tape for 
each subcatchment using the programs PLOWS (for weirs) and GLO\/S (for 
the flume) — see Appendix 2 ix, xii. At the same time data streams 
were input from disc storage containing daily SMD and API values. The 
input data were accepted by simple sub-routines attached to 'PLOWS’ and 
'GLOWS', containing the relevant rating eq\iations. The procedure is 
summarised in Table 8.8.

The data output, in milligrams per day and week, are used in 
several ways. Pirstly to present gross solute outputs from various 
parts of West Walk, 1975 - 1977« Secondly in combination with bulk 
precipitation inputs, to compute net solute budgets for 19 7 5 - 1 9 7 7» 
Thirdly, to examine the detailed temporal response of each solute load 
diiring 19 7 5 - 1 9 7 7 » Poiarthly, to map the spatial variability of a 
selected solute load during 19 7 5 “ 1 9 7 7«

(a ) Gross Solute Output

Table 8 .9  shows gross solute outputs from various parts of West 
Walk for 1975 - 197^ and 1976 - 1977* in kg. The loads for sub areas 
between W2, W5 and the flume ('SC 7*)» and between W1, Wl; and W2 
('SC 6*) are computed by subtraction. Clearly this is hazardous, 
because it may involve a combination of error terms. For this reason, 

loads have not been computed, as the estimated totals for SC 2 and 
SC 5 appear excessive.

The overall picture is one of small loss of solutes during 1975 - 
19 76 but a huge increase dxiring 1976 - 1977» This reflects the low 
discharges recorded during the drou^t and the heavy rainfall and much 
higher flow» of autumn 1976. For the twelve month period July I976 to 
June 1 9 7 7 individual solute losses amounted to between and 81.9 %  
of the total in the 2l* month period 1975 - 1977̂  ̂ G E Likens et al 
(19 6 7) found similar patterns of gross solute loss over the wet year 
19 6 3 - I96U and the drought year I96U - 1969 for Hubbard Brook, U.S.A.

Gross solute load is better e3q>ressed in kg^a/year, because this 
allows comparison between subcatchments, and with work from other areas 
(Table 8 .I0). Again solute yields for West Walk are greater during 
19 76- 19 7 7 than during 19 7 9 - 19 7 6, considerably so for Et, probably due 
to the Increased leaching by heavy rain during autumn 1976. *'̂*he most

3 9 1



TABLE 8«8: PROCEDUHE FOR COMPUTING DAILY AND WEEKLY SOLUTE LOADS 

For i = 1 to 7 days

* ®id
MDF, mvsec
S^j Dally Solute Load (ij), mg
SS. Total Weekly Solute Load, ng J
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intensive solute yield (TDS) is from SC 5, followed closely by SC 1*. 
Individual solutes show variations on this pattern. Na'*’ is most 
intensively yielded from SC I4., followed closely by SC 5 and SC 6. It 
is interesting to note that SC k provideo the highest yield even during 
1975 - 19 76, with SC 7 (the lowest part of Vest Walk) also important in 
accordance with the diminished contributing area noted in Chapter 6. 
This pattern is even more pronounced for Câ "̂  yield during I975 - 1976  
with SC 7 the highest yielding area. During I976 - I977, SC 5 and SC 
dominate losses of Ca^“̂. SC 5 yielded the highest amount of Mĝ '*", 
again closely followed by SC 1*. Cl” yield is highest for SC 1+ and SC ^ 
closely followed by SC 7 . If most Cl" is supplied by the atmosphere, 
then these differences in yield relate to differences in interception 
storage, soil water storage and possibly ground water or Interflow 
movement between subcatchments, losses cannot be computed for SC 6 
and SC 7 because this ion diminishes downstream as noted in Chapter 6. 
The high yields for SC 5 appear anomalous if compared with the mean pH 
of 8 .3 2 noted earlier and may represent poor estimation of pH at higher 
flows, outside the range of the sampled data. A similar note of 
caution applies to all solutes san^led at Wlj and W5. The highest HCO^” 
yield is from SC 5 (which natxirally contradicts the results), 
fitting in well with the neutralisation of acid waters from SC 1. en 
route to the flume, and the high yields of other basic solues (Na"̂ ,
Ca^^ and Mg^]’*).

These results represent spatial and temporal variability in solute 
loads. Walling and Webb (1975» 1978) ard Webb and Vailing (l97i*) found

i

that spatial variation in solute load was significantly related to 
geology in the River Exe catchment. South Devon. Much of the spatial 
variability of West Walk can be explained by the solid geology 
underlying each subcatchment. Yield is found to Increase with the 
proportion of London Clay underlying each catchment (Figures 8 .2 A and 
B) and therefore decrease with the proportion of Bagshot Sand (ignoring 
superficial deposits). This suggests that London Clay is an Important 
source of solutes in West Walk and the Tertiary rocks of the Hampshire 
Basin. The incomplete soil survey and complexity of vegetation make it 
difficult to elucidate the effects of floristic and edaphlc factors in 
a similar way.
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Table 8.11 presents selected gross solute yields for different 
parts of the U.K., Europe, U.S.A. and New Zealand. There are no data 
from Tertiary rocks in Southern England for comparison. However, the 
data are the same order of magnitude as those measured at East Twin 
Brook, Mendips (Vaylen, 1976; 1979)» Na'*’ is less than at East Twin

2+although in general agreement with other localities in the U.K. Ca
2+ 2+ and Mg losses are both much greater than at East Twin, but Ca is

much less than in Chalk catchment (Edwards, 1973b; Williams, 1971)«
Cl output agrees well with East Twin, Maesnant (Cryer, 1976), River
Tud (Edwards, 1973^)» Wet Sledale (White et al, 1971). HCO^“ losses
are much less than in Chalk catchments, but close to those at East Twin
and Eaarts, Luxembourg (Verstraten, 1977)*

(b ) Net Solute Outputs

The data can also be e^ressed in the form of a solute balance, 
considering net losses or gains to be the difference between bulk 
precipitation solutes and streamflow solutes (Table 8.12). The effect 
of the drought is clearly seen during the first year as net gains to

, It seems likely thatWest Walk for all but Ca^”*", Mĝ *** and HCO
inputs, although low, were retained in soil storage until the second 
year when they were flushed into the streams. Cl"* and Na"̂  which are 
both high in precipitation, show large net gains for 19 7 5 - 19 7 6. 
However, it appears that outputs decreased much more under the 
influence of the drou^t than Inputs, as solutes became fixed in the 
soil under the influence of évapotranspiration. Outputs for 1976 - 
19 7 7 outweigh the gains of the previous year, probably due to a  ̂
combination of autumn rainfall and flushing of accumulated soluble
material, shows a net gain to the catchment for both years because 
this is exchanged for other solutes in weathering processes. The net 
gain to West Walk was much less in 1975 - 1976 than in 1976 - 1977 
which, in combination with the reduced solute losses during the ficst 
year, implies that weathering was reduced during the drought. Net 
gains and losses also vary spatially, although these merely reflect 
gross solute losses, assuming inputs are spatially unlfonm.

Table 8.13 (from Feller and Kimmlns, 1979) lists nutrient budget 
calculations for other watersheds elsewhere in humid temperate regions. 
Figures for West Walk (1975/1976) are about average for Na“̂ , but higher
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than average for e:̂ , Ca^+ and Cl". Whether the extreme
climatological condition» between ^̂ 'J$ and I977 influenced these figures 
is impossible to say without data from an average year. Similarly, 
recent deforestation and replanting in Vest Walk may have increased 
solute loadsy althou^i no data are available prior to disturbance.

Denudation rates are often computed from solute yield data and 
expressed as mm/lOOO years. This is not possible for West Walk because:

(i) TDS estimates are subject to the errors noted in Chapter 5»

aJid (ii) information on the total non-denudation component is not 
available (i.e, organics, nitrates, sTilphates, etc,, lost 
in streamflow and nutrients taken up by vegetation, in 
addition to bulk precipitation solutes).

(C) Temporal Variation in Loads for West Walk

Solute inputs and outputs for the whole catchment are plotted in 
Figures 8.3 A - G for the period 1975 - 1977* Bulk precipitation load 
(kg) is plotted at the mid point of the period in which it falls, while 
output (kg) is plotted weekly. Both strongly reflect the pattern of 
rainfall and streamflow for the period and emphasise the point made 
earlier that* 1 9 7 5 - 1976 is a year of small net gain while 1976 - 19 7 7  
is a year of larger net loss. For April to September 1976 is a 
period of net loss to the catchment. Similarly, more marked periods of 
net gain and loss occur for Ca and Mg . The pattern is less distinct 
for Na"̂  and Cl" due to their larger precipitation inputs. The net Cl 
gain for 19 7 5 - I976 was 750 kg less than the net loss for I976 - I9 77  
which means that Cl" stored before the drought was released from 
storage. There appears to be a washout of Cl at the end of the 
drought, September — October 1976» These seasonal trends are very 
similar to those found at Hubbard Brook (Likens et al, 1977) Haney 
Watershed (Feller and Kimmins, 1979)*

Hydrogen loads are not directly comparable and are therefore on 
different scales. shows the largest precipitation contrast between 
1 9 7 5 - 19 76 and 19 7 6 - 19 7 7 for any ion plotted, the inflxax of being 
greatest in February, March and May 1977*
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(3ï) ^atial Variations vithin Veat VaIV

Spatial variation in solute load has been noted by many authors in 
the literature (e.g. Walling and Webb, 1975; 1978; Webb and Walling, 
19 7^» Miller, 1 9 6 1) and thoiight to correspond with geological and 
vegetation variation in non—urban areas* Figure S.ij. represents an 
attempt to display temporal and spatial variation in Na'*’ load at 
approximately bi—monthly intervals throughout the study period* This 
identifies the lower part of West Walk as the area yielding the most 
Na , SC 1 yielding the least Na"*", contrasts being most marked during 
periods of high flow (e*g* 3rd January to 9th January I9 7 7)* During 
periods of lower flow and flow recessions SC k and SC 7 (the lower part 
of West Walk) continue to provide the highest yields of Na”̂* TDS loads 
were not portrayed because it was found that errors in weekly values 01 
TDS estjjnated from SC gave a distorted pictiire* Other solutes give a 
similar pattern* The basic spatial pattern of solute load appears to 
be related to geology, with temporal variation controlled by hydrology 
and vegetation.

8*4 SUMMARY AND CONCLUSIONS

This Chapter has discussed input and output of solutes to West 
Walk and computed the net solute losses or gains* The 1975 - 1976 
drought was a period of net solute acciimulation in the catchment due to 
diminishing streamflow (the exporting agent) and above average 
évapotranspiration* Solutes supplied in bulk precipitation were 
t>robably maintained in the upper parts of the soil until flushed into 
the stream by heavy rain in autumn 1976* The subsequent year was' a 
period of net solute loss from the catchment* Gross precipitation and 
streamflow loads have been compared with those computed for other areas 
of Britain, Eiirope, the U.S.A* and New Zealand* Although there are 
differences, results fall within the same order of magnitude* 
Unfortunately, there are no comparable data for an area in Lowland 
Britain of a similar lithology to West Walk*

Some detailed comments have been made upon bulk precipitation 
inputs* With the possible exception of TDS, which may be in error, and 

all solutes dilute with Increasing rainfall, probably as the high 
concentration matter is •fntttally flushed from the atmosphere* The pH 
of rainfall is not as acid as has been reported in some industrial areas
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of Western Europe and Eastern IT.S.A. and does not represent an 
ecological problem. Due to its near coastal location, West Walk 
receives more solutes in bulk precipitation than would an inland 
catchment, a factor which is important in minimising net losses. iPhis 
is principally due to high Na"̂  and Cl” loads, and Ca^”̂ being 
obtained mainly from land sources. Solute content of water Increases 
dramatically during stemflow and throughfall, and research into solute 
dynamics of this sub-system would help elucidate its significance for 
stream solute response.

The basic pattern of solute yield is strongly related to the 
proportion of London Clay within the subcatchments. Soils which have 
developed upon London Clay have higher base exchange capacities than 
those on the more acid Bagshot Sand. Variable contributing areas and 
seasonal changes in vegetation probably influence temporal and spatial 
fluctuation of solute loads.

Both concentration and load frequency duration curves can be 
plotted for each solute on a daily basis (e.g. Hembree et al,
The load curve can be used to estimate total annual load (e.g. Plest, 
I96U) while the concentration curve has potentially more application in 
water quality studies. The 95 % value has been stated as the 
concentration which is ejected to be achieved for 95 % 0^ the time on 
a river (N.W.C., 1978). Perhaps more Important in ecological terms is 
the degree of persistence achieved by some specified concentration,. and 
different concentration duration curves could be drawn for varying 
degrees of persistence (e.g. 1> 5» 10» 30 days), bith particularly 
sensitive species hourly periods mi^t be more appropriate. This 
highlights the problem of modelling detailed storm solute response, 
which is investigated in more specific manner in Section II.
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CHAPTER 9

MODELLING STRATEGIES ARP AN IMTRODUCTION TO VATER AND CHEMICAL 
MOVEMENT IN HILLSLOPE SOILS

9.1 INTRODUCTION

It was foimd in Chapters 6 and 7 that bivariate and mtiltivariate 
regression approaches were not capable of modelling detailed storm 
solute response over the full range of hydrometeorological conditions.
In some cases the addition of variables describing seasonality and 
moisture status improved the prediction of weekly solute levels, but 
gave very little Indication of the physical processes actxially 
operating. Such an approach treats the processes vdiich convert 
rainfall into run off (both quantity and quality) as a 'black box'. 
Results from West Walk, together with research from other areas (e.g. 
Walling and Webb, 1975; 198o), also point to considerable spatial 
variation in solute production. This may be due to a combination of 
geology, soil and vegetation variability, which in the case of West 
Walk was reflected in downstream chemical changes and a more complex 
outflow chemograph. In larger catchments channel routing effects are 
also likely to influence chemograph response (Glover and Johnson, 197U)»

Thus there appears to be need for a spatially distributed model of 
catchment solute response, which takes account of a variable 
contributing area and is capable of routing solute loads from 
subcatchment sources to produce an outf]ow chemograph. Model 
construction is dependent upon a good knowledge of solute transport 
processes operating within the 'black box' mentioned above.

Section III of xhis thesis describes the design, setting up and 
results of a hlllslope e^qperiment within SCI at West Walk, with the 
principal of elucidating the mechanisms of one part of this black 
box - the transport of solutes by water through valley-side soils. In 
greater detail the project aims were:

(l) To gain a better understanding of the processes of water 
movement within a hillslope at West Walk.

416



(ii) To gain a detailed imderetandlng of solute transport within 
the hillslope.

(ill) To use the data collected In (l) and (ll) to route water and 
solutes from rainfall to stream channel using a flux approcuih 
and to compute Internal parameters such as hydraulic 
conductivity and solute dlsperslvlty.

(iv) To compaire the computed slope—base discharge and solute 
concentration with that actually measured.

(v) Using the results, assess the future of spatially 
distributed modelling of catchiuent solute response.

9.2 MODELLING CATCHMEJIT HYDROLOGY»
PROGRESS TOWARDS A SPATIALLY DISTRIBUTED MODEL

Clarke (1973) has usefully grouped catchment run off models by 
technique rather than objective. Pour main groups were Identified.

(l) Stochastic-conceptual

(ll) Stochastic-empirical'

(ill) Deterministic-conceptual

(iv) Deterministic-empirical i

Stochasticlty refers to the time-dependent probability distributions 
of the model variables.

Peterminlsm states that the model is free from random variation, and 
follows laws of certainty.

Conceptualisation refers to a model comprising known physical 
processes, taken from a body of theory.

Empiricism suggests that the postulated model follows an observed 
relationship, the Internal processes being either known or unknown.
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Any of these models (i) to (iv) may be either linear or non-linear. 
and either (a) limiped; (b) probability-distributed; or
(c) geometrically-distributed.

A limned model 'takes no account of spatial distribution in the input 
variable, nor of the spatial variation in parameters characterising the 
physical processes acting upon input'•

A probability-distributed model describes the spatial vaiability of 
input variables of model parameters without reference to their 
geometrical distribution over space, l.e. a probability distribution 
over the catchment is assumed.

A geometrically-distributed model expresses spatial variability in 
terms of the orientation of the network of points one to another, and 
their distances apart. Such models are conanonplace in ground water 
hydrology (e.g, Oakes and Pontin, 1976; Oakes, 1979)»

Models developed in Chapters 6 and 7 could best be classified as 
linear, lumped, stochastic-empirical. They are linear in satisfying one 
assumption of the general linear model; lumped in that they do not 
model any spatial distribution within the catchment; stochastic in 
that they have a residual error (although admittedly this was often 
found to be related to an input variable); empirical in that the model 
optimised an observed relationship.

I
Recently there has been a change in direction in attempts to model 

catchment hydrology (Seven and Kirkby, 1979)* Lumped parameter models 
(e.g. Anglian Water Authority, 1980b) are being challenged by an 
approach which explicitly considers the dynamic spdtial variation in 
discharge source areas (Seven, 1977^; Seven and Kirkby, 1979)* 
approach has been developed from field evidence gathered over the last • 
20 years.

Much of this field research has questioned the general 
applicability of Horton's overland flow model (Horton, 19U5)« This 
postulates that when rainfall intensity exceeds infiltration 
capacity, overland flow results all over the basin. It has become
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clear that the model "represents only a specialised end-member of a 
series of models ... the thronghflow model being the other member. On 
most slopes both types occur although with markedly different 
frequencies," (Kirkby and Chorley, 1967)»

The importance of throughflow in contributing to the storm 
hydrogrgph was a feat\ire of discussion in early research. Hewlett 
(1 9 6 1) and Hewlett and Hibbert (I9 6 3) concluded from laboratory 
experiments that unsaturated throiaghflow provided a means of sustaining 
base flow in steep mountain watersheds. A recent duplication of 
Hewlett and Hibbert*s experiment (Anderson and Burt, 1977a) revealed 
that tension gradients and hydraulic conductivities in unsaturated soil 
failed to e3q>lain observed discharge. The latter was well correlated 
with water table slope and satiirated area. Similar results were fo\md 
from a field eaqperiment by Weyman (1970; 1973)- He measured 
throughflow from three soil horizons on a 1 2 ° slope with impermeable 
bedrock. Baseflow came from the kS - 75 cm horizon and was supplied 
by slow unsaturated flow from the whole soil mass to a small fairly 
constant saturated zone. However, peak discharge was produced mainly 
by rapid flow from headwater zones of the catchment and not by flow 
from the 10 - U5 cm horizon of the experimental plot.

In contrast, Whipkey (1965; I969) has recorded substantial 
stormflow from a forested slope under simuJated rainstorms. As in 
Veyman's experiment flow took place above horizons of reduced 
permeability. More recently, Anderson and Burt ( 1977b; 1978a; 1978b) 
monitored soil moisture conditions in a hillslope spur and hollow to 
demonstrate the significant control of topography on water movement and 
the resulting streamflow response. Prom the storm event examined and 
the month-long recession which followed, the hillslope hollow was shown 
to be significant in both generating a throughflow peak in stream 
discharge and in maintaining baseflow. In this ca^e the disparity 
between throu^iflow contributing to stormflow or baseflow is explained 
in terms of catchment topography.

The detailed monitoring of soil water movement over a range of 
conditions at Eaist Twin Brook (Veyman, 1973) provided valuable 
information upon the hydraulics of subsurface hillslope How. A 
spectrum of possible subsurface flow processes • was derived from
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theoretical considerations of unsaturated flow on hillslopes 
(Figure These ranged from

(i) vertical water movement (horizontal equipotentialsX to

(ii) lateral water movement (equipotentials orthogonal to 
the slope).

Between these two can be expected

(lli) a combination of vertical infiltration and lateral flow 
during a storm (equipotentials rotate from horizontal to 
orthogonal), and

(iv) a potential reversal from lateral flow to upward flow
caused by évapotranspiration (equipotentials rotate from 
orthogonal to horizontal near the surface).

This was an idealised picture of hillslope water movement, but a useful 
framework within which to work. Weyman's empirical data fitted into 
this framework but included the expansion and contraction of a 
saturated wedge from adjacent to the channel upwards during and after 
storms (Figure 9.2). Four stages were Identified!

(i) lateral unsaturated flow dominated before the rainstorm, 
with tension Increasing up-profliej ^

(ii) during infiltration tension decreased from the wetting front 
to the soil surface giving vertical water movement in the 
upper part and lateral movement in the lower part of the 
profile;

(iii) moisture became vertically distributed and vertical flow 
caused a growth of the saturated wedge;

(iv) the extent of saturation was at a maximum at peak discharge, 
with lateral saturated flow equalling vertical and lateral 
saturated flow additions.
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(i)

( i i)

. —  4 equipotential

t :  tim e

see te x t  fo r  d e s c r ip t io n

PIGORE 9 .1 : THEORETICAL CONSIDERATIONS OP
--------- dnsaturated plow on a HILLSLOPE

(after Veyman, 1973)

see t e x t  f o r  d e s c rip t io n

FIGURE 9 .2 : IBEAUSED U W EM  OF WATER HOVEHEIIT HI A lUlLSWrE 
DURING AND FOLLOWING A STORM
( a f t e r  Weyman, 1973)
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Following peak discharge the saturated wedge gradually shrinks back to 
its pre-storm dimensions. Weyman considered that the initiation of 
lateral saturated flow depended upon breaks in vertical soil 
permeability, in his case the base of the profile and the base of the 
B horizon, a conclusion reached by others (V/hipkey, 19^5; Knapp, 
1970a).

Several authors have described pipeflow on bdllslopes (Jones,
1971 ; Parker, I9 6 3; Chamberlin, 1972). Knapp (I970b) suggested that 
subsurface pipeflow is a contributory factor to the flashy response of 
the upper \fye catchment, Plynlimon, Central vraies. He found that 
pipes originated in a zone of thinning peat in a region of large 
hydraulic gradients due to the steepness of the slopes. The Institute 
of Hydrology have carried out intensive research into pipeflow 
phenomena in the same area.

These patterns of water movement are likely to control solute 
transport within the soil, in partic\ilar relatively rapid flow to the 
channel as pipeflow or overland flow during storms. Slower, 
xmsaturated flow might be more important in feeding the saturated zone 
diaring winter recession periods. Flow towards the soil surface is 
likely to be important when potential reversal occurs in response to 
évapotranspiration.

Field evidence of diurnal fluctuation in the specific condKc' Jice 
of throughflow water confirms that the latter process operates . .t, 
19 7 9)» there has been little investigation of solute movement 
during storms.

Beven and Kirkby (1979) have classified the various mechanisms of 
run off production as

(a) Run off intensity exceeds infiltration or storage capacity 
resulting in overland flow all over the basin, i.e. the classical 
Horton model|

(b) Rainfall intensity exceeds infiltration or storage capacity on a 
variable area of near saturated soils. This provides the basis
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for the 'partial area' model, when the spatially variable nature 
of Infiltration capacities results in some areas of the basin 
beln^* more likely to produce infiltration excess overland flow 
than others (Betson, I96U; Betson and Marius, 19^9; Betson,
Marius and Joyce, I9 6 8; Ra^an, I9 6 8; TVA, 1965);

(c) Rain falling on stream channels and completely saturated soils.
The saturated zone may build upwards from the bedrock or a 
relatively impermeable soil layer (Dunne and Black, 1970;
Weyman, 1973);

(d) Downslope lateral flow of saturated or unsaturated soil water.
This occurs essentially within the soil but may flow out, 
overland, where the soil storage capacity is exceeded (Dunne and 
Black, I96U; Nutter, 1973; Hewlett and Nutter, 1970; Nutter, 19 6 9)*

Beven and Kirkby (1979) conclude that in humid temperate basins 
mechanisms (b) and (c) are the important sources of stormflow, with 
subsurface flow establishing conditions within the soil before further 
rainfall occurs. If pipeflow is an important process then (d) could 
become significant, althoiigh the flow is non-Darclan.

Recently simulation models have appeared which incorporate the 
concept of dynamic contributing area and are usefxil for comparison with 
real processes. Freeze (I972a; 1972b) used finite difference models 
of two dimensional subsurface flow within convex and concave slopes for 
generating surface and subsurface run off hydrographs. One important 
conclusion, which suppoorted field observation (Weyman, 1973)t that 
soils with low hydraulic conductivities were unlikely to contribute 
storm flow to the channel storm hydrograph, but could promote the up- 
profile extension of the saturated wedge enough to give overland flow.

Beven (1977a; 1977b) used a finite element model of 
two-dimensional, pEurtially saturated flow within a hillslope soil 
mantle overlying an impermeable bedrock to investigate parameter 
variations and initiEtl conditions on the hillslope hydrograph.
Agreement with Weyman's findings were good although it was shown that 
the dominance of vertical over lateral flow throughout most of the
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slope allowed the continued growth of the saturated zone upslope after 
the discharge peak. The importance of initial conditions, particularly 
in the unsaturated zone, in governing the timing and magnitude of the 
hydrograph peak was also demonstrated.

Work has been undertaken at the Institute of Hydrology to produce 
a distributed catchment model of the Vye and Severn headwater 
catchments at Plynlimon, Central Vales. The technique wais to divide 
the catchment into slope and channel elements and to solve the 
appropriate surface and subsurface flow equations for each element in 
turn until the output hydrograph from the last (channel) element gave 
the catchment hydrograph (loH, 1976; 19?8)» Beven (l977a) has pointed 
out that it is Important to understand the working of this type of 
model before putting it to predictive use.

Soil water processes in the dynamic contributing area have been 
given detailed treatment here because it is thought that they could be 
of direct relevance to monitoring, understanding and finally modelling 
solute transport processes. The model formulated and tested by Seven 
and Kirkby (1 9 7 9 ) could eventually form the basis of a spatially 
distributed model of catchment solute response, but only after 
sufficient field study of solute transport mechanisms. Their model 
aimed to combine the distributed effects of channel network topology 
and dynamic contributing area with the advantages of a simple 
Ixamped-parameter basin model* They aimed to produce a model capable of 
being applied operationally, and therefore developed a simpler model 
than those which were based upon finite element or finite difference 
approximations to the hillslope flow equations (e.g. Freeze, 1972a & b; 
Seven, 1977a & b).

It is claimed that the model structure requires only measurement 
of basin topography, infiltration rates, overland and channel flow 
velocities, a few discharge measurements and some simple measurements 
of the soil hydrological characteristics. It can then be used to 
predict run off in the ungauged basin, given ralnfedl and evaporation. 
Figure 9*3 illustrates the model structure for a subcatchment. The 
contributing area is modelled as a function of water storage in the 
saturated zone, S^, the slope of the relationship between log^
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discharge and relative catchment water storage, 1/^, and topography
(contour length, a, and local slope angle, p). Rain falling on the
computed contributing area , A , becomes overland flow. The surfacec
interception store, S^, has a maximimi value, Sj), values in excess of 
which contribute to or the infiltration store, Sg. Constant 
leakage is allowed from Sg to S^, and overland flow can occur by either 
infiltration excess overland flow (rainfall intensity >  maximum 
infiltration intensity) or satiirated excess overluiid flow (the near 
STirface storage is exceeded). The subs\irface saturated soil water 
store, S^, provides delayed flow.

One sequence of stores represents the average response of soil 
water in a cubcatchment and is therefore treated as a liimped system.
The dominant source of surface run off is taken as the variable 
contributing area, the extent of which depends upon the storage level 
in S^.

The present experiment concentrates upon the processes operating 
down a single slope, although it is acknowledged that spatial patterns 
are important,

9.3 WATER MOVEMENT IN HILLSLOPE SOILS

For hydraulically isotropic soils Darcy showed that the volume 
flux, or the volume of water crossing unit area per second, P, is 
proportional to the gradient of hydraulic potential in the direction of 
flux, s. Thus Darcy's Law states (Rose, 19 6 6)» |

P = -  K (9.1)
8

where hydraulic conductivity, cm sec  ̂
hydraulic potential, cm 
distance in direction of flxix, cm

= flinc of moisture per unit area, cm sec-1
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(A) H yd ra u lic  C o n d u c tiv ity  (K)

Hydraulic conductivity depends upon moisture content for any 
constant pore geometry or pedologica! structure; K increases with 
increasing moisture content and becomes approximately constant at 
saturation. The degree of hysteresis is the relationship at any point 
in time depends upon the previous history of wetting and drying.
Childs (19 6 9) gives the reasons for the variation of K with moisture 
content:-

Firstly, reduction in pore water content reduces the contribution 
of the flow path, i.e. effective porosity is reduced.

Secondly, the earlier stages of moisture reduction are more 
effective in reducing K, since this involves loss from larger pore 
spaces which make an important contribution to E.

Thirdly, a dry pore, full of air becomes an obstacle to water 
leading to a longer flow path for water particles. In addition this 
causes hysteresis on wetting.

Lastly, if the soil shrinks on drying, the reduction in pore space 
will cause a reduction in K. If inter-ped cracks widen during drying 
then they may dominate pores during wetting, increasing the value of K,

Soil structxire is very important in determining hydraulic 
conductivity. Soil particles may align themselves parallel to the 
ground slope enhancing K in that direction. Alternatively, a higher K 
in the vertical axis may be due to the preferred orientation of 
inter-ped fractuires. These are two examples of structural causes of 
anisotropy in soils, for which Darcy's Law as stated in 9*1 I® 
applicable. Childs (19̂ 9, p. 1^9 - 162) gives a more detailed 
discussion of the subject.

Hydraulic conductivity may be determined by either direct or 
indirect methods.

Indirect methods involve estimation using grain size analyses and 
porosity determinations. Freeze and Cherry (1979)» reviewing the
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relevant equatlonSi consider that the Kozeny-Carmen equation gives good
predictive results from grain size and porosity. However, Knapp
(19 7 0a) tried several methods of calculating K and found laboratory

3determined values to be 10 greater than those calculated from porosity.

Unsatirrated or saturated K may be determined in the laboratory or 
in the field using direct methods. Laboratory methods require an 
undisturbed soil core, representative of the soil structure. For 
satiirated conditions, the technique involves either a constant-head 
or a falling-head permeameter (e.g. Todd, 1959) l̂ ut for unsaturated 
conditions the apparatus is more sophisticated, involving a controlled 
pressTire chamber (e.g. Richards and Weeks, 1953; Yo\mgs, I96U).

If saturated hydraulic conductivity alone is req\iired, then this 
can be obtained in the field using the auger hole method (Bonell, 
1 9 7 2). Hydraulic conductivity can also be determined in the field 
over the entire range of water content whatever the nature of the soil 
profile using a vertical flux method (Rose et al, 1965)» Average 
hydraulic conductivity over time interval T (= tg - t^) is given byj

(cm sec”^) (9 .2)

where

P =

depth from soil surface, cm 
pressure potential, cm
vertical flux of water at depth z (cm sec“^)

.ss
(9.3 )

Q = volumetric water content (cm"̂  cm “̂)

An extension of this approach for two dimensional flow is given later. 

(B) Hydraulic Potential (ff)

In equation (9 .I), 0t the total hydraulic potential in the 
direction of flux, is the sum of gravitational and pressure potentials 
and is given bys
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z (9.1*)

(see Chapter 10, equation 10.1). The pressure potential is positive 
for points heneath the water table or negative for the \msaturated 
zone above the water table, and is measured by tensiometer, details of 
which are given in the next chapter.

In the present study the intension is to combine empirical and 
model approaches; that is, to test a defined model structure by 
processing data collected in the field. The two dimensionaJ. 
continuity equation used in modelling is:

^  z + ___ z (9.5)
Z

where rate of moisture change in time t at a considered 
point
horizontal and vertical axes respectively

Substituting (9»l) in (9*5) gives:

ÍQ

it
= K + K (9.6)

This is sometimes expressed as:

i f  = _ i
i t  i x  L  i z

(9.7)

whore D = soil water diffusivity = K Lj

is the slope of the soil moisture characteristic (the 
relationship between matric pressure potential (i|̂ ) and moisture 
content (O)). Diffusivity is not the same as molecular diffusion, 
which is discussed later, although the water can be referred to as 
•diffusing* through the soil (Childs, I96 9). If the two dimensional 
hill slope profile is divided into a series of parallelograms
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(hereafter 'elements') then (9-6) can be solved for each element in 
turn through (9»5) with certain assumptions (Figure 9*5) (Atkinson, 
1978). Firstly, the soil is isotropic and homogenous in each element, 
with = Kg . This assumption is not necessarily
true, as previously stated, but is required as a first approximation 
for solution of (9*5)• Secondly, there will be changes in the 
moisture content between the two ends of the element, which can only be 
minimised by making the length of the element as small as possible. 
Referring to Figure (9«U^) a flux equation analagous to (9»5) can be 
derived:

- Ot,) = (*2 - ^l) L(Pz2 (9.8)

where A = H.L and Ox and 0+ are the moisture contents in the1 2element at times t-j and t2 *

Re-arranging to the form of (9*5)*

A (e* - 0* )
____!s____ L  = H ( P ^  - P,^) + L (P^^ - P^^)

*2 “ *1
(9 .9)

Fg is initially given the value of F^, the rainfall between t^ and tg; 
knowing this, the values of tension and moisture content within the 
element and tension on three sides of the element, the input and output

(9 .10 )

element may be computed as follows:

= K (0$ - 02)

(0, - 0z)

= K (0, -
1
(0, - 02) ^2

= ^x * " » 1
- ^Xg “

change in time *2 - t^, = A (0^

(9.1 1 )

(9.1 2 )
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PIGHTIE 9 .5 :  SCHEMATIC DIAGRAM OP A HILLSLOPE DIVIDED INTO ELEMENTS
AND SUITABLE FOR FLUX COMPUTATION
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Hydraulic potential, 0, is computed by equation (9>U) e^d averaged 
over the time period. Pore water velocity can then he computed froms

(9.13)

= Pz / O (9.1U)

and hydraulic conductivity from* 

L  = p

or. i  z

'' T0

(9.15)

(9 . 16)

The procedxire is repeated for each element at the first depth.
Flux leaving the upslope element is made equal to that entering the 
downslope element by averaging and assigning excess to the downslope 
fl\ix. Should this cause cmnulative error then upslope and downslope 
fluxes might be converged by an iterative procedure. Computation 
proceeds through each row of elements, with F̂  ̂ from the uppermost 
element being F^^ for the down profile element. Discharge from the 
slope base is the sum of the separate discharges from the bottom column 
of elements, and may be compared with actually measxired discharge to 
validate the model. Similar finite difference methods have been widely 
used in groimd water hydrology (e.g. Taylor and Luthin, 1969)«

9.U SOLUTE MOVEMENT IN HILLSLOPE SOILS

One-dimensional transport of solutes in soil is both complex and 
incompletely understood, since the nimuber of variable factors is much 
greater than with the flux of water. Most recent research in this 
context is being carried* out by soil scientists, hydrogeologists and 
agriciiltural engineers, with a range of applications. In pedology and 
agricultural engineering, interest has focused upon measuring the 
change in water quality below the root zone stemming from applications 
of fertilisers, pesticides and other agrochemicals during crop 
production (e.g. Jury et al, 1976). Similarly, the pollution potential
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of surface water and ground water has been examined by monitoring the 
solutes leached through the soil in the vicinity of industrial and 
municipal waste disposal (e.g. Naylor et al, 1978; Freeze and Cherry, 
1 9 7 9 , Ch.9).

The movement of solutes in hillslope soils (i.e. two- and three- 
dimensional transport) and their contribution to the hillslope 
chemograph has been little studied in either the field, the laboratory 
or by computer simulation. The factors which have inhibited progress 
are firstly, the difficulty in acc\n:ately measuring physical processes 
under field conditions and secondly, the heterogeneity of field soils. 
In addition, solution of the continuity equations describing solute 
movement but neglecting adsorption and exchange processes is complex 
and has only been attempted for one-dimensional flow in soils (e.g. 
Biggar and Nielsen, 1976). A model Including adsorption and exchange 
processes has been presented by H K Krupp et al (1972). This section 
presents the basic theoretical development of solute transport models 
and describes some of the complicating factors.

Considering the two-dimensional case of flow through an element, 
the continuity equation iss

^c _

¿t
(9 .1 7 )

where c = solute concentration, mg cm
Jx =
J =z

-3
-2  -1solute flux in horizontal direction, mg cm s^o

-2  -1solute flux in vertical direction, mg cm sec

If the transport of solute is by diffusion only, then Pick's first law 
applies (Pick, 185$; see Freeze and Cherry, 1979» P«103)i

= - B (9 . 18)

z = -  I) ¿0
z

z
(9 »19)

2 -1where 1) = apparent diffusion coefficient, cm seo
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Substituting (9 .18) and (9 .19) in (9*1?) gives Fick's second law (Fick, 
1855; see Freeze and Cherry, 1979, p.lOU).

= D,
d

io

¿z
(9 .20)

Diffusion resTilts from a random motion of the ions or molecules 
and occurs preferentially in one direction or another depending on the 
activity gradients which provide the driving force (Biggar and Nielsen, 
1 9 6 7)« Cations and anions can diffuse in the soil system, although 
there is an initial decrease in the apparent diffusivity of about a 
factor of two in a porous medium compared to that in aqueous solution 
(Graham-Bryce, 1965)» This can be attributed primarily to the 
tortuosity of the diffusion pathway. Freeze and Cherry (1979) have 
calculated, using an analytical solution of (9*20) in only the x 
direction, that diffusion over a distance of 10 metres with 
D^ =s 5 X 10“^^ mVsec would take approximately 500 years. It is, 
therefore, a slow process if acting alone.

However, pure diffusion will not describe solute movement in a 
hlllslope, and a mass transport term is introduced into (9*18) and 
(9*1 9 )« Combination of these two processes occuirrlng simultaneously 
during transport suggests superposition of one upon the other to obtain 
a description of mixing, thus:

*J = - DX X 5 0 
hx

(9.21)1

. «J = - L z Z ‘h  * K  0
iz

(9 .2 2)

where D = dispersion coefficient, differing from the diffusion 
coefficient because water movement itself causes some dispersion of the 
solute; F = flux of water per unit area as defined earlier.

Substituting (9*21) and (9*22) in (9«17)> gives for steady flow*

:r D y

i

- f ® + D* ^ °“ z .'■■r z --- (9.2 3)
)z
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(for unsteady flow the flux component, P, should be included inside 
the differentiad). Other processes are likely to be operating in the 
soil, and these need to be represented in (9*23). They arei

(l) slow release of ions from non-exchangeable to 
exchangeable form;

(ii) adsorption-desorption reactions, possibly influenced by 
soil organic matter transformation;

(iii) degradation of organic solutes by chemical or microbial 
action (Nye and Tinker, 1977)*

The total ionic strength of the soil solution depends upon the 
concentration of unadsorbed anions that it contains. Amongst these, 
chloride, nitrate and bicarbonate are not adsorbed by the negatively 
charged colloid surface unless it contains positively charged sites. 
Sulphate is not strongly adsorbed. Positively charged sites are often 
associated with iron or aluminium oxides at pH below 6. Substitution 
is enhanced in acid conditions which are supplied by acids in surface 
h\amus. Kerpen and Scharpenseel (I9 6 7) found that the mobility of Ca"^ 
and Mg in laboratory leaching of basalt fragments was Increased by 
more than ten times and that of Na*̂  and by up to two when adding a 
humus layer over the basalt. The propozrtlons in the soil solution of 
the different cations that balance the anions is determined by the 
ionic charge of the adsorbed cations, their properties on the exchange 
complex, their ionic size and the properties of the exchanger; fWther 
details of these processes are given in Nye and Tinker (1977)»
Although stable equilibrium is usually established within minutes 
between exchangeable cations and cations in solution, slower processes 
also operate. The reactions can be classified thuss

(a) Rapid reactions ( <  1 hour) occur when the exchangeable cation is 
held on the external surface of clay or humus particles, or in 
the interlayers of expanded clay minerEds in which alumino
silicate sheets are separated by at least two and usually three 
molecular diameters of water molecules. Temporary disruption of 
equilibrium may be caused by plant uptake either from solution or
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directly from the colloid surface* The balance is subsequently 
restored by movement into or from solution*

(b) Intermediate-rate reactions ( 1 day) for most cations are of
little importance* However, for potassium the exchanging amount 
at Intermediate rate is significant* In the presence of 
vermiculite, illite and other 2:1 type minerals, ions are 
adsorbed and may become ’’fixed” by soil colloids* Ions fit in 
between crystal xmits of these normally expanding days and become 
an integral part of the crystal* Potassium in this form cannot be 
replaced by ordinary exchange methods and is referred to as
non-exchangeable potassium (Brady, This form is in
equilibriimi with the available forms and consequently acts as an 
extremely important reservoir of slowly available potassium*

(c) Slow-rate reactions ( ^ 1  week) come under the heading of mineral 
weathering, and are an important means by which exchangeable 
cations lost to drainage are replaced in the soil profile* They 
have low significance vdien considering short-term solute dynamics.

Inclusion of these processes in a model such as (9*23) is a 
formidable task, and one which has often been neglected as a means of 
simplifying analytical solutions (e*g* Biggar and Nielsen, 1976)*
M J Prissell (1972) has presented a model describing vertical transport 
of potassium in a soil, which includes mechanisms for cation exchange, 
fixation and release* The two equations describing homovalent exchange 
are: '

Ksol
Nasol

= ^ a .
K

K ads
Naads

(9.2U)

ü fs o l  =
Casol Caads

(9.25)

and for heterogenous exchange:

Ca
= ^a,Ca

sol'

Caads (9. 26)
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where subscripts sol and ads refer to the dissolved and adsorbed Ions 
respectively (concentrations In meq cm“^ bulk soil);
Xjja and are the exchange constants.

Furthermore, the cation exchange capacity Is found fromt

Naads ^ads ^^ads ^ a d s (9.27)

If tot = ads + sol, and = N^goi^^^ads* (9*2^ " 9*26) can bo 
re-arranged and substituted in (9 .2?) giving;

CEO = ^^tot + Ktot Catot Mg.tot

 ̂* *1 * *1̂  ^a,Ca^^ *1 *Na,Ca'*Ca,Mĝ  ̂ *1 ^

(9.2 8)

Frissell solved (9 .2 8) for X.j by Newton-Rapshon iteration and 
substituted this in the preceding equations to give dissolved and 
adsorbed cations. K-fixation was regarded as an exchange with cations 
present on a particular part of the soil complex; this part of the 
soil complex is not part of the CEC-. The amount fixed in the
equilibrium situation, K , is found from:

K = F. (K.. , = K , + K Jeq fr ' fixed ads sol' (9.29)

in which is amount actually fixed (meq cm”^ bulk soil) and
IFfr is the fraction of K-ions per layer which can be fixed.

' * i • ' » ,
If K <  K«. ,, the release rate is found from:eq ̂  fixed’

R . = R 4. (K., , - K )rate rate ' fixed eq' (9.. 3 0 )

in which l3 ■fche specific release rate.
, ‘ . '

Frissell used these equations in simulation experiments but 
without verification by real data. The method has the disadvantages 
that:
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(i) the implicit assumption of immediate exchange could lead to 
errors under high mass flow rates;

(ii) the assumption that the exchange constant valid for a
mixture of two species can also he used for more than two 
species is not verified by thermodynamics;

(iii) release and fixation are oversimplified as first order 
reactions; and

(iv) the assumption that the composition of the exchangeable ions 
for all exchange sites is identical is untrue, since K-ions 
show a preference for ions of a particular size.

If these processes are regarded as 'sources' and 'sinks' then a
general descriptive term f(C) may be added to (9*23) giving*X. z

ic

7 t
= s* i o . i + f(o)x.z (9 .3 1 )

Solution of (9 .3 1 ) is possible using an approach very similar to that 
for water flux. For the element shown in Figure 9.1+B, (9.1?) is 
equivalent to*

= (*2 - S )  = (^*2 - ^

where A = area of element = L.H, t = time. 
This can be re-arranged to give*

(9.3 2)

1 ~ °2 H(J -J ) + L(J -J ) (9 .3 3 )

To compute directional fluxes (9*21) and (9»22) can be used at times t^ 
and tg, assuming ~ “ ^z “ ^z * knowing (or
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the input flux of the solute by ralnfaúLlt

J = J ) + f
 ̂ (c^ - Cg) 1^

J = J ” °3n ■■■■  ̂**1 + f
( o ^  -  O g )  I g

(9.34)

(9-35)

J = A S  - J  + J  + Í  Zg c Xg x̂ (9 .3 6 )

where A  = storage change = (e^ ®2 t ” ®t °2 t ^ (9 .3 7 )

^  is assumed to include the term i(o^ ^ lumping together ions stored 

in solution with those gained or lost by exchange reactions.

The apparent dispersion coefficient is calculated byi

àxi

)o
- P c

or D b z1 J

(9 .3 8)

(9 .3 9)
i

Little is known of the relative importance of the different, terms 
in equation (9 .3 1 ), and in particular whether becomes insignificant 
at high velocities.

Blggar and Nielsen (1976) found the relationship between the 
apparent dispersion coefficient and.velocity to be of the form:

D + (cm seo“^) (9 .1*0)

where D is the molecular diffusion coefficient, v is mean velocity, 
d  and n are constants, ot is a characteristic property of the porous 
medium known as the dynamic dlspersivity (m)^and n is an empirically 
determined constant between 1.0 and 2.0, although n:^1.0 for granillar 
material (Freeze and Cherry, 1979)*
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Blggar and Nielsen (ibid) reported that most values of oc and n
in the literatiire were approximately 0.5 respectively for
chloride transfer in imconsolidated porous materials composed of
particles of loniform diameter. At a low velocity, diffusion is the

«iaqportant contributor to the dispersion, and therefore B = B. At a 
high velocity mechanical mixing is the dominant dispersive process, in 
which case B = oL y , Larger dlspersivlty of the mediimi produces 
greater mixing of the solute front as it advances. T K Perkins and 
0 C Johnson (19 6 3) have established relationships between the influence 
of diffusion and mechanical dispersion as shown in Figure $,6,

Nielsen et al (l973a) found pore water velocities of less than 0.01
„-Icm min , below which solute mixing is essentially governed by solute

diffusion (Todd and Kemper, 1972; Kirda et al, 1973). Weyman ( ¡973)
found saturated throughflow velocities on a free-draining brown earth
adjacent to the stream channel (slope angle 12°) varied from 0.01 

- 1 - 1cm min to 0.3 cm min . Substitution of assumed values of chloride
concentration and distance downslope in (9*38) and (9»21) shows

* icapproximately that the - B ^ term makes an increasing contribution
— ^ ”®x —1to with increasing velocity in the range of 0.01 to 0.3 cm min

(Veyman's values). This suggests that dispersion could be an important 
term in solute movement and should be included when modelling.

As with water flux, solute flux is computed for each hlllslope 
element and the summed output at the slope base compared with the 
concentration in sampled water.

I

Recent advances in modelling solute transpoirfc processes have come 
from the field of hydrogeology and in particular ground water 
pollution. Freeze and Cherry (1979) have reviewed the various 
approaches to modelling the movement of ground water contaminants under 
a variety of geological conditions.

An analytical solution to the advection-dlspersion equation (9» 23) 
in three dimensions can be used to predict the movement of an 
instantaneous point source of contaminant (Figure 9•7)* Viewed from 
above, the slug of tracer spreads out in all directions in the 
horizontal plane, the unchanged mass occupying an increasing volume of
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the porous medium. The tracer develop^s an ellipse as It Is 
transported through the system because the actual process of dispersion 
Is anisotropic. Dispersion Is stronger In the direction of flow than 
orthogonally to It. At low velocities molecular diffusion Is the 
dominant dispersive mechanism, giving a circular tracer slug. This 
situation co\ild be analagous to the movement of leachates in a 
hlllslope soil, assuming an Isolated source of exchangeable cations 
and a single infiltration pulse.

Due to the heterogeneous natiire of soils and rocks flow is
unlikely to be as simple as this. Thus solute movement may be
concentrated along one or more layers of higher hydraulic conductivity.
In fractured rocks and dry clay soils it may migrate in many directions
along cracks, diffusing into the matrix as it proceeds. A subsequent
infliix of lower concentration water might cause diffusion back into the
fissxare system. Reactive constituents (generalised by the f(c) term

X , z
in equation (9.3l))áiow different transport patterns to those which are 
non-reactive. This is because movement of the concentration front is 
retarded by solute adsorption onto the porous mediim, (Pickens and 
Lennox, 1976). The opposite effect, desorption, would accelerate the 
movement of the concentration front. The other reactions noted earlier 
will also influence solute release and movement.

9 . 5  SUMMARY AND CONCLUSIONS

The third section of this thesis represents a response to the need 
for improving the modelling of storm solute behaviour in small , 
catchments. This chapter is an introduction to the concept of a 
physically-based, spatially distributed model of catchment hydrology 
and its potential as a general framework for progress towards an 
improved solute prediction model.

The progress achieved over the past 20 years in meastiring and 
slmiilating surface and subsurface flow close to the channel has been 
briefly reviewed. Research has shown that 'saturation excess overland 
flow* is far more impoirtant than 'infiltration excess overland flow* in 
generating storm run off in humid temperate basins. Subsurface flow is 
an important mechanism in feeding a dynamic contributing area at the 
slope base between rainstorms. The first, relatively simple,
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Çd/D*
P E C L E T  NUMBER 

0 “ :  D I S P E R S I O N  C O E F F I C I E N T  
D = D I F F U S I O N  C O E F F I C I E N T  
Ç :  A V E R A G E  L I N E A R  V E L O C I T Y  
d :  A V E R A G E  P A R T I C L E  D I A M E T E R

FIGURE 9 . 6 ; RELATIONSHIPS BETWEEN THE INFLUENCE OF DIFFUSION AND 
DISPERSION IN POROUS MEDIA
(after Perkins and Johnson, 19^3)

UNI FORM F L O W

I N S T A N T A N E O U S  
P O I N T  S O U R C E

FIGURE 9 . 7 ; SPREADING OP A TRACER PROM AN INSTANTANEOUS POINT SOURCE 
IN A TV/O-DIMENSIONAL, ISOTROPIC FLOW FIELD
(after Freeze and Cherry, 1979)
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econom ica lly  v ia b le  catchment h y d ro lo g ic a l model In c o rp o ra tin g  the  
dynamic c o n tr ib u tin g  area concept has re c e n tly  appeared (Seven and 
K lrk b y , 1979)* B efore  such a model can be adapted to  th e  needs o f 
s o lu te  p re d ic tio n , the  p h ys ica l processes o f s o lu te  tra n s p o rt from  
r a in f a l l  to  stream flow  must be s tu d ie d .

Equations d e s c rib in g  th e  mov^ement o f w a te r and s o lu te s  In  
h llls lo p e  s o ils  a re  se t o u t. Examples trom the  f ie ld  o f ground w ater 
contam ina tion  are presented w hich suggest th a t these subsurface flo w  
and co n ve c tio n -d isp e rs io n  equations could be m o d ifie d  to  model n a tiira l 
s o lu te  flu x e s  In  s o ils .  However, a p p lie d  to  s o ils  th e  problem  Is  fa r  
more ch a lle n g in g  because o f th e  g re a te r co m p le x ity  o f chem ical 
re a c tio n s , p a r t ic u la r ly  under the  In flu e n ce  o f b io t ic  fa c to rs . Becent 
work has focussed a tte n tio n  on w eathering  re a c tio n s  In  s o lu te  
p ro d u c tio n  a t th e  catchment sca le  (e .g . V e rs tra te n , 1977; Waylen, 1979)» 
Here, emphasis Is  p laced upon subsurface w a te r and s o lu te  dynamics 
w ith in  one h ll ls lo p e .  A f l \ ix  approach, based upon th e  flo w  equations 
p resented. Is  described  fo r  use In  m o istu re  and s o lu te  acco im tlng  
w ith in  s o il elem ents o f a h llls lo p e  segment. The design , In s ta lla t io n  
and c a lib ra tio n  o f equipment fo r  f ie ld  data  c o lle c tio n  Is  described In  
th e  fo llo w in g  ch ap te r.
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CHAPTER 10
AN EXPERIMEKT TO MONITOR WATER AND CHEMICAL MOVEMENT IN A HILLSLOPE 
SOIL: DESIGN. INSTALLATION AND CALIBRATION OF EQUIPMENT

10.1 INTRODUCTION: THE EXPERIMENTAL SLOPE

In  o rd e r to  m o n ito r in  d e ta il the  processes o f w ater and chem ical
movement w ith in  a h ills lo p e  s o il an experim ent was e s ta b lish e d  w ith in
sub-catchm ent 1. A le n g th  o f slope 2 m etres wide a t the base and
100  m etres lo n g  from  stream  channel to  d i.v ide  was chosen fo r  th e  study,
(F ig u re  1 0 .1 ). Because the  elope is  s itu a te d  on the  s ide  o f  a sp \ir,
con tou r co n ve x ity  above about 7 5  metres causes downslope d ivergence o f
w ate r flo w  lin e s , and th e  slope w id th  narrow s. The a c tu a l c o n tra c tio n
is  sm a ll, however, and d i f f i c u l t  to  q u a n tify  from  the  a v a ila b le  ground
survey. I^om the  channel, the  slope is  s tra ig h t fo r  the f i r s t

o ^5.5 metres with a slope angle of only 211 ; thereafter it steepens 
rapidly (max. angle = 12® UO')» next 29.5 metres are concave with
a minimum angle of only 2® i*', then becoming convex to the divide 
(max. angle = 8® 1 7 *)•

A lthough the  slope is  u n d e rla in  by London C lay, s u p e r f ic ia l 
d ep os its  com plica te  th e  p ic tu re . The v a lle y  bottom  has 1+0 -  50 cm o f 
g ra v e l, com prising  a ngu la r f l i n t s  and rounded pebbles, d e rive d  from  
th e  P la teau  G ravel and Bagshot Sand re s p e c tiv e ly ; London C lay  is  
v is ib le  in  th e  stream bed. The g ra ve l d e p o s it th icken s  upslope fo r  
about I I4. m etres reach ing  a maximum depth o f about 80 cm, b u t then 
g ra d u a lly  th in s , im t i l  i t  is  alm ost n o n -e x is te n t a t the d iv id e . 
O ccasional iro n  co n cre tio n s  and sand lenses con firm  th a t th e  g ra ve l 
d ep os it con ta ins  c o n tr ib u tio n s  from  th e  Bagshot Sand in  a d d itio n  to  th e  
P la teau  G rave l. Thè th ic k e n in g  o f the  g ra ve l depos it corresponds w ith  
a pronounced co n ve x ity , fo llo w e d  by an upslope co n ca v ity . P re fe re n tia l 
downslope o r ie n ta tio n  o f stones was e v id e n t in  a p i t ,  dug 10  m etres 
upslope, a lthoT J^ no q u a n tita tiv e  measircements were taken.

U n like  o th e r experim ents which have se t out to  m o n ito r h ills lo p e  
w ater flo w  (e .g . Weyman, 1973; Anderson and B u rt, 1977a), th e  present 
slope has no com p le te ly  impermeable bedrock and th e re fo re  no w e ll 
d e fin e d  boundary fo r  v e r t ic a l in f i l t r a t io n .  The presence, however, o f
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relatively impermeable London Clay at the profile base suggested that 
vertical losses might be minimal, at least during the winter when the 
clay was saturated or nearly saturated. During summer the clay could 
be expected to shrink on drying, allowing water loss via cracks and 
fissures.

i ;

The soil over most of the slope may be classified as the gravel 
phase of a clayey brown earth (Soil survey by members of Portsmouth 
Polytechnic Geography Department, Spring 197?). Figure 10.2 shows the 
soil profile in a pit, 10 metres upslope. Points to note are the 
thickness of the combined A and B horizons and depth to the C horizon. 
The B horizon is almost at its maximum thickness here, thinning very 
slightly downslope to I4O cm at the channel and gradually to zero at 
the divide. Particle size analysis of samples from the A and B/C 
horizons are given graphically in Figure 10.3« The A horizon contrasts 
strongly with the C horizon, the former containing 1+2.65 %  gravel 
(i.e. > 2 mm fraction), the latter 36.7 %  clay and k7»9 %  silt. Soil

iadjacent to the channel may be classified as a ground water gley. A 
full chemical analysis of the slope soils is given in the following 
chapter.

Tlie slope supports planted young Fagus sylvatica and Pinus 
sylvestris with occasional Quercuo robur and Bobula verrucosa and 
subordinate Ptoridiuin aquilinum. Rubua spcoies and various grasses. 
Figure 10. 14 gives the areal distribution of these species on the slope,
A detailed knowledge of vegetation distribution was thought to be 
necessary for possible explanations of water and solute movement during 
évapotranspiration.

Siimmarising, the chosen slope had four favourable attributes:

(i) A complete, 100 metres long, convex slope with a maximiam 
angle of 12° î O'.

(ii) A freely draining clayey brown earth soil sitiiated upon the 
relatively impoimeable London Clay,
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Depth Mimscll Coloxrc Horizon 
cm

25 yr 2/2 L h .29 10.5

5 YR 2/2 P 3.98 9.58

10 YR 3A A U.1U 2.07

23.0

90.0

10 YR 6/8

10 YR 6/6

B

Orgajiic Carbon 
pH % D esc rip tio n

U.33 1.U3

L i t t e r ;  few ro o ts ;  o r ig in a l  
otructxare m ain ta ined .
P a r t ly  decomposed l i t t e r ;  
r o o ts  abundant; soqe o f 
o r ig in a l  p la n t  s t r u c tu re s  
v i s ib le .
Stony sand-loam ; ro o ts  ab sen t; 
142.65 % >  2 mm.

Very stony  sandy-loam; ro o ts  
ab sen t; s to n es  la rg o  (6 -  
20 cm long) and abundant 
(70 5̂  t o t a l  m ass).

B/C I1.92 1.56 S i l ty - c la y ;  ro o ts  ab sen t;
s to n es  ab sen t.

\m

FIGURE 10,2 t S o il P r o f i l e  lo c a te d  10 m etres upslope
(Nomenclature a f t e r  Hodgson, I 97I4)
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A scots pine
• beech
♦ b irc h

I metre

FIGURE 10. DETAILED DISTRIBUTION OP VEGETATION ON THE HILLSLOPB
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(iii) Immature and open vegetation with a minimiam of interception 
during autumn, winter and early spring, thus increasing 
hydrological response.

(iv) An established gauging station (W1) at the outlet to
sub-catchment 1, I70 metres downstream from the slope base.

10.2 EXPERIMENTAL DESIGN

Four factors influenced the design of the slope experiment.

(i) Previous work (Weyman, 1973) suggested that a permanently 
saturated zone might exist adjacent to the channel and extend upslope 
and up-profile during storms. This view was reinforced by the 
observation of overland flow on the 2° slope adjacent to channel 
during early 1976. This being the case, the area contributing to both 
hydrographs and chemographs would probably lie close to the channel and 
require a more intensive instrument network than further upslope.

li

(ii) Unsaturated flow was quite likely to dominate slope drainage 
(i.e. after storm hydrographs) particularly above and upslope of the 
saturated zone. This being the case tensiometers would be necessary 
to determine the pattern of soil water movement, and ceramic suction 
pots to sample the soil solution.

(iii) Streamflow and throughflow would be difficult to separate at 
the streambank because a well-defined impermeable horizon was absent, 
thus complicating boiandary conditions and making collection and 
measurement of throughflow input to the stream very difficult.

(iv) Instruments should be as close together as possible for flux 
computations, striking a balance between accuracy and economy. .«•fm

Taking these factors into consideration, instruments were located 
as is shown in Figure 10.5» Piezometers were situated 1.25 metres and 
3 .2 5 metres upslope from the channel centre with openings at depths of 
i40.8 and 50.1+ centimetres respectively (l.e. level with the channel 
base). Shallow (IO cm) piezometers were also installed at each location.
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FIGURE 1 0 :^ ; LOCATION OP INSTRUMENTS ON THE HILLSLOPE
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Tensiometer location began 9»25 metres upslope, where the slope 
angle declined from 12° I4O' to 6° J+5'» From here it was decided to 
locate tensiometers with increasing incremental distances upslope in 
order to provide more intensive monitoring near the stream (see 
note (i) above). Eight tensiometer banks were located 9*25» 11»5»
1 3 »9» 1 6 .2 5 , 1 9 »3 , 2 3 .9 , 3 1* 0  and 50.5 metres upslope (Figure 10.5^). 
Ceramic suction cups were situated alongside the tensiometers at the 
same distances upslope. Figure 10,5B shows how the instruments were 
located through the soil profile. Tensiometers were at depths of 10 cm, 
25 cm, 35 cm and 70 cm, depths being fixed since the instruments were 
borrowed from another experiment (see Webster, I966). Ceramic suction 
cups were constructed to suit requirements and located at depths of 
10 cm, 30 cm, 60 cm and 100 cm. With 25 cm between each instrument the 
data collected represented a slope two metres wide, across which it was 
assumed variations in water content, soil solution chemistry and soil 
characteristics were minimal when compared with downslope variation.

To support data from the tensiometers and for use in water and 
chemical flux computation, initially four sets of nylon stainless steel 
mesh electrical resistance units (later to be calibrated for moisture 
content) were situated 9 .2 5 , 11.5, 1 3 . 9  and 16.25 metres upslope (i.e, 
in parallel with the first four tensiometer banks); at each set units 
were located at depths of 10, 25, 35, 52, 70 and 90 cm. Thermistors 
were situated alongside the units at each depth to supply temperature 
correction data.

The problem of ceramic suction pot spacing and its effect upon the 
hydraulic gradient in the soil profile is analysed later in this 
chapter. As a result of this analysis the instzniments were located as 
shown in Figure 10.5*

Direct measurement of throughflow input to the channel was 
required for calibration of a water and chemical flux model. However, 
this was not possible without large civil engineering works, due to the 
lack of an impenueable boiuidary betv/een soil and bedrock. As an 
alternative a 1 metre wide pit was d\ag 7 metres upslope, that is, 2 . 2 5  
metres below the first tensiometer bank. The pit base was 10 cm above 
the channel bed and lined with polythene to channel flow into a plastic

psVill
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gutter. Discharge measurement was achieved using a volumetric cylinder 
and stopwatch. A 30 cm wide trench was dug from the pit to the channel 
to allow drainage.

The use of a pit in this way may have the disadvantage of 
distorting natiiral flow patterns and measured discharges (Knapp, 1973). 
Despite this drawback, some independent measurement of throughflow 
discharge was required, as noted earlier. A general view of the slope 
is given in Figure 10.6.

1...
10.3 METHODS USED FOR IN SITU SOIL MOISTPHE MEASUBEMBNT

There exists a considerable volxime of literature on the various 
methods available for measxiring soil moistiire. Much of this 
information has been collated in literature surveys (e.g, Ballard, 1973» 
Curtis and Trudgill, 197U; Eastwell, 1953» Shaw, i960).
Therefore, no attempt will be made completely to cover the literatiire, 
only to assess the methods relevant to the likely experimental 
conditions. As with most scientific experiments cost plays an 
important role. While a balance should be obtained between economic 
and technical considerations, it is regrettable that, in the final 
choice, the former may outweigh the latter.

In the current experiment it was desirable to obtain data 
describing both energy conditions and volumetric water content within 
the soil body. In theory, field measiarements can be made of one ,of 
these and the other obtained by laboratory calibration. In practice, 
however, this approach is not always viable, since the working range of 
an instrument may not completely cover field conditions. For example, 
the tensiometer used in measuring energy conditions has a worJving range 
of 0 - 750 cm water suction pressure, while that of an electrical 
resistance block is approximately 200 -  15»000 cm water (Curtis and 
Trudgill, 1974)» By using both instruments, the range of measurement 
is considerably widened, while also giving independent assessment in 
the region of overlap. With these points in mind it was decided to 
employ instrumentation to measure independently volumetric moisture 
content and suction pressure within the soil on the experimental slope. 
At a later stage core samples were to be taken for the laboratory 
calibration of tension against moisture content.
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In this section the instruments and techniques used for measuring 
soil water pressinre, content and piezometric head are described.

A, Tensiometers

The soil water tension, or suction pressure, has been described as 
"the negative gauge pressure, relative to the external gas pressure on 
the soil water, to which a solution identical in composition with the 
soil solution must be subjected in order to be in equilibrium throu^^ 
a porous permeable wall with water in the soil" (l.S.S.S., 1963)« The 
form of instrument commonly used to measure this negative soil water 
pressure in the field is generally called a 'tensiometer'. The most 
commonly used tensiometer employs a porous pot buried in the soil at 
the depth for which information concerning soil water is desired.
This is connected to a mercury manometer (or other pressure sensing 
device) as shown in Figure 10.?. Thereafter, soil water, being usually 
at sub-atmospheric pressure, normally exercises a suction and water is 
drawn out of the pot until any elastic capacity in the system is taken 
up and the pot water is brought into hydraulic equilibrium with the 
soil water. As soil water is subsequently depleted by 
évapotranspiration or drainage, or replenished by rainfall, so the 
tensiometer will react accordingly, the mercury coliman rising for 
depletion and falling for replenishment.

Tension may then be calculated by:

V  = \

—1 3where /> = density of mercury = 13.6 gm cm*̂

i(l0.l)

/ m
See Figure 10t7 ̂ or definition of h^, hg.

The selection of a suitable porous pot depends upon the range of 
tensions to be investigated; for tensions of up to about 150 or 200 cm 
of water, filter paper or sintered glass discs may be used; for 
tensions up to about 750 cm of water, porcelain is more suitable, 
althoiagh it reduces the sensitivity of the instrument.

A considerable number of tensiometer designs are reported in the 
literature. Most had to be discarded on the grounds of cost. The
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FIGURE 1 0 .7 : ^S:ASUREMENTS REQUIRED TO CALCUU'i’E SOIL WATER TENSION 
AND HYDRAULIC POTENTIAL
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mercury manometer tensiometer described by Webster (I9 6 6) was 
considered suitable for the slope experiment, both on technical and 
economic groimds. This comprises a porous ceramic pot, 5*7 cm long x 
0 .9 5 cm external diameter, with a mean pore diameter of two microns, 
cemented to rigid nylon tube, 9*3 ni® and 7»9 i.d., cut to length
for insertion to the desired soil depth. A *T' piece is cemented to 
the other end of the tube. Both joints are covered with a neoprene or 
polyolefin sleeve. Capillary tubing, 1.2$ nm e.d. and 0.86 mm i.d., 
leads through a neoprene bung fitted to the side-arm of the 'T' piece, 
to the manometer. Tubes lead from four tensiometer cells to the 
manometer coliamn, a 5 c m x 2 . 5 c m x 1 ^ c m  wooden stake with a recess 
for the mercury vessel and a groove for the tubes. A scale, graduated 
0 - 8 0  cm, is fixed to the side and the front is covered by a strip of 
perspex.

The original tensiometer cells used by Webster were very kindly 
made available for the slope experiment (Figure 10.8). This had the 
disadvantage that cells were already made up and the lengths therefore 
predetermined. This left only the manometer assembly to be constructed, 
together with some repairs to the pot and 'T* piece joints. The stakes

I •were located in 1|0 cm deep auger holes on the upstream edge of the 
slope, leaving the mercury reservoir about 10 cm above ground level. 
Using a 3*8 cm diameter helical auger, fo\ar holes, 25 cm apart, were 
drilled across the slope to depths of 10, 25» 35 70 cm. Problems
were encountered augering the holes in 1 9 7^ due to the very hard, dry
soil, and it was only possible to instal four sets before September.(The soil was carefully stored on plastic sheeting in the order removed.
A little soil from the bottom of the hole was crumbled, replaced and 
the tensiometer cell pushed gently into place. The soil removed was 
then replaced in reverse order and carefully tanQ)ed into place to 
ensure that water could not run down between tensiometer cell and soil. 
The top 5 cm of the hole was sealed with London Clay to preclude rapid 
infiltration around the cell. When the tensiometers were later removed, 
several were completely exposed in pits and found to be in very close 
contact with the soil along their total lengths.

The method of setting up the tensiometer bank is detailed by 
Webster (19 6 6). Briefly, this involves filling each cell with air-free 
(l.e. cool, freshly boiled) distilled (a.f.d.) water and then, using a
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syringe applied to the open top of the cell, forcing a.f.d. water
throTigh the manometer tubing \mtil all the air is e^qpelled. Several

%

problems occurred during the e:q>eriment.

(i) Frost damaged the manometer and cell tubing. The remedy was 
to cover the manometer with a sheath made from old fire hose; 
this was in turn lagged with fibreglass roof insulation and then 
covered with polythene tubing, sealed at one end. The exposed 
tops of the cells and manometer tubing were protected by a 
polythene covered pad of fibreglass, held in position with 20 cm 
wide wire staples.

(ii) Severing of the manometer tubing by rodents. This problem 
was also remedied by the action taken under (i),

(iii) Collection of air in the top of the cell and air liberation 
in the manometer tubing. These problems were easily remedied by 
removing the top bung and flushing with a.f.d. water.

The * Webster* tensiometer has four advantages over other models 
(Curtis and Trudgill, 197U)*

(i) Maintenance is relatively easy. Leaks are easy to spot and 
repair in the field.

(ii) The narrow cup is easier to instal in stony soils; a pointI
especially important in the slope experiment,

(iii) The tension data can be obtained without trampling the slope, 
because the stake is offset.

(iv) Small positive pressures can be measured in addition to 
tension.

Prom Equation (10.1), since7 13.6 -  hg
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where h. = h- - h,I 3 U

and h2 =

then V  = 1 3 . 6  (h^ -  h^) -  (h^ + h^)
(see F igu re  10.7)

(ia2)

Because the manometer is filled with water, not air, then any 
difference in mercury level is equivalent to 1 2 .6/1 3 . 6  of mercury 
tension in centimetres, and Equation (IO .2) becomes:

Y = 1 2 .6  h^ - 1 3 . 6  h^ - h^ (10.3 )

where h^ = a constant for each individual tensiometer cell.

This left five readings to be made at each tensiometer bank; h^ 
and four values of h^. For each point in time, readings were made by 
systematically working upslope and assigning that tension altered 
insignificantly during the ten minutes it took to complete the readings. 
This assumption seems reasonable considering that a porous pot's small 
pore size gives the system a relatively slow response to real changes 
in the soil. A computer program was developed to evalTiate Eq\iation 
(ia3) for each tensiometer (TENPLOT, Appendix 2 ). An example of
the type of data output is shown in Figure 1CX9» The signs of Equation 
(10.3 ) have been reversed in the program to give tension a negative 
prefix and pressiire a positive prefix in the printout.

B. The Measurement of Volumetric Water Content

It was decided to instal profiles of electrical resistance imits 
in parallel with the tensiometer banks. This would give the following 
advantages.

(i) The range of tension measured would be Increased.

(ii) The 'Webster' tensiometer ceases to function efficiently In 
frosty conditions.
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(iii) AlthoiJ^ the tensiometers were to be calibrated for moisture 
content in the laboratory, an independent field check seemed 
desirable due to probable hysteresis effects.

As with methods for the measurement of tension, the literature on 
moisture content determination is vast. Since a temporal series for 
one point in the soil was required, gravimetric and Immersion methods 
were automatically ruled out. Equipment was not available for moisture 
determination by the neutron-scattering technique (Bell, 1973)» leaving 
a range of electrical resistance units to be considered.

m

In principle, when an alternating current (this is used to avoid 
the electrolysis which occ\irs with D.C.) is passed from one electirode 
to another, through a material body, the resistance to transmission of 
the current through the body is inversely proportional to water content 
of the body. The method developed by Bouyoucos and Mick (I9I+O, et seq) 
used two electrodes mounted in a plaster of pai'ls block, and claimed an 
accuracy of - 1 of the total soil moisture, provided that the blocks 
were calibrated for the soil in which they were used and corrections 
applied for the temperature of the soil. Correction for temperature is 
important because it shows an inverse relationship with electrical 
resistance. If possible, ionic strength of the soil water should also 
be considered, since an increase accompanying drying will cause a drop 
in resistance.

Bouyoucos later produced a nylon resistance unit in which woven 
nylon separates wire mesh electrodes (Boiiyoucos, He claimed
the unit had the following advantages!

(i) It was sensitive from saturation almost to air dryness.

(ii) It was very durable and would last for a minimum of five 
years in very wet conditions.

(lii) It was easy to calibrate.

(iv) It was less sensitive to changes of solute content in the 
soil than materials such as fibreglass where there was a definite 
chemical reaction or ion exchange.
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(v) *The outer metal case of the unit acts as a shield and almost 
entirely eliminates electrical lines of force' (Bouyoucos, ibid). 
The confinement of the electrical field is certainly a very 
desirable feature.

Eastwell (1953) criticises the nylon unit on two groundst

(i) It lacks the buffer action present when using plaster of 
paris blocks; the buffering is due to the presence of calcium 
sulphate solution dissolved from the block.

(ii) Imperfect contact between the absorbent and the electrode 
around which it is wrapped.

The range of moisture the nylon unit records is clearly an 
advantage as discussed earlier. The acid nature of the slope soils 
(pH i+,02 - 5*09) might severely reduce the life of a plaster of parts 
unit. Cuirbis and Trudgill (19?U) state that gyps\mi blocks inserted in 
into the B horizon of an acid brown earth, pH 6.0 - 6.5, have shown 
complete solution after 1 2 - 1 8  months. While calibration is not 
difficult it is time-consuming since, for reliability, each block must 
be calibrated separately in the laboratory, with its own soil type.
Lack of buffering is clearly a disadvantage of the nylon unit; even 
calibration of the unit in its own soil cannot guarantee to overcome 
the solute effect, since a change in solute concentration may reflect 
water and solute flux rather than a simple drying or wetting. , 
Imperfect contact between nylon and electrode is a problem which can be 
overcome by greater compression of the outer casing.

It was considered that advantages of the nylon unit outwelghfed 
disadvantages and a decision made to manufacture a set for use on the 
slope. The electrodes were cut from a sheet of 1.5 mm mesh stainless 
steel gauze; the internal electrode was 18 mm x mm and the external 
electrode 54 mm x 14; mm. Terylene webbing, available in a strip 60 cm 
wide, was cut into 40 mm pieces for use as the absorbent. Cable ends 
were woven into each electrode and then tinned to give rigidity. The 
terylene was folded around the inner electrode and the outer electrode 
bent around the terylene; the assembly was then tightly compressed in
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a v ic e . The ends o f the  u n it were im pregnated w ith  p o ly e s te r re s in  to  
p rec lude  any p o s s ib il ity  o f e le c tr ic a l s h o r t- c ir c u it in g . Two were made 
in  th is  way and c a lib ra te d  in  th e  la b o ra to ry . T h is  was c a rr ie d  out by 
embedding each u n it  in  a loam s o il conta ined in  a cm x cni x 10 cm 
deep s ta in le s s  s te e l mesh baske t, s a tu ra tin g , and then  ta k in g  
re s is ta n c e  and w eight readings d u ring  th e  d ry in g  c y c le . Three cyc les  
were completed fo r  each \u iit  and the  re s \ ilts  p lo tte d  as % m o istu re  
con ten t a g a in s t lo g  re s is ta n ce  (co rre c te d  fo r  tem pera ture) fo r  each 
u n it .  No problems occurred w h ile  u s in g  the  u n its  and re p lic a t io n  over 
the  th re e  cyc les  appeared s a tis fa c to ry . A further se t o f 22 was made 
fo r  in s ta lla t io n  a t the  f i r s t  fo u r tens iom ete r s ite s  on th e  s lope . I f  
o p e ra tio n  was successfu l a fu r th e r  2i| would be made to  complete the  
sam pling scheme. Twenty—fo u r th e rm is to r probes were a lso  co ns tru c ted  
fo r  in s ta lla t io n  a longside  the  re s is ta n ce  u n its . These were made from  
g ra p h ite  re s is to rs  (TH1A supp lied  by R S Components L im ite d ) and se t in  
6 cm lo n g  x 1.8 cm diam eter columns o f p o ly e s te r re s in  a f te r  s o ld e rin g  
to  w ire  connectors. A lthough th e  re s in  s h e ll reduced s e n s it iv ity ,  i t  
was e s s e n tia l to  g ive  good e le c tr ic a l in s u la tio n . Therm isto rs were 
then p re -c a llb ra te d  aga inst re s is ta n ce  in  the  la b o ra to ry  us ing  a 
constan t tem perature bath  fo r  the  tem peratxire range 8° to  30°C and 
u s in g  a re fr ig e ra to r  fo r  the range -1 0 ° to  1|°C. W ith  th is  tem perature 
data  u n it  re s is ta n ce  may be cc rre c te d  to  20°C u s ing  th e  equations

R =: R 1 + .C (T - T ) (10. 1*)

where R is  the  observed \m it  re s is ta n ceO I
R^ is  the  co rrec ted  u n it re s is ta n ce  c
T^ Is  the  observed u n it  tem perature
T^ is  the  co irrected u n it  tem perature

oC is  taken as 0.00366 (S ecke tt and W ebster, 1965).

In s ta lla t io n  o f these instrum ents was c a rr ie d  out in  s in g le  
p ro f ile s  on the  upstream edge o f the s lop e . Using a 10 cm bucket auger 
a ho le  was d r i l le d  to  a depth o f 90 cm and the  s o il p r o f i le  c a re fu lly  
la id  out on po lythene shee ting , the  p o s itio n s  a t 10, 2 5 , 35, 52 and 
70 cm be ing  marked. T h is  would ensiare th a t the  co irrec t s o il type  
surroim ded the  u n it  when i t  was rep laced . C onsiderable problems
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occurred in  angering  due to  the  presence o f f l i n t s  in  th e  s o il .  S o il 
samples were taken from  each o f the  depths a t which u n its  were to  be 

in s ta lle d , s to red  in  po lythene bags and la b e lle d , la te r  to  be 
ch e m ica lly  analysed. The s ix  depths fo r  u n its  rep resen t those a t which 
tensiom ete rs were p re se n t, p lu s  one in te rm e d ia te  between 35 and 70 cm, 
and the  low est a t 90 cm where c la y  begins to  dominate th e  p a r t ic le  s ize  
d is t r ib u t io n .  U n its  were p laced on one s ide  o f the auger h o le , broad 
edge down, w ith  the  th e rm is to r p a r a lle l,  2 cm away. Cables were then 
le d  across the  ho le  and up the  opposite  s ide , to  the  su rfa ce , th e  ends 
being c le a r ly  la b e lle d  w ith  Dymo tape . A l i t t l e  s o il  from  th e  c o rre c t 
h o rizo n  was then p laced on to p  o f th e  ins trum en ts  and tamped down to  
p ro v ide  in tim a te  co n ta c t. Care was taken in  compressing the  s o il  to  
o b ta in  app rox im a te ly  the  same b u lk  d e n s ity  as occurred n a tu ra lly .

Having completed th e  in s ta lla t io n  (F ig u re  10.10) and r ^ la c e d  the  
su rface  ve g e ta tio n , cables were le d  to  a jim c tio n  box a t the  base o f 
the  te ns io m e te r s take . To avo id  c o n tin u a l connection and d isco n ne ction  
d u rin g  measurements o f re s is ta n c e , a 'm idget* 12-way w a fe r sw itch  
(s u p p lie d  by R S Components L im ite d ) was employed. R esistance 
measurements were made w ith  a Doran C o n d u c tiv ity  B ridge  E392U (range 
0 -  10,000,000 ohms) loaned by the  M il ita r y  E ng ineering  E xperim enta l 
E stab lishm en t, C h ris tch u rch , Hampshire, This s im p ly e n ta ile d  
connecting  th e  b rid ge  to  the  ro ta ry  sw itch  and ro ta t in g  the c o n tro l fo r  
each u n it  and re s is to r  in  t \ im  (12 p e r s w itc h ). T r ia ls  w ith  th e  f i r s t  
2i+ u n its  d u rin g  A p r il,  May and J\me 1976 were fra u g h t w ith  problem s.
The f i r s t  o f these was an in a b i l i t y  to  o b ta in  needle balance on th eI
c o n d u c tiv ity  b ridge  fo r  s ix  o f the u n its , suggesting e le c tr ic a l 
s h o rtin g  somewhere in  the  c ir c u its .  As the re  was a p o s s ib il i ty  o f 
condensation in s id e  the  ro ta ry  sw itch  covers, readings were taken 
w ith o u t th e  sw itches. Recurrence o f th e  problem suggested 
s h o r t- c ir c u it in g  around the  a c tu a l u n it ,  altho\agh i t  was no t c le a r why 
th is  d id  n o t show in  the  la b o ra to ry  te s ts .

In c o n s is te n t read ings d id  l i t t l e  to  in s p ire  confidence in  
instrum en t r e l ia b i l i t y .  This could  have been due to  s o il shrinkage as 
d ry in g  proceeded, le a d in g  to  ve ry  poor h y d ra u lic  c o n tin u ity  between 
s o il and u n it .  There fo re , im der c e rta in  co n d itio n s  o f r a in fa l l  
in f i l t r a t io n  i t  can be envisaged th a t the  m oisture  con ten t o f the  
te ry le n e  fa b r ic  would no t t r u ly  rep resen t th a t o f th e  surrounding  s o il .

m
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A. 'Midget* 12“ way rotary wafer switch

To 6 U's 6.6 T's T= thermistor 
electrical resistance uni

.. |with depths 
> cm.

6. Thermistor 6. electrical resistance unit.

FIGURE 10 .10 : INST'XLATION DETAILS FOR THE ELECTRICAL RESISTANCE 
UNITS AND THERMISTORS
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One profile of units was carefully excavated in early July 1976 when 
tension was above the operational range of the tensiometers. Gaps of 
1 - 2 mm were found above three of the units (those at 10 cm, 2$ cm and 
35 cm), tending to confirm the suspicion of soil shrinkage. This was 
clearly a grave disadvantage with the units, especially since they were 
intended to increase the range of measurement.

Due to the unreliability of the teiylene resistance units it was 
regrettably decided not to include them in the data collection but to 
rely entirely upon the tensiometers and their calibration for moistmre 
content,

C, Piezometers

It has already been stated that a saturated zone was expected to 
occur adjacent to the channel and that piezometers were best suited for 
monitoring purposes.

Using a piezometer tube it is possible to obtain the hydraulic 
head defined by I,S,S,S, as 'the elevation with respect to a specified 
reference level at which water stands in a piezometer connected to the 
point in question in the soil' (l.S,S,S,, 1973)« In Figure 10,7»
H = z -I- h, for the point labelled A, with press\u:e greater than 
atmospheric, where h is referred to as the piezometric head. By 
comparing H for point A with H for another point some distance away, it 
is possible to calculate a flow vector between the two points,

I
Piezometers were constructed using PVC tubing 17 mm i,d, and 

22 mm e,d. Holes were drilled at one end and nylon curtain mesh 
boimd around the tube at this point; (5 holes, diameter 6,U mm, were 
drilled in one direction, with a spacing of 3 cm» end a further 5 were 
drilled at 90^ to the first set). The bottom of the tube was sealed 
with epoxy resin and a cover made for the top, cor^osed of a rubber 
bung with tumed-over glass tube as air vent. To Instal the 
piezometers, holes were dug in the gravel adjacent to the channel 
(augering was impossible), the piezometer Inserted to the correct depth 
and the gravel replaced and firmly tamped. For head measurement a 
simple well dipper was constructed by taping two Insulated cables to a 
graduated rod, exposed ends level with the rod end, and attaching the
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loose  cab le  ends to  the  Boran c o n d u c tiv ity  b r id ^ .  When the  rod  
touched the  w ate r su rfa ce , th e  c ir c u it  was completed, d e fle c tin g  the  
balance needle on the  b rid g e .

THE METHODS OF SAMPLING SLOPE THROUGHFLOW FOR CHEMICAL ANALYSIS

Sampling thro\;ghflow for chemical analysis has largely been 
achieved by collecting water flowing into pits di.g in the soil (e.g, 
Oxley, 19 7 1̂)• Knapp (1973) has shown that the use of flow data 
collected from pits can be inaccurate due to flow net distortion. 
Little is known about the effect of this flow net distortion upon 
solute concentrations. However, in situations where mass flow is 
dominant over diffusion, then unnatural concentrations might be 
recorded from pit samples. With this in mind consideration was given 
to the use of ceramic cups for the extraction of soil water, a 
technique previously used by soil scientists in leaching studies.

Samples were also taken from piezometers and pit thro\aghflow.

A. The Use o f Ceramic S uction  Cups fo r  E x tra c tin g  S o il W ater

( i )  The Background

As long ago as I90I+, L J Briggs and A G McCall suggested that 
ceramic cups be used as artificial roots to study soil water 
availability to plants as well as its composition, A ceramic cup was 
embedded in the soil, with a tube of sufficient length to extend,to the 
soil stirface, fastened to the cup with an air-tig^t seal. A vacuimi 
applied to the top of the tube would draw in soil water, which was then 
removed from the cup throu^^ a small diameter tube extending to the 
bottom of the cup. In principle, little change has since been made to 
this basic design.

D W Cole (1 9 5 8) described a 'tension lysimeter* which intercepted 
percolating water using an alundiim filter disc. The leachate collected 
in a one gallon carboy situated in a trench below the filter disc and 
was weekly pumped to a surface receptacle. As much as 6 .9 6 litres was 
collected using this method, and analysed for concentrations of NHi ,
NO^, K, Ca and Hg,
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G H W a^er ( 1 9 6 2 ) co n s id e rab ly  re fin e d  C o le 's  techn ique . He used 

a porous ceram ic cup assembly as shovm in  F igu re  10.11A, The cup was 
in s e rte d  to  the  depth from  which s o il  w a te r was re q u ire d  and a su c tio n  
in s e rte d  us ing  a p o irtab le  vacuum pump. For sample removal a c a p illa r y  
tube was pushed to  th e  bottom  o f the  cup and a vacuum exerted  v ia  an 
Erlenm eyer f la s k . Wagner fo im d th a t o n ly  about h a lf  an hour was 
necessary fo r  the  ceram ic cup to  take  in  an 'adequate ' sample o f w ater 
u s ing  a su c tio n  o f 1 atmosphere. When th e  s o il w ater te n s io n  became 
g re a te r than 1 atmosphere, sample rem oval became im poss ib le .

R C Reeve and E J D oering (1965) improved W agner's ins tru m e n t by 
perm anently in s ta l l in g  a sample evacuation  tube in  the  main sam pling 
assembly. A vacuxam was exerted  v ia  th e  sample re ce p ta c le , u s in g  a 
p o rta b le  vacuum ta n k . Release o f the  a i r  in le t  c l ip  a llow ed th e  sample 
to  be drawn v ia  th e  evacuation  tu b in g  to  the  sample b o tt le s . They 
found th a t the  tim e  necessary fo r  an adequate sample ( 2 5  m l) to  be 
taken increased w ith  the  s o il w ater te n s io n . A cco rd in g ly , th e y  va rie d  
the  sam pling tim e  from  i to  1|8 h o tirs . A f \ ir th e r  im portan t p o in t made 
by Reeve and D oering is  th a t much o f th e  w ater sampled is  th a t w hich is  
h e ld  a t a r e la t iv e ly  low  su c tio n  in  Is irge  pores.

ii'li

R R P arizek and B E Lane (1970) m o d ifie d  the  equipment to  th a t 
shown in  F igu re  10.11B w ith  vacuum e x tra c tio n  and sample o u tle t be ing  
g iven  sepeirate tubes. By a p p ly in g  p ressure  to  the  sam pling tube w ater 
was fo rce d  in to  th e  sample b o tt le .  Th is is  no t necessary fo r  sm all 
sam pling tim es where a s u c tio n  is  m a in ta ined  s ince vacuum re le ase  
a u to m a tic a lly  a llo w s a r e -d is tr ib u t io n  o f p ressure , and the  sample 

b o tt le  f i l l s .

W W Wood ( 1 9 7 3 ) used th e  same system fo r  c o lle c tin g  w ate r samples 
from  as deep as 33 m etres, bu t in co rp o ra te d  a check va lve  in s id e  the  
ceram ic cup, which opened a t a pressure  d if fe r e n t ia l o f 1U»2 kg cm . 
Th is had the  advantage th a t i t  d id  n o t become gas-locked, n o r cou ld  the  
sample be fo rce d  back th rough the  cup in to  the  fo rm a tio n  from  which i t  

was d e rived  (F ig u re  10.11C ).

A R Harris and E A Hansen (1975) Have recently described a 
miniature model that is particularly well suited to intensive sampling 
within small areas. It consisted of a small 6 mm by 65 nnn porous
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to vacuum pump 

bunsen dip

to vacuum pump \ ii\ 11

ceramic cup

sample

FIGURE 1 0 .1 1 : POROUS CERAKEC CUP ASSEMBLIES FOR SAMPLING SOIL WATEH 
A* A f te r  V agner 
B} A f te r  P a r iz e k  and Lane ( l9 7 c )
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FIGURE 10.11 ( c o n t 'd ) i C* After Wood (1973)
D} After Harris and Hansen (1975)
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ceramic cup attached to polyethylene tubing, containing a small 
internal evacuation tube, and a glass sample bottle with a rubber cap 
that held a glass bead pinchcock and a check valve. The system 
collected a 1|0 ml sample using a vacuum of 508 mm Eg. The use of a 
removable sample bottle eliminated the need to transfer the sample and 
reduced the possibility of contamination (Figure 10.11 D ).

(ii) Functional Considerations

Until recently little was known about how represontative extracted 
samples were of the soil solution. Factors affecting the sample 
concentration may be either physical (i.e. sampler intake rate, 
plugging of cup pores, sampler depth, type of vacuimi system and 
alteration of the natural tension gradient) or chemical (i.e. sorption, 
leaching, diffusion and screening of ions by the cup walls). Hansen 
and Harris (1975) have analysed the significance of these factors, and 
made six relevant recommendations.

Firstly, samplers should be selected with similar Intake rates. 
Intake rate was foTond to vary considerably for the same sampler type, 
with the fastest rate more than six times that of the slowest. The 
intake rate is important for longer sampling times because the chemical 
concentration of soil water is continually ohanging. A multiple 
regression analysis of sample concentration against plugging, sampler 
depth and typo of vacuiim system (constant or falling) showed plugging 
and sampler depth to be important. Plxigging affects the time 
distribution of sample intake, and corrections may be made by rating 
over the experimental period. A falling vacuum system causes an 
initially fast intake rate, which drops through time.

Secondly, a short sampling period is advised. This reduces sample 
concentration variability due to plugging and a falling vacuum system.

Thirdly, use a uniform sampler length.

Fourthly, use the same initial vacuum for each sample.

Fifthly, do not composite samples as this may obscure biases 
related to sampling techniQue and further distort resiilts.
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sixthly, check the sampler bias for soils, Ions and concentrations 
to be sampled.

New cun nutrient contents have been reported by both Hansen and 
Harris (197^) and Grover and Lambom (1970). The latter suggest 
leaching with 1N HCL and rinsing with de-ionlsed water before use.
This reduced Na and E leaching, although Ca contamination continued. 
Harris and Hansen reported considerable sorption of P by ceramic cups 
little of which was removed by sul^quent leaching. Very little bias 
(3 9̂ ) could be accredited to sorption using small cups (6 x 65 mm) when 
sampling a solution containing 5« 2 mg/lltre P. Similar tests were not 
run for Ca, K, Na or Mg.

'u

R R van der Ploeg and P Beese (1977) have simulated by computer 
the flow of molstiare towards a suction unit, using the \msaturated 
moisture flow equation. This Is compared with vertical flow under the 
same conditions, but without a suction \mlt In the soil. Results 
showed that the radius of Influence of a suction unit, extracting water 
continuously over a period of 20 days, can be several metres. The flow 
system thus studied Is then no longer representative of the actual 
processes occuiurlng In the \mdlstuibed soil, and chemical concentrations 
are not those which wo\ild have occurred at that point In the soil 
without sampling.

(ill) Instrument Construction

Careful consideration was given to the design of a set of s^plers 
for the slope. Material specifications are shown In Table 10.1 and the 
finished sampler In Figure 10.12.

Only a small sample was required since analysis was to be carried 
out using atomic absorption spectrophotometry. Furthermore, alteration 
of the natural, tension gradient should be minimised and sample 
concentration more representative. The design Is thus a compromise 
between those of Harris and Hansen (1975) Parlzek and Lane (1970).

The end of the porous cup was coated with 'Araldlte' epoxy resin 
and pushed Into the FVC tube (softened first by heating). Construction 
of the other parts was stralghtfoirward although a long 'needle* was
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TABLE 10.1
Ceraipic Oup Samplers - Material Details

Item Description Supplier

Cups

Shafts

Rubber b\angs for 
above

Copper tube 

Polythene tube 

Rubber tube

Bunsen clips

Glass Specimen tubes

Rubber bungs 
for above

Suction ptimp

Suction gauge 

Pressure tube 

Tube connectors

No. 2 1 3 2 . 70 mm X 19 mm Soil Moist\jre Equipment 
tapered porous cup. Corp. P 0 Box 3002^
wall thickness 2.1| mm

21 mm o.d. I7 mm i.d. 
rigid PVC tube

No. S

Santa Barbara, Calif.
9 3 1 0 5, USA

Local

Jcncons Ltd, Hemel 
Hempstead, Herts, Engl.

8 mm o.d. 6 mm i.d. Local

1 . 5 2  mm o.d. 0.86 mm i.d.Jencons Ltd

Jencons LtdNeoprene
8 mm o.d. 3 mm i.d.

30 mm vide x 20 mm 
max. opening

Jencons Ltd

2 5  mm o.d. X  5 0  mm deep Jencons Ltd 
•I- plastic caps 
(20 ml capacity)

No. 23

Hand operated, plastic 
•trigger' type, max. 
suction 6 3 .5 mm Hg

760 mm Hg max.

19  mm o.d. 8 mm i.d.

cm long, 10 mm o.d. 
straight end, 10 mm to 
6 mm tapered end

Jencons Ltd 

Jencons Ltd

On loan 

Jencons Ltd 

Jencons Ltd
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FIGTTT?E 10.12 B> DETAILED VIEW OP THE POROUS CERAMIC CUP ASSEI-IBLYi 
SAMPLE RECEPTACLE ( lo f t ) ;  POROUS CUP (m idd le , bo ttom ); 
VACUUM EXTRACTION TUBE (m idd le , to p )



re q iiire d  to  th read  the  f le x ib le  c a p illa r y  tube to  th e  bottom  o f th e  cup. 
The use o f c a p illa ry  tube  has the advantage th a t samples o f o n ly  a few 

ml can be w ithdraw n.

( iv )  P re - in s ta lla t io n  Tests and Treatm ents •

As suggested by G rover and Lambom (1970) each assembly was 
leached w ith  1N HCl fo llo w e d  by d e -io n ise d  w ater. T h is  was achieved by 
s ta n d in g  in  a beaker o f th e  s o lu tio n  and e x e rtin g  a su c tio n  o f 6U cm Hg 
fo r  30  m inu tes. The trea tm en t was c a rr ie d  oi± tw ice  fo r  HCl and tw ice  
fo r  d e -io n is e d  w a te r. No a n a lys is  o f the  leachates were made a t th is

stage .

To check the  sample rep resen ta tiveness s o lu tio n s  co n ta in in g  5» 10»
20 mg/1 o f C a'^ and M g'^ and 5, 10, 20 m g/l o f K^and Na'*'were se p a ra te ly  
sampled by 10 random ly chosen sam plers, w ith  in te rm e d ia te  flu s h in g  by 
d e -io n is e d  w ater, agadn u s in g  the  same su c tio n  and sample tim e  as 
b e fo re . Io n ic  co n ce n tra tio n s  were determ ined by atom ic abso rp tion  
spectrophotom etry. No d iffe re n c e  was found between the standard^and 
sample co nce n tra tion s  fo r  Nat Small changes were detected  fo r  K and VigT 
a ltho ug h  these were b o th  p o s itiv e  and n eg a tive , and were a l l  le ss  than 
 ̂% ot th e  standard co n ce n tra tio n . Calcium showed mean increases o f

5 . 1  % and 2.26 % over the  5, 10 and 20 m g/l standards
re s p e c tiv e ly . These re s u lts  are co n s is te n t w ith  those repo rted  
G rover and Lambom (1970) who suggest th a t sm all q u a n titie s  o f Ca may 
he c o n tr ib u te d  from  th e  upper p a rt o f the  cup covered by p la s t ic ,  duo

to  d if fu s io n . '

The same experim ent enabled th e  de te rm ina tion  o f sample in ta ke  
ra te s . Using a 30 m inutes sam pling tim e the  vacuum was alm ost co ns ta n t, 
f a i l in g  by o n ly  2 cm Hg. In ta ke  ra te s  ranged from  7 to  13 m l/h r . T h is  
suggested th a t a maximum volume o f o n ly  6 .2 8  ml cou ld  be obta ined in  
30  m inu tes, l im it in g  th e  number o f ca tio n s  which cou ld  be analysed by 
A .A .S . I t  was no t d e s ira b le  to  increase  the  sam pling tim e s ince  th is  
m igh t mask changes in  co n ce n tra tio n  duo to  th ro u gh flow .

A lthough the work o f van der P loeg and Beese s tu d ie d  s o il te n s io n  
changes around a cup ove r a p e rio d  96O tim es g re a te r than was envisaged 
fo r  th e  slope experim ent, a s im ila r  a n a lys is  seemed d e s ira b le  because

o f te n s io m e te r p ro x im ity .
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An experim ent was se t up under g la ss  to  s im u la te  c o n d itio n s  around 

one se t o f s u c tio n  cups and tens iom e te rs  in s ta lle d  as shown in  F igure  
10. 1 3 . T h is  arrangement maxim ised the  d is ta n ce  between su c tio n  cups and 

tensiom ete r cups and h o p e f\illy  reduced th e  e ffe c t o f w a te r e x tra c tio n  
on te n s io n . Knowledge o f th e  changes in  te n s io n  around each su c tio n  
cup and th e ir  e ffe c ts  upon th e  co n ce n tra tio n  o f samples was a lso  
d e s ira b le . Two dra inage cyc le s  were m on ito red , the  second w ith  a 
se rie s  o f w ater e x tra c tio n s . The p a tte rn  o f n a tu ra l dra inage a f te r  
a p p lic a tio n  o f 10 cm o f r a in f a l l  as recorded by tensiom ete rs 1 to  U is  

g iven  in  F igu re  10.11+. The second dra inage c y c le , w ith  s o il su c tion s  o f 
61+0 mm Hg exe rted  fo r  30 m inutes b e fo re  each read ing  on each su c tio n  
cup, showed no s ig n if ic a n t d iffe re n c e s  from  th e  f i r s t  across the whole 
range o f te n s io n . T h is  suggested th a t the  tens iom e te rs  were o u ts id e  
the  sphere o f in flu e n c e  o f th e  samplers and would a c c u ra te ly  rep resen t

n a tu ra l c o n d itio n s .

To f in d  out i f  th e  e q u ip o te n tia l p a tte rn  around one s u c tio n  cup 
changed s ig n if ic a n t ly  d u rin g  e x tra c tio n  as shown by F igu re  $ o f van der 

P loeg and Beese a th ir d  dra inage cyc le  was m on ito red . This tim e  a 
1+ hour s u c tio n  was exacted o n ly  on cup 2 and read ings taken from  

tensiom ete rs  ̂ 1 in c lu s iv e .

No p re fe re n t ia l flo w  towards th e  s u c tio n  cup cou ld  be de tected  
from  th e  e q u ip o te n tia ls  and th e  head d is t r ib u t io n  appeared ve ry  

s im ila r  to  dra inage o f cyc le  1.
1

I t  was concluded th a t a constan t sam pling tim e o f 30 m inutes and 

s u c tio n  o f 61+0 mm Hg w ould n o t cause any m ajor b ia s  in  the  slope

e::q>eriment.

B . I n s t a l la t i o n  o f  Ceramic Suction Cups
H oles, each U cm d iam ete r, were angered to  depths o f 10, 30, 60 

and 100 cm. The s o il  removed was s to re d  on po lythene  sheet and used in  
reve rse  o rd e r fo r  pack ing  around th e  in s e rte d  tu be . The e a rth  was 
c a re fu lly  tamped to  w ith in  about 1* cm o f th e  su rface  to  prevent w ater 
runn ing  down th e  s id e  o f  th e  tube to  th e  cup. The to p  U cm were f i l l e d  
w ith  l iq u id  p o ly e s te r re s in , w hich, when hard, form ed an impermeable 
b a r r ie r  to  in f i l t r a t in g  w a te r. No o th e r heterogenous m a te ria l was used 

fo r  in s ta lla t io n  to  reduce th e  p o s s ib il i ty  o f sample contam ination .
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PTOimK 10 n *  UYOUT op ah experimeht to tjet̂ iine tie efeect op
■ ;----- r -----CERAMIC SAMPLING CUPS ON SOIL TENSION
(top)
Pirim E 10 111 I TIE RESULTS OP TWO IDENTICAL INPILTRATION AND DRAINA(E PIGURE ,10.Jji«  ^  SAMPLING
(bottom)
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C. Sampling Procedure
Th© pump was connected to  th e  f i r s t  s e rie s  o f i4. su c tio n  cups as 

shown in  F igu re  10.15.  ̂ s u c tio n  o f 6i+0 mm Hg was exe rted , the  bimsen 
c lip s  c losed  and th e  pump d isconnected. T h is  was repeated fo r  each set 

o f h s u c tio n  cups, ta k in g  about 15 m inutes o v e ra ll. A fte r  30 m inutes 
had elapsed the  vacuxim was re leased  on each su c tio n  cup, pressure 
r e - d is tr ib u t io n  causing the  samples to  flo w  to  the  specimen tubes.
These were removed and capped. Clean specimen tubes then rep laced  
those c o lle c te d  and the  bunsen clamps tig h te n e d  to  ensure atm ospheric 
pressure d id  not reach the  s o il system. The equipment was then ready 
fo r  the  next se t o f samples to  be e x tra c te d . The sam pling tim e was 

taken as the  m id -p o in t o f the  30  m inutes e x tra c tio n  tim e .

D. Piezometer Sampling
Water from each piezometer was sampled using a syringe with $0 cm 

capillary tube extension. All water was first removed from the 
piezometer with the syringe before sampling. Samples were stored in  

20 ml specimen tubes for transport to the laboratory.

10.5 TENSIOMETER CALIBRATION

Since va lues o f m oistu re  conten t were re q u ire d  fo r  the  
experim enta l s lope , 'scanning cu rve s ' (C h ild s , 19^9» p.128, used th is  
term  to  describe  the  re la tio n s h ip  between w ater conten t and m a tric  
su c tio n  over a lim ite d  range, re s e rv in g  th e  term  's o i l  m oisture  
c h a ra c te r is t ic ' fo r  the  m ajor loop extend ing  to  h ig h  su c tio n  va lues) 

were prepared by la b o ra to ry  c a lib ra tio n .

A p i t  was excavated a t the  p o s itio n  o f each tens iom e te r, the  
tens iom ete r removed, and a s o il  core taken from  th e  same depth as the  
p o t. T h is  was achieved by d r iv in g  a 6 c m x 6 c m x 8 c m  deep m eta l box 
in to  th e  p i t  fa ce , rem oving w ith  s o il co re , pushing in to  a p la s t ic  bag 
and w rapping t ig h t ly .  Problems were encountered in  sampling the  ve ry  
stony h o rizo n , s ince  these samples in v a r ia b ly  crum bled. T h irty -tw o  
samples were removed, la b e lle d  and re tu rn e d  to  the  la b o ra to ry .

The standard c a lib ra tio n  technique (R ichards, 19U0 uses a 
pressure apparatus, u s u a lly  in c o rp o ra tin g  e ith e r  a porous membrane o r
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ceram ic f i l t e r .  S uctions o f over 100 atmospheres (>  73^3 cm Hg) can be 
exe rted  u s in g  the  apparatus. As th is  equipmenb was no t a v a ila b le  i t  

was decided to  c a lib ra te  w ith  the  *Webster* tensiom eters in  the  
la b o ra to ry . 6 c m x 6 c m x 8 c m  deep baskets were co n tru c te d  from  
s ta in le s s  s te e l w ire  mesh. S o il b locks were wrapped in  m uslin  and 

in s e rte d  in  th e  baskets (8 in  one ru n ). Using a hand d r i l l  1 cm 
d iam eter ho les were c a re fu lly  d r i l le d  in  the  ce n tre  o f each s o il b lo ck  
to  w ith in  2 cm o f th e  bottom  and the  tensiom ete r p o t in s e rte d . The to p  
o f th e  ho le  was sealed w ith  c la y . In  cases where th e  sample had a h if i^  
stone co n te n t, c rum bling  was unavoidable and th e  sample was compacted 

around th e  te ns io m e te r by tam ping.

The 8 baskets were sa tu ra te d  by imm ersing in  w a te r fo r  2 hours, 
lin k e d  to  m erciuy manometers as described in  an e a r lie r  s e c tio n . Free 
a ir  c ir c u la t io n  around each basket was achieved by suspension from  th e  
edge o f a bench. Readings o f te n s io n  were taken between 0 and 60 cm Hg 
a t in te rv a ls  o f approxim ate ly 5 cm Hg. A t the  same tim e , the  complete 
basket was weighed on a balance w ith o u t de tach ing from  the  manometer 
( i t  was found th a t th e re  was no b ia s  in  w eight rea d in g  so lon g  as th e  
c a p illa r y  tu b in g  was n o t 'p u llin g *  on the  b a ske t). Three d ry in g  cyc les  
were completed us ing  th is  method g iv in g  about 36 p o in ts  fo r  p lo t t in g  

th e  'scann ing  c u rv e '.

Tensions in  cm o f w ater were c a lc u la te d  u s in g  E quation  10.3 w a te r 

co n te n t, 0, in  cm^cm"^ was c a lc u la te d  by»

Q ^  wi -  Wg -  V3 (ia5)
vi - Vg

where w^ =
w« =

w^ =

^1 “ 
V« =

balance read ing  to  nearest 0.01 g
w e igh t o f w ater in  tens iom ete r c e ll ,  assuming a

-3d e n s ity  o f 1 g cm
to ta l w eight a f te r  d ry in g  a t lOS^C fo r  12 hours, g  

volume o f s o il  sample (= 288 cm^)
volume occupied by tens iom e te r c o l l ,  cm

F igures 10.16 -  10.19 show the  inve rse  re la tio n s h ip s  between 0 and 

y  as scanning curves. I t  is  a w e ll known fa c t th a t a t any - iv e n

V . ' J l l
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m a tric  s u c tio n  th e  v a te r con ten t o f a s o il  w i l l  he g re a te r on 
desorp tion  than  on a d so rp tio n , in tro d u c in g  h y s te re s is  to  th e  0 /l|>  

re la tio n s h ip . T h is  h y s te re s is  is  ve ry  much a fu n c tio n  o f the 
d is t r ib u t io n  o f pore space among pores o f d if fe re n t s iz e s , as is  ve ry  

f u l ly  described  by C h ilds  ( I 9 6 9 , Ch. 8 ). Equipment fo r  e m p iric a l 
e va lu a tio n  o f an a b so rp tio n  (e s s e n tia lly  a h u m id ify in g  chamber) was no t 

a v a ila b le  and a s in g le  va lue  re la tio n s h ip  between O /y  was used in  
e s tim a tin g  9 . In  fa c t,  most te n s io n  data  were c o lle c te d  d u rin g  the  
course o f s lope  dra inage, p ro ba b ly  reduc ing  e rro rs  due to  h y s te re s is  
over the range covered. F or easy computer m a n ip u la tio n , cub ic  
fu n c tio n s  were f i t t e d  to  each re la tio n s h ip  between G and ^  . These 

to o k  the genera l fo rm :

9 = - b\^ - di|> (10. 6)

and are given in lines 80 - 390 of the computer program FLIJX2 
(Appendix 2 ). These eq\iations cannot, of course, be used outside
the range of the calibration data, which completely covers the range of 
tensions measured in the field.

10.6 SCMMAHY

This C hapter has desorihed  th e  design o f an experim ent to  m on ito r 
w ater and chem ical movement in  a h ills lo p e  s o il above W1. Tensiom eters 

and piezom eters are  used to  o b ta in  h y d ra u lic  p o te n tia l and w ater 
content in fo rm a tio n , and ceram ic s u c tio n  cups to  sample s o il w a te r fo r  
ch°m< '•al a n a ly s is . The ins trum en t la yo u t is  so designed to  a llo w  
d e s c rip tio n , in te rp re ta t io n  and m o d e llin g  o f processes o p e ra tin g  w ith in  

th e  s o il.  T h is  a n a ly s is , to g e th e r w ith  a f u l l  s o il  chem ical 

d e s c rip tio n , fo llo w s  in  Chapter 11.
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CHAPTER 11;
AN ANALYSIS OF SUBSURFACE WATER ANR SOLUTE DYNAMICS IN HILLSLOPE SOILS 
AT WEST WALK

11.1 INTRODUCTION

This chapter developfs the res\ilts of data collected from 
tensiometers and ceramic suction cups. It was also thought that a good 
knowledge of the soil chemistry and hydraulic conductivity would provide 
a useful aid to analysis and interpretation of soil water 
hydrochemistry. Total element analyses were made to determine the 
total potential for chemical weathering, and exchangeable cation 
analyses to determine the capacity for relatively rapid cation exchange 
reactions. The latter is especially important for identifying 
potential so\rrces of solutes contributing to the stream hydrogrq>h. 
Percentage organic carbon content of the upper soil samples was also 
determined, because if present in sufficient quantity it may 
significantly increase the cation exchange capacity (Curtis et al,
19 7 6). Saturated hydraulic conductivity measurements were made to 
assess soil anisotropy and the likelihood of infiltration excess 
overland flow occurring. These data are employed together with tension, 
hydraulic potential and soil water chemistry to describe subsurface 
solute dynamics, i.e, source areas, directions and rates of transport, 
under different hydrometeorological conditions. Basically, two types 
of condition are analysed: winter storm hydrographs and spring-early 
summer flow recession. Tension, hydraulic potential, hydraulic 
conductivity, total element contents, exchangeable cation contents and 
soil water cation contents are all contoured on a slope profile to make 
visual comparison possible. An attempt is made to relate processes 
operating on the slope with those in SC 1 and a schematic summary is 
made of water and solute response during storm hydrograph and low flow 
recession periods.

11.2 CHEMICAL CHARACTERISTICS OF THE HniLSLOPE SOILS

A detailed chemical analysis of the hlllslope soils was imdertaken 
as a basis for studying subsurface solute dynamics. Total element and 
exchangeable cation analyses were made, the first to determine the total 
potential amounts of each element available for weathering and removal
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and the second to determine the capacity for relatively rapid cation 
exchange reactions. Neither analysis can he ea^ected to show a uniform 
downslope chemical distribution, due to lithological, vegetation and 
organic matter and throughflow variability, and the past mass movement 
of soil. The distribution of exchangeable contents within the slope is 
of particular interest beca\ise this pinpoints potential sources of 
solutes for transport to the stream. A cation availability index (CAl), 
calculated as exchangeable contents/total contents, gives a further 
indication of potential source areas within the slope.

Soil sampling was carried out between Januairy and March 1976 at 
the 55 locations shown in Figure 11.1A. Samples SI-3 were taken from 
the sidewall of the pit outflow trench; samples
samples B1-6, C1-6, D1-6 and El-6 were taken from the nylon resistance 
unit calibration samples; samples PI-6, G1-8, HI-6 and J1-7 were 
obtained with a 1+” bucket auger. The sampling line followed the 
upstream boundary of the slope experiment. Thus, as for soil water 
tension and solute content, soil chemical analysis placed priority upon 
the lower part of the hillslope. Two samples were taken at depths of 
two metres from the top and bottom of the slope to assess the total 
element contents of the less weathered subsoil.

Total analysis was completed for all the important elements 
expected in West Walk soil in order toi

(i) assess the accuracy of individual determinations (these,
should sum to the original weight of soil sample dissolved 
for analysis), and

(ii) indicate whether soil particles were translocated through 
the profile and re-deposited (in the form of aluminium, 
silicon, iron, etc.).

Details of analytical methods, together with the data reference pool are 
given in Appendix 3. Total element analysis was carried out for Si, Al, 
Pe, Ti, Mn, P, Ca, Mg, Na and K, all of which are expressed as oxide
percentages in the sample, viz. SiOg ^^2^3 ^®2®3
PgO^ %, CaO 96, M ^  96, NagO 96 and KgO 96, the sum of which should be 100 9̂ .
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Organic carbon % was de tem ined  as p a rt o f the p re p a ra tio n  process fo r  

th e  to ta l element a n a ly s is . The mean e rro r  fo r  the  to ta l element 
contents was + 1.22 96, which is  good fo r  the  techn ique used. This 

d isgu ises se ve ra l h ig h  in d iv id u a l e rro r  term s, e .g . -  2i+.U3 % (^U) 
p o ss ib ly  due to  und isso lved  and thus unmeas\ared s i l ic a ,  and + 15»37 9̂  
(J?)» p o s s ib ly  due to  a n a ly tic a l e rro r . Exchangeable caticn a n a lys is  was 
undertaken fo r  K, Na, Ca, Mg and Mn; pH was determ ined a t approxim ate ly 
the  same tim e . P re c is io n  o f the techn ique fo r  de te rm in ing  exchangeable 

ca tio n  con ten t was regarded by Pye-Unicam to  be low  a t -  5 -  10 9̂ *

In  th is  chapter comments are made on the  data  presented as contours 
o f chemical co n ce n tra tio n  through the s lope . Reference is  a lso  made to  
one-dim ensional p lo ts  o f chem ical conten ts a ga ins t depth and d is tance  
upslope, a lthough these are inc luded  in  Appendix 3 to  avo id  overwhelming

the  te x t .

A. Potassium

( i )  T o ta l Contents as K^O_96

(range overs lope ; 800 -  3600 m g/l00 gK )(i*igu res 11 .1G,

A 3.2* and A3.12)

Potassiim i e x h ib its  a tendency to  decrease w ith  s o il dqpth over the 
low er 10 m o f slope but to  increase w ith  depth over the  upper ^  m.
The se c tio n  o f s o il between, corresponding to  the  convex slope noted in  
Chapter 10.1 , shows an in te re s tin g  p a tte rn . Between 30 -  50 m upslope 

a zone o f h ig h  KgO e x is ts  a t 80 -  90 cm depth. Dovmslope from  th is  

extends a * tongue' o f h ig h e r KgO.

I t  seems l ik e ly  th a t the  'to n ifu e ' rep resen ts  m in e ra l KgO which has 

moved downslope, p o ss ib le  due to  e ith e r  s o il mass movement o r la te r a l 
tra n s lo c a tio n  o f s i l t  and c la y  ( c f .  H uggett, 1976) from  th e  upslope 

source area.

Both th e  deep samples and the low est sample from  th e  p i t  (Al*) are 
r e la t iv e ly  h ig h  in  KgO, in d ic a tin g  th a t the  o la y  s u b s o il is  a p o te n tia l 

source fo r  slow re lease  o f potassium .

*  Note; P re fix  A in d ic a te s  F igure  in c lu d e d  in  Appendix 3 .
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(ii) Exchangeable Cation Contents as Kf**

(range over slope: 2 - ^ 0  mg/l00 g/K)(Figures 11.2A,
1 3 . 2 1 and A3.2 7 )

Over most of the slope Ex.K^is hig^ near the siurface, decreases 
with depth, but shows a tendency to increase again at the profile base. 
This increase near the profile base accords with that noted for total 
KgO, and probably represents a slow release from the clay mineral 
structure. The high Ex.K^ near the soil surface appears strongly 
related to the presence of organic matter. The relationship between 
% organic carbon (% OC) and Ex.K'^(mg/lOO g) is:

e x .k:** = 3.15560c + 1 2 .9U

r = + 0.86; N = 9; sig.level = 1 56

(11. 1)

The intercept (1 2 .9U mg/lOO g) represents the soil mineral component 
and the product (3.15 x %  OC) the organic matter component of 
exchangeable potassium. Close similarity between the distribution of 
% OC and Ex.lC^ (Figures 11.1A and 11.2A) confirms this relationship.
It is interesting to compare the results of J R Gosz et al (1972) who 
found potassium to be the third highest constituent of litter fall 
(after nitrogen and calcium) under deciduous woodland at Hubbard Brook, 
New Hampshire, USA,

It can also be noted that the near stirface Ex.lC*’ content is evenly 
distributed over the slope with the exception of the convex area Where 
concentrations are lower. This also correlates with the presence of 
organic matter.

It is not possible to calculate the cation availability index 
(CAI) without first correcting total contents, because the total 
contents only includes soil mineral K and not organic matter K. 
Correction was achieved by computing the slope x 56 OC component of 
equation 11,1 and adding this to the total element contents before 
calcTilating the CAI. All the total element contents were re-calculated 
in this way. As expected the CAI shows that most potassium present is 
available near soil surface. The convex position of the slope exhibits 
a relatively low CAI as does the middle and lower soil profile at the 
slope base, the latter possibly as a result of leaching processes.
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The CAI is  a lso  s tro n g ly  c o rre la te d  w ith  % OC, th u s i

CAI = 0 .0 0 23  % 00 + 0 .0 0 5 ( 11.2)

r  = 0 .8 6 ; N = 9 ; s ig . le v e l = 1 96

T h is  re a ffirm s  th e  conclus ion  th a t o rgan ic  m a tte r is  p o te n t ia lly  a 

s trong  source o f .

In  genera l th e  most l ik e ly  sources o f K fo r  le a ch in g  and tra n s p o rt 

in  s o il w ater a re  the  near su rface  h o rizon s  on th e  low er 10 m and upper 
50 m o f h ills lo p e .  The base o f the  p r o f i le  over the  low e r 10 m m ight 

a lso  p rov ide  a s lo w ly—re leased source o f K.

B. Sodium

( i )  T o ta l conten ts as Na^O_96

(range over s lope : 100 -  850 m g/l00 g Na) (F igu res 1 1 .IF ;

A3.1+ and A 3 ,1 l)

Sodium decreases w ith  depth over th e  low er h a lf  o f th e  slope bu t 
shows a g e n tle  increase w ith  depth over th e  upper h a lf .  As w ith  KgO 
the re  is  a 'to n g u e ’ o f h ig h e r NagO con ten t extend ing downslope in to  
the  convex p a rt o f the  s lope . Both th e  deep samples are low  a t about 
300 mg/10 0  g ; the  reason fo r  th is  is  u n c e rta in  because w eathering  
re a c tio n s  u s u a lly  remove NagO s e le c tiv e ly  from  upper s o il  h o rizo n s .

^ I
( i i )  E-gchangeable C ation  Contents as Na

(range over s lop e : 10 -  150 m g/l00 g Na) (F igures 11 .2B,

A3.22 and A3 .28)

The d is t r ib u t io n  o f Ex.Na^ over th e  slope is  more complex than fo r  
Ex.K!^ a lthough the  r e la t iv e ly  low  co n ce n tra tio n  in  the  convex p a rt o f 
the  slope is  aga in  e v id e n t. There is  a ve ry  h i ^  co n ce n tra tio n  o f 
Ex.Na+ in  the  near surface s o il 2 -  3 m upslope, w ith  a g radua l decrease 
d ow npro file . T h is  is  represented by the  peak co n ce n tra tio n  in  
F igure  A3 . 2 8 . A dow npro file  decrease in  Ex.Na"^ is  again found in  the

upper slope s o il .

I

4 9 3



The re la tio n s h ip  between Ex.Na*** and 96 OC is :

Ex.Na“̂  = 2.U1 % OC + 33.6 (1 1 .3 )

r  = + 0 .67 ; N =s 6; n o t s ig n if ic a n t

which makes i t  c le a r th a t th e  Ex.Na"*" is  no t as dependent upon the  

presence o f o rgan ic  m a tte r as Ex.K^•

The p ic tu re  o f sodium a v a ila b il i t y  is  complex (F ig u re  11.3B), bu t 

appears h ig h e s t in  the  s o il ad jacen t to  the  channel, decreasing 
d o w n p ro file . CAI decreases upslope, and a lso  d o w n p ro file . The 
re la tio n s h ip  between CAI and % 00 is  no t s ig n if ic a n t:

CAI = 0 .1 0 7  -  0.001 % 00 (ii.it)

‘ il

r  = -  0 . 0 3 ; N = 9 ; n o t s ig n if ic a n t

The m ajor source area fo r  Ex.Na"*" appears to  be the bottom  10 m o f 
s lope , e s p e c ia lly  th e  2 -  3 m ad jacent to  the  channel. Here, due to  
the  g re a te r dependence upon s o il m inera ls  ra th e r than organ ic m a tte r, 
most o f the  s o il p r o f i le  appears im p o rta n t. Ex.Na is  a lso  present in  

moderate q u a n tit ie s  in  th e  upper 50 m o f s lope.

0. Calcium

( i )  T o ta l Contents as CaO % '
(range over s lo p e : 0 -  285 mg/lOO g) (F igures 11.ID ;

A3.3 and A3 . I 3 )

CalcixM  decreases w ith  depth over most o f the slope, except a t 
100 m upslope where a zone o f h ig h  content occurs a t 20 — UO cm depth. 
The deep samples in d ic a te  th a t the  CaO % increases in  the  le ss  

weathered s u b s o il.

2+( i i )  Exchangeable C ation  Contents as Ca
(range over s lo p e : 0 — 75 nig/lOO g Ca ) (F igures 11.2D;

A3 .2 3 and A3.2 9)
Ex.Ca^'*' is  p a r t ic u la r ly  h ig h  in  the  bottom 10 m o f slope s o il,  

present in  ve ry low q u a n titie s  in  the  m iddle slope s o il,  but again h lg ^
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in  the  upper 20 cm o f the  h ig h e r s lope . The p ic tu re  ad jacent to  the2+
stream is  complex as F igure  11.2D shows. I t  d e p ic ts  h ig h  Ex.Ca 
a t the  bottom  o f the  p r o f i le  next to  the  stream , decreasing u p -p ro file  
fo r  about 20 cm and then in c re a s in g  again, r e f le c t in g  th e  c o n tr ib u tio n  
o f o rgan ic m a tte r. A cco rd in g ly , the  c o rre la tio n  between Ex.Ca and 

% OC is  s ig n if ic a n t bu t no t h ig h i

Ex.Ce?* = 3.88 % OC + 2U.87 (11.5)

r  = + 0 .56 ; N = 9 ; s ig . a t 0.1 % le v e l

R J Gosz e t a l (1972) found Ca to  be the  second h ig h e s t element in  

l i t t e r  f a l l  from  deciduous woodland a t Hubbard Brook, USA.

2+
The p a tte rn  o f th e  CAI is  ve ry  s im ila r  to  th a t fo r  Ex.Ca 

(F ig u re  1 1 . 3c ) showing dominance a t the  slope base, bu t the  c o rre la tio n  

w ith  % OC is  not s ig n if ic a n t.

CAI = 0 .0 0 7  % OC + 0 .3 2 ( 1 1 . 6 )

14

r  = + 0 .1 2 ; N = 9 ; no t s ig n if ic a n t

2+As w ith  Na”*” th e  m ajor source area fo r  Ca appears to  be the  
bottom  10 m o f s lope s o il.  Here Ca^’’’ appears to  be d e rived  from  bo th  
surface  organ ic m a tte r and c la y  m ine ra ls  a t the  p r o f ile  base.

I
D. Magnesiian

( i )  T o ta l C ontents as MgO 96
(range over slopes 1+0 — 550 m g/l00 g )(F ig u re s  11 .IB ;

A3 . I  and A3 .11+)

In  d ire c t c o n tra s t w ith  CaO, MgO c o n s is te n tly  increases w ith  s o il 
depth, apart from  th e  2 -  3 m o f slope nearest the  channel, where i t  
decreases w ith  depth . The convex area o f slope again stands out due to  
i t s  low MgO co n te n t. The deep samples are h ig h e r in  MgO than any o f the  
o th e r samples, suggesting  th a t th is  is  a ty p ic a l w eathering p r o f ile  

( i . e .  element increase  v e r t ic a lly  d o w n p ro file ).
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2+( i i )  Exchangeable C ation  Contents as Mg
(range over s lo p e ; 0 - 7 5  mg/100 g) (F igu res 11.20;

A3.2U and A3 . 3 0 )

Ex.Mg'*' is  p resen t in  s ig n if ic a n t q x ia n titie s  in  th e  low er 12 m o f 
slope s o il .  Above th e re  is  o n ly  a sm all q u a n tity  in  the  top  10 cm, a t 
about 100 m upslope. The p a tte rn  o f Ex.Mg a t the  base o f the  p i t
(Sample AI4.) c lo s e ly  resembles th a t fo r  to ta l MgO, suggesting th a t the  
c la y  s u b s o il a t th is  p o in t is  an im po rtan t p o te n tia l source o f Mg in  
s o il w a te r. There a lso  appears to  be a c o n tr ib u tio n  from  s o il o rgan ic  
m a tte r in  th e  to p  10 cm, above the  p i t .  However, th e  re la tio n s h ip  

between % OC and Ex.Mg is  no t s ig n if ic a n t.

Ex.Mg** = 2 9 .3 3  -  0 .7 9  % OC (1 1 .7 )

r  = 0 .6 6 ; N = 7 ; n o t s ig n if ic a n t

The CAI fo r  Mg '̂*’ in d ic a te s  th a t v ir t u a l ly  a l l  is  a v a ila b le  a t th e  

bottom  o f th e  s o il  p r o f i le ,  a t the  slope base (F ig u re  11.3D)« The 

re la tio n s h ip  between th is  index and % OC is  poor.

CAI = O.IOU -  0 .0 0 3  % OC ( 11. 8)

r  = -  0 .2 ; N = 8; n o t s ig n if ic a n t

I

2+
The bottom  o f the  slope appears to  be a m ajor source o f Mg fo r  

s o il w a te r, and F ig u ie  A3 .3 0  makes th is  ve ry  c le a r. 1

I t  is  in te re s t in g  to  note  th a t the  s o il pH (range over s lope ;

3.35 -  5 . 1 5 , F igu res 1 1 .2F; A3 .2$ and A3 . 3 1 ) is  h ig h e s t a t the p r o f i le
base near th e  stream , w hich agrees w ith  h ig h  values o f Ex.Ca , Mg and 
Na^ fo r  th e  same lo c a tio n . The s o il becomes more a c id  u p -p ro file  over 
most o f th e  s lope , due to  the  in flu e n c e  o f decaying organ ic m a tte r.
Th is p rov ides a supp ly o f d isso lve d  o rgan ic  compounds capable o f 
c h e la tin g  and tra n s p o rtin g  away m ajor and m inor ( tra c e ) m eta ls. There 
is  le ss  pH v a r ia tio n  over the  upper h a lf  o f the  s lop e .

The o th e r chem ical c o n s titu e n ts  presented in  F igures 11.1 and 
Appendix 3 are n o t o f d ire c t re levance to  so lu tes  w ith in  the  h ills lo p e ,
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but they are considered in  b r ie f  here because th e y  he lp  to  show the  
ope ra tion  o f s o il p h ys ica l processes, e .g . c la y  p a r t ic le  tra n s lo c a tio n .

E. Manganese

In  general ifeO content increases upslope (F igu res 1 1 .1B, A3.8 and 
A 3.18). This p a tte rn  could re s u lt  p a r t ly  from  re d u c tio n  processes in  
the  sa tu ra ted  zone adjacent to  th e  stream. In  a c id  w ater-logged  s o ils  
manganese is  reduced from  manganic oxide ) to  manganous oxide
(Mn^'*'), rendering  i t  more so lu b le  and lia b le  to  removal in  th ro u gh flow  
w ater (Brady, 1971+). The su rface  s o il a t the  top  o f the  s lope  
represents a source o f MnO, w hich can be tra ce d  downslope a t depths 
between 20 -  1+0 cm. In te rp re ta tio n  o f th is  is  d i f f i c u l t .  I t  may 
represent downslope tra n s fe r  in  th rough flow  o r la te r a l tra n s lo c a tio n  o f 
c la y  and s i l t  p a r t ic le s . I t  co u ld  adso in d ic a te  f ix a t io n  o f Mn d e rived  
from  surface o rgan ic m a te ria l. R J Gosz e t a l (1972) found Mn to  be 
the  fo u rth  h ip e s t  c o n s titu e n t o f l i t t e r  f a l l  a f te r  K, a t Hubbard Brook, 
and the  p a tte rn  o f exchangeable Mn^ in  the  slope s o ils  a t West Walk 
suggests th a t th is  is  m ain ly due to  surface o rgan ic  m a tte r (F ig u re  
11.2E), J D Hem (1970) a lso  p o in te d  out th a t Mn is  an e s s e n tia l 
element in  p la n t m etabolism , w h ile  Slack and F e ltz  ( 19 6 8 ) have shown 
th a t the  Mn content o f fa lle n  leaves can s ig n if ic a n t ly  a ffe c t stream 
w ater q u a lity . The CAI fo r  Mn in d ic a te s  th a t th e re  is  a much h ig h e r 
p ro p o rtio n  in  exchangeable form  than fo r  Ca, Mg, K and Na. Again, the  
CAI decreases w ith  depth, em phasising the  o rgan ic  m a tte r source.

F. Phosphorus

The content o f is  h ig h  near the  su rfa ce , decreases w ith
p r o f ile  depth to  between 2 0 -1 + 0  cm, and then g ra d u a lly  increases in  
the  less  weathered rock  (F igures 11.1C, A3 .10 and A3 .19)» A gain, the  
h i ^  near surface conten t is  p robab ly  due to  o rgan ic  m a tte r.

G. Iro n

FogO^ content decreases w ith  depth over a l l  th e  slope (F igures 
11.11, A3.6  and A3 . I 7 ) .  The h ig h e s t contents are to  be found 5 -  15 m 
upslope, in  the low e r p a rt o f th e  slope co n ve x ity  and th is  may r e f le c t  
the  iro n  content o f m a te ria l d e rive d  by mass movement from  th e  Bagshot 

Sand.
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In  the  2 -  3 m ad jacen t to  the  stream  channel the  iro n  content is  
low , p robab ly  due to  re d u c tio n  in  w aterlogged, a c id  s o il ( i . e .  from  
fe r r ic  to  fe rro u s  form ) and removal in  th ro u gh flow  w ate r. The lig h te r  
s o il c o lo u r here (g rey ish -b row n  to  w h ite  -  see Table 11 .1) is  in d ic a tiv e  

o f p a r t ia l ly  w aterlogged c o n d itio n s . The h ig h  upslope
p robab ly  represents the  source area fo r  the  h ig h e r concen tra tions o f 

Pe^"  ̂ noted in  Chapter 6 .

H. Alum inium

AlgO^ increases w ith  s o il  depth over most o f the  slope, except 
ad jacen t to  the  stream  where i t  decreases (F igu res 1 1 . 1 H, A3.5 and 
A3 .1 5 ). The increase  w ith  depth continues to  about 60 cm, from where 
the  AlgO^ content becomes f a i r l y  co ns ta n t, as shown by th e  deep samples. 
Th is siaggests th a t A1  has been lo s t  from  upper s o il horizons by 
v e r t ic a l and la te r a l tra n s lo c a tio n  o f c la y  and s i l t  p a r tic le s  o r in  
s o lu tio n . The la t t e r  process cou ld  be a ss is te d  by com plexation due to  
s tro n g  o rgan ic  acids d e rive d  from  near the  s o il su rface . The convex 
slope segment again shows a d is t in c t iv e  p a tte rn , w ith  a ’ tongue* o f 
h ig h e r AlgO^ content extend ing  downslope. Th is fe a tu re  lends support 
to  the e a r lie r  suggestion th a t f in e  p a r t ic \ ila te  m a te ria l has moved 
downslope by la te r a l tra n s lo c a tio n . The decrease o f AlgO^ w ith  depth 
a t the  slope base agrees w ith  a l l  th e  o th e r elem ents, except S i0 2 > 
th ro u gh flow  p robab ly having  been an im po rtan t agent in  A1  rem oval.

4'

J . S ilic o n

SiOg shows a ra th e r  d if fe re n t p a tte rn  to  most o f the  o the r elements 

analysed (F igures 11.1J, A3.7 ^uid A3.I6). This is  most apparent 
ad jacen t to  the stream  where % SiOg con ten t is  ve ry  h ig h  between 30  cm 
and the  p r o f i le  base ( i . e .  y 90 % S iO g). T h is  is  a s trong  in d ic a tio n  
th a t o th e r more so lu b le  m a te ria l has been removed from  the s o il by 
th ro u g h flo w , le a v in g  the  le s s  so lu b le  SiOg as the m ajor c o n s titu e n t o f 
the  m a tr ix . In  g en e ra l, over the  s lope , SiOg decreases s lig h t ly  w ith  
depth. SiOg f a l ls  from  about 8 3 .0  % a t 7 cm depth to  75.0 a t 2  m 
depth, 3 Di upslope, and from  90 % e>t 2 cm to  75 9̂  3-t 2 m, 100 m 
upslope. T h is  «ga-ln Im p lie s  th a t th e  more so lu b le  m a te ria l has been 

removed in  pre fe rence to  SlOg near th e  s o il  su rfa ce .
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K, Titanium
Although T i is  one o f the  te n  most abundant elements in  th e  

e a rth 's  c ru s t, th e  T i con ten t o f n a tu ra l w ater is  low  due to  i t s  low 

s o lu b il i t y  (Hem, 1970). Thus, i t  is  o fte n  used as a standard to  
convert % by w e igh t s o il chem ical analyses to  % by volume, making the 

assumption th a t TiOg has no t been d isso lve d  o r tra n s lo c a te d . The 
p a tte rn  o f TiOg in  the  h ills lo p e  is  complex, and n o t th a t w hich would 
have been expected from  complete TiOg im m o b ility  (F igu res 1 1 .1K, A3 .9 
and A 3.20) .  In  p a r t ic u la r ,  % TiOg decreases w ith  depth ad jacen t to  the  
stream , im p ly in g  th a t la te r a l tra n s lo c a tio n  has occurred.

Before sam pling, a n a lys is  and p lo t t in g  o f the  data  i t  was 
u n ce rta in  how u s e fu l th e  data  would be in  d e fin in g  p o te n tia l s o lu te  

source areas w ith in  the  h ills lo p e  s o i l .  F ie ld  s o ils  are 
c h a ra c te r is t ic a lly  heterogeneous, sometimes showing gradual s p a tia l 
change, in  o th e r cases random v a r ia t io n  (Hammond e t a l,  1958)» However, 
s o il  changes are o fte n  g re a te r and more un ifo rm  dovm a slope than  across 
a s lope . T h is  'c a te n a ry ' v a r ia tio n  may be a ttr ib u te d  to  s o il w ater 
movement, d if fe r e n t ia l tra n s p o rt o f eroded m a te ria l and the  lea ch in g , 
tra n s lo c a tio n  and re -d e p o s itio n  o f m ob ile  chem ical c o n s titu e n ts  (C u rtis  
e t a l,  19 7 6 ; e .g . B a lla n tyn e , I 9 6 3 ) .  Such ca tenary v a r ia tio n  emerges 
s tro n g ly  from  the  West Walk h ills lo p e  s o il ana lyses. Three p o in ts  
stand o u t. F ir s t ly ,  the  h ig h  co n ce n tra tio n s  o f exchangeable ca tio n s  
p resent in  the low est 7 metres o f s lo p e . Secondly, the  in flu e n c e  o f 
o rgan ic  m a tte r to  increase  exchangeable ca tion s  in  th e  near su rface  
s o il h o rizon s . T h ird ly , the  p o ss ib le  e ffe c t o f s o il  mass movement on 
to ta l element and exchangeable c a tio n  contents between 30 ”  50 ® 
upslope. These p o in ts  w i l l  be d iscussed fu r th e r  in  re la tio n  w ith  

subsurface s o lu te  dynamics la te r  in  th e  chap te r.

11.3 Kn)RATJLIC CONDUCTIVITY OF THE HTLLSLOFF SOILS
Measurements o f sa tu ra ted  h y d ra u lic  c o n d u c tiv ity  (K) were made on 

the  slope s o ils  fo r  fo u r main reasons.

( i )  To assess the  degree o f s o il  a n iso tro p y  fo r  the  a p p lic a tio n  o f 
a f lu x  approach to  m o is tu re  and s o lu te  accoianting based upon 

e(^uation (9*0 snd described  in  Chapter 9•3» A n iso tro py  is
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also likely to affect the interpretation of hydraulic 
potential data when plotting flowlines.

(ii) Ac a means of assessing the likelihood of infiltration-excess 
overland flow occurring. This involves the \ise of 
downprofile K values for near^surface samples.

(iii) To give a quantitative assessment of the soil's ability to
conduct water and solutes to the stream. When combined with 
cation exchange capacities K values should suggest potential 
sources and routeways.

(iv) In combination with hydraulic potential, soil water solute 
concentration and source zones, to give quantitative 
information on subsurface solute dynamics, i.e. source areas, 
directions and rates of transport.

A. Field and Laboratory Methods
Eq\iipment availability restricted K determination to the saturated 

case. A laboratory method was preferred to the auger hole technique 
(e.g. Bonell, 1972) because it gave a network of point values in both 
horizontal (x) and vertical (z) directions.

Point values are susceptible to contoiaring and identification of 
liigh and low K zones within the soil, but the auger hole method gives 
only a single K value, averaged over the depth of the hole. A i 
permeameter method (de Boodt, 196?) was employed. Soil cores were 
collected from the slope soils at the same time that the tensiometers 
were excavated. PVC tube, 5 cm diameter x 5 cm long, was driven into 
the soil adjacent to the tensiometer, the soil excavated around the 
tube and both tube and core removed. Two cores were taken at each 
tensiometer, one orientated vertically (z), the other orientated 
horizontally (x). In some cases it was found to be impossible to take 
cores due to impedance by stones or crumbling of the soil. A total of 
UO cores were collected from piezometer 1 (Pl) to tensiometer 7 (^7).

The laboratory equipment used in determining K is shown in 
Figure 11.21. Hydraulic conductivity was determined from:
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K = cm,̂ o u r (11.9)
t^-to À (Ho + Ĥ )/2

which is a re-airrangement of Darcy* s Law. V, L, A, and are 
defined in Figure 11.1+; and are times at the start and end of 
determination, in hours. Care was taken accurately to measure time 
(with a stopwatch), volume (with a 100 ml measuring cylinder) and head. 
More than one determination was made on each sample (us\aally 2 or 3)i 
and good replication was obtained despite the comment by Freeze and 
Cherry (1979) that precise determination of the K for a given sample is 
not warranted due to excess variability.

The factors most likely to give incorrect determinations of K
were:

(i) Gaps at the boundary of the sample and the plastio tube. It 
was thought that by saturating the sample for 2 - 3 hours 
before determination, small gaps would be closed by swelling, 
This would be especially true for samples with a high clay 
content.

m

f -

(ii) Trapped air bubbles in the sample. Again, satiiration for 
2 - 3  hours should overcome this problem.

(iii) Compression of the sample surfaces during collection. The
top and bottom of the sample were both removed to a depth of 
about 5 mm and the core pushed through, so that one side 
became flush with the end of the tube. This left 1 cm for a 
constant head to be maintained above the sample.

Vhere cracks or root tubes fully penetrated cores, then this may 
have given an excessively high K value, unrepresentative of the 
surrounding soil mass. Such phenomena were observed in two of the 
1+0 samples, although the higher K values obtained did not appear 
excessive when compared to those from sunrounding cores.

«if'
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B, Tnterpretatlon and Discussion of Results »
The Prolalem of Anisotropy -
The horizontal and vertical K values have been contoured over a 

cross section of slope in Figure 11.5»

The highest horizontal K occTirs in the top 10 cm of soil at PI, 
adjacent to the stream (23 cm/ho\ar). This decreases quite rapidly to 
0.1 cmAour at about 20 cm depth. The deepest sample at PI had an 
observably h i ^  clay content and woiald not conduct water. The picture 
over the lowest 10 m of slope is similar. Horizontal K values generally 
decrease with soil depth and distance upslope. A further peak K value 
occ\ars at 10 cm depth, 10 metres upslope (10.5 cm/kour).

The highest vertical K also occurs 10 metres upslope (U7 cmAour). 
This is part of a zone of high K (i.e. 10 cm/hour) extending from
about 7 m to 1 1 . 5  m upslope, extending to a maximum depth of about 
l|0 cm between 9 and 12 m upslope. Again, there is a tendency for K 
values to decrease with soil depth. By contrast with horizontal K, 
vertical K is quite low adjacent to the stream, at PI.

R A Freeze (1980) noted that saturated K can vary over 12 1U 
orders of magnitude, although for near surface soils the range is 
narrower, i.e. 0.036 - 36 cm^our agreeing quite well with range of 
values found at West Walk.

Comparison of West Walk K values with those for various types of 
unconsolidated material (Freeze and Cherry, 1979) classifies them as 
permeable gravel deposits within the range .0028 - hi cmAour.

Gravel size material with little interstitial finer sediment 
covered the lowest 5 m of slope to a depth of UO - SO cm. Opslope, to 
about 1U m. the gravel comprised a smaller fraction of the soil matrim, 
extending to a maximum depth of about 80 cm. Thus, it is thought that 
the pattern of hydraulic conductivity is more than a simple function o 
gravel content, and that interstitial filling, eoil shrinkage and root 
patterns are highly influential factors. The 2 - 3 m of «lope soil 
adjacent to the stream is low in most total element contents, notably 
Fe,0 3 and Al^Oy but high in SiOg. which suggests that lateral
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translocation here may have removed more inters'titial material than 
further upslope. Lateral translocation has probably been aided in this 
area by the more frequent e^ansion and contraction of the saturated 
wedge. This co\ild help to account for the hig^ values. The 
situation is analgous to that of the higher K values found within the 
natural range of Chalk ground water levels, the annual fluctuation 
aiding solution processes in joints and fissures.

Near-s\arface hydraulic conductivity is higher, in part due to the 
effect of roots in helping to reduce bulk density. After a root dies, 
then the tube \rtiich remains increases K in one preferred direction.
The ability of clay soils to shrink and crack whilst drying is an 
additional factor which increases K. This might be more pronounced in 
the topsoil where most water is lost. The orientation of the cracks 
increase K preferentially in one direction as noted in Chapter 9.3.
These two factors could help to account for the high downprofile 
K values about 10 m upslope.

It is clear from the data obtained that the slope soil is 
heterogeneous and anisotropic.

Homogeneity impliea that K is invariable at various points within 
the soil, while isotrophy implies that K is variable with the direction 
of measurement within the soil. If the soil is homogenous and isotropic 
then the two dimensional (i - z) continuity equation is simply 
(Eagleson, 1972)* i

2 a n (11.10)K y ^  0 = 0

that is, = K (isotropy) and are the same at all points
(homogeneity).

However, if heterogenity exists, then 0 K and (ll.io)
becomesi

K + K_ = 0 ( 11. 11)
iz2

(which is equivalent to equation 9 .6)
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If, additionally, the soil is anisotropic, then equation (11.11) 
further expands to*

K = 0 (1 1 .1 2 )“ 17 z

Equations (ll.io) to (11.12) illustrate the increasing complexity 
caused hy homogenity and anisotropy»

The f3.ux approach to moisture accounting within the hillslope 
described in Chapter 9 uses an equivalent of equation (I1.1l) (i.e* 
including heterogeneity), but cannot cope with anisotropy as described 
by equation (11.12). This problem will be discussed later.

The effect of anisotropy on the magnitude and direction of 
downslope water flux has been described by D Zaslavsky and 
A S Rogowski (1969). They suggest that anisotropy would be promoted 
by a two layered soil, with the less permeable layer below. Streamlines 
would tend to become parallel to the soil surface as both slope angle,

, and anisotropy n (i.e. K ¿Q^giope^orthogonal to slope^ 
increase.

This is not the situation for the West Walk hillslope, where the 
equivalent of n (K A  ) is lees than 1.0 over the steepest slope, 
implying that water would move preferentially downprofile. Nevertheless 
the zone of maximum slope angle maintains higher values than all hu 
the lowest 2 m of slope. The resulting picture is complex, although it 
could tentatively be explained by the combined downprofile influence of 
root tubes and shrinkage cracks exceeding that of downslope shrinkage
cracks.

C. Cnmuarisor nfla-r-am?faoe K_ values 
y î-tî jaMçĵ mum__raJnfal 1 inisnsi/ty
In the absence of field determined infiltration rates for the 

hillslope. K values at 10 cm can be compared with maximum recorded 
rainfall intensity to assess the likelihood of infiltration excess 
overland flow occurring. Freeze (198O) noted that the saturated K of 
soil adjacent to a stream has a strong influence on the operation of
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both infiltration excess and/or saturation excess overland flow. The 
maximum rainfall intensity recorded was 30 mm/hour on 5th August 1975;
2l+ wwn/hnnr was recorded twice, on 21st August 1975 
21st October 1976. Figure 11.5 shows that varies upslope in the 
range <  0.01 mmAour to I47O mm/iiour. Arrows indicate the locations 
where K is exceeded by maximum rainfall intensity, notably adjacent to 
the stream, and above about 20 m upslope. Any overland flow from 
upslope is likely to be quickly absorbed into higher K soil downslope 
and subsequently deplete the SMD. Whether infiltration excess 
overland flow actually occurs adjacent to the stream is not clear 
because the top soil horizontal K is much higher than maxlinum 
infiltration capacity and might be capable of conducting infiltrating 
water, in addition to that arriving from upslope.

It is interesting to note that both the August 1975 storms gave 
flashy responses, high proportions of storm runoff/rainfall and a rapid
return to pre—storm conditions.

D, Hvdraulifi Conductivity. Potential Solute Sources
a.nd Solute Routeways
Mapped hydraulic conductivity (Figure 11.5), %  organic oarhon 

(Figure 11.U) and exchangeable oationa (Figures 11.2A - F) can be 
compared to indicate the potential for rapid solute transport from a
source to the stream.

The strongest visual correlation is between hydraulic ^
conductivity and organic carbon which implies that soluble organic 
matter could be transported quite rapidly downprofile and downslope.
The flow pattern is likely to follow a rotational path downslope, 
essentially vertical over the steepest slope, 5 - 12 m from the stream, 
but gradually turning downslope as the higgler area thins, an 
dcwnslope over the final three metres of high ecil adjacent to the 

• stream. Assuming the soil to be completely saturated then velocity. ( ) 
can be calculated from Darcy's law. The approximate m a ^ u m  vertical 
and downslope velocities would be U7 cmAour and 3.5 cm/iiour 
respectively, at a point 9-25 ■» downslope velocity,
V - K tanot , where is calculated as a vector, and «  is the 
slope a^le). These figures suggest that time is available for
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complexation of metal ions by dissolved organic matter moving with 
the subsurface water (they can only approximate because dispersion has
been ignored).

The highest values of also correlate well with and
(Figure 11.2A). This suggests that surface, or near surface, E x.r
could be rapidly transported to the stream, thus accounting for the
direct relationship between and streamflow noted earlier.
Increasing Ex.K+ in the deeper soil horizons corresponds with lower
and K , and probably represents a supply of slowly available K!*’. 

z

High Ex.Na^ concentrations also correlate well with and 
which makes it difficult to explain the dilution effect for Na 
(Figure 11.2B). The implications are that either*

(i) Na"̂  takes longer to equilibriate than Î*",

or (ii) ^  is preferentially complexed by organic chelates,

or (iii) the h i ^  Ex.Na+ distribution is unrepresentative of the 
pattern found within SC1 as a whole.

If (iii) is true, and soil Ex.Na^ is variable, then this might 
account for the poor correlation between Na+ and streamflow at W1.

The highest Ex.Mg^* concentrations are found in a zone of low 
and K about 9 m upsloP® «»«I“ available for
rapid^soluticn and transport. NeaJ>surfaoe Ex.Mg is low to 
concentration. Thus storm runoff is likely to be low in Mg and result
in a stream dilution effect,

Kear surface Ex.Ca^* is hi^er than at depth in the soil, 
especially 7 - 1U and 19 - 100 m upslope, although when dissolved, this 
is probably only important in supplying Ca^ to the stream during 
hydrograph recessions, i.e. to aid the return to pre-storm 
concentrations (Figure 11.2D). Ex.Ca^^ decreases towards the stream in 
the top 20 cm of soil and, in contrast with upslope areas, vertical 
concentration gradient is absent. This may account for the dilution 
effect noted in Chapters 6 and ?•
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There is a strong similarity between the pattern of pH and and 
K (Figure 1 1 .2F). This implies that organic acids are available for 
rapid transport to the stream, and helps to account for decreasing pH 
with increasing discharge during hydrographs. Low pH (3.6 - U.3) and 
high %  organic carbon (5 - 10 9é) coincide with a hig^i %  ^®2°3  
content in the zone of hifi^ about 9 m upslope. This supports the 
earlier suggestion that iron is complexed by organic compounds in the 
upper catchment soils, and subsequently transported downstream until a 
rise in pH causes precipitation. Complexation by mobile organics has 
recently been suggested as the major mechanism for iron transport in a 
New Jersey catchment (Swanson and Johnson, 198o).

This section has used hydraulic conductivity and soil chemistry, 
both essentially static, point descriptions of the slope soils, in 
discussing anisotropy, overland flow and solute sources and routeways. 
In the next section, collected hydraulic potential and soil water 
solute data are used to analyse the dynamics of subsurface from within
the hillslope.

AN ANALYSIS OF SUBSURFACE VATER AND SOLUTE PROCES}^

This section presents an analysis of subsurface hillslope water 
and solute movement under rainfall Infiltration and drainage oonditions. 
Four main periods are considered.

A. 29th November - ?th December 1976: a period of heavy 
rainfall and infiltration followed by soil drainage.

B. 25th January - 10th Pebruary 1976i a period of intermittent 
lifter rainfall and infiltration.

C. 12th May - 1st June 1977: a period of slope drainage and 
steadily increasing SMD,

D. 12th March - 2nd May 1976« a period of slope drainage and 
steadily increasing SMD during the 1975/1976 drou«dxt, with 
rainfall and shallow infiltration at the beginning of the
period. •
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These results, together with those from Sections 11.2 and 11.3 are 
discussed, and a summary made of the solute sources and transport 
process6s operating.

Tension readings were converted from Bg to cm water \ising the 
program TEKPLOT as described in Chapter 10. These were then stored on 
magnetic tape and used to produce a contour plot of tension with the 
program COHTEH 2 (Appendix 2). The most useful feature of these plots 
is the identification of a saturated zone within the soil (using 
piezometer readings, in addition to tension contours).

Hydraulic potential was also contoured using the stream as a 
reference datum, Z^, (see equation 9.1*). The program COSPOT 
(Appendix 2) was used for this purpose, producing ••equipotentials" for 
water movement to the stream. If the soil is isotropic then the 
direction of flow is from high to low potential, perpendicular to the 
contours. However, measurements of hydraulic conductivity have already 
revealed that this condition is not met, at least for lateral flow in 
the upper soil horizons and vertical flow. It seems possible that 
tension readings could give matrix potential. Implying movement 
perpendicular to the equipotentials (e.g. downslope), while in fact 
actual water movement could be in the direction of higher conductivity 
(e.g. downprofile). A simple analogy has already been made between 
water movement in fissured Chalk and a clay soil after a long dry 
period (Chapter 2.3). whereby recharge is slow and indirect through 
microfissures but faster and more direct throu^ macrofissures 
(Young et al, 1976). Thus conclusions drawn from equipotentials must
be treated with caution.

A. Rainfall, infiltration and drainage»
pĝ th November -- 7th December 1976
Tensiometer, piezometer, and solute data are available for

this period. The catchment hydrological conditions are summarised in 
Figure 11.6. Between 28th November and 1st December, 81* mm rain fell 
at West Walk, giving the highest instantaneous discharge recorded at W1 
in the study period (26.5 l/seo). The preoeedlng period of three 
months following the drought were wetter than average, so that by 
28th November the SMD had fallen almost to zero.
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I, Water Movement
(i) Prior to the rainfall of 23th/29th November 1976, a 

small saturated wedge existed adjacent to the stream (Figure 11.7), 
with tension increasing up-profile. Flow was essentially downslope, 
but with a downprofile component between 21* and i*0 m upslope
(Figure 11.8). The saturated zone was fed by lateral flow from upslope
and vertical flow over the bottom 3 »•

(ii) The second picture of tension coincides with the 
hydrograph rise (1330, 29th November 1976), and shows saturated soil 
over most of the slope. The exceptions are the area of high 
conductivity just below the slope convexity, and 21. - UO n above he 
slope convexity. Fquipotentials suggest that flow direction w ^  little 
changed for the upper slope, but became predominantly
the convex slope. Downslope flow was vertical in the area a’
implying that the tensiometers gave true values in an integrate 
system. The pattern of flow agrees rather well with the direc ons 
suggested by the hydraulic conductivity (Figure 11.5). 0»®^ *he las
five metres, lateral flow to the stream dominates. The convex slope 
emerges as an area of resistance to downslope flow, p r o m o t ^  a h i ^ e r  
water table. Above this the flow potential deflects into the s op , 
and then -re-appears- 10 m down, implying a rotational water m^ement 
under the convexity. The water table downslope of the convex! y e 
also low, due to the reduced lateral supply. Althou^ Figure .7 
portrays a water table at the soil surface, overland flow was only 
noticed in the 2 - 3 metres adjacent to the stream. T M s  was p «  a 
due to the higher hydraulic conductivity of the top soil, especidlly 
the organic layers. Overland flow was observed on footpaths »  
vehicle tracks leading to streams, and this is probably a further 
factor in determining stream hydro-and chemographs.

(iii) The third picture of tension and hydraulio potential 
(1600, 29th November 1976) shows little change, representing conditions 
immediately after rainfall, during hydrograph recession.

(iv) seven and a half hours after rainfall, the water table 
had fallen over most of the slope except the lowest six m^rea n o w  
appeared essentially downslope in the saturated zone, being
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vertical \ansat\irated flow upslope of the convexity. This agrees with 
the empirical findings of Weyman (19 73) simialations of Seven (19 77a, 
1977s)» However, the disagreement with these and other published works 
lies in the upslope extent of the saturated zone. This effect is 
thought to be due to a relatively high resistance to downslope flow 
between 1i+ and 2l+ m upslope, and possibly to low subsoil hydraulic 
conductivities in the soil above about i+0 m. These factors would also 
induce upward saturation from the profile base before upslope 
saturation due to movement of the saturated wedge.

(v) At 0900, 30th November 1976, xain was again falling. A 
wetting front, saturated in two parts, can be seen on its way 
downprofile. At this time it served to reinforce the vertical supply 
to the saturated zone below which, 19i Hours after the cessation of 
rainfall, still extended 50 m upslope.

(vi) By 1600, 30th November 1976, the water table had risen 
in response to a further 22.6 mm rainfall. Surface or neaivsurface 
saturation is again evident adjacent to the channel and below the slope 
convexity. In the latter case a pronounced 'pressure-hump' had built 
up at the profile base, possibly in response to convergence of vertical 
flow and 'rotational' flow from upslope.

(vii) Between 1st December and 6th December the picture is 
essentially one of drainage, the saturated zone gradually diminishing. 
The flow pattern does not alter significantly over this period.

(viii) By 0900, 7th December 1976, a further I6 .8 mm rain had 
fallen, 12 mm the previous day. The pattern of infiltration as rain 
fell at 0900, 7th December 1976, is complex, showing the progress of a 
wetting front in thre« areas. The unusual 'strand' of saturated soil 
below the convexity may be due to a frost-affected reading. The 
saturated zone was again starting to build upslope.

II. Solute Movement
Samples taken from the soil during these storms were analysed by 

AAS for k :̂ and Mg^^ concentrations using the techniques described in 
Chapter 5. The data were contoured using the program CONCHEM 2
(Appendix 2).
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(a) Potassium concentration (Figure 11.9)

(i) Preceding the storm (1^10, 19th November 1976) 
concentrations were highest 9 - m upslope, decreasing downproflle. 
The slope convexity was an area of lower K!̂  concentration, 
concentrations at the base of the saturated wedge were only slightly 
higher than that measured at VI. The dissolved K+ distribution of the 
soil water can be seen broadly to agree with that which would be 
expected from the Ex .k:̂ distribution of the soil (Figure 11.2A).

(ii) With the onset of rain (1230, 29th November 1976), 
near surface concentrations of had increased, probably due to the 
solution of Ex .k:̂ suggested by Figure 11.2A. Again the convex slope 
has lower concentrations. The contour patterns suggest that some of 
the higher water from up profile is beginning to move downslope with 
lateral flow. concentrations in saturated soil near the slope base 
were particiaarly high, but decreased upslope and downprofile. This 
also correlates quite well with the Ex.K^ distribution of Figure.11.2A 
and must represent the primary source of for increasing 
concentrations at W 1 during the storm.

(iii) After the cessation of rainfall (I63O, 29th November 
1976), the high K+ zone, formerly centred near the surface about 1U m 
upslope, had moved downprofile and downslope. The shape of the 
concentration cloud, attenuated downslope, was probably controlled by 
dispersion and hydraulic conductivity. Attenuation of upper slope 
concentrations was pronoTonced due to lateral flow. Adsorption was 
also likely to have affected concentrations and it is noticeable that 
the core concentration had decreased from 12 mg/l to 6 mg/l since 1230, 
29th November 1976. The near channel surface concentration was still 
quite high, although subsurface concentrations had decreased slightly.

(iv) By 2300, 29th November 1976, the IC*’ cloud had continued 
to progress downslopc, but had then turned downprofile at the point 
where K was found to be high. A considerable re-distribution of KT 
contours had occurred upslope, either due to flow under the slope 
convexity or solute adsorption.
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(v) soil water concentrations were noticeably reduced 
after the storm due to leaching, transporb and adsorption (1500,
1st December 1976). The return to high concentration at 1^30,
2nd December 1976, may represent the sampling of high concentration 
residual water from smaü-ler pores, since the soil was then 
unsaturated.

(vi) With the return of rainfall and infiltration, 1330f 
7th December 1976, cloud movement is again evident. Upslope 
concentrations were also hi^, in better agreement with K* exchange 
capacities.

(h) Mg.gnesium concentration (Figure 1 1 .10)
Concentrations were 5 - 1 0  times higher than those in stream water

2+and there is a poor visual con*elation with the pattern of Ex.lig 
(Figure 11.2C). »Concentration decreases in the saturated zone adjacent 
to the stream, possibly due to Mĝ "̂  adsorption. It is not clear why 
high concentration zones appear and disappear over short periods of 
time; flow velocities are certainly not high enough to allow complete 
solute removal. Again, solute adsorption may provide the answer.

Thus, althoiagh some pattern similarities exist with the 
concentration diagrams due to possible inconsistencies in the data, it 
was decided not to attenpt a detailed e^qplanation of processes.

III. Discussion I
Figure 11.6 shows the timing of flow and solute concentration over 

the period. The storm of 29th November 1976 produced a very rapid 
response at W1, typical dilution of Mg^“̂ and concentration of IC*". Both 
cations exhibited conciderable fluctuation during the recession phase 
of the storm, which could be explained in terms of the arrival of 
solute pulses from upalope source areas.

Throw^flow was also sampled at the pit during this storm, the 
hydrograph being shown in Figure 11.6. Plow slowly increased as a 
result of the 28th November 1976 storm, rose rapidly in response to the 
29th November 1976 storm, but did not peak until about 11* hours after 
streamflow. Further rainfall on 30th November 1976 resulted in a less
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(v) ^  soil water concentrâtions were noticeably reduced
after the storm due to leaching, transport and adsorption (1^ 0,
1st December 1976). The retiim to high concentration at 1530,
2nd December 1976, may represent the sampling of high concentration 
residual water from smaller pores, since che soil was then 
unsatiirated.

(vi) With the retixm of rainfall and infiltration, 1330,
7th December 1976, cloud movement is again evident. Upslope 
concentrations were also his#i, in tetter agreement with K+ exchange 
capacities.

("b) Mg^es'ti™ concentration (Figure 11.10)
Concentrations were 5 - 1 0  times higher than those in stream^water 

and there is a poor visual cori'elation with the pattern of Ex.Mg 
(Figure 11.2C). » Concentration decreases in the saturated zone adjacent 
to the stream, possibly due to Mĝ '*' adsorption. It is not clear why 
high concentration zones appear and disappear over short periods of 
time; flow velocities are certainly not high enough to allow complete 
solute removal. Again, solute adsorption may provide the answer.

Thus, although some pattern similarities exist with the K!*” 
concentration diagrams due to possible inconsistencies in the data, it 
was decided not to attempt a detailed escplanation of processes.

Ill, Discussion I
Figure 11.6 shows the timing of flow and solute concentration over 

the period. The storm of 89th November 1976 produced a very rapid 
response at W1, typical dilution of Mg^+ and concentration of «*■. Both 
cations exhibited oonoiderable fluctuation during the recession phase 
of the storm, which could be explained in terms of the arrival of 
solute pulses from upslopa source areas.

Throughflow was also sampled at the pit during this storm, the 
hydrograph being shown in Figure 11.6. Plow slowly increased as a 
result of the 28th November 1976 storm, rose rapidly in response to the 
29th November 1976 storm, but did not peak until about 1U hours after 
streamflow. Further rainfall on 30th November 1976 resulted in a less
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peaked streamflow hydrograph, althou^ this time the pit throughflow 
peak was higher and delayed by only seven hoijrs, due to the already 
saturated soil. Overland flow was observed below but not above the pit. 
These results suggest that throughflow from upslope of 7 m can only 
contribute water and solutes to recession phases, (assuming it remains 
as throughflow), and that peak flow is primarily derived from surface 
and/or subsurface flow adjacent to the channel. A usefiil con^arison 
can be made with the same hydrographs recorded in Bicknoller Combe, 
Somerset (Anderson and Burt, 1978)(i’igure 11.6). There, a combination 
of soils ana topography combined to produce a relatively small storm 
runoff peak but a large, delayed throughflow hydrograph, accentuated by 
further rainfall. D R Weyman (197U) obtained similar results for the 
same soil series (l - 2 m deep, freely draining brown earths above Old 
Red Sandstone) on the nearby Mendip Hills. The throughflow delay at 
Bicknoller Combe was more pronounced due to the effect of side-slope 
hollows. ClesLrly the shallower Vest Walk soils with an absence of 
sideslope hollows are important in confining the upslope throughflow

2+  4-contribution to recession phases. The response of Mg and ET 
concentrations in pit throughflow showed dilution and concentration 
respectively, the peaks also being delayed with respect to streamflow.

There was a major recurring problem with throughflow discharge 
measured at the pit, in that it disagreed with saturated throughflow 
computed from Darcy's Law.

Saturated throughflow could be calculated from:
Z = h

Q = V.Sin e* J
Z = 0

K .dz xz (11.13)

(Weyman, 1973) where w = elope width, m
6- = water table slope
Z = height above slope base, m
h = water table above Z^, m

K = satiirated hydraulic conductivity, m/s, 
xz

calculated as a vector at the pit, but assumed horizontal at PI, 
adjacent to the stream.
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Measured pit discharge is shown to be up to fo\ir orders of magnitude 
higher than that computed by equation 11.13 (Figure 11.11). This could 
be 63q)lained in either or both of two ways.

Firstly, as noted earlier, laboratory determinations of K could be 
unrepresentative of the soil mass, representing only flow throxj^ small 
pores and omitting the wider spaced cracks and root tubes. The major 
argument against this is that where samples including fissiares and 
cracks were used the results fitted in well with the general pattern of 
conductivity (Figure 11.5). That is, the density of macropores was 
high enough to be described by the permeameter results.

Secondly, measured throughflow might have included water from 
diagonally above the pit, induced toward the pit by the artificial 
"drawdown” effect. Usually under such circiimstances, the effect would 
be to reduce flow into the pit (Knapp, 1973) due to the artificial 
incursion of unsaturated conditions. Furthermore, at West Walk, an 
increase in saturated hydraulic gradients adjacent to the pit woiild 
have been more than offset by the downprofile decrease in measured K.

Close investigation of the pit face revealed the emergence of 
water from two macropores in the same way that water "bubbles" from 
underground springs. The emergence was from the bottom of the face, 
suggesting a piezometric surface Just above the base of the pit. Under 
such conditions water could have been confined by the low conductivity 
clay, only able to emerge from local macropores, (which it would also 
tend to enlarge). Thus the measured pit discharge could not have 
represented true discharge from the one metre wide slope soil (see 
Figure 11.12). Although this explanation is only tentative it leads to 
the general conclusion that soil pits create more problems than they 
solve, an opinion shared by others working in the came field (e.g. 
Waylen, pers. comm. 1975)«

Thus, the slope of the measured throughflow hydrograph with 
associated Mĝ '*’ and response, shown in Figures11.6 and 11.11 is 
probably more typical of deeper subsurface flow than it is of the soil 
profile. Computed throughflow hydrographs at the pit and PI (1.25 m 
from the stream) show a more peaked response in time with the stream, 
although still contributing sigiiificantly to stream recession. The

534



■ 20

>-0

W l

535



FIGURE 11.12: SIDE VIEV/ OP THE PIT, ILLUSTRATING DISTORTION OP THE 
NATURAL PIEZOMETRIC SURFACE AND EMERGENCE OP PLOW 
FROM LOCALISED MACROPORES
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higher computed flow at the pit than at P1 could he purely 
coincidental or it could indicate the occurrence of saturation excess 
overland flow near the stream. concentrations were highest at P1,
10 cm, decreasing downprofile, and decreased from nearly 1 0  mg/l at the 
storm peak to about 2.5 mg/l during recession. Dilution of storm 
concentrations, possibly by overland flow, wo\ild have been required to 
produce the levels recorded at VI. However, it is clear that the 
direct relationship between and streamflow is primarily due to the 
leaching of potassium from near surface soil, particularly near to the 
channel, in concentrations too high to be diluted by weak solutions 
(e.g. overland flow or channel precipitation). Mg showed a slight 
dilution at PI, 10 cm and i|0 cm during the storm, but a gradual rise to 
about 20 mg/l on 7th December 1976.

Tension or pressure, moisture contents and soil water solute 
concentrations can also be examined for single profiles to illustrate 
the processes operating during a storm (Figures 11.13, 11.11+ and 11.15). 
During the pre-storm period tension gradients existed throiighout each 
profile (t»l). The slope had already been affected by rainfall on 
28th November 1976, but further rainfall on 29th November 1976 caused 
a reduction in the gradient, such that the soil was completely 
satxirated 35 cm below the surface at profiles 9*25» 11*5 ûid 13*9 ^ 
upslope. The gradient steepened again during the days following the 
main storm, primaxily due to profile drainage, i.e. tension increased 
in the upper soil as water moved downprofile and down slope, while 
press\ire increased in the profile base due to the receipt of water 
from above. As time proceeded equilibrium was reached and the whole 
profile tended to drain uniformly, leading to a relatively constant 
tension gradient, moving to the ri^t in Figures 11.13 A - C. This is 
remarkably similar to the process described by Weyman (1973)»

Moisture content also Increased with rainfall; the highest 
contents were in mid profile, decreasing with depth due to reduced 
porosity. Concentration gradients were rather more variable from 
profile to profile (this emerged strongly from the contour patterns 
discussed earlier). In general IC*" concentration tended to increase 
up profile, in a similar way to that of Ex.K in Figure A3.21. Changes 
of concentration through time do not follow such an easily recognisable 
trend as tension and are best viewed as a two-dimensional display to
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identify processes. Fig^e C suggests that leaching of
occurs during rainfall, but that this is then transported from the 
profile, vertically (T2 to T3 ) and laterally (see Figure 11.9)»
Further can be leached by successive rainfall events. Mg*^ 
concentration profiles also reflect exchangeable cation contents 
(Figure A3 .2U) particularly during pre-storm and early storm periods 
(T1 and T2 at 9*25 ni upslope), but these are disrupted as flow 
re-distributes the water vertically and laterally (Figure II.IO).

The patterns on the hillslope of water and solute movement during 
a storm are summaurised at the end of the Chapter.

B. Rainfall and Infiltration:
2^th January - 10th February 1977

There were five small hydrographs during this period 
(Figure 1 1 .1 6 ). The saturated wedge expanded upslope in response to 
the major rainfall inputs (26th Janiiary, 3rd February and 10th 
February 1977) although a curious dip in the pressure/tension contours 
existed throughout the period at 11.5 m upslope (tensiometer set T2). 
Closer inspection of all other contour plots shared a similar tendency 
and, since this is an area of high K^, it seems likely that it 
represents relatively rapid vertical drainage.

The equipotentials show very similar features to the 
2 9th November 1976 storm (Figure 11.18 ). Drainage is essentially 
lateral towards the stream in the saturated zone, with a supply from 
the xmsaturated soil up"-profile and upslope. Downprofile unsaturated 
flow dominates the convex slope for the whole period. Above this the 
eqiiipotentials also indicate vertical, downprofile, unsaturated flow, 
except from 7th February to 10th February 1977 when there is evidence 
of downslope flow. This presumably occurs as a result of the 
additional rainfall overloading the vertical flow system.

Soil water samples were analysed for from 25th January to 
2 9th January 1977 and Ca“*^ from 2nd Februarj*̂  to 10th February 1977.
The general patterns of are similar to those for the
2 9th December 1976 storm with high near surface concentrations,
especially above and below the convexity, which again appears deficient
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PIGURE 1 1 . 1 7 : PATTERNS OP PORE WATER PRESSURE IN T}ffi SLOPE, 
25  JANUARY -  10 FEBRUARY 1977
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FIGUHE 1 1 .1 8 » PATTERNS OP HYDRAULIC P0TI:NTIAL IN THE SLOPE, 
25 JANUARY -  10 lEBRUARY 197?
(arrow  in d ic a t e s  d i r e c t i o n  o f  flow )
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FTGURR 1 1 .1 9 : PATTERNS OP SOIL WATER POTASSIUM OONCENTRATION 
IN THE SLOPE, 25 JANUARY -  29 JANUARY 1 9 7 7
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FIGURE 1 1 .pn. PATTERNS OP SOIL WATER CALCIUM CONCENTRATION 
IN THE SLOPE, 2 iEURUARY -  10 iTSDRUARY 1977
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in . A 'cloud' of high KT*" can be seen at 25th January although by • 
the following day this has left the soil profile, ET** from the upper 
slope is never seen to reach the convex area, indicating either quite 
rapid adsorption onto the matrix, or vertical transport into the soil 
with the dominant flow pattern. A noticeable vertical re-distribution 
of occurred by 28th and 2 9th January 1977 to support the latter 
hypothesis. Only one sample was possible from the 10 cm deep 
piezometers, showing a IC*’ concentration of 6,2 mg/l during a rising 
water table after cessation of rainfall, ooncentration at PI 1+0 cm 
and P2 50 cm rose slightly in sympathy with the expansion of the 
saturated wedge, Ca*̂ "̂  contours again show the consistent cation 
deficiency of the convex slope, concentrations never rising above 
about 3 0 mg/l C a ^  (Figure 11.20). Zones high in Ca"^ occur 11,5 m 
upslope at 20 cm depth and near the soil surface above 30 m upslope. 
The general pattern agrees well with that of Ex.Ca"^ (Figure 11.20).

C, Soil Drainage;
12th May - 1st June 1977

#

A 20 day recession period followed about 10 mm of rainfall on 
11th May and 12th May 1977» (figure 11.2l). This presented an ideal 
opportmity to study moisture and solute movement within the soil 
diaring a period of drainage, with rainfall (actually, m m fell on 
26th May but this was absorbed by upward capillary flow, and therefore 
made no impact upon the saturated zone or streamflow). It was thought 
that in studying a lengthy period essentially dominated by 
évapotranspiration the mechanisms which set the catchment up for 
seasonal flushing effects might be identified. Such a period could not 
normally be monitored by tensiometers and suction sampling cups prior 
to autumn storms due to high values of soil tension beyond the range of 
the 'Webster' tensiometer,

I, Water Movement
(i) The rainfall of 11th and 12th May 1977 produced a small 

expansion of the saturated wedge, and distortion of vertical tension 
gradients, indicating dcwnprofile movement of water through unsaturated 
soil (1 2 th May and 13th May; Figures 11.22 and 11.23). However, flow 
in the saturated wedge was horizontal in the direction of the stream.
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(ll) During the remaining period (l6th May 1977 - 
1st June 1 9 7 7 ) water movement followed the theoretical pattern 
described by Weyman (1973)» summarised in Chapter 9 1 that is, rotation 
of eq\iipotentials from horizontal (vertical infiltration,
(e.g. 1 3 th May 1977) to orthogonal (lateral downslope flow, e.g.
I6th May 1977) to nearly horizontal (vertical upward flow due to plant 
water demand, e.g. 1st June 1977)* By the end of the period (1st June) 
flow was being drawn upwards from the satxirated wedge and streamflow 
had actually ceased at the slope base. A low hydraulic potential still 
existed for lateral flow (see computed throughflow in Figure 11.21) but 
the water table appeared to have fallen below the streambed. This 
suggested that slow downstream subsxurface seepage mi^t be augmenting 
streamflow. It also pointed to a potential supply of solutes for 
aut\imn flushing, l.e. the residue remaining on and immediately below 
the streambed.

The distribution of equipotentials varied considerably downslope, 
with the hipest tensions recorded near the surface, 9 - 1U m upslope 
( >  600 cm water, 1st J\me 1977)* Above 21* m the down profile tension 
gradient was lower and confined to the soil 10 - 70 cm below ground 
level. This pattern can be explained by reference to the distribution 
of vegetation over the slope (Figure 9«U)« Over the lower slope 
dominantly shoart rooted vegetation (l.e. grasses, bracken, reeds)

0
produced a heavy near surface water demand, but on the upper slope 
dominant longer rooted species (i.e. birch, Scots pine and beech) drew 
water from depth.

II. Solute Movement

It was only possible to remove small volumes of soil water during 
this period due to difficulty in overcoming considerable natural 
tension. During the latter days less than 1 ml of solution was 
frequently available for analysis and in some instances no sample was 
obtained. Mlcropipetting was employed to handle these small volumes, 
but it meant that only a single cation concentration (l^) could be 
determined to produce contour 'snapshots*.

The contour pattern for over the period of drainage was complex 
(Figure 11.2i*), but can be explained using the processes of water 
movement described earlier.
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(i) Initially (l2th May 197.7) ^  concentrations were low 
probably due to removal by post-rainstorm lateral flow, apart from near 
surface soil on the upper slope. The latter area shows some 
inconsistency in the contoiir 'snapshots' probably due to porous cup 
failure and the necessity to fill missing data points by interpolation. 
This was achieved by hand plotting of vertical and downslope profiles.

(ii) Prom I6th May 1977 onwards a pattern was established, at 
least over the lower slope. As equipotentials began rotating towards 
the horizontal a zone of higher concentration developed at the 
profile base (l6th May - 25th May The contours lay parallel
to the equipotentials, indicating a concentration gradient (iC*’ 
decreasing) in the direction of upward flow. One possible e3q>lanation 
for this lies in the fact that the larger pores at depth, containing - 
water of lower concentration, would be emptied preferentially, thus 
leaving higher concentration water in the smaller pores to be sampled.

(ill) As time proceeded water was drawn from the smaller pores 
at depth due to demand from the short rooted vegetation above, and the 
concentration gradient was reversed (e.g. 28th May and 1st June 1977)» 
Higher concentration water moved upwards, the ions either .being 
taJcen in by plants or accumulating at the soil root interface.
Carlisle et al (1 9 6 6 ) found that bracken played an important role in 
the woodland nutrient cycle, its litter and throughfall contributing 
3 I.I1 %  of the total K falling from all soiarces. Thus bracken on the 
hillslope could be important in accumulating K during the growth period 
and returning it to the soil siirface either as leaf erudant, dissolved 
by throughfall in the longer term or by chemical decomposition of 
bracken fronds.

The IC*' contour pattern during the latter days of the period bears 
a striking resemblance to that of Ex.lC** (Figure 11.2A) with high 
concentrations in the upper and lower slope, but familiar low 
concentrations under the convex area. Thus upward flow appears to 
reinforce the pattern of Ex.K by solute accumulation in the upper soil, 
at the soil root Interface and plant uptake and return either in 
throughfall or by longer term tissue decomposition.
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PIGDIIE 1 1 .2 2 1 PATTERNS 0? PORE WATER r-RESSURE IN THE SLOPE, 
12 MAY -  1 JTJNE 1977
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PIGUTiE 11.231 PATTERNS OF HYDRAULIC POTENTIAL IN THE SLOPE, 
12 MAY -  1 JUNE 1977 
(arrow  in d ic a t e s  d i r e c t io n  o f  flow )
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•PTP.TTHE 11.2h (cont'd)*
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Several samples were large enou^ for C a ^  and M g ^  determination 
over the period and these siaggested that a similar process could be 
operating for these two ions.

It seems likely that the near surface cation accumulations could 
be significant contributors to the flushing effect noted in Section 2 
of this thesis.

III. Further Discussion
Weyman (1973) found that tension ( \ p ) was linearly related to

height above the slope base (z). 

\|̂ = a' + b'z ( 1 1 . 1U)

Slope base moisture content, a', and the upslope moisture gradient, b', 
were linear functions of time, t.

The actual coefficients obtained for these relationships suggested 
to Weyman that the drainage rate did not increase rapidly with z and 
that the upslope moisture gradient was low at any point in time.
Similar relationships were sought for the West Walk hillslope as a 
means of comparing flow regimes on two different soils with different 
vegetation covers; Weyman's bracken, bramble and grases on free 
draining brown earth, and West Walk's grasses, bracken, shrubs and 
trees on a gravelly, clayey, brown earth.

Equation (ll.lU) was fitted to data from 10 cm, 25cm, 35cm and 
70 cm depth for each day over the period 12th May to 1st June 1977» but 
only at 70 cm were some significant linear correlations obtained (see 
Table 2 & Figure 11.25). This was due to the effect of upward flow on 
the lower slope, more pronounced at 10 cm than at JO cm, and to a 
lesser extent the non-linearity of the moisture/tension relationship, 
notably at high tensions (Figures 10.6- 10.19). Some success was 
achieved by treating the slope as two separate units: lower slope -
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short rooted vegetation; upper slope - longer rooted vegetation, and 
fitting equation (II.II4) to data from 2$ cm and 35 cm (IO cm data vas 
not susceptible to this division)(Table 11.3)« Correlation 
coefficients increased but were not always significant, due to the 
reduced sample size. One interesting poirt here,is that VI »  z over 
much of the lower slope, which was primarily due to the influence of 
évapotranspiration and not gravity drainage, the principal mechanism 
suggested by Hewlett and Hibbert (1 9 6 3)»

Equations (11.15) and (II.I6 ) were fitted to the coefficients in 
Tables 11.2 and 11.3» and the results are summarised in Table 11.U»
The upslope moisture gradient is the same as that obtained by Weyman 
on the upper slope at 2$ cm and 35 cm depths, but higher on the lower 
slope due to the effects of évapotranspiration. The gradient is much 
lower at 70 cm where the influence of upward water movement is subdued. 
The drainage rate, da'/dt, was stable for all but 35 cm deep readings 
on the upper slope (the latter possibly due to a faulty tensiometer) 
which also agrees with Weyman*s results.

concentration has been plotted against height above the slope 
base (z) in the same way as tension (vp)(Figure 11.26). The most 
marked feature, especially at 10 and 35 cm depths, is the zone of low 

between I6 and 1 9 m  upslope. There aie no clear linear 
relationships between concentration and z, as there were between l|| 
and z. Comparison of Figure 11.26 with Figure A3 .27 (Ex.lC^) 
illustrates a general visual correlation between in solution and 
exchangeable IC*”, even over the wide range of tensions represented by 
the period 12th May to 1st June 1977. However, this correlation does 
not hold good statistically, using the average concentration of soil 
water for the drainage period.

IĈ  cone. (mg/l) = U . 3 6  + 0 .0 6 7 Ex .k:̂ mg/i (11.17)

r = O.lUj N = 22, not significant

For a single set of soil water samples (1100, 1st June 1977) 
correlation improved but was still insignificant.
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FIGURE 1 1 .2 ^ : VARIATION OP TENSION WITH DISTANCE UPSLOPE DURING SLOPE 
DRAINAGE, 12 MAY ( t  = l )  -  1 1977 ( t  a  21)
As 10 CM DEPTH
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TABLE 11.2; HELATIONSHIPS BETWEEN Ijf AND z FOR THE 70 CM BEEP DATAi
from 12th May to 1st June 1977

Time, t, since
of drains^
1 = 12/5 )
days Relationship

Correlation
coefficient

r N

Significance
Level

r

1 f  = 6 .5 1 + 0.03 z 0.61 8 NS

2 ^ = 5 .U6 + o.ou z 0.65 8 - 10 %

5 y  = lo.iji + 0.0U2 z 0.80 8

6 9 .21  ̂+ 0.06 z 0 .78 8 S %

7 1U .26 + o.ou z 0.62 8 NS

8 t= 1 7 .5 7 + 0.03 z 0.U5 8 NS

9 y = 2 2.8u + 0.02 z 0 .32 8 NS

10 \|f= 2U .96 + 0.02 z 0.26 8 NS

12 y= 32 .50 + 0.01 z 0.07 8 NS

1U 22.07 + 0 .11 z 0.83 8

16 y= 57.66 + 0.003 z 0.02 8 NS

19 • y= 3 9.6U + 0 .15 z 0.85 8 5 %

21 \n= 61.8U + 0 .12 z 0.85 8
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TABLE 11.1 At RELATIONSHIPS BETWEEN ^  AND z FOR 25 CM DEEP DATA*
from 19th May to 1st June 1977 *

Time, t, since 
start of draina^

Correlation
coefficient

Significance
Level

Lays Relationship r N r

Unner Slone

8 ^  = 5 1 .2 9 + O.OU z 0 . 9 1 k 10 %

9. = 6 2 . 1 2  + 0.02 z 0 . 7 8 U NS

10 = 7 3 . 1 1  + 0.01 z 0 . 6 2 h NS

12 y  = 9 2 . 0 8 - 0 .0 0 1z 0 . 0 3 k NS

1U y  = 1 114.U + 0 . 0 2 z 0.26 k NS

16 y  = 1 1 3 . 2  + 0 . 1 1  z 0 . 7 5 k NS

1 9 y  = 1 5 3 . 0  + 0 . 1 2  z 0 . 6 9 h NS

21 y  = 1 0 8 . 8  + 0 . 3 8  z 0 . 9 2 k 1 0 %

Lower Slone

8 y  = 30.65 + 0 . 1 9  z 0 . 8 0 k 10 %

9 ' y  = 3 6 . 8 1 + 0 . 1 9  z 0 . 7 2 k NS

10 y  = 7.M + 0.U2 z 0 . 9 3 k 10 %

12 Xf = 0 .91» 2 - 5 9 . 2 3 0 . 9 7 k 10i?é

1U y  = 0 . 9 8 z - 2 8 .9U 0 . 9 9 k S %

16 y  = 1 .3U z - 6 2 . 6 0 0 . 9 9 k S %

1 9 y  = 2 . 0  z - 1 0 7 . 6 7 0 . 9 6 h 1 0 %

21 y = 189*27 + 0.585 0 .37 h NS -

The early time data omitted due to low significance levels
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TABLE 11.3 B : HELATIONSHIPS BETWEEN Vj) AND z FOR 35 CM DEEP DATAi
from 20th May to 1st June 1977 *

Time, t, since 
start of drainage

Correlation
coefficient

Significance
Level

Lays Relationship r N r

Unner Slone

9 (¡1 = i+2.83 + 0.13 z 0.76 U NS

10 V  = 53.05 + 0.07 z 0.51* u . NS

12 V  = 30.95 + 0.3it Z 0.99 u 59i

ih \l = 26.26 + 0.h7 z 0.92 k 10 %
16 <jl = 0.93 z - 1i,.79 0.99 h 59i

19 \]| = 1 .2 2 z - 33 .2 6 0.99 u 5 %

21 = 1 .2 9 z - 17 .9 z 0 .9 5 k 10 %

Lower Slone

9 = U +.87 + 0.05 z 0.92 u 10 %

10 V|) = 5 6 .13 + 0.03 z 0.65 h NS

12 \f = 61.U3 + 0.07 z . 0.86 k NS

iu y  = 67.26 + 0.10 z 0.91 k 10 %1
16 y  = 8U.i*2 + 0 .1 5 Z 0.90 u 10 %

19 y  = 8 7.10 + 0.22 z 0.8U k NS

21 = 19.06 + 0.50 z 0.96 u s %

The early time data omitted due to low significance levels
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TABLE HELATIONSHIPS BETWEEN DRAINAGE RATE, a*, AND
MOISTURE GRADIENT, b ', WITH TIME 
SINCE START OF DRAINACE, t

A. Slope Base Moisture Content, a*

Data Used Relationship

Correlation
coefficient

r N

Significance
Level

r

upper slope 
t = 8 - 21

1a = 1U.37 t + 5.99 0.86* 8 0.1 %

lower slope 
t = 8 - 19

1a = 131.85 t - 12.57 0.93 7 0.1 %

upper slope 
t = 9 - 21

1a = 61.71 - 0.12 t 0.02 7 NS

lower slope 
t = 9 - 21

1a = 112.31* - 6.96 t 0 .93 7 0.1 %

whole slope 1a = 2.U3 - 1 .6 3 t 0.91| 12 0.1 %

B, Moisture Gradient, b*

upper 
t = 8

slope 
- 21

b' = 0.021 - 0.20 t 0.80 8 1 .p %

lower
t = 9

slope
- 19

b' = 0.161* - 1.2 0 t 0.99 7 0 .1 %

upper
t = 9

slope 
- 21

b' = 0.03 t - 0 .31 0.88 7 0 .1 %

lower
t = 9

slope
- 19

b' = 0 .11 t - 0.96 0.90 7 0 .1 %

whole 
t = 1

slope
- 19

b' = 2.09 t + 0.006 0.9U 12 0.1 %
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k:" cone. (mg/l) = 0.58 Ex.K^ - 2.86 (11.18)

r = 0 .5 2 ; N = 12; not significant

Th.6 poor correlation could simply’be the result of sampling or 
analytical error, or it could be due to actual physical and chemical 
processes. For example, at some stage in the procedure for detemining 

potassium could have been freed from the clay mineral structure 
of the deep samples, and incorporated in the total exchangeable 
contents. Alternatively the reversed soil v:ater potential might tevo 
reduced anion supply for exchange with at the deeper soil water 
sampling points. If the 100 cm data pairs are excluded (in these, 
high Ex .k;̂ corresponds with low dissolved K^) equation 11.18 Improves 
considerably.

cone, (mg/l) = 0.68 Ex.K^ - I.79 (11.19)

r = 0.93; N = 8; slg. at 0.1 96

However, without more intensive research, isolation of the processes 
operating is not possible.

The relationships of concentration with tension, and hence
m

moisture content, are poor (Figure 11.27). Only in the case of 70 cm 
data was a least-squares fit attempted, and this was not significant. 
These results suggest that during a soil drying phase the concentration 
of in solution is independent of moisture content and that , in 
general, an equilibrium is maintained between IC*’ ions in solution and 
on exchange surfaces within the soil. However, this is a relatively 
crude assessment and the details are not fully understood. Weyman 
(19 73) fitted an exponential function to the tension/tlme data.

vV = ce (1 1 .20)

and discovered that the drainage rate, f, was significantly related to 
height above the profile base, y, but not height above the slope base, 
z, which confirmed the dominance of vertical over latearal flow during 
drainage. Eqxiatlon (l1.20) was successfully fitted to data frcrni
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DEPTH cm. • 10 A 25

FIGURE 1 1 .? 7 : RELATIONSHIP BETWEEN TENSION AND SOIL WATER POTASSIUM 
CONTENT IN THE UILLSLOPB

573

w



12th May - 1st June 1977 (Figure 11.28j Table 11.5)* No significant 
relationships were found between f and z (Table 11.6) althou^ it is 
interesting to note that the highest correlation coefficient occiarred 
for 70 cm data, implying some lateral seepage at this depth.

However, a significant linear relationship between f and y was 
obtained,

f = 0.09 + 8.2 X 10"^ y (11. 21)

r = 0.58; N = 3 1 ; Sig. level 0.1 %

confirming the dominance of vertical flow during drainage foxmd by 
Weyman (1973) and noted eao:lier from the equipotential plots 
(Figure 1 1 .23).

No simple consistent functional relationships existed between 
concentration and time, which tended to confirm the earlier suggestion 
that an equilibrium was maintained between soil and soil water 
concentrations. The exception to this might be in the upper layers of 
soil where lî  co\ild be held in solution at higher concentrations by 
organic chelates.

D. 12th March - 2nd May 1976;
A period of soil drainage with rainfall and infiltration
dinring the 1975 - 1976 drought I
During the period of tensiometer installation, tension data were 

collected from two storms of 10 mm and 7 mm and periodically during the 
hS day recession which followed. Solute data was not available at this 
time, but a brief description of the flow pattern is Incliaded because 
it contains interesting features not present in periods A - C. 
Furthermore, it provides historical documentation of subsurface 
processes during the 1975 “ 1976 drought. Figure 11.29 gives the 
hydrological background to this period^ a period of low flow recession 
interrupted by two stoim hydrographsj actual evaporation (calculated 
by the Met. Office with an estimated root constant of 50*8 mm for tree 
species <  10 years old) increased from 0.8 mm to 3*0 mm/day.
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PTCOTE 11.28: VARIATION OP TENSION WIIH TH®, DURIH3 SLOPE DRAINAGE 
12 MAY ( t  = 1) - 1 JUNE 1977 ( t  = 21)
A* 10 CM DEPTH B: 25 CM DEPTH
Cl 30 CM DEPTH Di 70 CM DEPTH
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TABLE 11.«̂t EXPONENTIAL FUNCTIONS PITTED TO THE TENSION/TIME DATA
from 12th May to 1st June 1977

Distance
upslope

m

Coefficients in 
Equation (11.20) 
0 f

Correlation
coefficient

r N
Significance

Level

10 cm Deuth

9 .2 5 15.6U 0 .1 6 6 0.98 13 0 .1
1 1 .5 0 21*. 28 0.108 0.96 13 0 .1
1 3 .9 0 lit. 38 0.190 0.97 13 0 .1
1 6 .2 5 16.75 0 .18U 0.97 13 0 .1
19.30 10.63 0.176 0.95 13 0 .1
23.90 30.6U 0.090 0.99 13 0 .1
31.00 2li.11 0 .11U 0.96 13 0 .1
50.50 1 8 .2 2 0.131» 0.97 13 0 .1

25 cm Deuth

9.25 11*.1 0.130 0.96 13 0 .1
11.50 25.58 0.099 0.99 13 0 .1
13.90 19.30 0 .131» 0.99 13 0 .1

16.25 19.50 0 .1U2 0.99 13 0 .1
19.30 16.05 0.131» 0.96 13 0.1'

23.90 27. U5 0.090 0.99 13 0 .1
31.00 23.72 0 .111 0.99 13 0 .1

50.50 19.52 0.129 0.99 13 0 .1
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TABLE 11.^ (cont*d)

Distance
upslope

Coefficients in 
Equation (11.20)

Correlation
coefficient

Significance
Level

m C f r N r %

35 cm Denth

9.25 15 .5 6 0 .10 7 0.98 * 13 0 .1
11.50 30 .25 0.097 0.99 13 0.1

13 .9 0 8.93 0.158 0.9U 13 0.1

16 .2 5 17 .7 7 0 .12 9 0.99 13 0.1

19 .30 1 3 . 1 1 0.12U 0.96 13 0.1

23.90 2 2 .13 0.100 0.99 13 0.1

31.0 0 19 .2 2 0.110 0.98 13 0.1

50.50 2 1.6 3 0.118 0.99 13 0.1

70 cm Denth

9 .2 5 2.87 0.10 8 0.79 13 0.1

1 1 .5 0 1U.U8 0.085 0.99 11 0.1

13.9 0 7.8 8 0 .10 7 0.97 11 0.1'

16.2 5 9.10* 0.110 0.99 13 0.1

19 .30 9.36 0.10 6 0.96 11 0.1

23.90 10 .87 0.096 0.99 13 0.1

31.0 0 2 1.0 5 0.066 0.98 13 0.1

50.50 16.12 0.083 0.85 13 0.1
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Prior to rain of 12th March 1976 equipotentials were rotating 
towards the surface under the influence of évapotranspiration.
Rainfall produced a marked unsaturated wetting front which moved 
progressively down profile over the succeeding foiar days (dashed line, 
Figure 1 1 ,30). Initially progress was slow and luiiform (to I83O,
12th March 1976) but by 1530, 13th March 1976 more rapid vertical flow 
was apparent on the lower slope, where higher hydraulic conductivity 
had been recorded. The saturated wedge responded quite rapidly to 
this rainfall input ( Figure II.3 1 ) and calc\ilated saturated 
throughflow at PI produced the peaked response shown in Figure 11.29» 
The striking synchroneity between this peak and the streamflow peak at 
¥1 suggested that saturated throughflow from close to the channel was 
an important contributor to the streamflow hydrograph. The rapid 
throughflow response may have been asserted by shrinkage fissures 
within the soil due to drought conditions, increasing hydraulic 
conductivity, but the exact mechanisms are not fully understood. Thus 
the disjointed nature of the wetting front was in part due to 
variations in hydraulic conductivity (making the assumption that 
unsaturated K followed a similar pattern to saturated K, an assxMption 
which might have been invalid due to further infiltrating rainfall on 
15th March 1976 and l6th March 1976.

By 18th March I976 equipotentials had begun to rotate back towards 
the surface \mder the influence of évapotranspiration, a trend which 
continued uninterrupted for the next 26 days. A transient ’zero flux 
plane’ was apparent from the I8th March 1976 equipotential plot, 
dividing upward water fluxes in the upper part of the profile from 
downprofile and lateral drainage fl\ixes beneath (dotted line.
Figure 11.32; I8th March 1976), The ’zero flux plane’ (ZFP) has been 
identified as part of a detailed study of moisture fluxes in 
unsaturated soil under level ground at Thetford Forest (Cooper, I980). 
ZFP depths showed considerable variability between instrument sets, but 
with reasonable consistency during the years 197i+ - 1976.
Interestingly, it was found that, in general, ZFP depths beneath grass 
were shallower than under trees. Under trees the maximum recorded ZFP 
depth was 3.2 m (19 75) at which point the tensiometers all went off 
scale, but it was thought it may have reached the water table, some 
10 m below the ground surface, the implication being that water flow 
was upward throughout the entire 10 m profile. Tensiometers at Vest
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FIGURE 11.-^0! PATTERNS OF PORE WATER PRESSURE IN THE SLOPE 
i2 MARCH -  2 MAY 19?6
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Walk were only able to monitor ZFP depths to 70 cm below the siarface, 
but it seems unlikely that upward flow extended to depths of 10 m due 
to the low hydraulic conductivity of the London Clay.

2 mm of rain during I5th April 1976 was adsorbed by upward flow 
and no increase in the size of the saturated wedge was recorded. 
Upwards flow was soon reinstated and continued for most of the I976 
summer.

1 1 . 5  DISCUSSION. SUMMABY AND CONCLUSIONS

In the final section of this chapter an attempt is made to 
summarise the results of water and solute movement with the hillslope 
and refer them to measurements at W1, This elevation of results from 
the slope to subcatchment scale takes no account of catchment spatial 
variation (Walling and Webb, I980) but is a worthwhile step towards 
the physically based spatially distributed model discussed earlier.

A. Water Movement

Empirical relationships were foimd between height of the satiirated 
zone (i.e. the water table) above the slope base and instantaneous 
stream discharge at W1 (Table 11.7 and Figure 11.32). There was a 
limited amoTmt of data from upslope areas due to a reduced frequency of 
occurrence of saturated conditions, and this was partly responsible for 
non-significant correlations. The correlation is strongest near the 
channel, for piezometer 1 (l.2 5 m upslope) and piezometer 2 (U.5 n 
upslope), decreasing upslope, probably due to Inaccuracies in the 
determination of the water table from tensiometer data. The 
relationship at FI is almost linear for the data where h ̂  30 cm, 
validating the use of Darcy's Law for computing throughflow discharge 
and implying that recession flow was mainly supplied by the saturated 
wedge adjacent to the channel. Non-linearity is probably due to 
Increases in saturated hydraulic conductivity near the soil surface 
noted earlier. Further slight non-linearity, not described by the 
power function, is also apparent at PI and P2 above, about 30 cm, 
possibly due to the very marked Increase in lateral £ near the surface. 
The excellent correlation between the shape of the saturated wedge and 
streamflow confirms that this is the principal source of baseflow 
during recession periods and agrees well with research from other areas
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TABLE 11.7; RELATIONSHIPS BETWEEN WATER TABLE HEIGHT ABOVE THE
SLOPE BASE (h) cm, ON THE EXPERIMENTAL SLOPE AND 
STREAM DISCHARGE AT W1 (Q) l/s (RMA used)

Slope surface 
height above Distance 
slope base upslope

Correlation
coefficient

2, cm m Relationship r N

1+1 1 .2 5 Q = 0 .38 0.97 28

50 I+.50 Q = O . O o W 1.83 0.99 29

1ii9 9 .2 5 Q = 2 .31+ X lO-''V-53 0 .73 21

176 1 1 . 5 Q = 3.81 X 1 0 - 2 ^ * 3 3 0.61 11+

2 15 13 .9 Q =  7 .3 1 X 10-2V2-38 0.60 10

2U0 16 .2 5 Q =  I+.76 X 10-30h12.9i* 0.97 5

276 19 .3 Q = 5 .6 2 X 10-27h11.36 0.93 1+

308 23.9 Q =  5 .7 1 X 10-3V3-20 0 .73 5

361+ 3 1 .0 Q = 7.81+ X 10-37h1U.72 0 .77 7

597 50 .5 Q = 1.01 X 10-i.7h17.5l* 0 .72 1+

Significance 
Level 
r, %
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(e.g. Weyman, 1973; Anderson and Burt, 1977B).

PI and P2 hydraulic potential data was used with measured 
hydraulic conductivity to compute throughflow discharge 1 ,2 5 m upslope 
from equation (11.13). The relationship between W1 discharge (Q, l/s) 
and throughflow discharge (q, cc/s) is, as expected, of very similar 
form to that for water table height at PI,

Q = 9913 ( q < 5 x 1 0 ~ ^ ) ( 11. 22)

r = 0,99; N = 25; Sig. level = 0.1 9̂

the data again exhibiting non-linearity (not included in equation 
1 1 .22) due to the rapid increase of hydraulic conductivity near the 
Foil surface (Figure 11.33). In practice this means that high l 
intensity rain is required to fall upon a soil nearly saturated to the 
surface, before surface ponding can occur. Even then the rainfall must 
maintain this intensity for sufficient ponding to occur before overland 
flow can commence, (’ponding time', Freeze, I980). Several authors 
foimd topography to be an important factor causing overland flow, 
particularly the presence of slope base concavity (e.g. Beven, 19771>) 
and hillside hollows, with convergent flow (e.g. Anderson and Burt, 
19 78). In the present case it has already been noted that concavity 
5 - 6 m upslope may help cause surface seepage wher-e the subsurface 
flow system is overloaded (see Figure 11.11, where computed flow at the 
pit is greater than computed flow at PI when streamflow peaks). This 
feature, together with occasional seepage, was observed alongside the 
entire channel from the hillslope experiment to W1,

a

Two further points emerge from Figure 11.33» The first is that 
during hydrograph rise and recession periods the rate of v/ater table 
rise decreases upslope. In particular the rapid rise at PI and P2 is 
due to overloading of a thinning but highly conductive soil (at least 
near the surface) by lateral flow from upslope, in addition to rapid 
infiltration from above. The second point is that the fitted functions 
can be extrapolated to give minimum discharges at W1, for which 
saturation excess overland flow could occur on the hillslope ('minimum' 
due to the lack of precise information about the effect of high, near 
surface hydraulic conductivity). This discharge is shown by a dashed
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line in Pig^ire 1 1 .3 3 » stnd indicates that saturation excess overland 
flow is only likely to occur over the lowest 5 - 6 m of hillslope 
d\aring conditions similar to those of November/Decemher 1976.

B. Solute Movement

Solute data from the piezometer nearest to the channel (Pl) are 
correlated with throughflow discharge over the same cross section 
(Figure 11.3U)» relationships between throughflow discharge,
q (cc/sec) and solute concentration (mg/l) are as follows (RMA given).

Potassium

cone. n 0*82= 0.66 q
r = 0.82; N = 2 2; sig. 0 .1 % level

Sodixim

Na^ cone. = 3 .7 1 <c
r = - 0.81; N z= 1 1 ; sig. 1 .0  %  level

Calcium

Ca cone. = 3.65 <i‘
r = - 0.81; N = 11; Sig. 1.0 9̂  level

MaATiesium

Mg"^ cone. 1 A 1 “ 0 .10= U.1U q
r = - 0.86; N =s 11; Sig, o,^ %  level

(11.23)

( 1 1 .21*)

(11.25)

( 11. 26)

I

The interesting point here is that they take the same general form 
as the discharge/concentration equations at W1, Although the sample 
sizes strictly limit detailed discussion, it is possible to detect 
perturbations of the general trends similar to those found during 
autumn 1976 storm data; these data however, were collected from late 
November I976 to June 1977. Both calcim and potassium concentrations, 
for example, exhibit a rapid rise and fall in response to S.i;. mm of 
rainfall on 3rd May 1977, neither ion obeying the rating equation which 
describes the overall trend. Both peak concentrations were higher than 
those which occurred in streamflow at the same time, suggesting that 
the throughflow solute response was diluted by water from other sources,



found at Vest Walk, possibly due to the absence of a distinctly 
separate baseflow contributing aquifer.

The hillslope processes oi)erating under conditions of storm 
rainfall and hydrograph recession which have been described in detail 
in this chapter are schematically summarised in Figures 11.35 t̂nd 
11.36.

I. Storm Processes (Figure 11.35)

(i) Before start of rainfall (T = 0 hours)

Streamflow is maintained by lateral flow within a small saturated 
wedge. This is fed by mainly vertical unsaturated flow from up profile 
and lateral satxirated and \msaturated flow from upslope. Over most of 
the slope flow is vertical and unsaturated. There is a tendency for 
lateral flow under the slope convexity and an indication that the 
saturated wedge extends deeper into the soil than was actually measured. 
Stream flow is relatively low in but higher in Ca’*"*', Mg'^ and , 
primarily reflecting concentrations within the saturated wedge.

(ii) During intense rainfall (T = l)

The saturated zone has extended up profile and upslope causing 
overland seepage about 6 m from the stream where the slope is concave. 
The zone from 6 - 12 m upslope is not sat\irated to the surface due to 
the higher vertical hydraulic conductivity, but between 12 - 2l* m 
upslope is a zone of higher resistance to lateral throughflow causing 
a higher water table. Flow within the saturated zone is essentially 
downslope but turns down profile to overcome the lower hydraulic 
conductivity soil between 6 - 12 m. Equipotentials suggested that 
water flows under this zone (the 'convexity') to re-appear downslopo.
It appears that increases in concentration are due to leaching and 
transport of potassium from saturated upper soil horizons very close to 
the stream. Some of this may join overland seepage routes, leading 
to the familiar rise in concentration at W1. and Mg”*^ are also 
leached from near surface sources upslope and carried down into the 
saturated soil but is thought to be too far upslope to contribute to 
the stream chemograph. By contrast, the saturated wedge is higher in 
dissolved Ca“*^, and Na"̂  than K^, although it seems that additional
amounts of these three cations are not leached from the upper soil



e.g. channel precipitation or overland flow from paths and tracks 
adjacent to the stream. It seems likely that these rapid increases in 
concentration result from the flushing of near surface cations 
accumxilated in the soil 1 - 2 m from the stream by reverse potential 
flow under the influence of évapotranspiration. Subsurface water 
greater than 2 m away is unlikely to be transmitted rapidly enough to 
contribute to storm solute response. Whether the accimiiilated cations 
are in solution or adsorbed on particle surfaces is uncertain.
However, in unsaturated soil, at the hig^i tensions measured further 
upslope, it seems unlikely that dissolved cations could be flushed or 
diffuse from the small capillaries they occupy quickly enough to 
contribute to storm response. Under such conditions it is more likely 
that cations adsorbed onto the sides of the larger non-capillary cracks 
and root tubes would be re—dissolved and carried to the saturated zone.- 
Vertical expansion of the saturated wedge adjacent to the stream will 
speed this process.

Siirface organic matter has been identified as an important source 
of exchangeable cations, notably IC*" and Ca^. This was likely to be a 
further source of cation supply adjacent to the stream, 10 cm 
piezometers exhibiting higher concentrations and visible organic 
colouring (as did suction pots further upslope).

T P Biirt (1979) observed diurnal variations in the quantity and 
quality of stream discharge and throughflow in a Somerset catchment.
He attributed flow reduction to évapotranspiration causing upward, flow 
from the saturated wedge during the day, and flow increase to 
relaxation of plant water demand at night. At West Walk slight diurnal 
variations in streamflow at W1 were detected briefly on several 
occasions during spring flow recessions, at times when plant growth was 
probably at a maYinnitn but not during extensive summer periods (e.g. the 
1975 - 1976 droiaght). Detailed diurnal measurements of the saturated 
wedge were not made. Burt also e3q>lained the diurnal specific 
conductance variation of stream water by upward flow of high 
concentration soil water during the day, leaving low concentration 
ground water to sustain streamflow. The reverse flow of soil water at 
night led to an increase in the specific conductance of stream water.
No measurable diurnal fluctuations in the SC of stream water at W1 were
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horizons in large enough quantities to overcome the dilution role of 
overland seepage and direct channel precipitation. Human and animal 
paths and tracks might also contribute significant (althou^ 
\jnmeasured) quantities of infiltration excess overland flow, due to a 
reduction in hydraulic conductivity by trampling.

(iii) After rainfall (T = 6)

The water table is decreasing more rapidly upslope as lateral 
saturated dlow contributes to the saturated wedge. Vertical 
unsaturatéd flow contributes to the water table upslope. High 
concentration pulses of and M g ^  continue to move downslope in 
saturated soil and it is thought that these result in the quite common 
oscillation of solute concentrations during a normally smooth 
streamflow recession.

(iv) Flow recession (T = 12)

The saturated wedge continues to diminish and the processes are 
essentially the same as those described at T = 6. Overland seepage
has stopped and solutes begin returns to pre-storm concentrations,

II, Hrainsure (Figure 11.36)

(i) T = 0 days

At the start of a recession period streamflow 1s maintained by a 
saturated wedge adjacent to the channel. At this stage the saturated 
wedge is fed by vertical unsaturated flow, Althoiagh the exact , 
mechanisms of solute movement in the unsaturated soil are unclear, the 
saturated wedge is low in but higher in Ca^^, M g ^  and N a ^ , 
accounting for the higher recession flow concentrations,

(ii) T = *7 days
After a period of increasing évapotranspiration rate, potential 

reversal occurs in slope soils, with flow towards the surface. This 
process dominates the lower slope due to the shorter rooted vegetation, 
while upslope potential reversal is more subdued and confined to the 
lower soil profile. Unsaturated flow is in both cases towards the 
surface, and carries solutes (although only IC** was monitored) for plant 
uptake, adsorption onto soil particle surfaces or simple deposition.
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(iii) T = 6 days

A small quantity of rainfall may reverse the upward unsaturated 
flow and althou^ there is limited verticad progression of a wetting 
front, this is likely to cause vertical re-distribution of the surface 
accumulation of solutes, such that, near the stream, concentrations in 
the satiirated zone may rise. This co\ild be responsible for the cation 
'flushing' phenomenon noted in Figure 11.35 2üid earlier chapters.

(iv) T = 7 days
If the rainfall and infiltration are sufficient to cause a rise in 

the water table near the stream, then this will speed the transfer of 
high cation concentrations to stream water. Moisture changes upslope 
are soon absorbed into the upwards flow system as évapotranspiration 
again begins to dominate.

(v) T = 20 days

A long period of upward flow without rainfall is likely to result 
in a considerable accumulation of cations near the soil surface, ready 
for autumn rainfall to reverse the pattern and carry solutes into 
stream water.

It was originally hoped that the slope experiment would help 
explain some*of the complex features of stream flow solute variability 
within Subcatchment 1. Efforts have been made to link the two scales 
in this chapter, and a summary of the results seems desirable.

.2+ 2+(a) The flushing of Ca^“̂. Mg*̂ “** and Na*̂

Rapid increases in stream Câ "̂ , Mĝ "*" and Na"̂  concentration, 
particularly during autumn storms, result from the flushing of near 
surface cations, accumulated in the soil close to the stream by upward 
flow during periods of évapotranspiration. Pishing could be reinforced 
by the piston displacement of water in the saturated wedge althoiagh the 
magnitude and timing of this process is not certain.

The recognition of a relationship between solute flushing and 
season in Chapter 7 » together with results from the slope e^erlment, 
suggest that channel concentrations are the result of an interplay
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T: 20 DAYS

FIGUHE 11. 3 6 : SCHEMATIC REPRESEirTATION OP WATER i'llTD COLUTE PROCESSES 
IN THE HILLSLOPE DURING A DRAIliAGE PERIOD

596



between different source areas. For example, the flushing effect seems 
to be enhanced during early autumn, partly due to limited dilution by 
overland flow. Stream flow sampling has shown a reduced flushing 
magnitude at other times of the year, possibly due in part to increased 
dilution by overland flow,

(b) and the lead effect

Kf*" concentration in stream flow usually increases during storms 
due to the leaching of ions from near surface horizons adjacent to 
the stream. High lateral permeability in these horizons would allow 
rapid transport to the channel, the velocity controlling lead over 
discharge. It was shown that increased flood intensity, notably during 
summer months (see Figure U«10) resulted in a smaller IC*" lead over 
discharge. From the available evidence this could be due to a 
reduction in unsaturated permeability at lower moisture contents, 
altho\;igh it must outweigh the effect of inter-ped fissure enlargement 
as the soil dries. Conversely, during winter months the K!̂  lead over 
discharge increases under the influence of higher lateral permeability 
and overland flow near the channel,

(c) Solute fluctuation during hydro/granh recession

Fluctuations in solute concentration during early hydrograph 
recession phases are thought to be due to the arrival of high 
concentration solute pulses leached from upslope source areas. The 
spatial aspect of the processes operating requires fiarther study. The 
arrival of at the stream would depend upon the length of subsurface 
travel involved, because this cation is preferentially adsorbed by clay 
minerals.

The net effect of upslope source areas during later recession 
periods seems to be one of solute supply (excluding IC*’) to the 
saturated zone near the stream. This would account for the Increase of 
Câ "̂ , Mĝ '*’ and Na'*’, and decrease of in streamflow as flow recession 
proceeds.
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In this study, the pattern of solute movement in the soil above 
7 m upslope has been monitored using ceramic suction cups, Althou^ 
there was some correlation between the cation concentration of soil 
water and exchangeable cation contents of the soil, no relationships 
existed with tension and hence moisture content. Cation concentration 
in soil water is a rather more complex function of exchange rates, 
adsorption and moisture flux according to the theoretical discussion 
of Chapter 9* next Chapter develops a system of moisture and
solute accounting based upon that theoiy.
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CHAPTER 12
APPLICATION OF THE MODEL FOR WATER AHD SOLUTE MOVEMENT IN THE 
HILLSLOPE SOIL AND A FRAMEWORK FOR MODELLING AT THE CATCHMENT SCALE

12.1 INTRODUCTION

Chapter 9 introduced continuity equations which are the basis of 
simulation models for water and solute movement in hillslope soils.
K J Seven (1977a) noted that simulation models have two major Edms, The 
first is to predict the behaviour of the real world system under a set 
of naturally occxirring conditions. Model cedibration is usually 
achieved by comparison of model and historical data, and where possible 
this should cover the magnitude frequency range anticipated in the 
simulation (e.g. A.V.A., I980). The second is to explore the 
implications of making certain assmnptions about the real world system. 
This approach has been used by Freeze (1972a and 1972b) and Seven 
(1977a and 1977b) to promote understanding of models' internal 
mechanisms.

In the present study elements of both aims are incorporated, as a 
defined model structure is tested by the processing of field data. 
Rainfall, soil water tension and chemical data are available, together 
with moistirre/tension relationships for computation of water and solute 
fluxes within' and at the base of the hillslope. Additional outputs 
from the model, which with these inputs is effectively a moisture - 
solute accounting method, are throughflow velocity, satiorated — 
unoaturated hydraulic conductivity and solute dispersivity. Several 
factors can be varied to study their effect on outputs. Firstly, the 
anisotropy of soils with respect to hydraulic conductivity and 
dispersivity, and secondly the effect of interception on water and 
solute inputs.

At the end of the Chapter results from Sectior III of this thesis 
are reviewed in the context of a physically - based variable 
contributing area model of catchment solute response.

12.2 THE HILLSLOPE MODEL STRUCTURE

The computational technique employed in the model was introduced 
in Chapter 9, This Is based upon a simple implicit finite difference
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method (e.g. Atkinson, 1978; IVeeze and Cherry, 1979) and extended to 
cover the case of solute movement. Such methods are commonly used in 
the field of ground water hydraulics (e.g. McWhorter and Sunada, 1977; 
Rushton and Redshaw, 1979) ^nt were originally developed to solve heat 
flow problems in solid materials (e.g. Carslaw and Jaeger, 1959)»

The selection of any pairticular technique depends upon the 
complexity of the problem. In the case of a homogenous, isotropic body, 
soil or aqiiifer, it might be adequate to employ an analytical solution 
to the relevant flux equations. The movement of pollutants in ground 
water has been modelled in this way (e.g. see the review by Freeze and 
Cherry, (l979)i Ch. 9,2) Finite difference methods are versatile tools 
for the solution of more complex situations (Rushton and Redshaw, 1979) 
and can be very broadly divided into explicit or implicit solutions. 
Using the explicit method the value of hydraulic or chemical potential 
at any grid point is dependent only on potentials at the previous time 
step and not on concurrent values at adjacent grid points. With the 
implicit method, however, the potential at grid point (i, j) depends 
upon the value of potential at t + ^ t  at the adjacent grid points, i.e. 
(i + j)» (if J + l)f (i - If J)f (if d - 1)« Solution using the
latter approach is often achieved by an iterative technique (McWhorter 
and Sunada, 1977)» in the present set of programs this has not been 
employed, although it might be a useful technique for converging 
element exit and entrance fluxes in further model development.

Whereas the finite difference technique requires a regular 
discretisation of the continuxira that makes up the region of flow,' the 
finite element technique allows the design of an Irregular mesh that 
can be hand tailored to any specific application. Beven (1977a) gives 
the other advantages of this method as ability to deal with slope 
cur/ature, variable soil depth, complex boundary conditions, 
heterogeneity and anisotropy. Despite these advantages, development 
of this technique for processing of field data was beyond the scope of 
the present work. The finite difference technique used may be an 
over-simplification, but it was thought to bo best to start at this 
level and introduce extra sophistication as necessary.

The method used continues from the outline in Chapter 9i 1® 
detailed in Appendix so as not to overbirrden the text. It xms been
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programmed in BASIC for use on the VANG 2200 B mini computer and is 
included in Appendix 2. Problems were encountered with the limited 
amount of storage space available and it was necessary to chain the 
program so that only one small section used computer storage at a time, 
the necessaiy common variables being carried across each chain. Thus 
there are 12 sections of program, seven for water flux computation and 
five for solute flux computation. A generalised flow chart is given in 
Table 12.1.

The dimensions of boundary elements are deliberately kept small in 
the model and the tension and solute concentration are estimated 
mathematically. Pit face tension is estimated by extrapolation from a 
linear equation fitted to the three upslope values of tension. This ic 
a reasonable approximation judged from the work of the previous chapter, 
but could be misleading if the pit Itself affects natural conditions. 
Near surface and profile base tensions (at 1.25 cm and 101.25 cm depths) 
are estimated by fitting cubic functions to the profile data. This 
technique has previously been used by Erh (1972) and Nielsen et al 
(19 73)« Similar methods are used for estimation of solute 
concentrations at the same points. There are dangers in extrapolating 
from fitted cubic functions because they can 'wander’ and become poor 
estimators. In the absence of equipment for a more intensive sampling 
network they provided the best possible method for producing 
peripheral data.

Moisture content is estimated from tension with cubic fxmctions 
which describe the (f / ̂  scanning curves (see Appendix 2(x)(b) t 

FLUX 2, program lines 80 - 390). This represents a source of error 
because thece curves do not take into consideration the hysteresis in 
soil wetting and drying. However, in the absence of actual moistmre 
contents, they represent the best available method.

The approach described in Chapter 9 makes the assjjimption that the 
soil is homogenous and isotropic, although measurements of hydraulic 
conductivity showed that this was not the case. Therefore, in FLUX 5 
an option is available for specifying the degree of anisotropy, R, 
present in each element, expressed as downslope K/downprofile K.
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12.1; GENERALISED FLOW CHART OP THE PLTJX-CHEMPLUX MODEL

Staxt by loading PLUX 1 from disc; program will then continue 
to run, from PLDX 1 to CHEMPLUX 1;, back to PLUX 1 etc., so long as 
there are data supplied from disc storage.
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Two sets of data were prepared for testing the model. The first
^  2+was tension, rainfall, K/ and Mg concentrations from 1330,

29th November 1976 to 1330, 3̂ :̂  December 1976, and prepared in four 
ho\ir blocks by careful hand interpolation from the plotted data and 
stored on magnetic disc. The second was tension, actual evaporation 
(from the Met. Office) and concentration from 1200, 12th May 1976 to
1200, 1st June 1976, prepared as daily blocks by careful hand 
interpolation from the plotted data and stored on magnetic disc.

Actual evaporation was treated as a 'negative input* to the soil 
surface. The time resolutions might be too crude, e.g. in the latter 
case, not fully describing the diurnal cycle; but represent the best 
possible with the instrumentation available. Clearly, automatic 
monitoring of tension, e.g. Anderson and Burt, (1977)» would give a 
more satisfactory data set without the necessity for interpolation.

Although the computer programs run as they stand it was not 
possible to carry out complete test runs with the data prepared, for the 
following reasons. Firstly, the WANG 2200 B computar was found to be 
very slow, one time increment taking 20 minutes to process the data and 
print the resiilts. No other computer was available for the lengthy 
periods of debugging and e3q)erimentation necessary. Secondly, problems 
were encountered due to hardware errors with the WANG 2200 B system 
which prematiarely curtailed work.

Two runs with the 29th November 1976 data were possible but I
restricted to moisture flux only, since this part of the program must 
operate satisfactorily before solute fliaxes can be computed. The first 
part of a typical printout is shown in Figure 1 2 .1 .

Run 1
This was made with an anisotropy factor of R = 1 , i.e. the soil

was assximed to be isotropic. Two generalised results were considered 
first: average flux rate per unit area of soil profile at the pit face 
and average flux rate per unit area of the elope profile base (70 cm 
depth), taken as an average over the whole slope. The first gave the 
pit thro\aghflow hydrograph while the second gave the hydrograph of 
vertical infiltration or loss from the slope soil. The data are
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plotted in Figure 1 2 .2 for comparison with streamflow, rainfall and 
measiired pit throughflow. The salient features are as follows.

(i) Downprofile flux was generally greater than flux into the pit. 
There was an order of magnitude difference to begin with (29th November 
1976)» ^ much smaller difference later in the simulation
(1 st December 1976).

(ii) Pit flux was low to begin with and then dropped to zero for 
sixteen hours (0130 - 1330, 30th December 1976). This was due to the 
control exerted by pit face tension (estimated by linear extrapolation), 
such that if Vj) é 0 for any element the flux was set to zero. Thus, 
ostensibly, low pit flux could be seen as resulting from errors in 
mathematical estimation of . However, since laboratory determined 
vertical hydraulic conductivity was high (higher than horizontal K) in 
this zone, preferential vertical flux might truly have increased 
tension in the upper horizons. Thus the pit flux would be low until 
such time as throi:>ghflow arrived from upslope and the vertical flow 
system became overloaded.

(iii) It is not possible to compare absolute rates of computed and 
measured pit dischsürge, because, as noted earlier, the latter does not 
represent flow under natural conditions. There was also a disparity in 
the timing of each hydrograph peak. Timing of the average downprofile 
flux rate compared well with the streamflow hydrogr^h. However, both 
downprofile and pit fluxes gave a second peak during stream recession, 
this could mean that both response times are lagged by 2k hours, but 
there are not enou^i data for confirmation.

(iv) It was decided not to undertake a detailed analysis of 
internal variables such as hydraulic conductivity or throughflow 
velocity imtil more experimentation had been achieved with the effects 
of anisotropy and rainfall interception change upon general flux rates.

Run 2
In this run anisotropy was set equal to that act\ially measured fr 

from laboratory soil cores (see Figure 11.5)» Since vertical K was 
greater than horizontal K over most of the near surface soil above the
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pit, the results, as anticipated, merely Increased vertical losses frcm
the slope at the expense of pit flux (Figure 12.2). The dovmward flux
dominated between 7 and 30 m upslope, downslope flux 30 - 50 m upslope.
These results do not completely agree with the flow patterns suggested
by equipotential plots in the previous chapter. One reason for this
could be that where the soil is anisotropic a simple linear
interpolation technique does not give true equipotentials or flowlines,
and more sophisticated analysis is required (e.g. Freeze and Cherry,
1979» P- -8)* The output hydraulic conductivities suggested that
K >  K , and that neither were greater than about 2 cm/hour, although 
z X*

these are average values for elements.

Although more work was desirable, particularly with respect to 
solutes, it was not possible for the reason stated earlier. It is 
sxaggested that a future project might be designed upon the following 
guidelines, incorporating both numerical simulation and processing of 
field data using the moisture and solute accounting model described
previo\isly.

(i) Choose a hillslope with relatively uniform vegetation and 
soils, and an impermeable bedrock. The vegetation shoiild preferably 
be grass or other short-rooted vegetation to simplify modelling of 
throughfall processes. The slope could be convex or concave, or it 
might be desirable to choose a slope hollow, thus including the 
spatial dimension.

I
(ii) Set up a finite difference scheme for numerical simulation 

based upon the continuity equations of water and solute fl\ix described 
in Chapter 9. This could follow either an explicit or implicit 
technique, the latter having the advantage of less dependence upon the 
time step (At) or mesh spacing (¿x) and therefore greater stability 
(Freeze, 1972a; Rushton and Redshaw, 1979)« a hillslope hollow 
were chosen this could be divided into a series of strips and each 
strip treated separately. Alternatively, 'sideways flow' between 
strips could be included in the model, which then becomes three- 
dimensional.

(iii) Design field instrumentation in accordance with the finite 
difference mesh. This should include at the centre of each element*
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a neutron-access tube (moisture content); tensiometers, piezometers 
and soil water suction pots at required nodal points. The location of 
tensiometers and suction pots at the same nodal point would be a 
problem and could be overcome by staggering location within a single 
profile, then using mathematical interpolation to standardise values at 
fixed nodal depths. As noted earlier, an automatically recording 
tensiometer system (recording a t ^ t - ^ 1  hour) would be ideally STiited 
for the experiment. Soil water sampling could also be partially 
automated by using an electrical vacuum pump for applying an 
instantaneous suction to all pots via a common tuoe delivery. 
Samples would still be collected in surface receptacles and would 
represent a uniform time period. It is thought that the ceramic 
suction pots, although reasonably successful in the present study, 
could be improved in the following ways.

(a) Increase the pot surface area to take a larger sample for 
more ion determination, e.g. increase the diameter from 
21 mm to So nun.

(b) Determine sampling errors when sampling in saturated soil 
using a ceramic pot.

(c) Determine the possible effect of residual solutes in the 
pot pores from the previous sample.

Both (b) and (c) could be achieved in the laboratory.
I

If moisture content were recorded automatically by electrical 
resistance gauges, this would minimise soil trampling to collection of 
soil water samples. Stream flow upstream and downstream of the site 
should be gauged autouxatically by some suitable method, and automatic 
water samplers installed at each site. If possible slope base 
discharge and water quality should be monitored in several locations 
within the stream flow reach, as a check upon modex results. Rainfall 
and rainfall chemistry should also be monitored in detail.

(iv) The field instrumentation phase would provide preliminary 
data for improving the simulation model. A power auger could be used 
to drill holes for the various tubes, and undisturbed soil cores
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obtained. Using these it would be possible to determine, in the 
laboratory, hydraulic ccnductivity/tension curves over the complete 
saturated - unsaturated range at each node, for principal axes of flow. 
Dispersion coefficients could also be determined in the laboratory 
using variations of the analytical solutions described by Freeze and 
Cherry (1979)| and the dispersivity /velocity function obtained. 
Initially, it might be prefereable to monitor chloride (or another 
relatively unreactive ion), since hydrochemical investigations have 
suggested that atmospheric Cl“ passes through the ecosystem with little 
loss or addition (e.g. Juang and Johnson, 196?)* Reactive ions would 
require consideration of the myriad chemical and biochemical reactions 
that can control concentration: adsorption - desorption; acid - base; 
solution - precipitation; oxidation - reduction; ion-pairing or 
complexation and microbial cell synthesis (Freeze and Cherry, 1979)» 
Modelling all these reactions would be a formidable task. Th\is total 
and exchangeable analysis of the soil cores might point out those most 
likely to be important. A leaching and fixation model for was 
considered earlier (Frissel, 1972) and satisfactory models for 
agricultural nutrients based on short time periods are already being 
developed (de Wit and Van Keulen, 1972; Frissel and Reineger, 197U). 
Mathematical analogues of adsorption processes are also available 
(e.g. Helfferich, I9 6 2). Complexation of metal ions by the organic 
compounds derived from decaying plant material is also likely to be 
important, although detailed modelling is itself highly complex (e.g. 
Schnitzer and Kahn, 1972).

(v) Incoming data from the slope experiment (soil and rainwater 
solute concentration, tension, moisture content and rainfall) would be 
processed by the finite difference model described in this section. 
Results computed from the latter, e.g. hydraulic conductivity and 
dispersivity, should provide feedback to improve the simulation 
approach. The ultimate test of both the simulation and moisture/solute 

• accounting models would be their ability to predict slope-base discharge 
and solute concentration and, of course, the chemograph for the 
channel reach.
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In  th ia  la s t se c tio n  an a ttem pt is  made to  re fe r  the  fin d in g s  o f 

S ection  I I I  o f th is  s tudy to  th e  catchment sca le  and in  p a r t ic u la r  
Seven and K irk h y 's  v a ria b le  c o n tr ib u tin g  area model described  in  
Chapter 9 . Th is is  done here o n ly  to  produce a p re lim in a ry  model 
fram ework. I t  is  recognised th a t the  f in a l  model s tru c tu re  can o n ly  be 
g en e ra lise d  a fte r  having c a re f \ il ly  researched the  d e ta ile d  processes o f 

s o lu te  tra n s p o rt w ith in  the  catchm ent. Seven and K irk b y  s model 
( i t s e l f  a se lf-co n fe sse d  p ro to typ e ) rep resen ts  the  f r u i t s  o f se ve ra l 
years research in to  c o n tr ib u tin g  areas by va rio u s  workers from  Betson 
( 196U) to  Anderson and B u rt (1978). I t  is  envisaged th a t a comparable 
s o lu te  model w i l l  progress by the  same ro u te , a lthough h o p e fu lly  a t a

fa s te r  ra te .

The Seven and K irkb y  model vas used as the  b a s is  fo r  a lumped -  

param eter, v a ria b le  c o n tr ib u tin g  area model o f catchment s o lu te  
response (F igu re  12.3). The “ ode l would re q u ire  th a t h y d ro lo g ic a l and 
chem ical se c tion s  run  to g e th e r fo r  computing mass flo w  tra n s fe rs . 
P re c ip ita tio n  d e liv e rs  so lu te s  to  an in te rc e p tio n  s to re  (S 1) w ith  
w a te r ca p a c ity  S 2, such th a t S 2 -  Sj, = stem flow  and th ro u g iifa ll.  
L i t t le  research in to  In te rc e p tio n , th ro u g h fa ll and etem flow  so lu te s  has 

been undertaken. T h is  is  an area re q u ir in g  th e  d e ta ile d  s tudy o f 
s o lu te  leach ing  and a b sc rp tlo n  from  leaves, branches and stems, 
re te n tio n  by in te rc e p tio n  sto rage and tra n s p o rt to  th e  s o il  o r o l ^ e l  
su rfa ce s . F ie ld  and la b c ra to ry  experim ents should study processes over 
a range o f ve g e ta tio n  (e .g . bracken to  oak), w ith  f in e  tim e  re s o lu tio n , 

to  a llo w  s p e c ific a tio n  o f fu n c tio n a l re la tio n s h ip s  fo r  th e  model.

T h ro u g iifa ll and stem flow  so lu te s  (C^g) c o n trib u te s  to  the  
in f i l t r a t io n  s to re  (S 2 ), th e  c o n tr ib u tin g  area (A^) o r d ir e c t ly  to

flo w . S 2 should be capable o f s p e c ify in g  chem ical processes 

in  the  upper s o il h o rizo n s , e .g . le a ch in g , com plexation, a dso rp tio n , 
e tc . S o lu tes can leave S 2 by a com bination o f fo u r ro u te s .

( i )  as a constan t downward leakage o f so lu te s , C^, to  the  
sa tu ra te d  zone s to re  (S 3) so lo n g  as th e  accompanying w ate r leakage, 

i  , is  g re a te r than  p o te n tia l evapora tion , e^, from  S 3 .
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(ii) as the solute content of saturation - excess overland flow 
which occurs when the near surface storage capacity, S^, is exceeded. 
Initially, this would he expected to leach organic compounds capable 
of complexing metal ions, from surface humus (e.g. K!̂ ). Actual solute 
uptake by overland flow is not well understood and requires study.

(iii) as an independent subsiirface flush of solutes, C^, to the 
quick return flow. It might be possible to specify the proportion of 
water and solutes leaving S 2 by this route using a functional 
relationship between SMD or API and C^.

(iv) as solute uptake by vegetation.

S 2 can receive solutes from the saturated store, S3» ®p ̂  
a rate proportional to e^. This represents a change from Seven and 
Kirkby's model by routing e^ through S 2 before it leaves the soil.

The background concentration of channel flow is provided from the 
saturated zone store, S 3- This receives solutes from two sources:

(i) as a constant downward leakage from S 2, C^, so long as
i >  e .o p

(ii) during e:qpansion and subsequent contraction of A^ according 
to specified mechanisms of solute supply. After preliminary soil 
chemical analysis over the subcatchment, it might be possible to obtain 
a functional relationship between exchangeable cations and A^A, such 
that as the contributing area expanded it 'captured' leachates from 
zones of high concentration.

This mechanism is postulated from the solute pxilses monitored in 
the West Walk hillslope. Each pulse would require a time delay before 
reaching the channel as delayed flow, similar to that specified for
overland flow,

N
T =

i = 1 SSFV tan p  ^

where x. is the length of the ith flow path segment of slope
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FTOUIiE PRELIMINARY FRAMEWORK FOR A PHYSICALLY-BASED________
CONTRIBUTING AREA MODEL OF CATCK'ffiNT SOLUTE RESPONSE
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N is the number of segments between the point and the outflow, SSP7 is 
subsurface flow velocity and T is time. During time T the solute 
concentration could be altered by chemical processes, i.e. adsorption, 
fixation, precipitation, etc., specified as paxt of the S 3 mechanisms.

A further loss from S 3 is postulated as a rapid subsurface 
'shunt bypass' of near channel water to quick ret\im flow. This 
mechanism has not been well documented in the present study but has 
been noted elsewhere (e.g. Trudgill, 1977), and could act as a cation 
flush mechanism. As with the solute flush from S 2 it might be 
necessary to relate the proportion of solutes lost in this way to SMD 
or API, or it may be found that overland flow volumes are STifficient to 
dilute high shunt concentrations during winter storms.

As with Seven and Kirkby's model one sequence of stores represents 
the average solute response of soil water in a subcatchment and is 
therefore a lumped system. However, some of the suggestions for this 
solute model are tentative and depend upon further field research.

By modification of a conceptual run off model, e.g. the Stamford 
Watershed Model (Crawford and Linsley, I966), solute prediction would 
also be possible once knowledge of the processes was obtained, but this 
would not include the important distributed effects of variable 
contributing'areas. It would also be very demanding on computer time, 
since the resulting highly complex model would require the optimisation 
of a large number of parameters. ^

12.1+ ST3MMARY AND CONCLUSIONS

This chapter has introduced a suite of BASIC computer programs for 
moisture - solute accounting on a real hillslope which incorporate the 
theoretical concepts introduced in Chapter 9. The method uses a simple 
implicit finite difference technique which is capable of modification 
for other localities. Some preliminary results for the West Walk 
hillslope model are discussed. It is suggested, with the benefit of 
hindsight, that a similar field experiment could run in parallel with 
numerical simulation. The experiment would help to validate the 
theoretical basis common to both approaches and provide feedback for 
improving the numerical simulation.
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In the light of hillslope process studies at West Walk a 
tentative framework for a physioally-hasod, variable contributing area 
model la outlined, based upon a previously published run off model. 
This is also useful in pointing out specific areas where further 
detailed research is needed. In addition, to further spatial 
monitoring of surface and subsurface soil water and solute transport, 
a study is required of storm precipitation solute dynamics, with 
special reference to processes of interception, throughfall and 
stemflow in different vegetation types.

The subsequent chapter is a synthesis of the main conclusions 
given in each previous chapter.
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HHAPTER 13 
CONCLUSIONS

With reference to the original objective of this study, the most 
important conclusions from individual chapters are briefly reviewed and 
siiggestions made for future progress in modelling the natural water 
quality of unpolluted streams (i.e. »background' water quality).

The fundamental aim of this research was to improve modelling of 
background water quality. Gaining an understanding of the factors 
controlling solute dynamics was considered to be an important step in 
achieving the main objective,

A small catchment in South Hampshire was chosen as the outdoor 
laboratory for research towards this objective. A further division 
into suboatohments was made to help simplify the spatial diversity of 
geology, soils and vegetation, and thus their influence upon solute 
levels. Previous research in the same field had suggested that a more 
detailed knowledge of field processes would be beneficial in model 
development and improvement. Therefore, the study was aimed at two 
complementary scales; firstly the catchment scale, and secondly the
hillslope scale.

(i) Catchment Scale
Considerable effort was put into the design, construction and 

installation of gaxiging stations; reliable, accurate stream flow^ data 
collection, processing and storage; and rain gauging. An assessment 
was made of the errors in stream flow gauging at the flume and V-notch 
weirs based upon British Standards criteria. It was considered that 
errors of 10 % or more could have occurred during tne 1976 low flows, 
although this was a common problem in British catchments. Rainfall and 
stream flow data were checked for homogeneity usir« double mass curves 
and slight corrections made where necessary. A backcloth to the study 
period, which spanned the 1975 - 1976 drought, was painted using a 
water balance. Although the occurrence of the drought was of 
considerable hydrological interest its severity also delayed progress 
of the study due to reduced storm rainfall and difficulty installing 
instruments in hard soil. It appeared that actual evaporation was the
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dominant loss process during 1975 - 1976. Spatial variation occurred 
within West Walk with hipest storage losses and lowest run off losses 
from SC 5, with its relatively mature Western Hemlock flora and London 
Clay basement. 1976 - 1977 was a period of increased rainfall, higher 
Interception and stream flow losses and soil moisture recharge. SC U 
exhibited the greatest surface run off for both periods with h i ^  
évapotranspiration and relatively low interception losses, reflecting 
the London Clay basement and immature forest cover. A brief 
investigation of hydrograph response for the suboatchments showed that 
during a winter storm geology and soils were moTO influential than 
vegetation cover. By contrast, during the summer vegetation tended to 
dominate geology as a runoff control with greater replenishment of 
interoeption and soil water storage and loss by évapotranspiration. 
Overall, periods with a high SMD gave short, quick response hydrographs 
with a small percentage of direct run off, attributable to the 
replenishment of soil moisture storage over much of the 'dry' catchment 
with a relatively small contributing area adjacent to the channel.

Care was also taken in the collection of rainfall and stream flow 
samples for chemical analysis in the laboratory. The latter was 
achieved by a variety of techniques which were generally of h i ^  
precision. An assessment of various methods of calculating TBS from 
specific conductance concluded that none was entirely satisfactory for 
West Walk data. Where waters have a high organic content and a low pH 
great care should be taken in both laboratory procedure and the final 
calculation of specific conductance (low pH samples contribute very 
strongly to specific conductance). These results support those by 
Waylen (1976). A quadratic equation was finally employed as the best 
means of predicting TDS from specific conductance.

Both hydrometrio and water chemistry data were subsequently used 
to develop bivariate and multivariate regression models for prediction 
of solute levels in the suboatohments. Initially, statistical 
assumptions inherent in bivariate or multivariate regression methods 
were reviewed and it was noted that failure to satisfy the basic 
requirements placed limitations on the inferences or predictions made. 
Preliminary observations on suboatohment weekly data collected in 1975 
and 1977 suggested a spatial variation of solute levels within West

£23



Walk, strongly influenced by soil and vegetation. Solute levels and pH 
were both found to increase downstream, as ion rich waters from London 
Clay soils neutralised ion weak, acid waters from the Bagshot Sand.

B iv a r ia te  models u s in g  s o lu te  co n ce n tra tio n  and d ischarge showed 

considerab le  s p a tia l v a r ia b i l i t y .  Potassium , fo r  example, was s tro n g ly  

p o s iliv e ly  c o rre la te d  w ith  d ischarge a t W1 , b u t w eakly n e g a tiv e ly  
c o rre la te d  a t th e  flum e, p robab ly  due to  th e  m ix in g  o f w aters a r r iv in g  
from  areas w ith  d if fe re n t response c h a ra c te r is tic s , k genera l d ilu t io n  

e ffe c t was dem onstrated fo r  ca lc ium , magnesium and c h lo r id e  w ith  th e  
excep tion  o f W5, where c o rre la tio n s  were low  and in s ig n if ic a n t .  
Sodium /disoharge c o rre la tio n s  were c o n s is te n tly  low , and o f v a ria b le  
d ire c tio n , im p ly in g  th a t n e ith e r  d ilu t io n  n o r co n ce n tra tio n  dominated 

thG rGspons© o f any one Gubca.tchmen't«

Soil moisture, conditions were also shown to influence solute 
levels. Direct correlations between soil moisture deficit and 
concentration, e.g. chloride, suggested that concentrations increased 
as moisture was lost through évapotranspiration. However, spatial 
variability was again influential with inverse relationships 
demonstrated at W5.

In c o rp o ra tio n  o f the  s o il m o is tu re  d e f ic i t ,  antecedent 
p re c ip ita t io n  in d ice s  and season index in  m u ltiv a r ia te  models im proved 
the  p re d ic tiv e  power in  83 % o f cases, a lthough  in  70 % o f these th e  
use o f o n ly  one a d d itio n a l v a ria b le  proved s ig n if ic a n t.  M u ltiv a r ia te  
models were developed p r im a r ily  to  improve p re d ic tiv e  accuracy, and no 
d e ta ile d  in te rp re ta t io n  was attem pted due to  th e  s ta t is t ic a l 

lim ita t io n s  noted e a r lie r .

storm sample data were used to assess the ability of bivariate amd 
polyuomial regression to model concentration over a wider range of flow 
conditions. It was found that by including storm data with the 1975 
and 1977 weekly data, bivariate correlation coefficients were, in 
general, reduced. This was primarily due to inadequacy of the 
bivariate model for autumn conditions. Subsequently, separate 
bivariate regressions were employed for autumn and non-autumn data 
with some degree of success. The use cf either quadratic or cubic
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fy n o tio n s  a lso  gave improved va riance  e xp la n a tio n  over th e  M v a r ia te  

model fo r  th e  to ta l  da ta  s e t, p a r t ly  d e s c rib in g  n o n - lin e a r ity  
in tro d u ce d  by th e  storm  da ta . Cubic fu n c tio n s  were the best o f a l l  
models fo r  p re d ic tin g  sodium co n ce n tra tio n  a t W1, W2 and th e  flum e, the  

o n ly  s o lu te  fo r  w hich th is  was the  case.

V a ria b le  s o lu te  response dviring  autumn storm s prompted a more 
d e ta ile d  a n a ly s is  o f  storm  s o lu te  behaviour. D uring  the  post-d rough t 
p e rio d  s o lu te  le v e ls  were u n u su a lly  h ig h  and s o lu te  response was complex 

and h ig h ly  v a r ia b le , bo th  s p a t ia lly  and te m p o ra lly . These fe a tu re s  
agreed w ith  re p o rts  from  o th e r B r it is h  catchments in  the  same p e rio d . 
A fte r  exam ination o f the  potassium /disoharge ra t in g  p lo ts  a t W1 and the  
flum e, v a ria b le  c o e ff ic ie n t models were developed, w ith  the  in te rc e p ts  
p re d ic te d  by p reced ing  flo w  le v e l and the  ra te s  o f co n ce n tra tio n  change, 

p re d ic te d  by maximum storm  r a in fa l l  in te n s ity  (W1) and se a so n a lity  
(flu m e ). A lthough th e  model improved p re d ic tio n  o f genera l storm  
s o lu te  le v e ls  i t  fa ile d  a ccu ra te ly  to  p re d ic t in tra -s to rm  response.

Thus, fu r th e r  d e ta ile d  a n a lys is  was undertaken to  determ ine the  

fa c to rs  c o n tro llin g  so lu te  flu s h in g  and chemograph la g  and lead , 
fe a tu re s  thought to  be s ig n if ic a n t in  c re a tin g  model unexpla ined 
va ria n ce . The m agnitudes o f ca lcium , magnesium and sodium flu s h in g  were 

found to  va ry  se aso na lly , w ith  maxima in  autumn. B iv a ria te  and 
m u ltiv a r ia te  models were fo rm u la ted  fo r  p re d ic tin g  ca lcium  and 
magnesium flu s h  magnitudes from  season index and flo o d  in te n s ity .  A 
s tro n g  potassium  le a d  over d ischarge a t W1 was found to  be in v e rs e ly  

c o rre la te d  w ith  flo o d  in te n s ity .

The main co nc lu s io n  from  th is  se c tio n  was th a t bo th  b iv a r ia te  and 
m u ltiv a r ia te  models gave approxim ate so lu te  le v e ls  d u rin g  storm  and 
recess ion  flo w  p e riod s  bu t fa ile d  to  reproduce in tra -s to rm  v a r ia b i l i t y ,  

co n ce n tra tio n  maxima and minima. The im portance o f chemograph 

m o d e llin g  was recognised in ,  fo r  example, e c o lo g ic a l s tu d ie s  where a 
c e rta in  species m ight o n ly  be able  to  to le ra te  a s p e c ific  co nce n tra tion  
fo r  a lim ite d  p e rio d . A lthough some success had been achieved in  
id e n t ify in g  genera l c o n tro ls  on ohemograph response i t  was thought th a t 
b e tte r  progress towards chemograph m ode lling  cou ld  be achieved by 
m o n ito rin g  f ie ld  processes, p a r t ic u la r ly  s o il  w ater s o lu te  dynamics.
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However, the test hivaxiate or multivariate models were used to 
compute gross and net solute losses from West Walk during the study 
period. The 1975 - 1976 drought was a period of net solute gain in the 
catchment (i.e. input exceeded output) due to diminishing stream flow 
and above average évapotranspiration, while the post-drought period was 
one of net solute loss. Temporal and spatial variation in solute loads 
was identified, with SC 1* and the lower catchment areas producing 
highest yields during periods of low flow. This basic pattern was 
maintained during higher flows, although the solute contributing area 
noticeably expanded to more remote parts of West Walk. Solute yield 
was strongly related to the proportion of London Clay within each 
eubcatohment, probably due to higher base exchange capacities than for 
podsols on the Bagshot Sand.

The third section of this study represented a response to the need 
for improving the modelling of stoim solute behaviour in small 
catchments. It was suggested that modelling should have a stronger 
physical basis and include dynamic spatial variation in solute and 
discharge source areas. Before an operational model can be developed 
much more research is required to study the actual processes of solute 
delivery to the ohannel system. These areas of research include 
interception, throughfall, stemflow, overland flow and subsurface 
solute dynamics, the last of which was Investigated in Section III.

( i i )  The H ills lo p e  S o il Scale

A th e o re tic a l b a s is  to  so lu te  and w ate r movement in  a s lope s o il 

was se t o u t. The c o n tin u ity  equation fo r  w ater f lu x  was based upon 

D arcy 's  Law and fo r  s o lu te  f lu x  upon P ic k 's  Laws o f d if fu s io n . 
A p p lic a tio n  o f the  approach to  s o ils  is  fa r  more c h a lle n g in g  than in  
hydrogeology, because o f th e  g re a te r com p lex ity  o f chem ical re a c tio n s , 
p a r t ic u la r ly  under th e  in flu e n c e  o f b io t ic  fa c to rs . The f in a l  model 
inc lu de d  components o f d isp e rs io n , mass flo w  and s o lu te  lo e s  o r g a in  by 
re a c tio n . One method o f te s tin g  the  v a lid it y  o f th e  model is  to  use 
a c tu a l f ie ld  data in  a num erica l s o lu tio n  o f th e  c o n tin u ity  equa tions.
A system of moisture and solute accounting using an implicit finite 
difference technique was described to satisfy this requirement.
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A hlllslope within SC 1 was instrumented for the measurement of 
soil water. Ohe latter involved ceramic suction pots, a technique 
little used in slcpe hydrology but with greater potential than soil 
Pits due to reduced disturbance of the natural system . The Instrument 
layout was so designed to allow description, interpretation and 
mo elling of processes operating within the soil. Computer programs 
were developed for processing and storage of the field tension and 
water chemistry data and two-dimensional upslope plots of tension, 
ydraiilic potential and water chemistry.

A comprehensive chemical analysis of the hillslope soils was 
undertaken. Total element analyses were made to determine the 
potential for chemical weathering, and exchangeable potassium, sodium, 
ma^earum, calcium and manganese to Identify potential source areas for 
solutes contributing to streamflow. Interesting catenary patterns 
emerged from the data obtained. Helatively high concentrations of 
e x c ^ a b l e  cations were noted in two areas: the lowest 7 metres of 
xllslope and the near surface soil horizons where the % organic carbon 

content was also high. Total element data together with particle size 
determination and slope angle measurement, suggested that downslope 
soil movement had occurred at some time in the past.*

Laboratory measurement of saturated hydraulic conductivity showed 
he soil to be anisotropic, and indicated zones of potentially rapid 

lateral water flow near the channel and vertical flow 10 m upalope.

Several periods of rainfall. Infiltration and slope drainage were 
monitored, the results discussed in detail and later summarleed. The 
processes of water movement within the hillslope during a storm were 
remarkably similar to those described by Weyman (1^73). Streamflow L  
maintained by lateral H o w  within a small saturated wedge. This 
expanded upslope and up profile during a storm with saturation excess 
overland flow near the stream. The upslope extent of saturation was

* Hecent exposures (25th July I980) on the opposite side of the
catchment here revealed preferential stone orientation in plateau 
ffravel which had moved downslope.
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greater than reported by Weyman, probably as a result of lower 
hydraulic conductivity between 12 - 2U m, impeding downslope drainage. 
Increases in streamflow potassium concentration were probably due to 
the leaching and transport from sat\arated upper soil horizons near the 
stream. Potassium and magnesium were seen to be transported in p\ilse 
form by subsurface flow from upslope near surface horizons. Pulses 
from the nearer source areas probably reached the stream during early 
hydrograph recession. Mg^"^ and Na'̂  from the more distant source
areas feed a diminishing saturated wedge during later flow recession, 
while IC’’ concentration decreases with distanne transported due to 
preferential adsorption by clay minerals. It appeared that, altho\«h 
the saturated wedge contained quite high concentrations of calcium, 
magnesium and sodium, the quantities were not large enough to overcome 
dilution by overland flow and channel precipitation during winter
storms.

During slope drainage, with a continuously increasing 
évapotranspiration rate, potential reversal was fo\md to occur over the 
whole slope, with unsaturated flow towards the soil surface.
Variations in the rate of upward flow were due to the type of 
vegetation, shorter rooted species creating the steepest near surface 
hydraulic potential gradients on the lower slope. Solutes were also 
transported towards the soil surface and either taken up by plants or 
possibly adsorbed onto soil particle surfaces. A short period of 
rainfall caused some downwards re-distribution of water and solutes. 
Near the channel vertical and lateral re-distribution coxild be  ̂
responsible for cation flushing in streamflow, but upslope the 
downward movement is soon absorbed by upward movement as 
évapotranspiration again dominates. These results support the general 
findings of Chapters 6 and 7 that catchment moisture conditions 
influence solute levels in addition to stream discharge.

There w æ  some correlation between cation concentration of soil 
water and exchangeable cation contents of the soil, but no 
relationships existed with tension and hence moisture content. This is 
because cation concentration in the soil water is a complex fvmction of 
exchange rates, adsorption and moisture flux according to the 
theoretical equations previously set out.
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A suite of BASIC computer programs incorporating these 
theoretical concepts was written for moisture - solute accounting on 
the hillslope. Field data (tension, rainfall, soil water and rainfall 
chemistry) provide the input to these programs, with the aim of 
validating the defined model structure. There is also facility for 
introducing anisotropy and the effect of throughfall and stemflow on 
rainfall quantity and quality. Some preliminary results working only 
with water flux were discussed, and it was suggested that a similar 
experiment might he e:q>anded to cover spatial variation in a slope 
hollow and pure numerical simulations

The tentative framework for a physically based, variable 
contributlr.g area model was outlined, based upon a recent run off model 
but incorporating the important results from this study. Several areas 
were identified where future research into field processes could 
concentrate.

In this study progress has been made on the most important of 
these, subsurface soil water and solute dynamics in a small catchment.
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APPENDIX 1

A S e le c tio n  o f S o il P ro f ile s  R epresenting  Vest V a lk  S o ils

1. P r o f ile  HT

H orizon 1 L 2 H 3  Ea/A u Bh/B 5  B/C

Depth (cm) - - - — *

M unsell c o lo u r - 7 .5 ^ 3 /2 10YR5A 10YR5/3 10TiB6 /8

P a r t ic le  d e n s ity 3 . 66U U .86O -
(g /c c ) 

% C lay — - o.U 5.U IU . 5

% S i l t - - 1 . 0 0 . 6 1 . 0

% P ine Sand - - 1 7 . 0 5 5 . 0 8 3 . 2

% Coarse Sand - - 1 5 . 0 2 . 0 1.0

% G ravel - - 66.0 3 5 . 0 1.3

% O rganic Carbon - 26.U30 1 . 1 9 0 3 . 0 5 0 0 .8 9 6

Na (meq) - 8.365 U.200 1 . 3 7 0 “*

K (meq) - 1.830 0 . 1 2 7 0 .5 6 0 —

Ca (meq) - 3 1 . 9 0 0 2 . 3 8 2 . 9 3 —

Mg (meq) - 6 .8 3 0 0.210 0 . 3 ^

CEC (meq/100 g) - - — ' "
% S o il M o is tu re 18.65 6 0 .0 2 12.10 20.09 25.6

pH - 3 . 2 9 3 . 7 9 3 . 5 1 3 . 7 U

NOTES
(1 ) A dash denotes no t measured
(2 ) The p r o f i le  code, HT, corresponds to  a lo c a tio n  on F ig u re  3.h.
(3 ) F ie ld  and la b o ra to ry  work was c a rr ie d  ou t by s tuden ts  o f  the  

pedology course a t Portsm outh P o ly tehon io  and supe rv ised  by s ta f f

in c lu d in g  the  p resen t w r ite r .



2. P r o f ile  LB

H orizon 1 H 2 A 3 Ea Bh 5 Bs

Depth (cm) 3-7 7-25 2U-W+ l4i+-U7 U7-58

M unse ll c o lo u r 2.5YR2/2 5YH5/2 10YH7/3 107R3/3 IOYR3 / 6

P a r t ic le  d e n s ity 1 . 9 6 3 . 2 0 2 . 6 3 2 . 7 9
(e /c c )

0 111 2.86 3 2 . 9 5% C lay 14 *

% S i l t - ' 7.1*2 - U.87 9 . 5 0

% P ine Sand - 3 .U0 - 3 . 9 1 1 8 . 3 0
V

% Coarse Sand - 8 3 . 5 5 - 8 7 . U7 3 9 . 1 U

t
% G rave l - 3.22 - 0 . 7 8 0.U6

% O rganic Carbon 37.8 1.2 0 .0 5 8 0 .0 5 8

Na (meq) - 0 . 3 6 - 1 . 7 0 1 . 3 8

K (meq) - 0.12 - 0 . 2 5 0 . 2 3

Ca (meq) - 1 . 3 6 - 1 . 3 2 0 . 7 9

Mg (meq) - 0.11 - 0 .2 6 0 . 1 3

\

CEC (meq/lOO g ) - - — •

% S o il M o is tu re 62 10 7 1 5 5

pH U.13 U. 1 5 U. 7 7 u.uu



3. P r o f ile  PP

H orizon 1 L 2 A 3 Ea h B 5 0

Depth (cm) 0-1 1-U .5 U .5 - 1 1 11-21 2 1 - 5 0 . 5

M unsell co lo u r 10YR3/2 10YBU/3 IOYHIiA 10YR5/8 -

P a r t ic le  d e n s ity  
(g /c c )

3.332 3 . 0 6 5 2.555 -

% C lay - 5.00 8.00 11.00 9 .0 0

% S i l t - ¿7.25 2 . 0 5 1.00 0 . 5 0

% F ine  Sand - 51.25 51+.95 1.00 0.55

% Coarse Sand - 13.50 22.00 6 7 .0 0 U8 . 9 5

% G rave l - 3.00 1 3 . 0 0 20.00 U1 . 0 0

% O rganic Carbon - 2.U0 1.U0 0 . 7 0 0 . 3 0

Na (meq) - 0 . 92 I1 0.5U7 0 . 9U2 0 . 5 3 3

K (meq) - 0 . 3 0 2 0.21U 0.221 0 . 1 8 U

Ca (meq) t 0 . 7 2 7 - 0 . 1 3 5 -

Mg (ineq) - 1.256 1 . 0 8 9 0.222 0 . 1 6 7  •

CEC (meq/100 g ) - 1 2 . 3 9 , 7 . 8 3 8 . 0 5 ¿ . 0 9

% S o il M o istu re
•

IU . 2 8 1 0 . 2 5 7.2U 7 . 8 0

pH - 5 . 5 5 5 . 3 5 U .I9 U. 3 6



P r o f ile  NV

H orizon  1 2 P 3 H h A 5 Eb(A) 6 Eb(B) 7 B tg

Depth (cm) ' 0-3 3 -5 5-7 7-9 9-11+ * 11+-38.5 3 8 . 5 - 7 0

M im se ll c o lo u r - — - 10YR2/2 7 . ^ A 10YR5/1+ 101®5/8

P a r t ic le  d e n s ity  
(g /c c )

- 2.816 2.661+ 2.567 2 .2 0 6

Yo C lay - - 3 .3 3 . 3 7 . 9 1 1 . 5

% S i l t - - ‘ 5 .0 5 . 9 1 1 . 6 U.9

% Pine Sand - - 29.7 3 2 . 7 1+9 . 9 3 6 . 8

% Coarse Sand - - - 2 . 6 3 . 8 6 .0 i* .2

% G rave l - - - 59.2 5 3 . 7 21+.8 l+i+.O

% O rganic Carbon - - - 5 .0 9 6 1 . 0 1 1 0 . 1+96 0.565

Na (meq) - - I . 10 U 1 . 2 3 5 1 . 9 5 7 1 1 . 331+

K (meq) - - 1 . 3 7 6 0 .9 69 0 . 8 3 8 2 .8 0 7

Ca (meq) - - - - - —

Mg (meq) - - 1 . 144+ 0.582 0 . 9 2 2 1.295

CEC (meq/100 g ) " - - 10.011+ 7.163 11.1*18 2 ^ . 9 1 2

% S o il M o is t\ire  “ - - 2 6 . 7 1 22.1 I I+.5 1 3 . 1

pH - - U. 1 9 3 . 8 7 I+.27 1+.2



5. P ro f ile  CM

H orizon  

Depth (cm)

M im se ll c o lo u r
P a r t ic le  d e n s ity  

(g /c c )

% C lay 

% S i l t

% P ine Sand .

% Coarse Sand 
(

% G ravel 

% O rganic Carbon 

Na (meq)

K (meq)

Ca (meq)

Mg (meq)

CEC (raeq/lOO g) 

% S o il M o is tu re  

pH

9.68

2 A.
2 - 3

grey
5 / 1

3^2
3 - U . 8

g re y ish  
brown 5 /2

h  B 5  Bg

1+.8-1U.8 1U.8 +
V Dfc re d d ish  

brown 2 /2  y e llo w  6 /8
2.98

8.52

0 . 0 0 0 . 0 0 —

1 . 2 U 1 . 1 7 3 . U 2 3 . 0 9

0 . 7 7 3 0 . 7 7 1 0 . 1 4 + 5 0 . 1 * 6 0

0 . 5 9 9 0 . 5 8 0 0 . 7 3 2 0 . 9 8 5

1 . 5 3 2 0 . 7 7 2 1 . 3 7 2 0 . 5 9 8

0 . 5 3 5 0 . 6 U 8 2 . 3 5 5 0 . 6 0 7

2 . 8 1 * 3 6 . 0 5 5 1 1 , 6 6 8 2 7  ^ ' 5 9

1 3 . 6 7 1 1 . 3 3 - 7 . 6 7

8 . 8 7 . 8 2 7 . 9 1 * . 8 1 *



6, P ro f ile  JA

H orizon 1 H 2 A 3Bi 5 c

Depth (cm) o-U»5 U.5-10 1 0 - 2 3 2 3-9 0 90 +

Mims e l l  c o lo iir 2.5YR2/2 5YR2/2 5YH3A 10YR6/8 10 YR6/8

P a r t ic le  d e n s ity • _ —

(g /c c ) 

% C lay - - lU A - 3 6 . 6 6

% S i l t - f
5 . 1 9 - 1+7 . 9 1

% F i n e  Sand - 0 . 7 3 9 - 1 5 . 1+1

% Coarse Sand - - 29.7W* - -

% G rave l - - 1(2.65 - -

O rganic Carbon 10.5 9.58 2 . 0 7 1.U3 1 . 5 6 0

Na (meq) - 1.262 0.1|1(1 - 1.6U2

K (meq) - 0.7U2 0 . 1 5 2 - 0.579

Ca (meq) f U.299 1 . 7 5 2 - 3 .8 9 0

Mg (meq) i « 1.16U 0.15U - 2 . 6
1

CEC (meq/lOO g ) - 3 3 .U9 . 2 3 . 0S 26.96 50'. U5

% S o il M o is tu re SS.hf> 31.08 1 9 . 9 0 9 .6 9 2 3 . 8 3

pH U.29 3 . 9 8 U .iU U. 3 3 l(.92





8. P r o f ile  SC

H orizon 1 H 2 Â 3A2 1+ B t 5 Bg

Depth (cm) 0 -3 3-19 1 9 - 3 3 33-99 99-83
m o ttle d

M im se ll c o lo u r - 7.5YR3/2 2.SrEth/k 10YR5/8 2.9Y9/1+-
10YR5/2

P a r t ic le  d e n s ity 1.79 2 . 1 6 9 _ 2.1+77
(g /c c )

% C lay - 5 1 . 0 2 1+9 . 6 9 — —

% S i l t - ’2 5 . 7 1 2 9 . 8 3 —

%  F i n e  Sand - 1 9 . U2 1 7 . 2 - —

% Coarse Sand - 2 . 3 8 2 . 6 3 - -
(

% G rave l - 1.U8 0 .6 9 -
•

•

% O rganic Caurbon - 1 . 1+05 0 . 31+6 - 1 .0 2 8

Na (meq) - 0 . 6 3 2 0 . 2 5 9 0 . 3 6 5 0.968

K (meq) - 0 .6 5 1 0 .2 8 9 0.251* 0 . 9 1 6

Ca (meq) - 3.998 1.59U 3.1*26 16.81

Mg (meq) - 2 . 2 2 6 0 . 8 8 7 3 . 081* 10 .0 0 7

CEC (meq/lOO g) - 3 3 . 9 1 2 1 9 . 0 2 8 1 9 . 31*7 3 6 :9 8 7

% S o il M oistu ire , A
1.81+ 1 . 1+2 1.61* 3 . 1+

pH
■ *

9 . 1+99 5 . 2 7 5 . 1*6 6.62

8

V



9. P r o f ile  MJ

H orizon  

Depth (cm)

Mxmsell c o lo u r
P a r t ic le  d e n s ity  

(g /c c )
% C lay 

% S i l t  

% P ine Sand 

% Coarse Sand 

% G rave l 

% O rganic Carbon 

Na (meq)

K (meq)

Ca (meq)

Mg (meq)

CEC (meq/lOO g) 

% S o il M o is tu re  

pH

2 Ah A 3 Ag i| Bg

2-12 1 2 - 3 2 3 2 - 6 0
m o ttle d

.5YR3/2 10YR5/3 7.5TR5/8 -  
2.5Y6/2

.̂9h 2.U35 2 . 9 6

58.77 5U.68 8 2 . 1 3

2 3 . 5 2 21.00 1 1 . 2 8

I I+ .35 20.3U 6.M*

1 . 5 2 1 . 9 6 0.16

1.85 1 . 9 9 -

5 . 0 2 1 . 7 2 I . 9U

0 . 7 9 0 . 3 9 3 1 . 1 3 3

0.5U9 0 . 1 7 3 0 . 7 6 1

3 . 8 2 2 O.U99 1.021

0 .9 69 0.618 2 .6 0 1  •

2 2 . U8 1 1 . 5 5 19 ^71

5 . 2 6 U.9 U.885

\



API=EKDIX 2

( i ) ANACOVAR
. . . .  . . .

( i i ) APIPROG

( i i i ) CONCHEM 2

( I t ) CONPOT

(v ) CONTEN 2

(T i) CORMAT J+

( v i i ) DURBIN

( v i i i ) PLUMQ

( ix ) PLOWS

(x ) plux/ chemplx

(a ) FLUX 1

(b) FLUX 2

(c ) FLUX 3

(d) FLUX h
(e) FLUX 5

( f ) FLUX 6

(s) FLUX 7A

(h) CHEMFLX 1

( i ) CHEMPLX 2

Ü ) CHEMFLX 3
(k) CHEMFLX I4

(1) CHEMPLX 5

( x i) GEOREG 2

( x i i ) GLOWS

( x i l l ) MOMENTS 3
( x iv ) MULTREG 2

(x v ) NTHOREG 1

( x v i) PLOTS

( x v i i ) QUE ZED XG

( x v i i i ) RESID 1

( x i i ) SINDAY

(x x ) TENPLOT

( x x i) TRACES

( x x i i ) WATLOSW

( x x i i i ) WATQUAL

(x x iv ) WEIRQ

(xxv ) UG

r



(i) MACOYAR 
W ritte n  by G .S.

LINE’S*̂

Ifli ANACOVA« P^vOG’=>AM TO DETE^’MINE '■ /HETHER SLOPES OF SEVETALn  ? e g” s SIOM MN2 S SIGNIFICANTLY DIFFERENT FFOM MEAN SLOPE
12 DIM X ( A 3 ) / Y ( A 0 ) / D ( A 3 )
13SELECT P- INT 213
^  PP^NT ’■ ;?N;ufsLOPES":F°o” " Ì r T o ' N. INPUT B U ) :  B I = B I . B < m N E X T  I 
33B2=D1/NA3 FO”̂  Z=lTO N: D ( Z ) = ( CB <Z ) -B2 ) » 2 )
53 PPINT " I N ’̂ UT X,Y DATA FOP P.EGPESSION 
83 INPUT "SAMPLE SIZE">Q 
85 S I / 5 2 / S3>SA=0 
87 K=K+Q 93 FOP J= 1T0  Q 133 INPUT X ( J ) / Y ( J )1 0 5X <J ) =LOG (X (J ) ) : Y ( J ) = L O G ( Y ( J ) )
110 S1=S1+X(J)
120 52=S2+Y(J )
133 NEXT J 1A3 S l = S l / 0 : S 2 = S 2 / Q  
153 FO?- P = 1 TO Q160 5 3 = S 3 + ( ( C X < P ) - S 1 ) + ( Y C P ) - S 2 ) ) »2)
170 SA = *̂ A+C ( X ( P ) - S l  ) t2>
180 S 5 = 5 5 + ( ( Y ( P ) " S 2 ) t 2 )
190 NEXT P 200 S6=S6+CS3/SA)
213 S7=S7+(B(Z)*SA>
220NEXT Z 
233 S9=S5-S62A3 F = ( S 5 / < N - 1 ) ) / < S 9 / ( K - 2 * N ) )
2A5 PPINT "MEAN SL0PE="iB2 
253P"^INT " F = " J F255pT»lNT " F < " » N -  1 i ” /  " / ’̂ "2*Ni  " ) '
263END



( i i ) APIPROG
Wri t t en  t y  G.S.

P'REM APIPr^OG _4 PEM COMMUTES 5 / 1 3 / 1 5>2 3 / 2 5 ^ 3 3 / 6 3  DAY ANTECEDENT
5 PEM PRECIPITATION INDICES
7 "EM DATA IN MM»8 P.EM ISTPOINT = 3 . 1 2 . 1 9 7 4
9 "'EM I*T A ^ I ' S  = 6»2»1975  
13 DIM 7 ( 6 ) / Y < 6 3 )
15 X = 217SELECT OPINT 213
! |  APIS A P U 3  A P I . 5  AP.20  AP.25  A P I 3 .  AP.63
23 P=325 FOP 1=63 TO 1 STEP -1
33 READ P
35 Y ( I ) = P
37 NEXT I
33 RESTORE X
39 FOR 1 = 1 TO 6348 A = ( ( 1 / 1 ) ’*‘Y ( 1 )  >
53 R=R+A63 IF  1=5 THEN 83 
73 GOTO 93 
83 Z<1)=R93 IF  1=13 THEN 113 
133 GOTO 123 110 Z(2)=R123 I F  1=15 THEN 140 
133 GOTO 153 
140 Z( 3) =R150 IF  1=23 THEN 173 
163 GOTO 183 
170 Z(4)=R180 IF  1=25 THEN 230 
193 GOTO 202 
230 Z<5)=R232 I F  1=30 THEN 236
204 GOTO 213
236 Z(6)=R
213 NEXT I
212 Z=I22G Z2=Z+Z1

p l i l r U i m  260-z2*va);3a);J(a.>z<3H3<4HZ<5).i<6);p
263 X###.«»#
283 X=X+1 290 GOTO 23



330D«\Tft
3I0DATA
323DATA
330DATA
3A0DATA
350DATA
360DATA
379 DATA
339 DATA
399 DATA
A30 DATA

DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
data
DATA
DATA
DATADA*̂A
DATA 
DATA 
DATA 
DATA 
DATA 

I DATA 
' DATA 
I DATA 
I DATA 
I DATA 
I DATA 
J DATA 
5 DATA 
5 DATA 
3 DATA 
3 DATA 
3 DATA 
3 DATA 
3 DATA 
3 DATA 
? DATA 
9 DATA 
0 DATA

3j 1 / 3 / 1 / 3 / 00/  l / 3 / A * 5 /  1 *5/  5/ 5»5/  17» 5/  13/  1 
9 / 0 / 0 / 1 / 0 / 3 / 3 / 9 / 2 / 3  
2 / 0 / 0 / 9 / 0 / 0 / 1 / 0 / 0 / 0  0 / 2 / 0 / 3 / 1 1 / A / 1 / 1 2 / 0 / lA 
1 3 / 3 / 1 / 7 / 0 / 0 / 0 / 0 / 0 ^ 0  3/  2 /  9 /  0 /  1 / 6/  3/ 1 / 0 /  6 2/1/7/0/0/0/0/0/0'5 0 / 1 / 2 / 2 / 0 / 3 / 6 / 0 /  1 1 / 5  

2 9 / 2 / 0 / 0 / 1 / 5 / 0 / 0 / 3 / 0  
0 / 1 / 0 / 1 2 / 3 / 0 / 3 / 3 / 8 ' 7  
5/  1 / 0 / 0 / A / 6 / 0 /  3 / 0 /  1 
5 / 0 / 0 / A / 0 / 0 / 0 /  3 / 0  / 3 
2 / 1 2 / 0 / 0 / 3 / 0 / 3 / 3 / 0 / 0  
0 / 0 / 0 / 0 / 0 / 0 / 0 ' 0 ' 0 ' 3  0/  3/ 5 / 0 / 0 / 2 /  3 / 3 / 0 /  3 

^/ ’ / 0/  3/  0 /  0/  011/5/"’ 0/0/0/0/'̂ /0/■;)/0in/0/0/0/0/0/0'0'3 0/0/0/0/0/0/0/3'3'3 0,0/0/0/0/0/3/3'3'3
0/0/10/0/0/3'3'8/0/3
0 /  0 /  0 /  1 /  1 /  1 /  3 '  3 '  3 '  10 / 0 / 0 / 0 / 3 / 3 / 0 / 0 / 0 / 2  
2 A / 0 / 0 / 0 / 9 / 0 / 7 /

/  1/

0̂ 0
3/ 7/ 1 1 3/0/ 1 12 / 1
' , '>/'7,  9 / 0 / 0 / 0 / 3 / 3 ' 3

0 / 0 / 0 / 9 / 0 / 2 / 3 / 9 / 1 1 / 0  
AA/ 3/0/9/ 10/0/A/ 1/3/3
0 , 2 / 2 3 / 2 0 /  1 A/2 / 0 / 2 / 0 / 9  
A/6 / 2 / l / 0 / 0 / 3 / 0 / 3 ' 0  
0/ A/ 5/ 0/9/0/ 3/3/ 9/ 2 
0 , 0 / 0 / 0 / 9 / 0 / 3 ' 3 ' 2 / 2  
7 / 9 / 0 / 0 / 3 / 0 / 3 / 9 / 9 / 9  
0 ,  1/26/ 1/3/0/ 1 / l / 0 ' 9  
0 , 0 / 8 / 9 / 5 / 5 / 1 9 / 0 / 1 / 2 6  
2 / 0 / 9 / 0 / 9 ' 0 ' 3 / 9 / 0 / 00,0/0/0/3/9/1/9'9'9 3/6/l/9/0'0'0'̂ '̂ -'̂
3 , 0 / 0 /  1 0 / 0 / 0 / 3 / 0 / A/0 
0 , 0 / 0 / 0 / 9 / 9 / 3 / 9 / 0 / l  
0 / 0 / 3 / 3 / 0 / 2 / 0 / 0 / 0 / 9  
3 / 0 / 9 / 0 / 1 / 0 / 9 / 2 / A / 2  
2/2/ 1 6 / 0 / 0 / 3 ' 3 /  1/3/0  
3 ,  5/ 2/ 9/ 9/ 9/ 3/ 0/ 9/ 1 
0 , 0 / 0 / 9 / 3 / 3 / 0 ' 3 ' 3 ' 3  
3 / 9 /0 / 3 / 2 / 2 / 9 / 0 / 0 / 9  
0 , 0 / 0 / 0/ 3/ 1 / 0 / 0 / 3/ 9 
0 / 0 / 1 / 0 /0 / 9 / 3 ' 3 / 3 / 9  
0/0/0/0/9/2/0/3/9/0



ea<3 DATA 
810 DATA 
820 DATA 
830 DATA 
8A0 DATA 
850 DATA 
860 DATA 
870 DATA 
880 DATA 
890 DATA 
930  DATA 
9 1 0  DATA 
9 20  DATA 
930 DATA 
9A0 DATA 
950 DATA 
960 DATA 
970 DATA 
9O0DATA 
990 DATA

0i0i3>0/0>0>0>0^'3-»^1/ 3^0/2/ 1^0/3>0/3>2 
0 ^ 0^0*3^0^18 
0^0/0>0>2/0>3>0^0i0 
0^3^0>0.»0>3/0>0^0>3 
0/0*3/0^0^0*0>6*0^1 
10/1/0/0^0>0^5!/3/0^0 
0/0/0/0/0/0/0/0^'?)^'3*2 
0«l/0/0»6/0/2*7/0/17*S/0/0/0 
0/3.1/0/3/0>3*3/Z/0/0 
0/0/3/3/0/3/0/0/3/0
0/ 0/ 0/0/ 0/ 0/ 0> 3> 3-* 30/0/0/0/0/0^0^3/0/0/2 
0/28.1/3/0/0^0/3''3/0/0 0/0.9/0/29.A/1.1/3/10.5/2.2/3/0 
10.5/3/S/3̂  3/15/3.1/A.5/18.A/11.17.5/6.9/1.2/1.5/2.8/30.5/15.6/1.8/22.5/9
1 . 1 / 0 .  A» 0 . 3 / 3 .  A / 9 . 1 / 6 . 2 / B . 9 / 6 . 2 / 5 . 2 / 3 . 7

12.6/2.5/A.A/0.5/9.A/5.5/6.2/3.2/3.2/2.6
0.A/0.A/0/ 0/ 3 . 8 /  1 . 2 /  3/  3 . 1 /  5 . 9 /2.8/A. 1/ 5 . 6 /  1 7 . 1 /  7 . 2 / 0 . 5 / 2 >2/8

10001010
1920
10 30 
10A0 
1053 
1060 
1070 
1080 
1090 
1100
11 10 
1120 
1130 
11A0 
1150 
1160 
1170 
1183 
1193 
1200 
1210 
1220 
1230 
12A0 
1250  
1260 
1270 
1280 
1290 
1300

DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DA" A
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA

A.2/A.9/5.9/0/0/0/0/0.*3/9
5 . 5 / 2 . 5 /  2 3 . 9 / 3 3 . 3 /  1 6 . 2 / 9 . 3 / 3  / 3 . 2 / 0 . 1 / 1 1 * 7
6.2/ 12.5/3/0/3> 3/3/3/3/ 31.1/9.9/6.3/2.7/6/3.3/3/3/0^21
0/3/0.1/3/0/23.7/18.9/3/9/2.2
3.2/3/0.1/0*?/0/0/'̂ *̂ '̂ '̂ *̂̂ '̂ *̂ ^0.1/3/3. A/2.2/0 /A. 6/ 1/2.3/0.1/8.1 15/ 2.3/ 2.6/ 1/ 0/3/ 3. A/3.6/ 7.3/ 1 .7
A*5 /5/5.2/9.5/1/20.7/2.A/1/1.2/03.7/1.3/2.5/5.2/13.2/9.A/1.3/0.5/1.9/6
1 ,7/2.1/3.A/0/0/0/3/3/^/3 0/0.5/0/3/0/'3/ 3.7/ 17.2/0/ 12.2
6.5/ 1 *3/ 3.2/6.7/A.7/0/0.3/3.7/3/ 0
3.9/2/0/3/0/13.A/2.5/0/3/9
9 / 0 . 2 / 3 . 2 / 0 / 0 . 3 / 3 / 3 / 3 / 3 / 0
0 / 0 / 0 / 3 / 2 . 2 / 1 . 1 / 1 . 2 / 1 . 3 / 5 . A / 0 . 3
1.2/7.7/9.3/3/0/3/0/12.3/5.5/0 9/ 1 .1/9.3/ 1 .1/0/8. A/ 1 .2/7.2/A. 6/3
0.7/l/0/0/0/0/2/0/3/^
0 ^ 0 * 7  / 3 / 0  /0 / 0 / 2  /0/ 1/0.1/2.3/ 1 .3/0/9.5/3.9/2.3/7.A,2/0.1/0/0/ 1 *1/ 1 •i'̂ '*2'9/2/91 6 -------2/l/3/3/0/3.i/2.3/2.7/'3/3 
0/0/9/3/0/3/1.6/9/3/29/0/0/0/7.2/0/9/1*6/1*5/2 
0 / 2 . A / 3 . 8 / 0 / 3 / 0 / 0 / 3 / 0 / 0  
0 /3 /0 /2 .3/6 .1/ 2 / 0 • 1 / 9/9 / 2  
0 / 3 . 1 / 2 . 2 / 9 /  1 3 . 3 / 9 . 6 / 2 .  A/9 .  A/9/0  
2 . 9 / A . 7 / 2 7 / 9 . 1 /  1 . 6 /  3 2 . 5 / 3 / 2 / 5 . 1 / 3  

*2 . 9 /  5 . 5 / 9 / 2 / 9 . 3 /  2 . 2 /  3 . A / 0 / 9 / 9  
0/0/0/ a , 0 / 9 . 2 / 3 / 0 / 0 / 0





(iv) CONPOT
Wri t t en  by B Sprunt ,  modif ied by G.S.

05 r?EM CONPOT6 PEN CONTOTÎP5 HYD'’AULIC tsQTENTIAL FOP HILLSLOPE 
10®PINT "IN^UT LINE 4 1 3 :  DA7AL0AD' • • • *  * PUN53”
12 STQT’50DIN B (4) / C ( 7 ) i D ( 7 )90 DIM T ( 5 ) / Y ( 5 >  ̂Y ( 5)# 3 ( 5 ) Í P 1 C23 )> (23 )
133 IN^MT "^ONS, C0L5> CONYOU*’ I NT’*.» MS* N5> H5
r .  C U > : 6 5 ; c r 2 ; : m ! c O > ” 5 : C ( . > = 9 , : C C 5 >  = B 5 : C t . ) M . . » C ^ ^253 D ( 1 > = 3 9 ; D ( 2 ) = 4 Z : D ( 3 ) = 5 2 : D ( 4 ) = 5 4 : D < 5 ) = 9 6 : D ( 6 ) = 1 2 4 : D ( 7 ) - 3 7 7
293B9 = 1 /4 9 :D9 = 7 8 2 : C 5  = 535 
333 C9=545 
373 P ( 4 ) = 3  
410DATA LOAD ” T1”
453 Ml=3493 M2=3 „ ^
5 3 3 X ( 1  ) = 3 : X ( 2 ) * X ( 3 )  = 1 : X ( 4 > = 3 : X ( 5 ) = 3 . 5  
5 7 3 Y ( 1  > * Y ( 2 )  = 3 : Y ( 3 ) * Y ( 4 )  = 1 : Y ( 5 ) = 3 . 5

m I  ° 0 a w ’ ? ( I ^ * Í 3 ' 5 : ’ 2 ( 2 ) = ’ 2 t 2 > » I < i 5 . 5 . S 2 < 3 ) = ' ^ 2 O ) * a 3 5 ! ' í 2 ( B ) = ’.2<' l )*233 614 n 2 { 5) = - ’2 C 5 ) < - 2 6 6 ! 2 2 < 6 > = " 2 ( 6 ) + 2 9 B : 3 2 t 7 ) = ? . 2 < 7 ) * 3 5 4 : P . 2 ( 8 ) * P 2 ( S ) * 5 8
653F0P J 3= 1 T0  M5-1693 FO^ J 4  = 1T0 N5:  “ 1 ( J 4 )  ='*̂ 2 ( J 4 )  i N_XT J 4
733 DATA LOAD ' 2 0  
732 IF J 3 = l  THEN 733
734 IF J 3 = 2  THEN 746

752 GOTO 773 =, oo  í «i) =05 ( 3 > + 145 : ?2 (4 ) =P2 ( 4 ) + 1 73

¡ Î 3 Î n > ” r < î “3> = ? ( 2 ) - 2 a 3 M > . T < 3 ) = P I U 3 7 . .8 5 0 Í U ^ 2 ? ( Í 3 ) ; T ( 5 ) = B . 2 5 » < T ( . ) * T < 2 > 7 T < 3 > . T C 4 > >
893FOP I = 1T0 4 : Z ( I ) =T( 1>: NEXT I 
9 33 Z( 5 )= Z( 1>970FOP I=LTO 41013 i F  Z ( I ) > Z ( I + 1 ) T H E N  1333
Î 090 t»LOT <DCI3)-M1*CCI3)-M2* >:Ml=3:M2 = 3
i n r » L 0 T ‘ ^ C 9 - 3 - > : P 1 . 0 T  < 0 . - C 9 - B ( J 3 * l  > - »>PtOT < 3 . - 0 5 , »
1213M1= 3 :M2=3 1253NEXT J 3  
1290 GOTO 4393





• ^ 1 ( J> 5^ C) 
• H'i (O/ Q )

THEN 37 '

16  ̂ GOSllB ’ 3 6 ( ® ^ 5 )
¡70 I F  TC5) >C THEN 5 2 0  
>B0 J  = INT(N/2 + 0 • 3 0 2 ’’ ! > + l 
>90 GOSUB • 0 2 < J )
}00 J = J 9  
310 GOS’ Ê 
330 GOS"3 
3A0 N = N-1 
35■» I F  N<>3 
350 N = B
370  J = I N T ( N / 2 + 0 • 0 0 3 3 1 )
330 I F  T ( J ) > C  THEN ¿«70 
390  K = J  + 1 
/J00 GOSHB ’ 0 2 < K )  
i l l 0  K = J 9
4 2 0  GOSHE ' 0 1 ( K ^ J / C )
4 4 0  GOS’ Ê •05 ( ®* O>
4 4 5  GOTO 1 5 6  
4 7 0  GOSHE • 0 1 ( J ^ 5 i C )
4 9 0  GOS’lE •06(®#O>
500N=N-2  
510  GOTO 350
5 20  J  = I N T ( ( N + 3 ) / 2  + 0 •2 0 0 3 1  )
5 3 0  G05UD • 0 2 ( J )
5 4 3  J = J 9  
5 5 0  G05HB 
5 70  GOSHE 
5 3 0  N=N+1
5 90  J = I N T ( N / 2 + 0 • 2 2 2 2 1 ) + 2
6 0 0  GOSUB ’ OECJ )
610  J = J 9
6 2 3  I F  T ( J ) > C  THEN 6 3 0  
6 3 0  GOSUB ’ S K S ^ J ^ C )
6 5 0  GOSUB * 0 6 < F ^ O )
6 6 3  N=N+2 
6 7 3  GOTO 5 9 3
6 8 3  K = I N T ( N / 2 + 0 • 0 3 2 2 1 ) + l  
6 9 0  GOSUB ' BECK)
7 0 3  K = J 9
7 1 3  GOS” E *31 C)
7 3 0  GOSUB * 0 6 ( B / O )
7 3 5  GOTO 1 6 6  
7 6 3  DEFFN’ 3 6 ( ® i 0 )
7 7 0  K 3 = I N T ( o * D ( I 3 ) + 2 ^ 5 )
7B3 K 4 = I N T < Q * B < J 3 ) + P » C ( I 3 ) + 3 ^ 5 )
790®LOT <K3-M1 • 5<4-M2* Hr.X(FE)  >
800  M1=K3
810M2=K4

•0 1 ( 5 / C)  •06(®#O)





(vi) COHMAT U
WANG package program, modified by G.S.

1

'ÍEM COM 
DI M 
DI Min®mtIN’̂’TT
in®mt

CO^MAT^ ^MA'̂ ÎV O'" '=í/AíE/5E
DATA IN^MT F ’ .OM TA^E 

^ . (1? ,  n > > “ 2 < I ^^  1 3 ) ^ E ( I 2 ^
"‘ ' . ‘ c 'am' l -  - I I -  N”-̂ MEEE. of VA-.IADLE5-,N.M

• • ¿ A V  — .................. ...  '"tlAT'̂IM
yea  ̂ imdem LA3*'̂ L 
COL’ M̂M N’IMEE^ of  30LMTE*

15
16
2 2  
32 
A3 
52

I N ^ i r  -MATRIX C0L’?MM NMMEEH üf ‘ t ?AN5F0?M5‘

92DATA LOAD "FN’-*‘

OTNEX*  ̂ J tNEXT I 
1 ? 2 F 0 ' ^ K = 1 ‘̂ 0 M

U?x?u%xHo,:ró’- . - ^ 0  , 5 . X , < ^ - 7 ) . X , < ^ >  = ^SXT .

132  M I C I ) = L 0 3 ( X I ( 1 ) )
1 A ? X 1 ( 2 ) = L 0 3 ( X 1 ( 2 ) )
152X1 (3)=^L0G(X1 ( 3 )  + 1 2 )
152X1 ( A ) = L 0 3 ( X 1  <A> + n )
1 7 2 X 1 ( 5 ) = L 0 G ( X 1  ( 5 )  + l 2 )
1 8 2 X 1 ( 6 ) = L 0 G ( X 1 ( 5 ) + l 2 )  . ^ n/o a s î

2 2 2  X I ( 7 ) = L 0 3 ( X I < 7 ) + 1 • 2 )
2 1 2 F 0 ' *  1 = 1T0 M

2 A2 NEXT J
2 5 2 A( I ) = A ( 1 ) + X 1 ( 1 )
2 6 2 B ( I ) * B ( I > ‘*’’ *̂ ( 1 ) » 2
2 7 2 n e x t  1 
2 8 2 NEXT K
oooi M1 sM ; N= 1 * M2 “ 1 ^

 ̂ Ä i>4t c***co m o*305^^E 862

ii
3 3 2 I F  ? 2 ( I / J Î Í  ̂ THEN 3 52

-ÎSIÏÏ.1>.ca..,.uou.....u.n-
372  NEXT 1
332  I F  M3=l *"HEN Al 2
392  m=M1 ;M1 = 1 s M3 *  1 îM2 = - l
A22 g o t o  332
Al 2 SELECT ° « I N T  2 1 3
A22P^INT MftTPTX’*A30 PPINT.  ’ ’CO^PELATION MATRIX
AA2 FOP I * 1 T 0  M

11



453 o^’ lNT : ® ’>1 NT
453  FO” J = 1 T 0  M471  ̂ IF F2 ( I \» J >< i  then  ^93
4B'’'^2< 1/ J) = l
4930*=»!NT ^ 2 ( I / J ) » ‘
533  NEXT J t N E X T  1 
51 3 ’=*’=il N"̂  ; P'31 NT 
5 2 3 P^ I NT  ‘ 'STMCENTS T "
533  FO*’ I = 1 ‘̂ 0 ri
543 o *̂ i n T ;i»PINT
553 FOP J  = l ' ' 0  M
55 3 P P I NT  T < 1 / J ) J
573 NEXT J tN E X T  I
5B3” P1NT t ^Pl NT
5915 p p INT *'P COEFFICIENT* ’
633  FOP I = 1 T 0  N 
61 3 ” PIN'*‘ tO^’INT 
623 FOP J = 1 T 0  M 633’̂PINT CCIiJ)*'
M  NEXT J tN E X T  I
653®P1NT t ^PINT
6 63  OPINT "ft COEFFI CI E NT"
6 73  F0*=» I = 1T0 ri 6B3®pINT t̂’PINT 
693 FOP J = l T O  M 
7 3 3 ” PINT E X P C D < I > J ) 5 »
713  NEXT J tNEXT I 
7 2 3 P P I N T  t ^ ^ I N ”*

P P I N T  "ETftNDftPD EPPOPS*'
743 FOP I = 1‘*‘0 M 
7 5 3P P I N T  tPPINT 
763 FOP J = 1’ 0 ‘1 
7 7 ' ^ o * ' I \ i t  E ( 1 / J ) J  

75'^ next  JtNEXT I 
735D01NT tPPlNT
¡ 3 3 p p 'i n T ^ " D 0 ^ Y 0 " ^ P E 0 M I P E  DMPBIN 4 NAT30N S T A T I S T I C  FOP

BIOIN’̂ I’T X
8 2 3 I F  X=3 THEN Bft3
833L0f tD DC F " D ’! P B I N "
843  END
853 PEM SNDPONTINE I
863 S = N*D(  I >-ft< I ) ’ ^ t P E T ’JPN
873  PEM 5 *.’B’=0 ” TINE 2 

913  PETNPN
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(vii) DOBBIN

Written "by G.S.

FO?. SEl^IAL COTiHELATION IN5 BEM DH'^PIN
10 EEM D’ tP.EIN i  VftTSON S T A T I S T I C  

BI VAPI ATE PEG'^ESSION 
12 PEM Y ON X ONLY CONNOTED 
15 CON C ( 1 3 ^ I^>
15 CON 0 ( 1 3 / 1 3 )
17 CON A ( 1 3 )
IB CON X 3 CA3 / S )
19 CON B ( 1 3 )
21 CON G ( 1 5 )

30 cSn S ‘c n ! n L ' z i C 1 3 / n ) / Z 2 ( 1 3 / I 3 ) / N C l ) / M C l ) . L ( l )
40 1N°1’T •• s anale  S I ZE / N’JNDEP 7API AELES"/N/ n
53 M i l ) = N ; N ( I ) = N : L ( I ) = L
ATI 1 K’ONT "DAY OF YEA7 INDEX LAG /L
70 1N°NT " NAT^ IX COLITNN NUNDEP OF SOLUTE"/P T^ANSFOPMS
7 5  PPI NT " I N ^ ’ T̂ l i n e  93  : DATAL0AD< • • • >* L I NE 123.DAT.

and ^ ” N 9 3 " ; s t o®
90DATA LOAD " ’TINS"
92  FOP I = 1 T 0  1 3 s F 0 P  J = 1 T 0  10
9 4  P ( l , J ) , C ( I / J ) * D ( I / J ) * Z 1 <1/J ) / Z 2 ( I ' J > = 0
96  NEXT J : N E X T  I 
100FOP K= 1 T0  N 
1 0 5  DATA LOAD G O  
110 GCl ) = GC®):FOP.  Z - 9  
120 G ( 1 ) = L O G ( G C I ) )
130  G ( 2 ) = L 0 G ( G C 2 ) >
140  G < 3 > = L O G ( G ( 3 ) + I 0 )
150  G ( 4 ) = L O G ( G ( 4 ) + I 0 )
160  G < 5 ) = L O G ( G ( 5 > + 1 0 >
170 G ( 6 ) = L 0 G ( G ( 6 ) + 1 0 )
180 G ( 7 ) = L 0 G ( G ( 7 ) + I )
190 G ( 6 )  = S I N ( ( 2 ’I‘ # ® 1 ^ ( G ( 3 ) - L ) > / 3 6 5 )
2 0 0  FOP I = 1 T 0  N 
2 1 0  FOH J = I T O  M 
2 2 0  P < I / J  ) =P ( O  J   ̂■*■2  ̂  ̂  ̂ ^
2 3 0  NEXT J  
2 5 0  X 3 ( K / I )  = G ( I  )
2 6 0  AC I ) = A ( I )  + G ( 1 >
2 7 0  B(  1 ) =P*( O  ■*’G ( O  ^2 
2 8 0  NEXT I 
2 9 0  NEXT K

TO 1 5 : G ( Z - 7 ) = G ( Z ) : N E X T  Z
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3 0 M1=M:M=1 ;M?=1 310 FO^ I=MTO Ml STE® M2 320 S = M * 3 < I ) - A ( I )»2 
330 FO‘=î J = I"^0 Ml STE® M2 
340 ®EM SLO®E34S C(l/J)=ÎM*~(IiJ)“A(l)*A(J))/S 
350 3EM INTE®CE®T
355 D(Ii J) = (4(J)-CCCI.»J>*A(I)))/N
360 NEXT J
370 C(I^I>/D(I^I>=1
375 NEXT I
40 5 FO®. K=1T0 N410 F03 l=MTO Ml STE® M2

440FEM F13ST DIFFERENCES
' n 0 ' L ( l ! j )  = r 2 ( Î : j ) ^ C C X 3 ( K , J ) - X 3 C K - l , . J ) * ( C < I , . J ) * ( X 3 ( K , I ) - X 3 C K - W l ) ) ) ) ) S
4B0NEXT J 
500NEXT I 
550NEXT K570 FO® I=M TO Ml STE® M2 
530 F03 J = I  TO Ml STEP M2 
536 IF Z l ( I í J ) = 0  then  595 
590 Dl < J > ( 1 / J  )/Z 1 < I/ J )
594 GOTO 600
595 DI (I.» J)=0 
600 NEXT J 
610 DI(I*I)=0 
620 NEXT I660 SELECT ®®1NT 213 
670®®.INT "D MATTIX*’
675 M = M ( 1 )
6S0FOP 1=1T0 M 
632 ®PINT :P®1NT 
685 FO®. J  = 1T0 M *
700 PPINT D I ( 1 / J )»710NEXT J'.NEX-^ I
730 o^lMT ••DO^YOU^PEQDIP.E PLOTS OF PESIDUALS AGAINST X, YES OE NO“
740 INPUT ZS
750 IF ZS=“ NO“ THEN 770
760 LOAD DC F^PESIDl“
770END
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(viii) FLUMQ

Written by G.S,

d a t a  f o ?- f l u m e

QCCUMECS)”

T?EM FLUMQ .
?.EM OUTPUTS HOUr.LY DISCHARGE 
HEM IM^UT . F ’’ OM MAG TA^E
PHINT "TOTAL NUMBEH.OF HOUP.S P.EQUIHED?" i INPUT N 
PHINT " I N^UT STATT TIME^T>KOUHS" : 1 NPUT T 
o ’^IK’T " IN^UTSTA~T DAY^ MONTH  ̂YEAH":  i n p u t  D

3 PHINT " I NPUT L I N E  53 DATALOAD ' ...................• ’ THEN HUN
3 STOP
3 DIM P S C 2 H ? ) 11 
3 DATA LOAD " 3 9 2 5 3 A 7 7 "
3 DATA LOAD ^ S O  
0 CONVEHT S T H ( P 5 ( 1 3 / A) TO Y9 
0 CONVE*^T ST”’ ( P S ( 2 ) ^  8^ A) TO Y3 
3 Y 9 = ( Y 9 + Y B ) / 2
2 SELECT P “ IMT 2 1 3
3 PHINT "NEST UALH FLUME"
A PHINT "STA'^TING DATE="iD 
5 PHINT "TCHQUHS)
0 0  FOH 1= 3 TO N+3 
(37 T=T+1
0 9  I P  t = 2 5  THEN 1 1 3  
11 GOTO 1 1 5  
1 3  T=1
1 5  T2=(T-l) .
123 CONVEHT STHCPS ( I 8.» A) TO Y 
12A I F  Y<=3 THEN 293
133 HEM CONVEHTS TO STAGE IN METHES 
135 I F  ( Y - Y 9 ) < = 3  THEN 2 7 3  
IA3 H = ( Y - Y 9 ) * . 3 3 1 1
153 HEM CONVEHTS TO DISCHAHGE IN CUMECS
163 A 1 = 3 * 3 3 3  
173 I F  H<=A1 THEN 2 7 3
213 0 = ( ( ( H - 3 . 3 3  3 ) /CH)  ) t I ,5)-^-<H» 1 . 5 ) * 3  • 7 3 j 8 
223 SELECT PHINT 2 1 3  
233 I F  T 2 = 3  THEN 2 5 3  
2A3 GOTO 2 6 3  
253 PHINT "  2A">Q 
2 55  GOTO 2 3 3  
263 PHINT T2^Q 
2 6 5  GOTO 2 3 3
270  PHINT T 2 , " * * * * * * * * Z E R 0  FLOV’! ' * * * * * * * "

NEXT r “*00 I
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(ix) FLOWS

Written by G.S.

5 REM FLO’-JS6 REM COMPUTES MFAN DAILY FLOWS FOR V-NOTCH WEIRS
7 REM DATA INPUT FROM TAPE 
13 DIM Z C 2 ? ^ ) > 0 (2 3 3 )23 PRINT* ••i n '^UT LINE63 DATALOAD <♦ ♦ ♦ ♦ ♦ >”25 P^INT "INPUT RATING EQUATIONS LINES 9 1 9 3 S > A 4 2 . . . . .  30 INPUT "RECORD START: HOU?.-DAY-MONTH-YEAR"^ T1^T2> . 3>T4
32 INPUT "RECORD END ; HOUR-DAY-MONTH-YEAR."^ T5> T6/ i 7^ i 3
33 Z 9 = T l :E = 3 :0 = 335 INPUT "DATUM/D/CENTIMETRES"^B 
37INPUT "WEIR NUMBER."/W
43 GOSUB 953 .41 REM LOW FLOW EQUATION USED BELOW HI/METRES
42 Hl=0»05
45 FOR I = 1T0 203:  Q ( I Z^ I  ̂ ^50SELECT PRINT 3 ID •
52 PRINT "WEIR"/*W53 PRINT "DAY MONTH YEAR MDF"
54 SELECT PRINT 335 
60DATA LOAD " 1 2 3 5 3 1 7 6 "
83 DATA LOAD 2 093 IF  Tl<>24  THEN 113 
103 GOTO 133
113 GOSUB 773 ,
123 GOTO 263 133 P=24:N=P+24 
143 0=3:E=3:V=3 
150 FOR I=PT0 N163 IF <Z( I ) * 3 • 3 2 5 4 - B ) < = 3  THEN 180
173 GOTO 193180 Q<I)=3;G0T0 243193 H = <I ) * 3 »^SSA-B)*0*35
230 IF H<=H1 THEN 233
213 GOSUB 933
220 GOTO 243
230 GOSUB 933
240 NEXT I250 GOSUE 613260 A = ( N - P + 1 ) /2 :C = I N T ( C N - P + D /2 )
270 IF A=C THEN 295 
280 N“N-1 •290 REM INTEGRATION PROCEDURE 
295 IF ( N - 1 ) “ 15^ 3 THEN 354 
300 FOR J=P+1 TO N-1 310 IF J / 2 = I N T < J / 2 )  THEN 343
323 0»0+QCJ)
330 GOTO 353 340 E=E+OCJ)
350 NEXT J

RUN30":STOP
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352 GOTO 363354 FO’̂  K=PTO N: V=V+Q (K )* 3 6 3 3 :  NEXT K
356 IF  A=C THEN 433358 V=V+QCN+1>*3633
363 IF  A<>C THEN 393373 V = I 2 3 ? * ( Q ( P ) + 4 * E + 2 * 0 + 0 ( N ) )
334 GOTO 433393 v= 1?3*2*<Q(P)+4*E+2*0+3CN) ) + OCN+l )*3692  
433 IF  4 = C THEN 433 
423 N=N-< 1433 IF  N>=T9 THEN 533 
443 IF  Z9<>24 THEN 463 
442 Z9=24 
453 GOTO 4B3 463 Q l= (V + V 3 ) /8 6 4 0 3  
462 Z9=24473 IF  V3=3 THEN 472
471 GOTO 493
472 GOSUD 1433
473 GOTO 493 
480 Q l=V/86433493SELECT P^ilNT 3 ID 
530 PP.INT T 2 J T 3 ;T 4 ;0 1  
510 SELECT PPINT 335 
523 GOTO 543 533 V3=V:SELECT PPINT 
543 P=N:N=” +P4 
55"  ̂ IF ( ' ' 9 - P ) < P 4  THEN 

5B3

3 ID: PHI NT =
573

. c: T) r r*I --• - r- I 5 :G 0 ' ’0 59?

GOTO N=T9
GOTO 143 
goto 23 
ENDPEM SUEP.OUTINE TIMECOUNT 
PEM DAYIF  T2=F1 THEN 653 
T2=T2+1:GOTO *663 
T2=lP.EM .MONTH IF  T2=l THEN 693 
goto 733 
T3=73+l 
^EM YEA*IF  T2=l  THEN 733 
goto 76?IF  ” 3=13 THEN 753 
GOTO 763 T4=T4+1:T3=1 
RETUPN
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«3.25

773 REM SUB^O^JTIME FIP.STHOURS 
733 FOP I = l  TO 2 4 - T l + l  793 IF  (Z C I )* 3 .2 2 5 4 -B ) .< = 3  THEN 
830 GOTO 323 813 Q ( I )= 3 ;G 0 T 0  373 823 H = C Z C I)* 3 .3 2 54 -B )* :
833 IF  H<H1 THEN 363 
843 GOSUB 933 
853 GOTO 373 
863 GOSHB 933 
879 NEXT I 
833P=1 :.N=24-T1 + 1

313

890 
93 9 
910 
920 
939 
949 
959 
969 
979 
975 
939 999 
995 
1900 
1019 1329 
1939 
1949 
1959 
1969 
1973 
1083
1099
1100 
1119 1129
1139
1140
1159
1160 
1179 
1189 
1193 
1209 
1219 
1229 
1239

PETU'NREM SUBROUTINE FLOU RATING Q C I ) = ( ( H + 3 .9 3 3 9 ) t 2 . 5 ) * 1 . 3 6 5 4 5
re t ur nREM SUBROUTINE LOU FLOU RATING Q ( I ) = 3 . 9 9 7 7 * ( H t 2 . 8 1 3 3 >
RETURNREM SUBROUTINE TIMESORTREM HOURS IN FIRST AND LAST DAYS
F 1 > F 4 /F 5 /F 6  = 3X l= ( 2 4 - T l + 1 ) + T 5
1̂*5 “ T 3IF  M =T7 THEN 1235

THEN 
THEN 
THEN 
THEN 
THEN 
7HF.N 
T!!EN 
THEN 
THEN 

9 THEN

1219 
1129 
1213 
1190 
1219 
1199 
1210 
1219 
1199 

1219
IF  M=11 then  1193  
I f  m=12 then  1210
PRINT HEX(37)INPUT ” 15 IT A LEAP YEAR^YES 
IF  YS=”YES” THEN 1173 
F l - 2 3  
goto 1239 
F1=29 
goto 1233 
F1=39 
goto 1233
REM^COMPLETE DAYS IN FIRST MONTH 
F4 =F1-T2

OR NO’^YS
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2. ( x ) FLÜX/CHEIMFLX 
Writ ten  by G.S,

( a )  FLUX 1

I 1‘»EM *»► >!«*♦ *♦ ♦ *****2 ?EM FLUX/CHEMFLUX
A SETilES OF LINKED Pr.OGEAMS TO TEST THE EQUATIONS 
OF UATE"  ̂ AND SOLUTE MOVEllENT IN HILLSLOP- SOILS • I M̂ ’̂TS A':E“ ~ A INFALL OP EUAPOP.ATI ON> POEi. -AT^.. 
PP.ESSUr.E AND VOLUMETRIC CONTENT-AND THE SOLUTE CONTENT OF SOIL UATEE AND "'AINFALL»COMPUTED O^iPUiS  
APE-DOUN5LOPE AND DOUNPPOFILE UATE" AND SOLUTE . FLUXES-DS AND D^ »'^^PAULIC^CONDUCTIVITY AND

3P.EM
APEM
5SEM
6PEM
TEEM
EF.EM
9?. EM
WE EM
IIPEM DISPEr.SION COEFFICIENTS-

AND
TOWAGE CHANGES-AND

NON-ITETATIVE IMPLICIT12''EM UATET AND SOLUTE DISCHATGES»
13EEM AT 2 2 / 3 / 7 9  THE P-'OG'’AM USES A 
lA EEM FINITE DIFFERENCE METHOD
16TEM *****17P.EM FLUXl 
18EEM ***♦ ★20COM Z<9)-X(5)-T(9)-MC3)-Z8(6)-Z9(6)
22C0M P C 6 - 9 ) - ® ! ( 6 - 9 )
23 COM VI26DIM A5(8 ) - 0 ( 5 - 6 ) - E ( 6 )

SUr.FSCE HEIGHT ftEOVE SLO” E EASE (CM)
*«>PPM X=T^N«IOMETE~ DEATHS BELOV SURFACE(CM)Í ^ t Í n^ iomSt e -  INTEHVALS SUE-PAEALLEL to SLOPE (CM)

P1=TENSI0N TIME 0
P=TENSION TIME I »H=ELEMENT HEIGHTS L=ELEMENT LENGTHS(CM)
M=ELEMENT s l o p e  ANGLES(DEG)LOADS TENSiON (CM VATE?.) AS A MATRIX

33PEM 
3AP.EM 
35P.EM 
38P.EM 
39PEM 
/«REM
A2F0P. .J=1T0 lOOtP^INT HEX(07):NEXi J  
A5 DATA LOAD DC OPEN F"SLOPOAT”
48 DSKIP VI K3F0P. ,I = lTO A

! ? n a > = “°?.:M(E>'sT6.Mr3)=?!:?rrM(

*7 f 7) = 3'’t8: Z (8) = 354: Z (9) =59 7

T ( 7 ) - / 1 6 3 : T C S ) = 7 1 T : T ( ^ = 1 9 3 ^  ^  LIHEA?. INTEEPOLSTIOK160PEM TENSION ADJACEN; r i i  —
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173F0?. I = 2T0 5 183S1a S 2 / S 3 ^ S 5 = 3  
185X=T(1)
19(3F0?* J  = 2T0 A 
&3i3X=X+T(J)
2 1 9 Y = P ( I / J )22'3S1=S1+X!S2=S2+Y:S3=S3+Xt2:SA=SA+Yt2;S5=S5+X*Y 
2A5NEXT J253B =C3*S5-S2*S1) / ( 3 * 5 3 - 5 1 t2)
2 6 0 A = ( 5 2 - E * S l ) / 3  
270PCI^1)=A+B*T(1)
2B3NEXT .1 . • -293PEM TEI^SION AT UPPE“ AND LONEP EDGES ESTIMATED
293PEM BY A CUBIC FUNCTION
3?)3M=3:N=A
332F0P J = 1 7 0  9
33AF0P. X=2T0 2*M+1335A5nO = ?:NEXT K
336F0P 0=170 M+2:E(0)=9:MEX7 0
338A1=N
*>i oc*o^ K—PTO P+M+1 j A5 ( K) = A5 ( K) * i Z ( J  ) —X C I ) )  ̂C 1 5 I NEXT !v315f S-: KMTO f X E C K L o ( K , M . 2 ) = E C K > * C - ( I , J ) ) * C Z ( J ) - X C I ) ) t ( X - l ) : N E X T  K 
3 2 0 E (M + 2 )= S (M + 2 ) + (P C l / J ) ) » 2 : NEXT I _
325F0” 1=170 M+1:F07 X=1T0 M+1: 0 C1 / K>=A5<I+K-1 ) : NEXT KtNiXT I
333F0P 5=170 M+l ^335F0P 7=570  M+l: IF  0 < T /5) < »OTHEN 3A5:NE/.T T
3A3P7INT "NO UNIOUE SOLUTION": STOP
3A5G05UP 370353C=1/QCS/5 ) :GOSUB 3S2
355F0P T=1T0 M + l : I F  T=STHEN 365
3 6 0 C = - O ( 7 /5 ) : GOSUE 33A
365NEXT T:NEXT 5 : GOTO 336
370FO?. K=1T0 M+2375B=0 CS/lO :0C S/K )=0C T/K ):Q C T/K )=B  
383NEXT K:7ETUPN332F0P. K=1T0 M+2: Q ( 5 / X) = C*G C 5 / lO : NE/ .̂T K: ..c-TU-N ^38AF0P K=1T0 M+2: 0 CT/K) =Q (T /K )+  C*0 C 5 / lO : NEXT K:.nETU--.N386A=QCl/M+2):B=3C2/M+2):C=QC3/M+2):D=ZCJ)-XC1) : F = - ( J ) “XC6)
387E=Q(A/M+2>393PC1 / J)=A*D+E*D+C*Dt2+E*D» 3
395P( 6 / J )= A * F + B * F + C * F t2 + £ * F t3
A30NEXT J
A3"F0*^ I = 1TQ 6 : F 0 ’’ J  = !70  o : 1  < 1 / J > ="̂  < J > ’ Js^^^XT I 
A35 FOP Z=1T0 1 0 0 :P “ INT HEXC07):NiXi Z
^ ® 4 r p } T ' ‘F A c ? 'T 2 « ° i o f j  •'ETAU'ED FOT USE IN LATEE PEOCEAM6 : E M » “ i l ( L l ) . 3 P a > = P < I . l ) : N E > ( T  I.SELECT PEINT 213
A51P7INT "TENSION TIME 1 CM"
ASBFO'^ 1=170 6

ASAP^SNTUSING A 5 9 , P l  ( I .  1 ) . P I  U - 2>>P1 U .  3 ) , P 1  < 1 - A ) , P 1  ( I - 5 ) - P l  <1> 6> 
/ P U I / 7 ) / P l C I / 3 ) / P l C I / 9 )

A55NEXT I :P 7 I N T  "TENSION TIME 2"
S7P?.LTUslN3%59-P(I-l..P<I-E>.Pa-3),"<I.A),PCI.5.-P<I-6>.P<I- 7
) / P ( I /  3 ) / ° C I ^ 9 )

>te.» •«<!->A73 P.EM FIT  ST CHAIN PPOGPAM ENDS HEP.E 
A80LOAD DC F"FLUX2"
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(b) FLUX 2

2?.EM ♦ ♦ ♦ *♦
5?-EM FLUX2
13COM P(6.» 9)^P1 (6i 9) 
12COM MC8)
13COM B2(A^ B)
14 COM VI 
15N=1 Bl=MOISTUFE CO 

B=MOISTU"E COM 
MOI STUPE COMTE 
MOISTtrFE 
I = 1 ? 0  6 :F0~  J=  
I=1T0  6 : F 0 r  J=

^ B C 4 / 8 ) > B 1 C 4 . » B ) ^ N C 6 > 9 ) ^ Z 8 ( 6 ) / Z 9 ( 6 )

33 P EM 
43F.EM 
63 P EM 
65PEM 
66F0P 
73 F OP 
75N=2
83D=P(2^2>:BC1^1)=3* 
93D=PC3i 2) :BC2/ 1 ) = ?

?JTEMT TIME 3 
TEMT TIME 1MT COMPUTED (CC/CC SOIL)C4*7MAT?IX)
CTEPISTIC CUPVES DESC~IBED BY CUBIC FUNCTIOMS
ITO 9 : M C I ^  J)=PC I>  J )  sMH:><T J  ;MEXT.IITO 9 : P ( I ^ J ) = P 1 C I ^ J ) : N E X ?  J :NEXT I:GOTO S3

D(3^1)=? 
B(4/1)=3 
B ( 1 ^ 2 )= 3
D(2i2)=1
DC 3^ 2)  =3 
EC4/2)=3 
DC 1> 3) = 3 
DC2^ 3 )= 3  
BC3^ 3)=3  
BC4^ 3) = "’ 
BC1^ 4 )= '  
B C 2 ,4 )=
D C 3^ 4)  =
PC 4) =

C ■;) =

133D=PC4i 2)
113D=PC5^ 2)
123D=PC2j 3)
133D=°C3/ 3)
143D=PC4/ 3)
153D='^C5i 3) 163D=PC2>4) 
173D=PC3/4)
183D=PC4> 4)  
193D=PC5#4)
233D=® C2i 5)
213D=PC3^ 5)
223D=PC4^ 5)
23?D=PC5^ 5)
?4'P=PCT->
25'‘D=’’C 3̂  5)
263D=PC4> 6)
273D=PC5^ 6)
283D=PC2/ 7)
293D=PC3> 7)
333D=PC4^ 7)
313D=PC5> 7)
323D=PC2^ 3)
333D=PC3> 3)
343D-PC4# a )
353D=PC5^ 8)
363D=PC2^ 9)
37' D=^CC> v)383D=°C4/ 9 )  
390D=PC5^9):EC4>8)=3 
410IF  N=1THEN 4 30 
420GOTO 473  433F0P I=1T0 4 : FOP J  
440B1 Cl^ J ) = E C I i  J )

. 5 3 1 E -  

.3 7 3 E -  
•1 .3 1 4 E  
•1 .3 2 4 E  
■ 2.275E 
• 1 .3 3 5  
■ 7.342E 
• 9 .2 6 4 E  
-P .4 9 7 E  
■ 2.219E 
•I .1 3 2 E  
•2 .3 1 7 E  
• 3 .6 3 2 5  
• 2 .7 3 5 5  
■ ! . 5 4 8 5

PC2^ 5) = ‘ DC 3 ^5 )= 3  
EC4^ 5)  = ? 
EC1>6)=3 
BC2^6)=? 
EC3^6)=0 
EC4* 6 )= 3  
EC1>7)=3 
E C 2 /7 )= 3  EC3^7)=3 
E C 4 /7 )= 3  
BCl^ 3 )= 3
PC2i 8) = ~
D C 3/5)=3

-?.S87- 
•1 .3 7 3 5  
- 1 . 5 2 7 5  
•2 .6B7E 
-7 .5 3 6 E  
- 9 . 1 8 6 5  
- 1 .5 3 3 E  
-9 .9 6 5 E  
• 2 . 5 4 5 5  

1 .1 4 2 5  
■ 1.5495 
■ 1 . 9 7 4 5  
• 1 .7 6 1 5  
•1 . 3 3 6 5  
1 . 4 3 2 5  

■ 1.3305

3*D+4. 
3*D+3. 
-3+D+5 
-3*D+2 

3^D+7 
3+D+7 

-4+D+l -4*D+2 
-4*D+2 
;-3*D+6 
-3*D+2 
,-3*D+l 
-4+D+I 
-3 * D + 1 
-3>.0+3 
■‘2
-4 .0•̂ 2
-3*D+2
-3i«D-«-6
:-3*D+ 1
-4+D-M
-4*D+2
-3-i‘D+4
-4+D+2
,-3*D-M
-3>icD-H
-3+D+l
-3*D•^6
-3^'«D+l-3=:‘D+3
-3*D+4
- 4 ’I‘D+2

271E -  
673E- 
. 3 3 3 5  
.2 9 8 5  
.3 3 7 5  
.5 3 3  
.6 7 3 5  
.4 1 4 5  
. 1 5 7 5  
. 9 7 3 5  
. 4 1 5 5  
.2145 
. 7 3 4 5  
.9 6 2 5  
.3 6 3 5  
.5 34 
. 1 3 2
.5 9 6
.6 1 1 5
.9  34E 
.8 9 3 5  
.5 7 4 5  
.5 3 6 5  
. 2 3 7 5  
. 7 2 9 5  
.319E  
.'?!33E 
.1 5 4 5  
.•>83 

-5
. 7 2 6 5
. 8 8 2 5

6*D»2- 
6*D.t2- 
-6*D»2 
- 6 ’!<Dt2 
:-6*Dt 2 
-6*D»2 
- 6 * D t 2  
-6+Dt2 
-6*D»2 
-6H«Dt2 
-6 + D t2  
-5 + D t2  
-6=f‘Dt2 
-5 * D t  2 
6 ’i'D ♦ 2

-6>i«Dt2 
:-5--:«D»2 
- 6 * D t 2  
:-5*D»2 
- 6 * D t 2  
-6*D»2 
-6*D»2 
- 6 * D t 2  
- 5 * D t 2  
-6-!‘Dt 2 
-5*D»2 
- 6 * D t2  
-5‘<‘D t2;tC-
-6*D» 2 
-6*D»2

3 . 6 4 2 5 -  
3 . 2 1 0 5 -  
- 4 . 9 7 3 5  
-1 . 9 9 9 5  
- 9 . 4 7 7 5  
- 1 . 2 7 3 5  
- 1 . 2 5 2 5  
- 2 . 2 3 1 5  
- 1 . 3 6 9 5  
- 7 . 6 2 3 5  
-1 . 6 2 5 5  
- 2 . 7 7 4 E  
- 1 . 3 9 8 5  
- 4 . 5 2 ' ; E  
- 3 . 1 6 4 5  
- 2 . 9 8 1 5  
- 2 . 2 7 2 5  
- 2 . 2 7 3 5  
-1 . 3 3 5 5  
- 3 . 7 4 3 5  
-1 .9 84E  
- 2 . 8 5 4 5  
- 4 . 9 1 0 5  
- 1 . 3 6 1 5  
-1 . 6 4 8 5  
- 3 . 3 0 5 5  
- 3 . 2 1 0 E  
- 6 . 4 3 3 5  
- 2 . 5 3 1 5  

3 >7175 
- 3 . 7 5 0 5  
- 2 . 7 3 2 E

9>!«Dt3 
9*D» 3 
- 9 * D t3  
-9*D» 3 
-9*Dt3 
- 3 * D t3  
- 9 * D t3  
,-9*Dt3 
-9-l‘Dt3 
- 9 * D t3  
- 9 * D t3  
-8*D» 3 
- 9 « D t3  
-8*D t  3 
,-9-:<Dt3 
-Ç + D t ? 
-v=i*Dt 3 
-9+DÎ3 
- 3 * D t3  
- 8 * D î3  
-9*D t  3 
- 9 * D t3  
:-9*D»3 
-9*D t  3 
- 9 * D t3  
- 9 * D t3  
-S’i'DtS 

9*D»3 
-D^‘Dt3 
-  9 ;O t3  
-9^Dt3 
- 9 * D t3

= 1T0 8
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472F0^* I = 1t 0^6:F0?.  J  = 1T0 9 :P ( J  ).= N <1^ J  > : NEXT JtNEXT I:GOTO 75 
A73SELECT PPINT 213475PPIN7 "MOISTUPE CONTENT TIME 1 CC/CC
485P°INTUSING 5 3 ? / B l ( I ^ l ) ^ B l ( I ^ 2 ) ^ D l < I > 3 ) / E l ( I / 4 ) ^ B l C I ^ 5 ) > B l ( I /  
6)^B1 a / 7 ) / E l  ( I>B )ii93NEXT ItPP.INT "MOI STUPE CONTENT TIME 2 ’
S s P P IN T U ^ N G  *535)/B(I> 1 ) , B C I ^ 2 ) ^ B < I ^ 3 > > B ( I / 4 ) > B ( I > 5 ) > B ( I ^ 6 ) > B ( I
, 7 ) ^ B ( I > S )
513 NEXT I512 FOP I=1T0 4;FOP J=1T0 8514 B2( I> J  > = (Bl  ( 1 / J  ) + BC I,» J  ) ) / 2
516 NEXT J:NEXT I ^ „518PPINT "AVE'^AGE MOI STUPE CONTENT OVEP PE--.IOD
523^PPINTUSING 530^B 2(I>  1 ) ,  B2 ( I^ 2 )  /  B2 ( I> 3 ) /  B 2 ( I > 4 )  /  B2 ( I> 5 )> D2 ( I 
, 6 ) / B 2 U / 7 ) / B 2 ( I / S )
521 X *
5337/'.'i.i'i!'56GPEM SECOND CHAIN ENDS HEPE 
570LOAD DC F” FLUX3”
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(c) FLUX 3

2P.EM ♦ ♦ ***
5?.Et1 FLUX 3 
7PEM *♦ ***13COM Z ( 9 ) > X ( 6 > / T < 9 ) > P ( 6 / 9 ) / P l ( 6 / 9 )
12C0M H ( '» ) / L ( 7 ) / i 1 < S ) > Z 3 < 6 ) / Z 9 ( 6 )
23COM B ( ^ » > B ) ^ E l ( 4 ^ 8 ) ^ S ( 4 ^ 8 )
21 COM VI 22C0M B2(^l>3)
25D1M S2(^i>3) ^
123P.EM SOIL SURFACE HIEGHTS ABOVE SLuPE EASE ^ J . 37.  • 7 C 7 ) = 33 8133 Z ( l ) = 1 3 3 . 2 5 : Z < 2 ) = l A 9 : ^ ( 3 ) = 1 7 5 . 5 ; Z ( 4 ) = 2 1 5 : Z < 5 ) - 2 A 3 . 2 ( 6 ) - 2 7 6 . - C 7 J  
8 : Z ( 8 ) = 3 6 A ; Z ( 9 ) = 5 9 71A3PEM T'^NSIOMSTEP DEPTHS BELOV SURFACE (CM)l 5 3 X U ) = r . 2 5 ! X ( 2 )  = 1 3 : X ( 3 ) = 2 5  = X C « = 3 5 :X (5 > = 7 ! I : -< (6 )  = ! 3 1 . 2 5
163REM TENSIOMETER INTERVALS ^ I ' ! 3g 5. t ( 7 ) - z - • 7173T<1)=2.5;T(2)=222.5:T(3)=225:T<4) = 2A£. ; i(5)=2 35.i<5)-3a5.-(7)
T < 8 ) = 7 1 3 ;T ( 9 ) = 1 9 3 3  
183F0P. I = 1T0 6
533REM TENSION CONVERTED TO POTENTIAL (6*9  MATRIX)
590P < 1 / J  ) =P( 1.» J ) + (2   ̂J   ̂  ̂  ̂^
603P1 ( 1 / J ) = ’̂ ! ( I /*J)  + ( ^ i J > - ' ' ^ I   ̂^
613NEXT J:NEXT I ^  «„r-r-Mp'.i- Lengths sub-p a :“allel to slope633L<1)=332.5:L(2)=232.5:L<3)=237.5:L(A)=273:L<5)=3S2.5:L(6)=5.o !L
<7)=1335
6ASREM ELEMENT HIEGHTS6 5 3 H < 1 ) = 1 5 : H ( 2 ) = 1 2 ,5 : H ( 3 ) = 1 3 : H ( A ) = 6 3
663P.EM STORAGE CHANGES ^E?- ELEMENT COMPUTED 
670 SELECT D 
680FOP 1=170 4 693 FOR J=1T0 7 '
T O L ( L ” ) = ( 5 2 a i j f ) * n i i l ) * ( C 0 S ( M ( J ) ) * ^  J:NSXT I
735SELECT PRINT 213 ^ „707PRINT "HYDRAULIC POTENTIAL >TIME 1 /CM*

P l < I / 7 ) / P l ( I / 3 ) / R l ^ i ‘»'^^
712NEXT .1714P ^IMT "HVC*'AULIC P0'“'ENTI AL / i IM -  - 

P ( I / S ) / P ( I / 9 >
722PRINT "J5T0RAGE CHANGES PER ELEMENT CC**'
TC6p“ i N r 3 s i S G % 3 5 , s u - n - s a - 2 ) . s ( w 3 ) , s a > « > - s o , 5 ) - s u . 6 > , s u - 7 )

'"•! Ml*; 111*1
7 3 5 * « » * . i  »»»•»  * * ' • * '  " i * M i l7/10REM THIRD CHAIN PROGRAM ENDS H.L..E
750LOAD DC F"FLUX4"
EM CON
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(d) FLUX U

32riEM
34REM
3r>"’.En 
5':F':

S’̂.EM *♦’!'** 
rjP.EM FLUX A
2^ COM xr5)/T<9)íUC6/9)^Pl ( 9 )  ̂E( A / 3 )  ̂31 CA.» 8)y L (7)/ H < A )  ̂M ( 8>>
/D(5/9)^D1(6>8>^ZS<6)^39<6)^SCA#B)/3<9)
25C0M B2(A/3)
26 COX VI
33PEM Pl ='=07EUTI AL> TIME *3 

p=O0'’*EUTI AL s TIME 1
a v e t a g e v a l u e s o f hyd p a u l i c gtadiemt u p s l o p e im t i m :-.
1 0- — ’̂ ^L COM ’̂ UTED (6*9 MAT'IX) 
ir i"'O 6:F0". J = lTO 863A9 = (^(I/J+15-P(Ij J))/T(J+1)

T?B9=(P1(I/J+l)“F1(I/J))/T(J+l)83D1 ( 1 / J )  = (*'5 + E 9 ) / 2
W o I e M VALUES OF irfOE-^VLIC G-ODIEN7 UPPEOFILE IN TIME
132FEM IMTETVAL COr:^UTED (5*9 MATPIX)
I2'3F0P J=1T0 9:F0T I = 1T0 51 3 '? A 3 = ( P ( I ^ J 5 - P ( I  + 1 '» J 5 5 / ( X ( I  + 1 ) “ X ( I ) )
1A3D8=(PKI.J)--1CI + 1>J)>/C''<I^1>-^” ^'
153D(I/J>=(A3+D3)/2 
155NEXT I:NEXT J,
163TEM FOUTTH CHAIH PP-OGEAM ENDS Ĥ .-iE 
I73L0AD DC F’T L U X S ”

25



(e )  FLUX $

103 ?.EM *****
1 2 3  7 E M  F L U X 5

\ t l  C O M
6 ) ^ Z 9 ( 6 ) / T ( 9 )

1 8 3 C 0 M  Z ( 9 ) > X ( 6 ) > E ( A / S ) / B l ( A / 8 )

uS % ' ' < i -7^if"d o m n s l o'>e k < doyn^ e o f i l e k 
c S m p S t E s ' L t I O  O F  H Y D M . U L I C  G P C D I E M T  ^ S t O P S  

T O  H G  F ' - O M  A B O V E  ( Y ) >  H G  D O V M ^ L O .  ^

OF

T O  H G  I =  1 T 0

2 9 ’d7;EAD 
20’} IF

F^OM above CYl) 
A : F O r .  J  =  l T O  7

3A0D(l>
goto 333Y(X>J)^Y1<1^J)=3 
ntìTO /i20

Y 1  ( I > J )  =  i D l  (  I  +  1 > J ) * F .  > / D ( I ^ J + I  

HEXT J:HEXT I
I, Ì* Ï* I* Ì» ^

I, I* \* \* I* I* ^
I, Iß.l* I* I* ^f i f t h  c h a in  ^rOGEAM END Hi..E

DC F’TLÙXÓ"

/ J 3 2 D A T A  
M3DATA 
/ » 5 3 D A T A  
/ Î ô T D A T A  

a b  3  ? .E M  
A 9 3  L O A D

26



(f) FLTJX 6

5 ?.EMl<3 ?.5M FLUX6 15TJEM *****
23 COM S</u B)>Y(/!^7)>Y1 (4 /7 )^H (^1)^L (7 )> M < B )> Z S C 6)> Z 9(5 )^F (A > 7)  
>A(1 >22 COM G ( l ) > " ( A / 7 ) / r i C A ^ 7 )

PHM ^PC/l^B)25 COM B(A,»B)^B1( ' i. » B ) ^ ® 2 ( 9 ) / 7 ( 9 ) ^ Z ( 9 ) / X ( 6 ) .» D < 5 > 9 ) > D 1 ( 6 / 3 )
25 COM F l< 4 > 7 )
28 SELECT ^"IMT 0 3 5: FO?. 1 = 170 133:  PEI NT HEXC 3 7 ) :  NEXT I 
29 DATA LOAD DC OPEN F"EAIN''
32 DSXIP <V1/A-1)33 DATA LOAD DC X>P: P=P/1  3 : A( 1 ) =P 
3A G(1)=A
43 PPINT *'HILLSLOPE NATEE FLUX««»»*P1T IS AT EO.TOM Lr-F.
42 P"'INT "OUTPUT FOEMAT AS EELOU" . ^^.t.
50 PEI NT • •* * * * ** * * * * ** * * * * ’»'*=i'’*‘*=!'**'‘'****' ' '**;!^***’̂ **63 PEINT "DONNPEOFILE FLUX INTO TOP ELr-MEN* ^
65PEINT ************************ '^***********"
73 PEINT "FLUX F'^OM U^SLOPE INTO ELEMiN*S3 PEINT "FLUX DOUNSLOPE FEOM ELEM£.NT* .
93 PEINT **DOUNPEOFILE FLUX F ’.OM ELiMr-NT
133 PEINT ••**************************** '
113 PEINT "FLUX IN CC."
123 PEINT " * * * * * * * * * * * "
121PEINT "EOUl"122PP.INT • '* * * * * * * * * * * * * ”IOC I—i*^n 7»’̂ 2 C J ) = P * L ( J ) :  next  J  : SELtCT D1”  P ? iN T U si°G  3 7 l p 2 ( l ) . P 2 < 2 > - T ' 2 < 3 ) . P 2 ( « - P 2 C 5 > - P 2 < 6 ) - P e ( 7 >
127 o'^INT " * * * * * * * * * * * * * ”

CAUCui!3TES__FLUK F30M UPSUOPE INTO EACH ELEHEHT
173 EEM^CALCULATES FLUX DOUNSLOPE FEOM EACH ELEMENT 
183 F I ( I > J ) = Y 1 ( I ^

PE^EQUALiZES DOUNSLOPE ENTEY/EXIT FLUXES EETUEEN ELEMENTS
213 EEM BY AUEEAGING 
215 FOE J=*l TO 6223 IF  FC I^ J  ) < ^Fl  ( 1^ J + 1 '
233 GOTO 263243 FCI,»J) = ( F ( I /  J )  + '* ’ +
25 F I ( I > J + 1 ) = F ( I > J )
263 NEX'' J • „?7 ,  *'Et1 CHECKS TENSION AT P IT  FACE
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28(3 IF  Z 8 ( I  + 1 )<'3 THEN 333 
293 GOTO 333333 I F . Z 9 ( I + 1 ) < 3  THEN 323 
313 GOTO 333 
323 F 1 ( I > 1 ) = 3333 T.EM CALCULATES DOUNUATiD FLUX FF.ON EACH ELEMENT 
3 î3 FOT J=1 TO 7353F3CI^ J) = S(I,» J)-F1 (I^J) + FCIiJ)+T2(J)
363 P2CJ)=F3(IaJ)37" \1^XT JtNEXT I
2157Ó(llf{Hi tOi} Í» i(S-" i? i?#«*??.##

»úifü*»»

383 FOT 1 = 1 TO/L33 PTINTUSING 3 7 7 # F C I > 1 ) / F ( I ^ 2 ) ^ F ( I ^ 3 ) . » F ( I > A ) > F ( I ^ 5 ) > F ( I ^ 5 ) ^ F < I > 7 )
413 PTINTUSING 3 7 7 > F 1 ( I í 1 ) > F 1 ( I > 2 ) í F 1 C I > 3 ) > F 1 ( I ^ A ) > F 1 ( I ^ 5 ) .» F 1 ( I ^ 5 >
423 PTINTUSING 3 7 7 , F 3 ( 1 / 1 ) ^ F 3 < I . » 2 ) ^ F 3 ( I > 3 ) / F 3 C I ^ 4 ) / F 3 < I ^ 5 > ^ F 3 ( I > 6 )  
> , F 3 ( I ^ 7 )
421 IF  1=4 THEN 427
422 PTINT ” ' ' 0 ' ’” í l  + l
423 PTINT ’’♦ *** + **':‘^*'
425N^XT I
427PTINT *’:)cHí******-^^ + ’tt**•-;:♦♦*=*'*****■•''*********************” 
üGSQ4 = Fl< l / . l  ). + Fl  (.2* 1 ) + Fl  <3^ 1 ) + Fl (4.» 1 )/iA7P’'IMT "TOTAL P IT  D I  SCHA~.GE=*'í 34* 1 32» * CC
4 33  or j iNT "AVETAGE P I T  DI SCHA?.GE=” ; C 3 4/1  3 2 ) /C 2 ( 1 )  * 3 6 3 3  ) ;  "CC/SEC
434^TI NT " * * * * * * * * * * * * * * * * * * * ’* ' * ’̂ * * ' ' ‘ * * * ’̂ * * * * * * * * * * * * * * * *
436PTINT :PTINT443 TEM SIXTH CHAIN PT3GTAM ENDS HETE 
450LOAD DC F” FLUX7A”
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( g )  FLUX 7A

5.P.EM
10 r.EM F L U X 7 A 
15 PEM^  coil H(A)/L(7 )/U(3 )^F(A 7̂ )* ACn^Dl (6^S)^D(5 9̂ ),»K(Â 7 )/X1 (4 7̂ )
25 COî* Fl <4i 7)^F3(4^ 7)
30 COM TC9)^Z(9)/X(6)^D(4/3)>D1(4/8)
32C0M ^2<9)
40COM S(4>3)42 COM E2 ( 4> 3 ) / F6 ( 4^ 7 F7 <4,» 7 )

7) 7)45 COM <4/
50COM G ( l )51 D r ! A C 4 ̂  7 ) / F 5 ( 4^ 7 )
52T1=G(1)54 ' E M ' f l u x  'ATE/TJMIT A'ZA COMFUiED
56 PEM D0” NP?0F1LE58 FOP I = 1T0 4 :F0" '  J  = 1T0 760 P4 ( J  ) = ( F3 ( I  ̂J  ) /  i L ( J  ) *COS ( M C J  ) ) ) ) /T  1
62 NEXT J :  NEXT 1
66 FOP I= lTO  4 : FOP J= 1T 0  7
TO P5u!jI=(CFfi;j;*2)/^^^^^^^
T^^pi’ INT’ ^FLUX^PATES PEP UNIT APEA (CC/IIOUP)”
75P’’ INT ’'DOUNFPOFILE”76^PINT "INTO ELEMENT FPOM UPSLOPE"
77PniNT
78 FOP 1=1T0 4
79 PEINT " P O U " ; I '
82 PEINTU5ING 2 7 5 / F4 ( I^ 1 ) /  F 4 ( I / 2 ) /  F4 ( 3 ) /  F4 ( I .» 4 )  ̂74 C I / 5 ) > F4 C I / O ^

F 5 C I / 7 )85 NEXT I iP P I N T  :PEINT95 PEM COMPTîTES HYDRAULIC CONDUCTIVITIES 
130 FOP I=1T0 4 : FOP J=1T0 7 1 1 0 K ( I / J ) = F 4 < I / J ) / U C I + l / J + l >
120K1 ( 1 / J ) = F 5 U / J > / D 1  ( I  + U  J + l  5
133NEXT J : NEXT I «^ 0  PEINT ‘.PEINT ‘.PEINT ; SELECT PEINT 213
210 PEINT "VE"TI CAL K/CM/IIOU*'"
223 PEINT "DOUNSLOPE X/CM/MOUE" .233PE1NT "(THE TUO SHOULD BE EQUAL IF  SOIL ISO.-.OPIC)
240 FOE I=1T0 4
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.4

090000 090000 090000 090000 
^^7,009000 009000 009000 009000 009000 009000 009000 
^̂33 X
285 P3INT ••♦*♦*♦♦♦*+********+♦***********************”

HStI COMMUTES VELOCITIES 
/J50 EEM DO’JNPEOFILE 
460F0?. I = lTO i x i F O ’̂. J=lTO 7 
A70F6<I/J)=F4(I/J)*B2(I^J)
475 EEM INTO ELEMENT FPOM UPSLOPE 
4B3 F7(I>J)=F5(I^J)*B2(I/J)
490 NEX7 JtNEXT I
930 PEINT "VATET VELOCITIES”
510PEINT ” D0VNPP0FILE”
523PEIN*^ "DOVNSLOPE”
54 OPEINT ” CM/HOUE”
545®?.INT "*♦♦♦♦♦*****”
550F0T I=1T0 4 
560PEINT ”EOV” JI
5B0PEINTUSING 27 J/F6 < I / 1 ) > F5 ( I/ 2 F6 ( I ̂ 3) /  F6 ( I /  4 ) > F 6 ( I / j )  ̂F6 ( I > 6 ) /

OT9P?Ìn7US:nG 272,F7(I-n.F7a-2).F7(I>3),F7U,/.)-F7CI,S).F7a,6)-
F7(I^ 7)
600 NEXT I 
610PPINT :P“ INT .
620 LOAD DC F"FLUX1”
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(h) CHEMPLX 1

5 ?.EM1'3 P.EM CHEtl FLXl 
15PEM It******”
^  C0!1 B(^l>3)^El  ( Z i ,S ) > C ( 5 ^ 9 ) ^ C l ( 6 > 9 ) /H C 4 ) ^ M < 8 ) ^ L C 7 ) ^ T ( 9 ) ^ Z < 9 ) ^ X ( 6 ) ^  
F ( 4 / 7 ) >  F I 7)F 3 ( ^ ^ 7 ) ^ C 2 ( 5 ^ 9 ) ^  C 3(6>9)

A(1 )?2(B)#’J<12)^'^(6>7)iE(7)
LOADS CHEMICAL COMCEKTEATI ON OF SOIL UATEP AS MA7FIX (HG/CC)

0’’EN F” CHEMDAT”
0*̂  SECOND SAMPLE’’/V
''-."2 0 -XT I

»  COM 
32 COM 
35 DIM 
50 P.EM 
55 V=157 DATA LOAD DC 
63 DSKI^ (V1-/1)
65 INPUT ” F I 'S T  
63 FOP I = 1T0 A 70 DATA LOAD DC r.,B'’. FO" J  = 2T0 9 ; C ( I  + ! / J ) = ‘' 2 < J - 1 ) / 1  • -: _ - , , . v97 " IM CH:MIC:>L CONTENTS COMMUTEDCi3/ ' -  . 
r  T F'i" I= :V -  - ' i :F .r  J s iT O  7 
113 IF  U=l THEN 123 
115 GOTO lAC127 0 3 ( I +1^ J + 1 ) =E1 ( 1 / J ) *CCI+ 1 / 1 '
130 GOTO 153 ,
1A3 C 3 C I + l / J + n = I ? i I - » J ^ * ^ ^ ^ ‘*' -̂’ ‘̂ '’‘^^
' ¿ I  r’S ‘'BO™ D?.Y’ 'MLUES ESTIMATED BY PQLYNOMIAL FUMCTIOrJ 
290 PEM VALUES AT BASE OF SLOPE 
300 M=A:N=3 .
310 F 0 P . I = 2 T 0  5 *
320 GOSUB 533 
325 D=T<1)330 FOP J=2T0 A 
3A0 D=D+T(J)
360 GOSUD 515
^ 3  A = Q a /M + 2 ) :P = 0 (2 /M + 2 ) :E = Q C A /M + 2 ) :D = T ( l )
375 C = 0 (3 /M + 2 )
380 G = 0 (5 /M + 2)385 C 3 ( 1 / 1 ) = A*D+E*D+C*Dt2+E*Dt 3+G*DtA 
390 NEXT IA10 PEM UPPEP AND LOVSP EDGES NEXT
A12 M=A:N=A
A20 F0*= J=1T0 9
A25 GOSUB 530
ilA5 FOP I=2T0 5
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453 D = Z ( J ) - X C I )
45 5 GOSUB 515
457 NEXT I
463 A = 0(  UM+2) :
6) ; G = C(5^ M+2)
i m  A = ( U  M+P) :  r  = o c ?> M+?) :  C= n ( 3>ii+2) :  E=Q C4/ M+2) ;  D = Z ( J ) - X ( 1 )  : F=Z( J ) - X (6
6) ;G  = C(5^i1+2)tx l^  C3( J )  = A*D+E*D+C*DT2+E*Dt 3+G*Dt4  
AS3 C3C 6  ̂J )  = ^’!'F+E+F+C*Ft2+E’i'Ft 3+G*Ft4

NEXT J573 FO*': K=2 TO 2*M+1 : NCK) =3: NEXT K
513 FO”' Q = 1T0 I1+2:E(0)=3:NEXT Q: A1 =N: EETUPN515 FOP K=2 TO 2*M+1 s N < K )= V (X )+ (Z (J ) " X C I) ) t ( K - 1 ) : NEXT K ^613 FOP. K=1T0 M+1 : E ( K ) / 0 (Xi M+2) =E(IO+ C 3( 1.» J  ) *Dt <K-1 ) : NEX i K 
623 E (M + 2)= E (N + 2 )+ ( C 3 C J ) > » 2 : NEXT I633 FOP I = 1T0 M+l:FOP K=1T0 M+1: Q ( K - 1 ) =NCI + X - 1 ) s NEXT K:NE/vT 
6A3 FOP- S=1T0 11+1653 FOP. T=STO N + l s I F  2 CT̂  S)<>3TIIEN 6 7 j !Nc.XT T 
663 PPINT "NO UNIQUE SOLUTION": STOP 
673 GOSUD 723653 C=1/0(S>S)zGOSUP 753 .
693 FOP. T=1T0 N+1 : IF  T=S THEN 713 
733 C = -0 (T ^F ) :G 0 S U 3  763 
713 NEXT T:NEXT SiGOTO 773 
723 FOP. K=1T0 M+2733 B=CK5.»K) :Q(S>X)=0(T.»K):Q(T.»lO=B 
743 NEXT KtP.ETUPN753 FOP K=1T0 M+2: Q ( S/X) =C*0 C K) s NEXT Xt . r,iU-iN
763 FOP X=1T0 t i+2 : Q CT> = Q CT  ̂X)+ C*0 C S.» K) : NEXT X
773 PETUPN*70r» t p  ^7=2TH~N 325813 FOP I  = 1T0 6 : F 0 P  J=1T0 9 :  C 2  ( J  ) = C 3  ( 1.» J  ) : NEXT J:NEXT I
815 FOP I  =  1T0 4 :F 0" '  J=1T0 8 :  C 1 ( 1 . »  J  > = C  ( 1 . »  J  > :  NEXT J:NE-vT I

823 VI=V1+ 4 : V=2: GOTO 57
1%  - C H E n l c ^ i ^ O N T m  AT TIME I MO/CC SOIL-
850 P ° I N T U S I N G ^ 9 3 3 ^ C 2 ( I /1 ) , C2<1/ 2) ^C2( 3 ) / C2<I ^ 4 C2( I ^ 5 > / C2<I >6 

/C 2 ( I .» 7 ) / C 2 ( I . » 5 ) . » C 2 ( I > 9 )
L63 NEXT I865 P^-INT "CHEMICAL CONTENT AT TIME 2
875 PPIN TU siN G^933>C 3(I^  1 C3( I^ 2)> C3< 1/ 3)> C3U> 4)> C3< I^ 5)> C3U> 6>/
C 3 ( I / 7 ) > C 3 ( I > 3 ) . » C 3 C I / 9 )
876 FOP J=1T0 8877 C < I . » J ) = C < I # J )  + C l C I .» J ) / 2
878 NEXT J  
583 ^'EX? I332 FO*̂  I=2T0 5 :  FOP J = 2T0 9 654 C< l . » l )  = <CCti<I) + Cl C I .» J ) ) / 2
856 NEXT J • NEXT I .  ̂ mm mu mm mm nm tsmU69 3 3  n n . n i t  n e . f i »  sf i . f i f i  » » • * »
935 V l = V l - 4913 PEM NINTH CHAIN PPOGPAM ENDS H*-."iE 
920 LOAD DC F"CHEMFLX2"

52



( i )  CHEMFLX 2

P.SM *•*★*♦*♦**”
?.EM CHSMFLX2 
PEM •'****★★*>('”
coil C ( 4 > B ) > B ( 4 > S ) ^ H ( 4 ) / M ( 7 ) ^ L ( 7 ) > T ( 9 ) ^ Z < 9 ) > X ( 6 ) ^ F ( 4 / 7 ) > F 1 < 4 > 7 )

COM F0Ĉ l̂ 7)/î . Cl)iD(5.»9)/Dl<6>3)
C O M  C2(6>9)>C3(5/9),G(1) „
r.SM CHEMIC''L SOLUTION STORAGE CHANGES COMPUTED/MG/ELEMENT
5 ELi
PPINT ''CHEMICAL SOLUTION STORAGE STOPAGE CHANGES MG/ELiMiNi 
FOP i=lTO A:FOP J=1T0 7BU/J) =  ( C 3 ( I / J ) - C 2 ( I / J ) * < H ( I ) ) * C H ( I ) * C 0 S ( M ( J ) ) > i ‘ L < I ) ) )

PPINTUSING 93/BCI/ 1)/B(I/2)^P<I^ 3)/B(I//1)/B(I/ 5)/B(I/6)/B<I/7)
7,ii ir »IHf ^ S »iHf if U mU  if ^ if »if if if ̂  »if if if ̂  if if if 

3 NEXT I OFl lO ’^EM AVEPAGE VALTIES 
OMPUTED (6X9 MATPIX)
133 FOP I=1T0 6 :F 0 P  J= 1T 0  3
1A3 a9 = < C 3 ( I / J + 1 > - C 3 C I / J ) ) / T ( J + 1 )
153 e 9 = < C 2 ( I / J + 1 ) “ C 2 ( I / J ) > / T C J + 1 )
163 D 1 < 1 / J )=<A 9+B 9>/2  
173 NEXT J:NEXT I183 PEM AVE'^AGE VALUES OF CONTENT 
VAL COMMUTED CSX9 MATPIX)
233 FOP J  = 1T0 9 : F 0 “' I = 1T0 5
213 a8 = ( C 3 ( 1 / J ) - C 3 ( I  + 1 / J )  + l 5 ^223 D S = C C 2 ( I / J ) ” C2(I  + l /  J ) ) / i X ( I  + l ) “ X ( I ) )
233 DC  1 / J )  = (AS + B 3 ) / 2  
235 NEXT. 1 : NEXT J2A3 PEM TENTH CHAIN P''.OG*'AM ENDS HS-.E 
253 LOAD DC F "CHEMFLX3”

CONTENT GPADIENT UPSLOPE IN TIME INTERVAL CO

GPADIENT UP-PPOFILE IN TIME INTEPV

55





(k)  CHEMPLX 1*

5 TÎEM ♦**’('***♦
10 7?EM CHEÎ1FLX4 
15 EEM ***♦ *♦ *♦
17 COM VI23 COM E(4/S)^Y(4»/7)>YlCA>7)/H<4)^M<S)/L(7)iZ(9)>X<6)/F(4/7)^Fl(4> 
7 ) / F 3 ( 4 / 7 )
3'’ C !'i Ci ) / C ( ^ > ' = > , . j ( / ) , 7 ) , . J l ( 4 > 7 ) X ^ ; U ~ C 2 ( ' i > 9 ) ^ C ? <  - v - )
3^ '^El.EC? '’ “ IMT 0 05 ;F O 1  I = 1T0 100:PEINT HEX(37):NSXT I 
m  C 9= 0 .125/l6 C9 = C 9 /1 3 0 0 :C 9 (  1 )=C953 FOP J=1T0 7 : P ( J ) = A ( 1 )* C (9 )* L < J ) :N S X T  J 
&3 SELECT PPINT 213 ,73 PPINT "HILLSLOPE SOLUTE FLUX........... P IT  AT BOTTOM LEFT^^
&5 PPI NT ” >i« ̂  ^ ^ *9? P'^INT "OUTPUT FO't l^T A3 FO »rATE'” '

"-.¡îîlcH«************************'
113 P - lN T  ’’FLUX IN MG*”
123 PPINT ” * * * * * * * * * * ”
130 SELECT D 
132 PPINT 
133PPINT ” P.OUl”13APPINT ” *;>:♦ ♦ ****”135 PPINTUSING 3 9 ” > P < 1 ) / P ( 2 > / P < 3 ) / P ( A) / P < 5 ) ^P i 6 ) ^P ( 7 )
136PPINT ” * * * * * * * * ”
13S FOP I = 1T0 AlFOP J  = 1T0 7 .1A0 179= (P (  J  )*H( I )*  ( CCOSCMC J )  ) ) + (C0S<M< J+1 > ) ) ) ) / C2*L ( J ) *COS CtK J ) ) ) 
153 P.EM CALCULATES FLUX F"^0M UPSLOPE INTO EACH ELEMENT 163 J<I/J )  = ( Y ( I aJ ) * E 9 )  + ( F ( I / J ) * C ( I  + W J  + 2>)
173 *̂ EM CALCULATES FLUX DOUNSLOPE FPOM EACH ELEMiNx 183 j ' l  a, J) = (Y1 ( I ^  J> *E 9)-K F 1  <1^ J ) * C ( I  + 1>J+1 ) )
M 2 h^ m ' e q u a l u e s  downsuope  e n t ' .y / e x : t  f l u x e s  b e t u e e n  e lem en ts
213 HEM BY AVE?AGING
215 FOP J=1T0 6
223 IF  J C I ^ J J o J l  i
233 GOTO 263
2A3 J  ( I> J )  = < J  ( 1 / J ) + J  1 i J'*’* ^
253 J1 ( I > J + 1 ) = J ( I / J )
333 PEM CALCULATES DOUNUAPD FLUX FPOM EACH ELEMENT
3A3 FOP J=1T0 7 0/353 J 3 (  1 / J  ) =B< I.» J  > “ J  I  ̂ J   ̂ ^
363 P ( J ) . = J 3 (  I> J )
373 NEXT J:NEXT I 
3S3 F*0^ I —I TO ^

i l 3  PPINTUSING 3 9 3 . J 1 < I ^ 1 > / J H I ' 2 ) . J 1 < I ^ 3 > . J 1 < I > A > ^ J 1 ( I . 5 ) ^ J 1 C I . 6 ) ,
A23 PPINTUSING 390^ J 3 C I > 1 )  ̂ J 3< I > 2)  ̂ J 3  ̂I •» 3)> J 3( I > A J 3< I^ 5 ) /  J 3 C • > )>
J 3 ( I > 7 )
4 3 3 ................ ........ . ^435 PPINT " P I T  DISCHAP3E=” i 0 9 i  'MG
445 PPINT "PIT CONCENTPATION = " ;  C 09 /’'9 )* 1 3 3 3 ;" M G /L '
453 PPINT ••♦ ♦ ♦ ****************’*‘* **********463 PEM TUELVTH CHAIN PPOGPAM ENDS HE-.E’
473 LOAD DC F "CHEMFLX 5"
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( l )  CHEMFLX 5

'fr

13 ?.EM CHEMFLX 5 
17 COM VI23 COM H (^ J )> L < 7 ) .» M < 7 ) iF (4 /7 )^ F l< 4 ^ 7 )^ F 3  (-4> 7)>DI <6/ 8)^D(5^9),»D2C4,»7 

) ^ D 3 ( 4 ^ 7 )33 COM T C 9 ) / Z ( 9 ) / X ( 6 ) ^ J ( 4 > 7 ) > J 1 < 4 / 7 ) > J 3 ( 4 ^ 7 )
S3 INPUT "TIME IMCTEMENT IN HOU?v£ AND MINUTES'S T 1 >T2 
93 T1=T1+T2/5S95 P.EM COMPUTES DISPERSION COEFFICIENTS 
133 FOR 1= 2T0 A
123 D 2 ( I / J )  = ( ( C J 3 ( I / J ) - C F 3 ( I / J ) * C < I # J ) ) ) / L ( J ) = i « H ( I ) ) / T l ) / D ( I  + l ^ J + l >
133 NEXT J:NEXT I 
1A3 FOP I=1T0 A
¡63 K I ( W J )  = < 2 M ( J t I . J ) - < F a > J > * C a . J ) ) ) / O K I ) * ( C O S ( M ( J * n >  + COS(M(J)
) ) ) ) ) / T l ) / D l ( 1 + 2 ^ J+ 2 )
170 NEXT J:NSXT I183 PRINT :P^.INT ;PPIKT : SELECT PRINT 213193 PRINT "VERTICAL DISPERSION COEFFICIENT/ SQCM/H..
233 PRINT "DO’/NSLOPE DISPERSION COEFFICIENi"
210 PR.I NT ">!!♦ ♦ ♦ ♦ ♦ **♦ *♦ **********************'
230 PRINTUSING 2 7 3 / DC I / 1 ) /  DC I / 2 ) /  DC 1/ 3 ) / DC I / A ) / D C I / 5 ) /  D ( I /  6) /  DC I /  7 ) 
2A3 PR.INTUSING 2 7 3 / Dl C I / 1 ) /  D1 C 1 / 2 > / Dl C I /  3 ) / D1 C I /  A >/ Dl C I / 5) /  D1 C I / 6 /
S o ^ P R I N T  *’***J^*****************************************"
270283 REM LAST CHAIN PROGRAM ENDS HERE 
290 LOAD DC F"FLUX1A"
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M GEOREG 2

VANG package program, m od ified  by G.S.

I ^.EM GED'^EGS 2SELECT I NT 2133 ORINT "TITLE? THEN INPNT LINE 455 : PPI N T •
S P R IN T  "IN^UT LINES : B3 DATALOAD ’ ...................*1513 DATALOAD
S P R IN T  "CHECK LINES 93#131 * 185>212"
7ST0O9 INPNT "N9S* IN X AND Y ARRAYS"#P#N
10 DIM D 1 ( 1 0 ) # D 2 ( 1 3 )
12 DIM C l <1 3 ) / C 2 ( 13)
13 DIM X (1 5 3 > # Y (1 5 3 )
IAJ = 015 FO’’ J  = 1 TO 5320 PRINT "GIVE POSITIONS TO BE SKIPPED IN X APPAY" 
A0INPNT D 1 ( J ) # D 2 ( J )
50 IF  D1CJ)<3 THEN 55 
55NEXT J
56 FO*̂  K - 1 TO 5057 PRINT "GIVE POSITIONS TO EE SKIPPED IN Y APP.AY' 
5S IMP’TT Cl CK)# C2(K) : IF  C1(K)<0 THEN 60
59 NEXT K 
60DIM 0 ( 1 5 0 )
70DIM K (1 5 0 )83DATA LOAD "V 1 Q < D "
90DATA LOAD OO 100DATA LOAD " V I K ( I ) "
101DATA LOAD K<)
130J=1
131Z=3132 K=1
133 V=013551# S2# S3# SA# 55 = 0 
1A0FOR 1=1 TO °153IF  I = D 1 ( J )  THEN 183
173 GOTO 185 . , ,1 8 3 I = D 2 ( J ) : 3 = Z + D 2 ( J ) - D 1 ( J ) + l : J = J + I
182 GOTO 190 185 X ( I - Z ) = 0 ( I )
192 NEXT I
202 FOR 1=1 TO N23A IF I=C1(K) THEN 238
236 GOTO 212  . ,208 1«C2(K);V=V+C2(K)-C1(K)+l :K=K+1
210 GOTO 21A 212 Y ( I - V ) = K ( I )
21A NEXT I220 FOR 1= 1 TO (N-V)225 X ( I ) = L O G ( X ( I ) )
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227 Y U  )=LOG(Y( I ) )
S1=S1+Y (I)

31? 52=S2+Y (I )32? S 3= S 3+ (Y (1 )  ) t o  
33 ' S4  = S ‘'4+(Y ( I  ) )  t 2  
34? S 5 = 5 5 + ( Y ( I ) * Y ( I ) )
35'i next  I 
355 N=(N-’0360 P = ( N * S 5 - S 2 * S 1 ) / < N + 5 3 - S l t 2 )  
37? A = (S 2 -D * S 1 ) /N  
3B0 P^.INT390 PPINT '•A = " ;E X 0 (A )
400 PPINT •’E = " ; B  
410 S l= E * ( S 5 - 5 1 t tS 2 /N )
420 S 4 = S 4 -S 2 » 2 /N  
430 52=54-51  
450PPINT
45SPRINT ••VIKU )'
460 tsRINT
470 PRINT «t
483 OR I NT
490 PRINT “SOURC
500 OR I NT “REG-E
510 PRINT “RESID'
520 PRINT “TOTAL
530 PRINT
540 PRINT “F=“J S
550 PRINT
560 PRINT

REGRESSION TABLE”
•MEAN SQ

570 S 5 = S l / 5 45S0 PRINT ’’COEFF* OF DETERMINATI 0N= * -5  
593 PRINT ” C0EFF. OF CORRELATI0N=” iS O P ( S5)600 P^INT “ STANDARD ERROR OF E5TIMATE = *’i SQR< 5 2 / <N-2> > 
610 PRINT
630 PRINT “ DO YOU NISH TO ESTIMATE VALUES OF Y FROM

“THE REGRESSION CURVE? (1=YES#0=NO>” 
X640 PRINT 

653 INPUT 
660 IF X=0 THEN 733 
670 PRINT “IN^UT X”
680 INPUT X693 PRINT “Y=“; EXPC AltcXtB 
730 PRINT713 PRINT “ANOTHER POINT? (1=YES/0=NO) 
720 GOTO 650

730 END
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( x i i ) GLOWS
W rit ten  by G.S.

:2-

FLUME

< I(C>)C lt( * >••

5 PSM GLO'fF
7 ’■'EM D^' lLY FLO’TS FO.'̂
8 PEM D^"'A INOTJ? F'OM MAG ' 
n  DIM PGC?' ’ ’̂ ) 120 PF.INT "INPUT LINE63 DATALOAD 

*'*̂ UN 3 STOP"TECO'^D STA?T: HOUF-DAY-MONTH-YEAE"^ TI > T2> T3/TA 
"P.ECOPD END : HOUP.-DAY-MONTH-YEA?."/T5^ T6.» T7/TS 
IE=0:0=3 
963FLOW EQUATION USED BELOW Hl^METPES

PPIN7 
INPUT 
IN^UT 
Z9 = T1 
GOSUB 
REM LOU 
H I =3 .3FOR I=lTO 2 3 3 :0 ( I ) = 3 :N E X T  

3 SELECT PRINT 31D
I

"WEST WALK 
"DAY MONTH

FLUME" 
YEAR MDF"52 PRINT

53 PRINT54 SELECT PRINT 335 
60DAT.A LOAD " H '^ 5 3 1 7 6 "
65 DATA LOAD P$<)70 CONVERT S T R ( P S ( I ) / 8 > 4 ) T 0  Y9
72 CONVERT S 7 R (P $ (2 > ^ 8 > 4) TO Y8
74 Y9=<Y9+Y8)/2
90 I F  T l< > 2 4  THEN 113
100 GOTO 133
110 GOSUB 773
120 GOTO 263
130 P=3:N=P+24
140 O=0:E=0tV=0
150 FOR 1=PT0 N .155 CONVE”*T S T R ( 0 $ < I ) > 8 ^ 4 )  TO Y
160 IF  ( (Y -Y 9 > * 3 *331 I ) < = ^ »^23 THEN
173 goto 19T
183 Q ( I > = 3 j G0T0 243
193 H=<Y-Y9)-í‘ 1 . "  ■ 11
23R IF  H<=H1 THEN 230
210 GOSUD 933
223 GOTO 243
230 GOSUB 933
240 NEXT I
250 GOSUB 613260 A=(N“P + l ) / 2 : C = I N T ( ( N - P + 1 ) / 2 )  
273 IF  A=C THEN 295 
280 N=N-1290 P.EM INTEGRATION PROCEDURE 
295 IF  ( N - 1 ) “ < P + 1 T H E N  354 
300 FOP. J= P + I  TO N-1 310 IF  J / 2 = I N T ( J / 2 )  THEN 340
320 0=0+Q<J)
330 GOTO 350

183
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7 50  
760  
770  
7 7 5  
7 80  
7 8 5  
790  
800 
810 
520 
537 
8 40  
850  
860  
870  
830  
8 90  
9 0 0  
9 1 0  
920 
9 30  
9 40  
9 50  
960  
970  
9 7 5  
9 8 0  
9 90  
9 9 5  
1 0 0 0  
1010 
1020 
10 30 
1 0 4 0  
1 0 5 0  
1 0 6 0  
1 0 7 0  
1 0 8 0  
1 0 9 0  
1100 
1110 
1120 
1130  
1140 
1150  
1160  
1170  
1180

T 4 = T 4 + 1 : T 3 = 1
?.ETU?.N
T»EM SUBROUTINE FIHS7HOURS 
Q(I)=0.0
f o r  1=3  TO 2 4 - T 1 + 1 + 2
CONVERT S T ? . ( P S (  I )> 8^ 4 )  TO Y
I F  ( < Y - Y 9 ) * 0  . 0 3  I 1 ) < = 0 * 3 0 3  THEN 8 1 0
g o t o  8 2 0
0(1 ) = • :GD''0 37*5 
H = ( Y - Y 9 ) * ' ^  .  ' 3 ! 1 
IF H<;il 860
GOSUD 9 0 0  
g o t o  8 7 0  
GOSUD 9 3 0  
NEXT IP = 3 : N = 2 4 - T l + l + 2
RETURN
REN SUBROUTINE FLOV RATINGQ ( I ) = ( ( < H - 0 . 0 3 3 ) / ( H ) ) t l , 5 ) * < H » 1 . 5 ) * 3 * 7 3 0 8
RETURN
REM SUBROUTINE LON FLOW HATING
Q ( I ) = 3
r e t u r n
REM SUBROUTINE TIMESORT
REM HOURS IN F I R S T  AND LAST DAYS
F 1 > F 4 / F 5 / F 6  = 0
X 1 = ( 2 4 - T 1 + 1 ) + T 5
M=T3
I F  M =T7 THEN 1 2 8 5  

I F  M=1 THEN 1 2 1 0  
I F  M=2 THEN 1 1 2 0  
I F  M=3 THEN 1 2 1 0  
I F  M=4 THEN 1 1 9 0  
I F  M=5 THEN 1 2 1 0  
I F  M=6 THEN 1 1 9 0  
I F  M=7 THEN 1 2 1 0  
I F  M=8 THEN 1 2 1 0  
I F  M=9 THEN 1 1 9 0  
I F  M=10 THEN 1 2 1 0
I F  M=1I  t h e n  1 1 9 0  
I F  M=12 THEN 1 2 1 0  
PRINT HEX<07)
i n p u t  " I S  I T  A LEAP YEAH/YES
I F  Y $ = " Y E S "  THEN 1 1 7 3
F 1 = 2 8
GOTO 1 2 3 0
F 1 = 2 9
GOTO 1 2 3 3

N0"/Y$
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( x i i i ) MOMENTS 3 
W ri t ten  by G.S.

^■ "” e M°MLC?l ATES MEAN,VA?.IANCS-CVr..SKE'JNESS-XUSTOSIS FS3M '
11 ®EM TAPE DATA ,12 PEM GEA?V MOMENTS FP.OM GEAHY/P»C«/BIOMETPIKA/193615 DIM XI ( 1 5 ) / (  AO/I 5 ) / A C 1 5)^  B< 1 5)> D( 1 5)> E< 1 5)
16 DIM D1 ( 1 5 ) / E l ( 1 5 )
^  INPUT -INPUT SAMPLE SIZE/NUMEE?. VAPIABLES*’/N/M
33 PRINT "INPUT LINE ............................................  CHANG- LINc, 79 F0-.

DATA <=9 AND P.UNA9":ST0P 
43DATA LOAD " ’.’ INS"
A2 SELECT p-’ INT 213A5 PRINT "UNTT'ANSFOP.MED DATA"
50 FOR K=1T0 N 
55 I F  Z>1THEN 39

i 3 i x i < J ) = X l < J ) * . 3  = NEXT J ,  XI ( 1A)=XI U  A) *33 = X U  CI 5) =SIX(2
2 * # P I ’*‘<Y1< 1 5 ) / 3 6 5 ) )
89FOR J  = 1T0 M 85 I F  Z>1THEN 199 
93 R ( K / J ) = M 1 ( J )109 A ( J ) = A ( J ) + R ( K / J >
119 NEXT J
129 NEXT K
125 R.EM MEAN ,130 FOP J=1T0 M :A (J)= A (J ) /N :N E X T  J
149 FOR. K=1T0 N
159 FOP J=1T0 M
155E1 ( J )  = E1 + ^169 B ( J ) = E < J ) + C R ( K / J ) - A ( J ) ) ’ 2 
179 D(J)=DC J J  + C’ i X / J ) - A ( J )  > » 3
189 E < J )= E (J >  + ( R < 5 < ' ^  ’ \  ^185ElCJ)=El<J) + AnS('’'(K/J)~A(J))
199 NEXT J  
209 NEXT K 
219 FOR J=1T0  M211 PEM GEA*^Y SKE’/NESS
212 D1 < J )  = ( < ^213 REM GEA'Y KU^TOSIS21A El ( J ) = R H  J> /SO R <N *B (J) )
215 REM UA’ I^i v’CE
223 n < J ) = E ( J ) / N
225 PEM SKE’'’NE~S
233 D< J ) = <D<J >/ N ) ^  ^
235 PEM KURTOSIS 
2A9E(J)  = CE<J5/^^^' '®^’̂ ^250 PRINT "♦ **♦ *♦ "
260 PRINT " ♦ X " ; j ; ” * ”
s; SIS ...... ..293 PRINT "CVS = ’*i 1 ■ h. ( : 3 (5< J ) ) > /  ■ « J ^
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P - I  S” ' '  = ” ; T : ( J ) ; ” Kn-.T051S = ” i E ( J )
332 PP.IN7 "GEAP.Y SKE’JNESS=” ; Dl < J )
333 P"=IN7 "GEABY KUP705I S=” ; El ( J )
3151 NEXT J315 PPIN7 ; PP INT 
3255 IF  Z=1 then  327 
325 GOTO 350327 PPINT ” LOG TPANSFOPM”
S o  F 0 P ^ X = 1 T 0  N:FOP J  = 1T0 M-1 : P.CK/J  ) =»LOG (P (K> J  ) ) : NEXT J : N E X T  K

3A3 GOTO 483 
353 IF  Z=27HEN 365 
363 GOTO 393 364PP.INT tP^INT365 PP.INT VPECIPPOCAL TEANSFOPM"
373 F 0 ^ ^ K = 1 T 0 ^ N : F 0 P  J  = 1T0 M-1 : B<K, J ) = 1 /<E X P ( ? . ( K / J > ) > : NEXT J : N E X T  x<

333 GOTO 483393 IF  Z = 3 7Î1EN 413
433 GOTO 443
439PP.IN T tP'^INT413 PPINT "SOUAPE TP.AN5F0PM”
f l á r r i ’ y i T H t F O - :  J  = 1T0 = = •'
433 GOTO 48?.443 IF  Z=4 THEN 463 
453 GOTO 999 459PPIN'’' tP^INT463 PPINT "SQUAPE FOOT TPANSFOPM”

j . i T O  „ - , = P U t > J )  = 50:î(SQSt:’ < K . J > » : « E X T  JtNEXT .<
«85^F0’ ' j= I T 0  M : f t < J > / E < J > > D l J ) » E ( J ) . D l < J > . E l ( J > = 3 : J ! E X T  J

493 GOTO 53999 SELECT PP.INT 335
1003END
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(x iv ) MÜLTBEG 2
WANG Package program , m od ified  by G.S,

5 HEM MULT’=?EG2 
6 ®EM DATA FHOM TA^EI-?! COM X C I 5 ) > D ( 1 3 ) / E ( 1 3 ) / A ( 1 3 / 1 3 ) ^ M / N
20 DIM XI (1 5 )  cTnrs33 PHINT LIME 83 DATALOAD  ̂* ' ' ' ,  5̂ 0̂A3 PRINT ” IN^NT LINE 33 DATALOAD < : : : : : >  AND ?UN 52 t STO
53 IN^NT ’’IN^NT M/N"*M#N62 IN^UT "MATRIX NO. OF A^I AND S0LUTE” #P./i
65 G=9:0=1A:H=1570 IN®’JT " IN P ’JT S INDAY LAG’*#L
82DATa ' l OAD ‘" ’SNS”93 FOP I = l TO M+2: FO*’ J  = l TO M+1: A ( J ^ D - 3  
103 NEXT J ;  D ( I ) = 3 ;  NEXT I 
113 FOP. K=1T0 N 
123 DATA LOAD X I <)133 A=LOG(Xl(G)+13>
132 B=LOG(XlC“ )+ 1 3 )
13A C 'L O G C X l ( 0 ) + l )136 D = SIN(2»<!'PI*(X1 (H ) -L > /3 5 5 >
138 E =L0G (X1(T)+13)
1A0X(1)=D 
1A2X(2)=G 
1AAX(3 ) =E 
1A6X(A> =A

................... ......
22' '̂ NEXT j !  TEXT l î  NEXT i(
2A3 F o V l U ^ ' - O  M+ls E ( I ) = A ( W I ) :  MEXT I
263 FO^ T=* TO M+1: IF A (T /S )< > 3  THEN 2B3: NEXT T 
273 PRINT •'•NO UNIQUE SOLUTION'*: GOTO 593
233 G05UB 333293 C = 1 / A ( S / S ) :  GOSUD 363
^0 FOP T=1 TO M+l: IF T=S THEN 323
313 C = -A (T /S > :  GOSUB 373
323 NEXT T: NEXT S: GOTO 383
333 FOP J= I  TO M+23A0 B«A(S.»J):  A C J  ) = A <T/J  ) : A(T^J
353 NEXT J :  PETUPN NEXT J :  RETURN
r .  f S" t S next . .  EETUEN
380 PRINT
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NEXT TSELECT INT 213FOH T=1 to M+1: PPINT "Bc ; T - 1 »* ”) = " »* A M+2 ) :
1=2 TO M+1:  S = S +A < I^ M+2 ) *  (D ( I ) - E ( I ) ♦ D (1 ) / N ) : NEXT 

T = D ( M + 2 )-D < 1 ) ’2/N: C=T-S 
I=N-M-l! J=S/Ms K=C/I
P^INT 
PlINT 
P T-1 VT 
P*̂  I NT 
op I NT 
op I NT 
op I NTo^iNT
POINT
p oi nt
PPINT
PPINT

: poI NT-pr;o^55iOM TABLE": o'lNT 
"SOU'“ CE"/" SNM OF 5Q *"^ "DEG»F“ EEDOM"/"NEAN S3* 
"PEG'ESSI 0N*S Mi J 
"PESIDUAL"/Cili K 
"T0TAL"iTiN-1: opiNT 
"F = "i J/K 
: opiNT : J=S/T 
"COEFF* OF DETE'MINATI0N="»J
"COEFF. OF MULTIOLE COPPELATI0N="iSQPCJ) 
"STANDAPD EnP.OP OF ESTIMATE*"» SQn(C/I)
; opiNT 

SELECT p o i n t  335
b a c k s o a c e if
END
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2. (xv) NTHOREG
WANG package program, modified by G.S.

:o o c - r c ’/Di ( j ) d̂sj

5 «EM VTH0«EG1 POLYNOMIAL ?.EG?ESS10N FOP. TAPE DATA 
8 COM D1 C2'^)^D2<23)/X<150)#Y(15'?)
10 COM A(13)>G(7,3)>E(B)^M/N^O(150)

|2'’p ” i N t ‘"IS'=UT l i n e s  U . ? « - 28-33, «4 PUN13"lST0P 
13 INPUT "NUMEEP i n X APPAY P ^P 
lA IN«UT "POLYNOMIAL OPDEP M ’’>M
15 J = 0
16 FOP J=1T0 50
17 DIM 0 ( 1 5'̂  N ( I 50 ) i -118 INPUT "POSITIONS TO EE SKIPPED IN Y a- -.Y,-l. 1

I F D 1 ( n  < ■ THEN 2A 
22 NEXT J
2ADATA LOAD "’I 2 2 ( D ”
26 DATA LOAD D O  
23DATA LOAD " U 2 P ( D * ’
33DATA LOAD P<> '
32J=1:E=3:K=1
3A FOP I=1T0 P:IF I=D1<J> THEN 33
36 GOTO A2 . . ,33 I=D2(J):Z=Z+D2(J)-D1<J)+1:J=J+1
43 GOTO A6 
42 X ( K ) = L O G ( O C I ))
4A Y ( K ) = L 0 G ( p C I - Z ) )

A5K=K+1 
46 NEXT I
63 FOP 1=2 TO 2*M+l; A(I)=^: NEXT I 
73 FOP 1=1 TO M+2: E(I)=0s NEXi I 
83 A(1)=N

¡3? P o n ’'rro"-llIi"Fo” "” l‘TO M * l : G a . J )  = 4 U . J - n : N E X T  J.NEXT I

GCT.S)<>3 t h e n  I7JI NEXT T 
160 PP.INT "NO UNIONE SOLUTION": STO®
173 GOSUB 223
175 SELECT ppINT 213
183 C=1/G(S.S): GO^UE 253
193 FOP T=1 TO M+l: IF i-S THEN 213
233 C--GCT/S): GOSUB 263
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NEXT T: NEXT S: GOTO 273 
FO^ J=1 TO M+2
B  =  G<'. S , » J ) î G ( S > J > = G ( T / J ) ! G ( T / J ) = B

N'^XT J* 7ETtJ^.Nrn^ J = 1T0 M + ;  G ( S.» J  ) = C * G  ( Si J ) Î NEXT J:?-ETU’̂ N
l o i  J=lîS m. ¿ ; g(T,J)=G(T,J>^C.G<S.Ü):«EXT Jt’ ETOTN

F o È”I=ITO M.ItPEINT I-1,-DEG. COEFF.-" ¡ G (I. «*2> : NEXT I
FO?. :-2T0 M*IiS = S + G t I i M + 2 ) » < E U ) - « < I > * E m X N ) : N E X T  1
T=E(M+2)-E<1)»2/N: C=T-S
I=N-M“ lS J = S/Mî X = C/1 «f-i'rïfc c T riM tüPITT” * p ÎNTPPINT : 2-^lMT ” nEGTÌESSION TftELE •
” În T ••SOu 'c E-.-S-'N o f  SO.-.-DEG. F-EEDON---MEAN SO.'
P?INT ••PEG’'ESSIOy”i SiMi J
PPINT ” P E S  I D’JAL*'i Ci I i X
PPINT ”T0TAL”iTi N - 1 : P'^INT
P-INT = P':INT : p ^INT

; r ' - i v T  "COFFF» OF D E T E 7 M I  N A T  10N= t J
I pp.INT -COEFF. OF C0^“:ELATI 0N' = ’’Î SO ' < J >
I PPINT ’’STANDA^.D Ê '̂ .O?. OF Er>TIMA.r,= iS^r^(C/I).
i ^ N P > j f - Ñ w ' ' ’o” N'0«IAL 020E2.<2 IE NOT P e EIUIPED) «
> IF M=3 THEN 553îG0T0 60 
Ï END

PI I NT
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(xvi) PLOTS

Written by B Sprunt

I “ EM PLOTS .HYD-OGHAPH ON SCP-EEN F?.ON TAPE DAiA 
2SELECT PTINT A35 
5DIM P S (133)1 I 
8DIM CSll

15C$=HEX(373 93A3DID1D1FOCI 7)
19G05UB '99:FOP I = 1T0 153 : NEXT I 
23DATA LOAD "12233675”
21DATA LOAD PSC)
SOFOr I = liO 100 ,»^ri V . rn’‘i’f5‘"'T 5 ( I ) > S.» A ) TO Y32C0NVEPT 5T~ (PS ( I )  ̂A / A ) i 0 X.C0iv.7- -t
3AX=(X-1 )/2:Y=(Y-?i )/2
AOIF ST'C^’S C D / ^ ^  ‘5="'i” ' il
All" S T M ^ S ( I ) / P > 1 > = " 1 * ’'̂ '1-’’ ?2 
APGOS’JB ’OICX^Y)
CO NEXT 1 
81G0T0 2182PPINT S T P (C S / 6/1)Í ÎGOSUB 
llOEND
230DEFFN'0 1(X,Y) o p * r 3 3 .j9 = INT(Y/32> + 1 :J1=Y-32*J9 + 33

w  u;sTr:cx,s. .9-^
225TPACE OFF 
233PETUPN
l ? ? ? p m ’s ? P ( c L % . l > ; : G O S U B  '31CX,Y):G0SUB ' O K X ^ Y )
260PETU'’N
273DEFFN’99 n l^•28 OPPI NT 5T?. (CSí5/l)íST.*(CSí8/l).»
293?.ETU?.N

•01(X/Y);G0T0 83
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(xviii) BESID 1

Written by G.S.

P.ESID 1
PLOTS 7A“ IArJCE OF

i 1 •>(/r)
■^ESIDUALS AGAI>JST X

)
2?! ^EM 
30 COX
/l? COX XI (15)>''C
5 i; = i: (1 ) ; X = N’( 1 )
6 ' = l
n z FO'. 1=M TO.Xl-1 STEP ?12 
80 FOP J=I+1 TO Ml STEP M2 
9? FOP K= I TO N 
130 X ( K )=X3(H^I>
110 PEM P.E51DUAL VAEIAMCE120Y(X)=^3(K,J)-<(EXP<D(I^J))*X(K)tC(I^J)>))’2
130 NEXT K  
1A3 GOSUB 240 
153 SELECT PPINT 305 
jgij p~j»jT **D0 YOU PEOUPE LISTING
173INPUT Z S

ISO IF ZS=” NO” THEN 223 
190 SELECT ®PINT 213:®PINT ;P?INT 
¿ 0  FOP 0=1T0 N:P-INT X(0);Y(Q>;- 
210PPINT 0;:PPINT 
220 NEXT J 
233 NEXT I
243 P.EM SUB'^OUTINE PLOT 
25'̂  SELECT p ''INT 33 5 
263 PPINT ” D0 YOU UANT A PLOT OF
273 INPUT SS 
283 IF ,SS=*’NO” THEN 693
293 GOTO 335

s e l e c t  P'IMT 213:PTINT iPPIKT
310 X3/Y 8 = 9 9 9 9 9 9:X9>Y9=-999999
•»<51 FOP Z=1T0 N

THEN 353

OF RESIDUALS^ YES OP NO?'

:PRINT ;PRINT 
” ;:NEXT Q

xc*’;ii")/xc”;j;")^ YES OP NO?”

tPPINT :PHINT

IF X(Z)>=X3 
X3=X(Z)
IF X ( Z X = X 9  
X9=X(Z)
IF YCZ)>=Y3 
Y8=Y(Z>
IF Y(Z)<=Y9 
Y9=Y(Z*> 
n e x t  z
SELECT PRINT

THEN 372 

THEN 393 

THEN 413

2 1 3:PPINT

H* U»4
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PLOT

o l OT 2 1 * H + n < ^ ^ - 5 / H E X ( F E ) > : P L 0 T  2'}*^+13<” 5> 3^H^X(F3
p l o t <2'3/25>HFX(FE)>:°L0T < 1?> 3.» HEX(FE) >:PL0 i -5.*5.» 
p l o t <,-I'^/HEXCFB) >:®L0T < 5^ HEX(FE) >
X7=X9-X8:Y7=Y9-Y6:X6=W*133:Y6=H*133
M4=3:M5=3 
FO"̂  Z = 1T0 NP=(X(Z)-X3)/X7*X6:K3=INT(P+3*5)
0 =(Y(Z)-YS)/Y7*Y6:KA=IXT(C+3.5)
p l o t <K3-M^^K4-M5^HEX(FE)>:MA=K3:M5=K4
NEXT Z

I P.EM NOVi MOVE EACH TO OPIGIN 
I IF MA>999 THEN 6B3 
! PLOT <-M4/7>>
I IF M5>999 THEN 663 
J PLOT <3>-M5^>
5 GOTO 693 
5 PLOT5 PLOT <3 i-999/>:M5=M5-999 
3 GOTO 6233 PLOT <-9 9 9 / >:M4=M4-999 
3 PETIIP.N
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(xix) SINDAY

Written "by G.S,

CT I

5«.e m  s i n  d a y  o^ t i m i ’-e s  s e a s o n  i n d e x  t o  CO^EELATE 'TITH 
d e p e n d e n t  '^A’̂ IAPLE* XiY FEON TA°E 

8 DIM XI (?'’’)iX2<^i’l/15)
OT50l̂ J•̂  »'IN^’ÎT LINE 1 5; DATALOAD< • • • • >
10IN^”T "SAMPLE Ç x 3 p (^),P(-LA3)/0(+LEAD)
ISDA'^A LOAD ”'»5NS” 
o.^FO'= I = lTO N;DA*^A LOAD X;()
25f o ^ K=1T0 15:X2(I/K)=Xl(K);NEXT K:N-X
3?iZ = \

35K9 = ?
A3F0^ I=oTO 0 STÊ :» 5
45 K1 /K2#X3#KA#K5> Sl>S2*S3#54 = 3
45 B = 3
53 FOE J=1 TO N 
5 2 Y * X 2 < E )
5 3 X = X 2 ( 15)
57Y=L0GCY+1?)
58 X=SIN< ■* Ï ̂  ̂
70 Kl=Kl+X 
83 K2=K2+Y 
93 K3=K3+Xt2 
133 K4=M4+Y»2 
113 K5=K5+X*Y 
123 NEXT J
15(5 p= (N*K5-K2«K1 )/(N*K3-K1 »2)
183 51=P*<X5-X1*X2/N)
193 54=K4-K2»2/N 
198 P= ( S O E ( 5 1 / S 4 ) )
1990PINT 1;E
233 IF E»K9 THEN'235
232 GOTO 213
235 K9=E;L=I
213 NEXT I

c o r r e l a t i o n  c OEEF.^-'IKR.-A-ROX.BEST LA3/LEAD-
217 K1^K2 í X 3/K4/K5/SI/S2i S3/S4 = 3
218 F0"5 J = I "*0
21 9Y=X2 ( J / 7. ):X=X2(J / 15)
223 X= 5 1 N < < P’« 1 * Í  ̂̂ ^
233Y=L0G(Y+1^)
24^ Kl=Kl+''
253 K2=K2+Y 
263 K3 = K3 + ''»2 
273 '''t = K4-*»Y »?
283 K5=K5+X*Y 
293 NEX7 J333 È=(Î>K5 - K 2 * K 1 )/<N*X3-Kl»2)
313 A=(K2-P<‘K2)/N 
311 SELECT P*=»INT 213 
nip OPINT *'A = ’* * e x p  ( A )
315 t>T»lNT ”P**'*D 
323 51*E*(K5-K1*X2/N)
333 54*K4-K2»2/N 
343 52*54-51
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REGRESSION TABLE';0^INT 
3^0 PRINT ••

..so„»CE-'--SUM OF SO.--"DEO.FnEEDO«"-"ME«N SO.” 
390 PRINT "PEG^ESSI ON"/51/I/5 I
400 PRINT ••p e SIDHAL"/52/N-2/52/CN-2)
41^ PRINT "*^OTAL"/5A/N-1
420 P^INT 3̂<3 o p i nT 
440 PPINT

"F = "i 51/S2* <N-2)
!PRI NT

4^0 opi^-^"C0'^FF. OF DETEPM1NAT10N = ";S5 
47' PP NT "COEFF.OF C 3“- EL AT I 0N = " 1 50^ C 55)

..r-ANOAPD ERROR OF E 5 T 1M AT E = " * = 0 ̂  ( S2 / ( N ->>
500Z=E+1
505SELECT p ® 1 NT 705 
5I0IF Z>3THEN 999 
533G0T0 35 
999END
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(xx) TENPLOT

Written by G.S.

^^^ELIm '^TPEATMENT AND PLOT OF FIELD TENSION DATA 
5 DIM ’USP)I*? PP.INT ’’IN'P^’T t i m e # DAY/MONTH/YEAP”
15 INPUT T2#T3#T/!#T5
20 PEM DATA INPUT AS^^EAD IN THE FIELD 
25 PEINT "IN-UT û j^3 1 # C 1#D 1#N"
33 1 N^UT Al#El#Cl#Dl#''
35 n- I ' l'T-  ̂ r>2, C2# E?# A2#P”
43 IN^U? D2#C^#rO#A2#^
45 ^Pir^T " I'.’̂ ’’T E 3# A 3# C 3# D3# 0**
50 IN^UT B3# A3# T3# D3# 0 
55 PPINT •'IN'^UT C4# D4# A4# B4# P ”
60 IN^UT C4# D4# A4# B4#P

p ï̂ j nT ’'INPUT A5# 35# C5# D5# S"
70 INPUT A5# E5# C5# D5# 5 
75 PP.INT ’’INP^^T D6# C6# B6# A6# T ”
80 INPUT D6# C6# B5# A6#T 
85 PP.INT ’’INPUT D7# C7# A7# 37# U"
90 IN^UT D7#C7#A7#B7#U 
95 PPINT ’’INPUT D8# A3# E3# C3# U ”
100 IN^UT D3# A3# B3# C3# U 
102 Z=13«5:Y =12*5 
105 U(1 >=22.7 + Z + N-Y*Al 
110 ’.•;(2) = 3S + Z*N-Y’*'B1 
115 \’C3)=A5«1+2*N-T*C1 
120 U(4> = 35.7 + Z^‘N-Y*D1 
125 U(5>*26.5+Z*P-Y*A2 
130 N(6)=A3+Z«^-Y*B2 
135 U(7) = 51 •2+^*P-'^*C2 
143 U(8)=35 +Z*o-Y*D2 
145 W(9)=27.4 + Z*0-Y’t'A3 
150 W(10)=46«6+Z*Q-Y*B3 
155 U ( 11)=57.1+Z*Q-Y*C3 
163 U(12)=90*8+Z*Q-Y*D3 
165 ’J(l 3)=22.9 + Z*P-Y*A4 
170 W{14)=37.5+Z*P-Y*BA 
175 V < 15)=49•9+Z+P-Y+C4 
130 U(16>=33*3+Z*P-Y*D4 
185 V(17)=34.7+Z*S-Y»A5 
190 U ( 13)=43«ô+Z+S-Y^BS 
195 U<19)=53*7+Z*S-Y*C5 
203 U<23)*94*4+Z*S-Y*D5 
205 ’;(2U»25+Z*7-Y-rA6 
210 W(22)=43-»-Z*T-Y*B6 
215 U(23)=50+Z*T-Y*C6 
220 y<24)=35+Z»T-Y*D6 
225 W(25)=23*3+Z4tU-Y*A7 
233 U(26)=33*3+Z*U-Y*B7
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(27)=48*3+Z*U“Y*C7

DAY MO>JTH YEA^'

<t~ 333^ '* 
A9,X

Y, w . - --------»•K28)=B3.3+Z*U-Y*D7 
W(29)=25.7+Z+V-Y*A8 
W( 33 > =42 •7 + Z’*'V-Y*D3 
WC31)=53•7+Z*V-Y*C3 
tJ(32)=83.7 + Z*V-Y*D3
SELECT* P'^INT 213: °'^INT "TIME 
P-INTUSING 275^T2/T3/T4/75

####
n t o f  5L0-E=P0^E 'iATEE PHESSUEECCM.VATEE)"»
p l o t  < - 4 5 3 . > » A 5 < 1 3 . / H E X < 5 F ) » < - A 5 3 ^ - 2 5 .  >

p S j m -*^..Ve It ICAL s c a l e : 1 I MCH = 2METHES <X53 )" ^
P h InT  "HOEIEOMTAL s c a l e : lINCH = 5 M E T P E S ( X p )
PP.INT "SOIL DE^TH: I IN'CH = 3 .2METRES(X503)

, PLOT 
HEAD 

i 1=3
j IF I=A9 THEN 323:IF A9=-l THEN 363 
5 PL07' X< /HEX(FD) >/<^ !■» ̂

I I, I 3. 4, 1 5. 2, 26. 2, 1 4, 3, 2 1,2.14. 4. 1 9. 3. 5. 1 I
14.4.9. 3.21.5.24. 3. 37. 3.27.4.33.3.-1.3
<-963.-232. >
X9.Y9

IF X9=999THEN 433 
p l o t  <X9.Y9.HEX(FD)>
p l o t  ̂ <1 A. HEX < FD > >. < . 13. X ( FD) >. < . C. H :.X < FP > >
p ’t a  r3l..3P,tU3.A>,30-,EP,3.3.5A-3.3,P6-3.7,.PA,328- 377,A>7,P99,E
PLOT <-963.68. >.<183.6. >
SELECT*^RINT^213:PHINTUSING 4l5.W(I>;

TiEAD D. E
IF D=-999 t h e n  465
p l o t  <D.E. >

, IF 1=33 THEN'465

GOTO
DATA
DATA
p l o t
READ

DATA 
DATA 
DATA 
DATA 
NEXT 
PLOT 
SELECT 
END

33 THEN-465 _o i ,  3 1  3 , - 5 3 . - 7 5 . - 6 3 . - 5 2 1 . - 6 Z.  -1 75

1
<-822.74.>

CO 335
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(xxi) TRACES

Written by B Sprunt

6 PEM DIGITISES STAGE FOP V-NOTCH WEIPS
7 PPM DATA STORED ON NAG TAPE

- SKIP TO NEXT A-MILPBLE"
I5P.INT 5Y ENTE^IMS DAT»1S'IE OPi^ <FILENaNE>'

•’ADJU*^T BASE LINE TO GIVE EQUAL”

"•IsSorAx'-niu MNTl'riVSEN
•o^INT "DIGITISE STAPT AND FINISH POINT OF DA-E L ; -

5 ' ST“ (AS^ A)T0 Y3 
ST“ (BS/3,»A) TO Y9

16̂  I''
1B5T0®
2?PPINT 
22PPINT 
2APPINT 
33PPINT
A ' ^ . ' ^ E L E C T  I ’ ^'”^ U T  S 5 A :  I N P U T  A 5 >50C0NPEPT S“'( A ) “0 *'3:CO\’VE'"
63C0NVEPT 5T^(DS/A,A)T0 X9:C0NVEPT

Tr STA-T AND FINISH POINTS OF EASE UINE A^E'
tc^ p i n t  - s t a - t x = "¡ x s ;" y = " i y s
TA^PINT "FINISH x= ";X9;" Y= "JY9

p a SE t i m e  - HOU?.S-MINS">Hl.Ml 
« P - ! n T ; i NP”T -iNTip ELAPSED TIME - H0UPS,MINS--HS,M2 
79PEH D IS INCPEMENT PEP HOUP
B1PEM^59^IS^C00PD FOP NEXT HOUP PECOPDING POINT 
82S3=X9
83SELECT INPUT 65A
85PPINT "STAPT TPAGING CUPVE"
86SELECT CO 65A:I = 3
93F0P S 9 = X 3 + ( 6 3 “ i 1 1 ) /63*DT0 S3STEP D 
92Xl=INT(59+.5)
113INPUT CS
120 IF S T P ( C J > I >=”+ ” t h e n  1A0 
133G0T0 110
1A01F STPCCS/2 ^ 1 ) ="A" THEN 330 
153C0NVEPT 5T'’CCS/A>A) TO X 
160IF X=X1THEN 173 
165G0T0 110 
170PP1NT H E X (07)
183I=1+1:IF I=29THEN A33 ,,,,
182C0NVEPT ST P (C$/8>A)T0 Y:Z(1)-Y
185Z(I>=3CI)-Y8
190NEXT S9
192DATA SAVE Z <):DATA SAVE END 

i3i c T • ttpt «P 0 005 s 5 EL EC A INPU* 331 
“ o I m OT •■t “p E f Il E c l o s e d  b u t  TAPE NOT PEVOUND"

®I?P.?NT HEX<07).P-INT HEX<37>.PPINT HEX<-37)
A02DATA SAVE Z O  
A0A1=3 s GOTO 180
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(xxii) VATLOSW

Written by G.S.

OVE?* 90 DEG« V-NOTCH5 U h TLOSM
6 ?.EM CO'l^UTES VOLM'IE LOST
1.. ._L-C p t o G“ AM TA^E AND ENTEH DATATAPE*’

"DATUM"^ 5
••MEI’=' NTJMDE' ’̂S P  a '^"*ATQOPPINT ’’IN^NT LINE 70 ......................  THEN rUN A. : STO

i n p u t  ••DAY^MONTH/YEAT’M I  ntr 1 aAT HOUR’S  N"MO. OF ^I ’̂ ST HOU?v"# A; INPUT "NO. OF LAST HOU.. >N

S-'l PPINT
25 IN^UT
26 IN^UT 
33 
43
50 INPUT 
63 DIM Z(233)
73DATA LOAD "11213775"
53 DATA LOAD Z(?
120 Y=Z(A)
130 H = ( (Y*0«3254)-D)*3«35
143 IF H<=3 THEN 163
150 GOTO 173
163 Y1=0
161 GOTO 183173 Y1 = ((H+3«3309)»2«5)’*‘1«36545*3633
180 L2=3 
190 Z=(N-A+1)
230 S/T = 3
210 IF Z/2=INT(Z/2) THEN 253 
223 FOE I=A+1 TO N - 1 
233Y=Z(I)
24'̂  GOTO 27^
25? FO? J=A+1 TO M-8 
26'* Y = Z(J)
270 H=< CY*''* .3254)-3)*'' «35
25:;- IF  li<=i t h e n ' 3>:'>ei
293 GOTO 323
X^0 L = 3
313 GOTO 333320 L=((H+0.0339)t2«5)»l.36545*3633
333 D=1 ,343 IF Z/2=INT(Z/2) THEN 373 
350 IF I/2=INT(I/2) THEN 403 
363 GOTO 383
370 IF J/2=INT(J/2) THEN 433
330 S = S+L 
390 GOTO 413 
430 T=T+L
410 IF Z / 2 0 I N T C Z / 2 )  THEN 460 
420 NEXT J*
430 Y»Z(N)443 H*<<Y*3.3254)-D)*3.35
442 IF h<=3 THEN 444
443 GOTO 453
444 L2®3
446 GOTO 470450 l 2=<(H+3.0 0 3 9 )t2 . 5>*1.36545*3630 
460 NEXT I
470 IF Z/2=INT(Z/2) THEN 500
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(xxiii) VATQTJAL

Written by G.S,

ic t t i eCT 213
5 DIM Z(!2)^K(12)>D(12)#Q<125
6DIM JC12) ra, n n  IONIC ^T'-ENGTH AND TOTAL IONIC CONDUCTIVITY1'3'̂ .EM PrOG"AM TO CALCULAiE IU^iU -i-.—  «
Y o f ’ AN AQUEOUS SOLUTION SI (ALL P?N ) / TEMP CDSG .CENT .) ̂ SB

S  *Zn>/?^2)izC5)*ZC6)/ZC9) = l 
53 Z(3)-»Z(A)/ZC7)=2 
63 Z(B)=A
65 ^s;i ''■^9^'^/’,7'°','!,, 9,7..i<3)=i,3.33:K(4)=2'l.32 
’¿;iu;.:r5:r5r:;r<rr4r;.r5;K<?>=36.3.3:K<8,.2s.56 
93 J(9) = 1 G ’<-J<9) )
95 X = 3
133 FOP P=1T0 9 
113 X=X+J(P)
123 NEXT P 
155 U=3
173 u=U+<J(N)/CK(N)*1333))*ZC^>
183 NEXT N
195 P-EM EFFECTIVE ION DIAMiTEP-
233 D(1)>D<5)=3
213 D(2)^DC6)/D(7>=A*25
223 D(3)=6:DCA)=S:DC9)=9 ^
S i  P-EM l i m i t  i o n i c  CONDUCTANCE
2A2 0(1 )=73.5iQC2)=5"'.l
2A/4 0(3)=59.5:0(A) = 53.l _
2A6 0(5)=76.A:0(5)=AA.5:0C7>-3 •
253 a = 3.A921-G«G'5'379*(J(13>“ 5)
263 b =3.32A9-3.33316*(JC13>"5>
265 L = 3
f s l  ^ r < 6 ! : U J m 3 ) * S 3 ^ < n > / C ; : D < M ) . B . S 3 3 . ( » )
299 h =(13^ ^
303L=L+ (H*0(M)/3.'^^1^

323 P^IN t ’ ••IONIC ^
'i'VTi P^INT "CALCULATED CONDUCT I v li J 'V- 
S 5 PPINT .-MEASURED CONDUCTI VITY="; J ( 1 D  
338 P.UNT "SUM OF IONS^’;X 
3A3 GOTO I 
999 END
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(xxiv) VEIRft
Written "by G.S.

q (CVMKCS)''

IREM UEIRO OUTPUTS DATA FOR 90 DP.GREF V-NOTCll 
2 PRINT "START TIME.T,POURS?"
5 iillllT "D ATUil.B. CENT M E T R E S ? "
f S l N T  "HOURS REOUIKED?"
I V v l l u i  "INPUT LINE AO -.ATALOAD * FILENAME * THEN RUN30" 
20 STOP

50 DATA LOAD Z O  ,52 SELECT PRINT 213 
' 53PRINT "201 27f'«
5A PRINT "T(POUPvS)
55 FOR 1“ 1 10 N
56 T-T+157 IF T-25 THEN 59
58 GOTO 60 
59T »1

t h e n  IN')

69 SFLECT PRINT 213 
7 0 IF T2 ■ 0 THEN 90 _ , j. / e75 Q - ( ( H + 0 . 0009)12.5)*1.365A5 
80 GOTO 110 
90 PRINT " 2A',Q 
100 GOTO lAO 
llOPRINT T2,Q
120 GOTO 3.A0 PT oy**********"130PRINT t 2, ************^^^ rLU*\"
lAO NEXT I 
AOOSTOP
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2. (»v) LAG
Written by B. Sprunt, modified by O.S.

.dC C.br,.,.UdTES CBOSS COEBEi-dTIONS AT VARIOUS LAGS A LEADS 
c c t l s CT PTilNT 213
,3'd i M ,TS IN SEDIEE 1 THEN SEEIES 2"

««=''2 „  P„„,-S i-j CHITS. AI/EI-TETy?.N-A2>E2-E?.E.U?.N
53P"iIt’T ” 3IVt ZEROES"

I  i r ^ c n ' s - H E N  7 5  = H 2 C n = L 0 G < H 2 a , )

¡ L 9 S - N 2 7 , : m  = l = B 2 = a N l - N E > / B > 7 » L . = N 2  ^ SE H"
85221 NT *’ LftG 
91F02 1 = 1T0 T’9132S1/S2>S3/5A/E5=3^ ^ ^
*‘oc?"c'ilirIcjV)-'‘=S27’'2<j = >’” =S37>:i(jn«!<2<.I2)
12CS1 = S1+NI C J W  • i
13'iJSA=‘̂ . A + (  J > ’ • '
l/i'oNE'XT J l/i5L3 = ri-P2
Is/i L> = 'cM=^P3-?l>^32)/Cftl*S4-Sl»2)
155 A=(52-B^?1J57 e; j-B* ( 53“ 51 + 52/A1 ) 
ic;R<;/i = 55“ 52t2/Al
,1® S 2 = S A - S U - = S G T t S l / S A )
17'3T=2*S02< ( A1-2)/C1- .* >>
175 S9 = 53?.C52/C At-2) )
179% f o !* j“ ; c x ^(A);BJS9;AI181PEINTI?SIN5 !79> i-3. a .»-'
193Dl=Bl+l
o7'Ab’'5"r'' I t’̂ '^INT ;PE1NT
28'3 END

##•#/>#)? iHf.HfiKt »*»
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I, Total Element Contents
The analysis of total SiO^, AI2O3 , Pe2 0 3, MnO, CaO, MgO, Na20 and 

K 0 was performed by atomic absorption spectrophotometry; Ti0 2 and 
P^O,- by visible spectrophotometry. Due to the time-consuming nature of 
totll element analysis it was decided to select seven from the total of 
eleven profiles for analysis, again putting priority upon the lower 
part of the slope. The sample was totally digested in acid according 
to a Pye TJnicam method for iron (P-TJ method Pe^).

(a) Sample Preparation
The soil sample was gran\ilated in a PVC bowl with a PTPE rod. i- 
quantity ( 1 0  - 20 g) was placed in a crucible and heated in a 

furnace at 3 7 0 °C for six hours to remove and determine organic matter 
by losa-on-ignition. This temperature was lower than that normally 
used for determining loss-on-ignition in order to reduce the loss of 
water from within the clay mineral structure (Hesse, 1971) .  % organic
carbon was calculated using Ball's equation (Hesse, 1971)s

5< O.C. = 0.1*58 %  weight loss - 0.1* (1)

0 .2 5  g of the residue was weighed and placed in a 30 ml platinum dish. 
This was moistened with a few drops of water a n d  7 . 5  ml of HP (1*0 w/w)
3.0 ml of HHO (Sp.Gr. 1.1*2) and 3.0 ml of HClOj^ (60 % w/w) added. The 
dish was heated gently on a hotplate in a furnace cabinet until the 
fumes of perchloric acid were evolved* after a few minutes the dish was 
removed frcan the hotplate and allowed to cool. A further 3.0 ml of HP 
and 1.0 ml HCIO, were added and the dish heated gently until fumes of 
perchloric acid were evolved. Puming was allowed for five minutes, 
then the heat was increased and the mixture evaporated to dryness.
After cooling 10 ml of 2M HCl was added and the dish warmed until the 
residue was partially dissolved. An equal volume of water was added 
and heating continued until complete dissolution of the residue. In 
one or two cases the silica did net dissolve completely and the 
addition of an extra 1 - 2 ml HP was neoessary. The solution was 
transferred to a 100 ml volumetric flask, the dish washed thoroughly





APPENDIX ^
ANALYTICAL METHODS USED FOR SOIL CHEMISTRY

I, Total Element Contents

The analysis of total SiOg, AlgO^, F e ^ O y  ibiO, CaO, NagO and
KgO was performed by atomic absorption spectrophotometry; TiOg and

visible spectrophotometry. Due to the time-consuming nature of2
total element analysis it was decided to select seven from the total of 
eleven profiles for analysis, again putting priority upon the lower 
part of the slope. The sample was totally digested in acid according 
to a Pye Unicam method for iron (P-U method Fe^),

(a) Sample Preparation

The soil sample was granulated in a PVC bowl with a PTEE rod. A 
small quantity (10 - 20 g) was placed in a crucible and heated in a 
furnace at 370°C for six hours to remove and determine organic matter 
by loss—on—ignition. This temperature was lower than that normally 
used for determining loss-on—ignition in order to reduce the loss of 
water from within the clay mineral struct\ire (Hesse, 1971)« %  organic
carbon was calculated using Ball's equation (Hesse, 1970*

%  O.C. = O.U58 Yo weight loss - 0.1+ (1)

0 . 2 5  g  of the residue was weighed and placed in a 30 ml platinimi dish. 
This was moistened with a few drops of water and J w l  of HP (1+0 % w/w)
3.0 ml of HNO^ (Sp.Gr. 1.U2) and 3.0 ml cf HC10|^ (60 %  w/w) added. The 
dish was heated gently on a hotplate in a furnace cabinet until the 
fumes of perchloric acid were evolved; after a few minutes the dish was 
removed from the hotplate and allowed to cool. A further 3*0 ml of HP 
and 1.0 ml HC10|^ were added and the dish heated gently until fimes of 
perchloric acid were evolved. Fuming was allowed for five minutes, 
then the heat was increased and the mixture evaporated to dryness.
After cooling 10 ml of 2M HCl was added and the dish warmed until the 
residue was partially dissolved. An equal volume of water was added 
and heating continued until complete dissolution of the residue. In 
one or two cases the silica did not dissolve completely and the 
addition of an extra 1 - 2 ml HP was necessary. The solution was 
transferred to a 100 ml volumetric flask, the dish washed thorou^ily



and the washings added to the solution. After cooling, water was added 
to 100 ml. This solution was used for the determination of all the 
aforementioned elements with tne exception of Si, The details for each 
individ\ial set of determinations are given below.

(b) Iron (Soiirce of Method: P-U method Pe^)

Pye Unicam SP90 AA SpectrophotometerInstrument: 
Wavelength:
Slit Width:
Scale Expansion: 
Bumeii
Burner height: 
Fuel:
Air:

2I4 8 .3  nm
0.1 mm 
X  2
10 cm acetylene
1.0 cm
Acetylene pressure 0.7 kg/cm^, flow li+OO cc/min2
Pressure 2.1 kg/cm , flow $ l/m

The undiluted solution was used for determination of ferric oxide 
contents of 0 - I .6 0 96. For higher contents dilution was carried out 
according to Table 1.

Stock iron solution, equivalent to 1000 mg/l Fe (2859 nig/l ^©2^3 *̂ 
was available as FeCl^, prepared in N HCl by BDH for AAS.

Table 1 Dilution for Determination of Ferric Oxide

Voliune of 
Sample 

Soluti on
Volume of 
2M HCl

Final
Volume

Dilution 
Factor F

1.6 - 8.0 5 . 0 2.0 2 5 5
3 . 2  - 16.0 5 . 0 U.5 1 0

Standard iron solutions ofO, 5i 10» 25» 50 mg/l ferric oxide were made 
up from the stock solution. All solutions were stored in polythene 
screw top bottles. The calibration curve was a very shallow 'S* over 
the range 0 - 50 mg/l ferric oxide. Ferric oxide content was computed 
from:

r, ^ (R - B) X F%  FegO^ =  ̂ '
W X 100

( 2 )



where R = concentration in mg/l of ferric oxide in the eainple
solution

B r= concentration in mg/l of ferric oxide in thvi blank 
solution

V s= weight of sample dissolved, g 
P = dilution factor ( = 1 for sample solution)

(c) Aluminium (Source of Method: P-U method A12)

Instrument: 
Wavelength: 
Slit Width: 
Burner:

Perkin Elmer AA Spectrophotometer
3 0 9 . 3  nm
0.1 mm
5 cm nitrous oxide

Observation height: 1.0 cm
Fuel: Acetylene pressure 0.7 bar, flow 1̂ 000 cm^/min
Nitrous Oxide: Pressure 2.1 bar, flow $ l/m

Stock aluminium solution (900 mg/l Al^O^) was prepared by 
dissolving 0.261+7 g of high purity aluminium foil'in the minimum 
quantity of HCl (Sp.Gr. 1.18) and making up to 1.0 litre with water 
(Pye Unicam method A12). Standard aluminium solutions of 0, 25.0, 50.0 
and 7 5 . 0  mg/l ^^2 ^ 3 prepared. 0, 5» **0, 15 ml of stock A1
solution was added to four volumetric flasks. 5 ml of HCl (Sp.Gr.1.l6) 
and 10 ml of lanthaniim chloride solution (S %  La^) were added to each 
volumetric flask and made up to the mark with water. Lanthanum chloride 
solution was added to overcome the suppression of aluminium absorption 
by silicate ions. The sample solutions were prepared in the same way, 
giving a dilution factor of P = 1.18. The calibration curve in the 
range 0 - 50 mg/l AlgO^ is effectively linear. Percentage AlgO^ is 
computed from equation 2 (units as before).

(d) Silicon (Source of Method: P-U method Sil)

Because the preparation of samples by heating in HP causes loss of 
silicon as ’.olatile silicon tetrafluoride (W.J. Price and J.T.H. Roos, 
1 9 6 8 ) a different technique was used for silicon dissolution 
(Pye Unicam method Sil). 0.25 g of the prepared sample was placed in a 
100 ml polythene beaker (these were used to prevent the uptake of 
Impurities from glassware by HP). The sides of the beaker were washed 
down with about 10 ml of water. While stirring with a glass rod, 5 ml



of HCl (Sp.Gr, 1,18) was added, and gritty particles broken up. When .
the sample had dissolved, with the exception of any precipitated
silica, the rod was rinsed down with water, removed from thtf beaker and
1,0 ml of HF (1|0 %  w/w) added. If, after carefully swirling the
mixture, silica grains failed to dissolve a ftirther 1,0 ml of HF was
added. Then ^  ml of boric acid solution (U %  w/v) was added to
complex the hydrofluoric acid and thoroughly mixed. The solution was
transferred to a 200 ml volimietric flask, 10 ml of lanthanum chloride
solution (5 %  Lâ '*’) added and made up to the mark with water, LaClg
was added to all solutions in order to compensate for the enhancing
effect of altiminium, iron and calcium ions on silicon absorption, A
stock solution of SiO^ (5000 mg/l Si0 2) vas made by dissolving
8 , 8 2 3  S of pure sodium meta silicate, Na2Si0^5®2® water and diluted
to 5 0 0 ml. No gravimetric standardisation was undertaken as very high
precision was unnecessary. Standards corresponding to 0 %f 20 %t 1+0 %,
80 %  and 100 %  SiO in the original sample were prepared by the2addition of 0, 10, 20, 1+0 and 50 ml of the stock solution to five 
100 ml volumetric flasks. 1,0 ml of HF, 2,5 lol of HCl, 5 of LaClg 
and 2 5  ml of boric acid were added to each flask and these made up to 
the mark with water.

The instrument details for the Pye Uni cam SP90 AAS were as follows:

Wavelength: 251.6 nm
Slit Width: 0.1 mm
Burner: 5 om nitrous oxide
Observation height: 1.0 cm
Fuel: Acetylene pressure 0.7 Uar, flow 1+500 cm /min
Nitrous Oxide: Pressure 2,1 bar, flow 5 l/in

The calibration curve of percentage Si02 i^ the original sample 
against absorbance was slightly curved over the range 0 - 100 9̂ . The 
incomplete dissolution of silica grains despite addition of extra HP 
was found to be a problem and may have contributed to error in the 
final value of percentage SiOg.



(e) Titanimn (Source of Method: Depaartment of Geology,
Portsmouth Polytechnic)

Titanium is usually determined for use in converting 'by weight' 
chemical analyses to 'by volume' chemical analyses, making the 
assumption*^that TiOg is totally insoluble in the form of ilmenite 
(PeTiO^). The computation is not possible if significant amoimts of 
TiOg have been translocated with the clay fraction of the soil.
Titanium di-oxide was determined by visible spectrophotometry using a 
Unicam SP^OO UV series 2 visible spectrophotometer. The TiOg stock 
solution was prepared as follows. 0.1 g of dried pure TiOg was weighed 
and put into a platinum crucible. 2 - 3 g of AnalaR KHSO^^ was added 
and heated over a low flame until the melt was clear. The crucible was 
allowed to cool and the residue put into a 2^0 ml glass beaker 
containing 100 ml of HgSO^ (25 % w/w). The cake was dissolved by 
heating on a hotplate, adding the washings of the crucible. The 
solution was allowed to cool, transferred to a 500 ml flask and made to 
the mark with H^SOi^ (6 %  w/w). This solution had a concentration of
200 mg/l TiOg. 20 ml was then added to a 100 ml volumetric flask and
made up to the mark with HgSO^ (10 %  w/w), giving a dilute stock 
solution of IjO mg/l TiOg. The Ti reagent was composed of 50 ml HgSO^
(5 0 %  w/w), 50 ml ortho-phosphoric acid (2$ %  w/w) and 50 ml H^Og
(30 %  w/w) diluted to 500 ml and stored in the dark. Standards of 0, 
kt 8» 12, 16 and 20 mg/l were made up by adding 0, 5» 10, l5i 20 and 
25 ml of 1*0 mg/l TiOg stock solution to 50 ml flasks, diluting to about 
30 ml with water adding 15 ml of Ti reagent and diluting to the mark 
with water. Sample solutions were treated in the same way. Optical 
densities of calibration and sample solution were read at 1*00 nm. The 
calibration was very slightly curved in the range 0 — 20 mg/l Ti0 2 *

if^ Phosnhorus (Source of Method: Department of Geology,
Portsmouth Polytechnic)

PgO^ was also determined by visible spectrophotometry using the 
Unicam SP500. The PgO^ stock solution was prepared by drying a 
quantity of analaR KHgPO^ at 110°C and diluting 1.531+ g to 500 ml in a 
volumetric flask (concentration 1600 mg/l ^2^5^* then
diluted to 1 litre to make a working stock solution of 1*0 mg/l. The P 
reagent was prepared by dissolving 1 ,2 5 ® ammonium metavanadate in 
600 ml of HNO- (33 %  v/v) and mixing with 50 g ammonium molybdate

j



diluted to 1*CX) ml with water. Standards of 0, 1;, 8 , 12 and 16 mg/l 
TiOg were made by adding 0 , 5» 1 0 , 1 5  and 20 ml of dilute ^2 ^ 5 stock 
solution to five volumetric flasks, diluting to 3 0 ml, adding 10 ml of 
P reagent by pipette, mixing and making up to 50 ml with water. After 
allowing to stand for 1 5  minutes optical densities of samples and 
standards were read at U3 0 nm. The calibration curve was found to be 
linear in the range 0 - 1 2  mg/l ^2^5 *

(g) Manganese (Soiirce of Method: P-U method Mn5)

Instrument: 
Wavelength:
Slit Width: 
Scale Expansion: 
Burner:
Burner Height: 
Fuel:
Air:

Perkin Elmer AA Spectrophotometer
2 7 9 . 5  nm
0 . 1 5  mm 
X  2
10 cm acetylene 
0.8 cm
Acetylene pressure 0.7 kg/cm^, flow 1500 cc/min 
Pressure 2.1 kg/cm , flow 5'l/m

Stock manganese solution (250 mg/l MnO) was prepared by dissolving 
0 . 1 9 3 6  g of pure manganese metal in 10 ml of MCI (Sp.Gr. 1.16) and 
making up to 1 litre with water. A second stock solution (25 mg/l MnO) 
was prepared by pipetting 10 ml of 250 mg/l WhO solution into a 100 ml 
volumetric flask and making up to the mark with water. Prom this 
second stock solution standards of 0, 0.5» 1*0, 2.0, 3*0» U.O mg/l ifaO 
were made by adding 0, 2.0, U.O, 8.0, 12.0 and I6 .O ml to six 100 ml 
volumetric flasks and diluting to the mark with 0.2 M HCl. The  ̂
calibration graph of MnO concentration against absorbance was very 
slightly cxirved. Percentage MnO was calculated using equation (2).

i

(h) Calcium (Source of Method: P-U method Ca3)
Pye Unicam AA SpectrophotometerInstrument: 

Wavelength: 
Burner:
Slit Width:
Scale Expansion: 
Filter:
Burner:
Burner Height:

i*22.7 nm
10 cm acetylene
0 .0 8 mm
X 3 . 5
2
10 cm acetylene
1.0 cm



Acetylene press\ire 0.7 kg/cm^, flow 1^00 cm^/min2
Air: Pressure 2,1 kg/cm , flow 5 l/ni

Stock calcium solution (100 mg/l Ca) was prepared by dissolving 
0.2i+97 g of dry calcium carbonate in the minimum quantity of HCl 
(Sp.Gr, 1,18) and making up to 1 litre with water.

Standard calcium solutions of 0, 5» 10, 15 and 20 mg/l were 
prepared by adding 0, 5f 10, 1 5  and 20 ml of stock solution and 20 ml 
of LaClg (5 %  w/v) to each of five 100 ml volumetric flasks and 
diluting to the mark with water. LaClg was also added to the sample 
solution in the same proportions (final dilution factor = 1 ,2 5 ), Tha 
calibration graph of Ca concentration against absorbance was linear in 
the range 0 - 1 0  mg/l Ca. Percentage CaO was calciilated by equation 
(2) X I.U.

(i) Magnesium (Source of Method: P—TJ method

Instrument: 
Wavelength:
Slit Width:
Scale Expansion: 
Burner:
Burner Height: 
Fuel:
Air:

Pye-Unicam AA Spectrophotometer
285.2 nm 
0 .0 8 mm
1.0
10 cm acetylene
1.0 cm
Acetylene pressTire 0,7 kg/cm^, flow 1500 cm^/min 
Pressure 2.1 kg/cm , flow 5 l/o

Stock magnesium solution (loo mg/l Mg) was prepared by dissolving
0.10 g of oxide free magnesium ribbon in the minimum quantity of
AnalaR HCl and made up to 1 litre with water. A second magnesium stock
solution (l0 mg/l Mg) was prepared by pipetting 25 ml of the first «
solution into a 250 ml volumetric flask and making up to the mark with 
water. Standard magnesium solutions of 0, 0 .5 » 1.0, 1 .5  2.0 mg/l
Mg were prepared by adding 0, 5 » ^0 » ^  stock solution II
and 20 ml of LaCl^ (b %  w/v) to each of five 100 ml volumetric flasks. 
The diluted sample solutions were prepared by adding 10 ml of the first 
sample solution, 20 ml of LaClg (5 %  w/v) to 100 ml volumetric flasks 
and making up to the mark with water. This gave a dilution factor of
10. The calibration graph of Mg concentration against absorbance was



found to be slightly curved. Percentage MgO was calculated by 
equation (2) x 1.66.

(j) Sodium (Source of Method: P-U method NaU)

Instrument:

Wavelength:
Slit Width:
Scale E^cpanslon: 
Burner:
Burner Hei^t: 
Fuel:
Air:

Pye Unicam AA Spectrophotometer 
(flame emission mode)
5 8 9 nm 
0 .0 8  mm
X 2
Acetylene emission head
1.8 cm
Acetylene pressure 0.7 kg/cm^, flow 1000 cc/min 
Pressure 2.1 kg/cm , flow 5

Stock sodium solution, eq'oivalent to 100 mg/l NagO was prepared by 
dissolving 0 .2 2 9 0  g of AnalaB anliydrous sodi\im siilphate in water and 
diluting to 1 litre. Standard sodium solutions of 0, 1.0, 2.0, 3«0, 
i+.O and 5*0 mg/l NagO were prepared by adding 0, 1.0, 2.0, 3«0, k»0 and
5 . 0  ml of stock solution to six 100 ml volumetric flasks. Ammonium 
hydroxide-ammonium-carbonate solution was prepared by diluting 29 ml of 
AnalaR ammonia solution (Sp.Gr. O.8 8 0) to 200 ml with water; 
dissolving S,0 g of AnalaB ammonium carbonate in the solution, then 
transferring, to a $00 ml volumetric flask and making up to the mark 
with water. 10 ml of this solution was then added to each of the six 
volumetric flasks, together with 1.0 ml of 2 M HCl and made up to the 
mark with water. The ammonium solution was added to suppress , 
excessive flame ionisation. This was added to the sample solution in 
the same proportions giving a dilution factor of 1.11. The calibration 
curve of NagO concentration against percentage emission was slightly 
curved. Percentage NagO was calculated by equation (2 ).

(k) PotassiiM (Source of Method: P-U method K2)

Instrument:

Wavelength:
Slit Width:
Scale Expansion: 
Burner*

Pye-Unicam AA Spectrophotometer 
(flame emission mode)
7 6 6 . 5  nm 
0.1 

X 2
Acetylene emission head

8



Bumer Height; 
Fuel;
Air;

1.8 cm
Acetylene pressure 0.7 kg/cm^, flow 1000 cc/min2
Press\ire 2.1 kg/cm , flow 5 l/m

A stock K solution (lOO mg/l K) was prepared hy dissolving 
0 .1 9 0 5  S  water and making up to 1 litre in a volumetric
flask. Standards of 0, 1.5, 3, 5 and 10 mg/l were prepared by adding 
0, 1 .5 , 3, 5 and 10 ml of stock solution and 10 ml of the ammonium 
solution used for determining Na^O to each of five 100 ml volumetric 
flasks, and diluting to the mark with water. Again, the ammonium 
solution was added to suppress excessive flame ionisation. Samples 
were prepared by adding 5*0 ml of sample solution, 5*0 nil ammonium 
solution to 100 ml volumetric flasks and making up to the mark with 
water. The dilution factor was 10.0. The calibration curve of K 
concentration against percentage emission was very slightly curved in 
the range 0 — 5 mg/l K, below which all samples fexl. Percentage K 2O 
in the sample was calculated from equation (2 ) x 2.1;09*

The results of the analyses are compiled below

(1 ) Résulte of Total Element and Organic Carbon Analyses . 
(expressed as oxides) (% by weight o.d. soil)

Profile K Distance upslope; 2.8 m ___

Depth (cm) 8.00 2 2 . 5 3 6 . 5 5 2

% SiOg 8 3 . 2 5 8 3 . 2 5 9 8 .0 0 7 1 .5 0* 1

% Al.O 6 .6 0 6 .6 0 3 . 3 0 1 . 2 6

% 3 .6U 3 . 5 3 1 . 3 6 1 . 5 3

% T10_ 0.538 0 .5 0 8 d.3ii0 0 . 1 3 8

%
d

ItiO 0 .0 2 7 ( 2 ^ r  0.010 ( 7 .7 ) 0 .0 0 7 ( 51*) 0 .0 0 5 ( 3 .9 )

% 0 .0 8 0 0 .0 3 0 0 .0 0 0 0.000

%
i>

CaO 0 . 1 3 2 ( 9U) 0.101 ( 7 3 ) 0 .0 8 7 /V 62) 0 .0 3 5 ( 2 5 )

% ngo 0 . 3 2 5 ( 1 9 6 ) 0 . 3 3 8 ( 201*) 0 . 1 5 9 (
\ 9 6) 0 .0 8 0 ( 1*8)

% NagO 0 . 7 1 8 ( 5 3 2 ) 0 . 5 5 6 ( 1*12) 0 .3 8 0 2 8 2) 0 . 1 2 9 ( 9 6)

% KpO 3 . 1 6 (262h) 3 . 0 1 (21*9 8 ) 2 .3 9 0 (19 8 1*) 0 .8 9 0 ( 7 3 3 )

Total 9 8 .1*7 9 7 . 9 3 1 0 6 . 2 7 5 . 5 7

% 0/C U.U6 0 .51* 0 .0 0.0
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II. Exchangeable Element Contenta

Determination was made of the dominant exchangeable ions In the 
soil; these are calcium, magneslimi, potassium, sodium and manganese. 
The method used was that developed by Pye-Unicam, in conjunction with 
S.E, Allen of the Nature Conservancy, for the SPI9OO and SP1950 
AA Spectrophotometers and published by Pye-Unicam as an AA Method Sheet.

(a) Reagent Preparation

Calcium stock solution (IOO mg/l^; 0.2k97 g of dry calcium carbonate 
was dissolved in the minim\im voliame of HCl and made up to 1 litre in a 
volumetric flask.

Magnesium stock solution I (IOO mg/l) • 0.1000 g of oxide free
magnesium ribbon was dissolved in the minimum quantity of dilute HCl 
and made up to 1 litre in a volumetric flask.

Magnesium stock solution II mg/l): 5 nil of stock magnesium solution
I was pipetted into a 100 ml volumetric flask and made up to the mark 
with water. This was prepared fresh dally.

Manganese stock solution (IOO mg/l)_: 0.1000 g of oxide free
manganese metal was dissolved in the minimum volume of dilute HCl and 
made up to T litre in a volumetric flask.

PotassitiTn stock solution (IOO mg/l)s 0.1905 S potassium
chloride was dissolved in water and made up to 1 litre in a volumetric
flask.

Ptnnv Bnlutlon (o.h % 1,.7 g of AA grade lanthanvm
oxide was weighed and transferred to a 5C0 ml beaker. 300 ml of water 
were added, followed by 25 ml of hydrochloric acid (Sp.Gr. 1.18). The 
beaker was heated and the mixture stirred until the salt had dissolved. 
The solution was cooled and filtered into a 1 litie volumetric flask 
and made up to the mark with water.

17



Arnmnniiiiti acetate (h M): i|20 ml of ammonia solution (Sp.Gr.0.88o) were
added to 550 ml of glacial acetic acid and diluted to 1 litre with 
water. The pH was adjusted to 7*0 - 0.1 with a pH meter by sidding 
either ammonia or acetic acid.

AmTnnm'iim acetate M); one volume of ammonium acetate (1+ M) was 
diluted with three volumes of water.

Sigphuric acid (20 9^)t four volumes of water were added to one«
volume of sulphuric acid (Sp.Gr. 1.8i|).

(b) Calibration Solution Preparation

Manganese, potassium  and sodiim t: 0, 2 .5  5*0 J®1 o f each manganese,
potassiiam and sodium s tock s o lu tio n s  was p ip e tte d  in to  th re e  100  ml 
v o lu m e tric  fla s k s . 25 ml o f ammonium ace ta te  (I4 M) was added and each 
made up to  100 m l. These s o lu tio n s  then  conta ined  1, 2 .5  and 5«0 mg/l 
o f Mn, K and Na in  th e  presence o f 1 M ammonium a ce ta te .

Calcium and_j|ia^^sium> 0, 5*0 â id 10.0 ml of calcium stock solution 
and 0, 5 .0 and 10 ml of magnesium stock solution II were added to three 
100 ml volumetric flasks. To each flask was added 20 ml of lanthanum 
stock solution, 5 nil oi* s\ilphuric acid (20 %) and 25 ml of ammonium 
acetate (1+ M). These were then made up to the mark with water, finally 
containing 0, 5«0> 10.0 mg/l of Ca and 0, 0.25» 0.5 nig/l of Mg in the 
presence of 8OO mg/l of lanthanum, 1 %  sulphuric acid and 1 M ammonium
acetate. '

(c) Sample Solution Preparation
Soil samples were air dried (ad) at 1+0 C, The weights of ad soil 

were converted to oven dry (od) weights (1 1 5 °C) before computing the 
element concentrations. 5*0 S of ad sample was transferred to a 250 ml 
polythene bottle and 125 ml of 1 M ammonium acetato added. A polythene 
screw cap was fitted and the bottle shaken in an end-to-end shaker for 
1 hour. The mixture was filtered throxigh a Whatman I4I+ filter paper and 
the filtrate retained. Samples were extracted in duplicate and blank 
extraction performed with each batch of samples (solution B). Solution 
A was used directly for the determination of manganese, potassium and 
sodium. The solution for calcium and magnesim was prepared by

18



pipetting 20 ml of solution A, 20 ml of lanthanum stock solution, $ ml 
of STilphiaric acid (20 %) and 20 ml of 1+ M of ammonium acetate into a 
100 ml flask and making up to the mark with water. Solution B was 
processed identically. Further dilution was required for the 
determination of calcium and magnesium in some samples, and this was 
achieved as shown in Table 2,

Potassium and sodium were determined by emission. The ammoniimi 
ions in solution had the effect of suppressing excessive flame 
ionisation and the addition of extra ammonium acetate was unnecessary.

The concentration of each metal in mg of extractable metal per 
100 g of soil was calculated corrected to od weight. For manganese, 
sodium and potaesium:

.«/looe = (°s - C b ) X 1.25 » iq3
Wî o X (100 -  L)

(3)

and for calcium and magnesium:

mg/l00 g = (Cs - Cb ) X 1,25 X 5 X F X 10- (U)
WiUo X (100 - L)

where Cs

W.

concentration of element in sample solution in 
mg/l (mean of duplicates)
concentration of element in extraction blank 
solution in mg/l 
further dilution factor
weight of soil dried at i|0°C (5,0 g approx,) 
percentage loss at 105°C of soil previously dried 
at i|0°C

Pye Unlearn found the precision of the method to be low at 
- 5 - 10 %  which is attributable to the method of extraction. Other 
methods of extraction, e,g, the use of leaching columns, are relatively 
slow and the shaker method was used for this reason. Replicate samples 
were always within 5 %  of one another.
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(d) pH Determination

pH was determined using the Pye TJnicam method described in 
Chapter 5»

A small quantity of the original sample was mixed to a paste with 
distilled de-ionised water in a 50 ml glass beaker. pH was then 
determined in exactly the same way as for water samples, altho\igh 
readings were only taken after meter drift had finished. The results 
of exchangeable cation and pH analyses are compiled below.

(e) Results of Exchangeable Cations and pH Analyses 
(mg/lOO g od soil)

Profile S Distance upslope: stream bank

S1 S2 S3

Depth (cm) 7.0 22.0 3 7 .5
pH U.1U U.58 U.U9
K 11.85 it. 1 7 10.9U
Na 70 .31 1*1*.13 125.0 0
Ca 3 1 .8 8 2 2 .19 61*. 38
Mg 3.00 7 .5 0 U .5 3
Mn U .3 3 2 .76 1*.01

Profile K Distance upslope: 2.8 m

1

K1 K2 K3 Ki*

Depth (cm) 8.0 2 2 .5 3 6 .5 52 .0
pH 1».12 U.I4O 5.09 5 . 1 3
K 21. U7 7 .S0 2.99 U.1U
Na 11*6.88 9U .23 1*1*. 69 1*6.1*1*
Ca 6U .38 5 3 .1 3 2 5 .6 3 3 1 .8 8
Mg 25.78 28.91 7 . 1 3 13 .0
Mn 18 .70 7 .11* 1 .3 9 2.20

21



Profile A Distance upslopet 7*0 m

Profile B Distance upslope* m

B1 B2 B3 Bl; B5 B6

Profile C Distance upslope: 11.5 ni

Cl C2 C3 cu C5 C6

Depth (cm) 10 
pH 3.9 8
K 17.66
Na 27.50
Ca 3 . 1 3
Mg 2.09
Mn 13 .3 9

22



PROFILE D Distance upslope: 13.9 m

PROFILE F Distance upslope: 29.5 m

23



PROFILE G Distance upslope: 53 m

G1 G2 G3 C r h G5 G6 G7 G8

Mh

16 25
1+.16 ii.OO 
23.53 9.83
13 .8 8 33.31
11.25 00.0 1.25 3.13

10.0 3 . M  2.09 0.79 1.13 1.03
2l|1.2 13U.3 131.8 37.76 32.33 15.58

PROFILE H Distance upslope; 76.5 ®

HI H2 H3 H1+ H 5 H6

PROFILE J Distance upslope; 100 m

24



•/. I4q0

25



.08*̂* .12

A3.4

26



•/. AUO, 4 2 3 10 12

A3.6

27



80•/.Si O, 90 100

A3.8

28





CM

30



en

on•? e

31



i

ô
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The hillslope is divided into a series of boxes as shown in 
Figure 9 .5 (repeated below), with the pit at the lowest box edge. 
Tension and solute concentration data is required for all boxes in the 
6 x 9  array and moisture content for the inner U x 7 array. 
Additionally, the surface input fluxes, rainfall and the solute content 
of rainfall must also be known. The following symbols are used in 
outlining the method (see Figure 9.U A, reproduced below):

element axea, L
vertical distance between tensiometers, L 
distance between tensiometers, sub-parallel to 

the slope, L
slope angle of upper element in each column, de^ees 
soil moisture content at measurement point, L /L 
height of vertical element boundary, L 
length of element boundary sub-parallel to slope, L 
time interval between readings (tg - t.j), T 
gravitational potential at measurement point, L 
pressure potential at measurement point, L 
hydraulic potential at measurement point, L 
precipitation input to each element at the surface, L 
down profile water flux into each element in At, ^

(= Fp for i = 1 ), ^
water flux from upslope into each element in At, L /T
water flux downslope from each element in At, ^ 
water flux down profile from each element in At, L /T 
precipitation solute input to each element at the

surface, W/L^
dcwn prefile sclute flux intc each element in A  , W / W  
sclute flux from upslope into each element in At, V b  / 
solute flux dcwnslcpe from each element in At, W/L / 
solute flux down profile from each element in A t ,  / /
row notation 
column notation

Fz1 At

Px
Px,
Pz,

1 A t
2 A t

Jz
Jx

1 A t

Jx,
Jz,

1 At
2 At



The hillslope ie divided into a series of tores as shown in 
Figure 9 .5 (repeated below), with the pit at the lowest box edge. 
Tension and solute concentration data is required for all boxes in the 
6 x 9  array and moisture content for the inner 1* x 7 array. 
Additionally, the surface input fluxes, rainfall and the solute content 
of rainfall must also be known. The following symbols are used in 
outlining the method (see Figure 9.U A, reproduced below):

Fz1 At

Fx
Fx,
Fz,

1 At 
2 A t

Jz
Jx

1 A t

Jx,
Tz,

1 At
2 At

element area, L
vertical distance between tensiometers, L 
distance between tensiometers, sub-parallel to 

the slope, L
slope angle of upper element in each column, de^ees 
soil moisture content at measurement point, L /L 
height of vertical element boundary, L 
length of element boundary sub-parallel to slope, L 
time interval between readings (tg - t.j), T 
gravitational potential at measurement point, L 
pressure potential at measurement point, L 
hydraulic potential at measurement point, L 
precipitation input to each element at the surface, L 
down profile water flux into each element in At, ^

(= Fp for i = 1 ), I-Vt  ^
water flux from upslope into each element in At, L /D
water flux downslope from each element in At, L 
water flux down profile from each element in At, L /T 
precipitation solute input to each element at the

surface, W/L^ / 2/«,
down profile solute flux into each element in At, W/L /
solute flux from upslope into each element in At, W/L /T 
solute flux downslope from each element in At, W/L /T 
solute flux down profile from each element in A t ,  W/L /T
row notation 
column notation



H y d ra u lic  p o te n tia l fo r  each elem ent i s i

h i  -  V  a  *

The w a te r f lu x  from  upslope in to  each element is  then*

(U i )

Fx1, i+ 1 , 0+‘» A t = f d + 2 ■ ' ^ i + 1 ,  3 + 1 ) ^ 1 + 1 ,  3 + 1  ^ * 2

-  « < ^ i + 1 . d + 2  ■ * ^ i + i ,  3 + 1 1 + 1 ,  3 + 1

« 1 + 1 • ( C o s «  3 + 1 ■-  < = ° ® * 3 + 2 8

1 .1+ 1 -  h ,  3 + 1  A i ,  3 + 1 ^ ^ 2

-  « « 1 . 1 , d + 1  “ 3 + 1  A i . 3 + 1

• 2 . 1-3̂ 1 • Co® «3+1 i

The f lu x  downslope from  each element is *

\  j + l ) A t  = j+1 "  h*^, p t .2̂ (i+1

(¡4 ii)

- 0+1 " ***i+1.

• a + i M  • ®1 • ( ° ° « ^ j+ i  - ° ° " * ‘3+2^i

/  W h . ^ ,  3+1 -  3^1

- ((<^1+1, 3+1 ■ h ,  3+1 A i .  3+1

. 2 . . Coso.ĵ i] 0* iil)



The flux down profile from each element is (from continuity)!

Pz2 i+1, j+1At = ^ 1  i+1, j+1 t * *^2 i+1, j+lAt ■*■*‘'1 i+1, j+lAt

t)®i+1, j+1 tg ■ *i+1, i+1

• ®i+1 • • ^i+1 )
(U iv)

Hydraulic conductivity for each element is:

rr Vv / L .  ̂ . Cos oc.  ̂ . A tî+1, j+lAt " i+1, j+1At/ 0+1 0+1

• j+1 " î, j+1^/^i, j+1-̂ tj

" / ”̂ ^i+1, j+1 ” ^i, j+1^/^i, J+1-̂ 1̂ 1 ^
( k  v)

Downslope throughflow velocity is*

^i+1, j+1 A t = ^ 2  i+1, j+1 A t  * ^ ^ ^i+1, j+1

• i+1  ̂°°®*'i+i, i+1̂ (k Vi)

QAt

Pit discharge is:
i = n

j = X ^2ijAt / At
i = 2

(U vii)

The method for solute flux computation is the same but has an 
additional mass flow term. Thus, in equations (l, i - U iii) Boiate 
concentration, C, replaces hydraulic potential, 0, and solute flux ro
upslope into each element is:



The fl\ix down profile from each element is (from continuity)*

Pz2 i+1, j+lAt = i+1. 3+1 t + ̂ 2 1+1. j+lAf^^*‘l i+1, 3+1 At

" 0 * 1 + 1 ,  3+1 tg " *i+i. 3+1 t^^

(h iv)

Hydraulic conductivity for each element is*

rr Vv / L . „ . Cos - . A t
^i+1, j+ 1 A t i+'l» 0+1 A t /  j+1 0+1

• |/'(**’l+l, 3+1 ■ *̂ l, 3+1 3+1-̂ t.

- /(I^l+l, 3+1 ■ 3 + l V ^ t >  ^
(U v)

Downslope throughflow velocity is*

^ + 1, j+lAt = ^ 2  i+1. i)+1 ^ 1̂ * ^ ^

. (Cosoij^^^^ .At (U Vi)

Q At

Pit discharge is*
i = n

3 = 1 X  *^2l3At / A t
1 = 2

(U vll)

The method for solute flux computation Is the same but has an 
additional mass flow term. Thus. In equations (l, i - U iti) 
concentration, C, replaces hydraulic potential, <t>, and solute f ux ro
upslope into each element is*

L



Jx1 i+1 , d+1 At = j+1 A t

• , j+1 t„ °i+1, J+1
(1+ vili)

where is the BHS of equation U  ii)» with C substituted for 

Solute flux downslope from each element is*

Jx« .2 i+1, j+lAt = 2 i+1, j+lAt

i+1 f j+1 trt 'i+1, j+1 t )/2j]  (1* lx)

Where Dg is the RHS of equation {h iii), but with C substituted for 0 . 

The down profile flux from each element is*

Jx2 i+1, j+1 A t  = ^*1 i+1. j+1 At + ^*2 i+1, j+1 A t  ” 1̂ i+1, j+1 At+ Jz.

t )" ®i+1. j+1 *2 ■ J+1 *1

• “i+1 • °°°“ j+1 • ^i+1 )
(Ux)

D*

The dispersion coefficient is*

t = i^*1 i+1. j+1At - / ^ 1  i+1. J+1At 

• ((°i+i, j+11, + °i+i. j+1

i+1 , j+IA

/  h + 1 , d+1 • i+1 •

• l ' ( ° i+ 1 ,  j+1 " °i+1. i+ lV * * ! -  i+1^ 

-  ( ( ° i + 1 . i + 1 - ‘= i . > 1 > / ‘‘l . i + 1 ^ i



Throiaghflow solute discharge to the pit is: 

i = n
2 i M t

The concentration of this solution is:

° A t  = '^qAt/  **At

It is implicitly assumed that the -'source-sink*' term in 
equation (9 .3 1 ), i.e. f(o)^^ ^ , is incorporated in the solute storage 
change term of equation (U i), although in a pure simulation model this 
fimction woxild require specification.
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Attention is drawn to the fact that the 
copyright o f this thesis rests with its author.

This copy o f the thesis has been supplied 
on condition that anyone who consults it is 
understood to recognise that its copyright rests 
with its author and that no quotation from 
the thesis and no information derived from it 
may be published without the author’s prior 
written consent.
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