











ABSTRACT

The solid geology of the Loch Dee catchment was characterised according to
chemistry and mineralogy. The chemistry of weathered and unweathered rock samples
were compared. Differences noted did not conform to the weathering scenarios of
Goldich. The results, which were explained with reference to weathering rates,

supported previous observations on ba.se flow water quality in the area.

The drift geology of the area was characterised chemically and texturally and found
to be of mixed local origin. Soils in the area were sampled and analysed. They
exhibited some chemical differences due to soil profile type. The lack of soil chemical
variation due to geology was explained by the mixed drift component of the soil
parent material. Soil thin sections highlighted the heterogeneity of drift material in the
soil and indicated drift cover was not uniform. Movement of organic material through
the .sail profile was identified and considered important in the transport of Al within

the catchment.

Soil waters were sampled at monthly intervals over a 15 month period. Chemical
analyses indicated a strong maritime influence that gave rise to seasonal variations.
Other patterns in the soil water chemistry were explained by changing temperature and
biological uptake throughout the year. Solutions extracted from soils overlying diorites
and granodiorites were found to be relatively enriched in Al. Other chemical

differences identified were thought to be related to .soil site distinctions.
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CHAPTER 1 :Introduction

11 Acidification of the environment.

Acid rain has been suggested as the cause of much environmental damage within the
Western world e.g. the decline of Germany’s Black Forest, loss of fish stocks in
Sweden, Norway and Scotland and the destruction and decay of many architectural
masterpieces. Rain water is naturally acidic with a pH of 5.6, the theoretical pH of
pure’ water in equilibrium with dissolved COj at atmospheric conditions. It is only
described as acidic, however, when its pH < 5.6 implying the presence of more than
CO:. as impurities in the water. Acidifying compounds included in acid rain may vary
but the most important are SOj, NO and NO., (collectively referred to as NO,)
together with their reaction products. Oxidation and acid/base reactions convert these
gases to acids and airborne particles or aero.sols e.g. HNO,, H.SO., S..”and NO,
(Fowler et al 1985, Kennedy 1986). In this way, the ’acidity’ of rain water is

dependent on its proximity to pollutive sources.

Acid rain is a collective term encompassing all po.ssible routes for the deposition of
acidifying pollutants from the atmo.sphere. These include wet deposition, (deposition
of pollutants dissolved in precipitation either as rain or snow), dry deposition, (the
adsorption of gases and/or aerosols directly from the atmosphere) and occult
deposition (deposition of pollutants in fog and dew). These forms of ’acid rain’ affect
areas exhibiting specific natural and anthropogenic features to different degrees. Wet
deposition is most important in areas of high rain and/or snowfall. Since the.se
typically increase with altitude, upland areas arc often most prone to deposition in this

form. Forested areas are prone to acid rain mostly through dry and occult deposition.



A recent study by Nisbet et al (1992) suggested occult deposition in a forested upland
area could be as much as 180% of that in a similar moorland area due to the increased
scavenging ability of forested areas for pollutants. Conifers have a greater capacity
than most broadleaves for scavenging pollutants from the atmosphere because of the
high surface area of their needles, Stokes Law, (Mayer and Ulrich 1983, Miller 1984).
Sitka spruce was shown by Miller et al (1991) to especially enhance the interception
and sub.sequent cycling of anthropogenically deposited sulphur. Coniferous plantations
generally tend to exhibit the effects of acidification more rapidly than broadleaved
plantations although in the absence of pollution, forested zones need not necessarily
increase environmental acidification (Miller 1985). In addition to forested zones any
area susceptible to fogs and low lying clouds will be affected by occult deposition

(Dollard et al 1983).

Research concerned with the causes and effects of acidification has been executed at
an individual .scale and by large teams of workers. The Surface Water Acidification
Programme (SWAP) involved the collaboration of some 30 re.search groups and a
wide variety of institutions and disciplines within Britain, Norway and Sweden. It was
designed to .study the main physical, chemical and biological processes involved in
acidification of surface waters, (Ma.son 1990). Other smaller .scale ventures have been
of great importance e.g. Loch Fleet and nearby Loch Dec projects. The Loch Fleet
project assumed the loss of fish from this loch in SW Scotland was cau.sed by a
change in water quality (Howells and Brown 1987). Tlic project explored the potential
of a variety of ameliorative techniques including the liming of both land and surface

waters and found short term solutions for the fish survival (Howells and Dalziel 1992).



1.2 Natural versus anthropogenic acidification.

There has been considerable disparity in the literature concerning the importance of
acid rain as a cause of environmental acidification. Many authors have stressed the
natural acidification of soils and subsequently waters through time (Krug and Frink
1983, Cresser and Edwards 1987). Krug and Frink (1983) denied the necessity of
atmospheric input into the ecosystem to cause the current level of acidification. These
authors suggested acidification could be brought about by a greater quantity of raw
humus in surface waters caused by changing land use practices and/or from the
biological oxidation of C,N and S. Kennedy (1986) and Cresser and Edwards (1987)
also indicated the possible importance of isolated events such as volcanic activity,
thunderstorms and wildfires in the addition of acidifying compounds to the
environment. Johnson et al (1984) accepted the existence of natural acidification but
refuted the thesis proposing the insignificance of atmospheric acidic input to the
problem. Rowell and Wild (1985) also stiessed a combination of natural and
anthropogenic acidic sources as the cau.ses of soil acidification. Jones et al (1989) used
paleolimnological techniques to show the acidification of non-afforested lochs in the
Galloway region of Scotland could only be explained by acid rain. Other workers also
concluded that long term acidification of the environment resulted mainly from an
increase in sulphate in atmospheric deposition, (Skartveit 1981 and Van Breeman et

al 1984).

1.3 Response of systems to acidic input - role of the soil.
The respon.se of a system to an input of H* ions from the atmosphere varies and

depends, to a great extent, on the nature and properties of the soil within that system.



Soil may act as a buffer to neutralise incoming acidity by ion exchange mechanisms
(Kennedy 1986). Soils can undergo ion exchange if they possess colloidal clay and/or
organic matter. These substances possess a net negative charge arising in the clays
because of either isomorphous substitution or clay lattice edges (Krauskopf 1979).
These negatively charged particles attract cations to their surfaces in order to retain
electrostatic neutrality. Basic cations are more usually found on clays whereas organic
matter tends to attract H ions and organic soils are thus more acidic. For ion exchange
to occur within a system Bache (1984) outlined the following constraints:

1 There must be excess .salt pre.sent.

2. Charge balance in solution mu.st be maintained.

Bache also stres.sed that reactions between acid waters and soils would be more rapid
when tliere was a considerable disequilibrium between the H ion concentrations of the

solution and the soil.

The availability of base cations on the soil exchange complex (ba.se saturation), is the
principal determinant in the acid neutralising capacity (ANC) of a soil. This presence
of cations within the soil environment is principally determined by weathering rate and
potential of .soil parent material. Primary minerals are decomposed by slow acid
hydrolysis reactions (Canoll 1970, Hunt, 1972) relea.sing cations into the .soil where
they are available for exchange. If the soil parent material has abundant and easily
accessible base cations resultant soils will have a greater ba.se .saturation. Therefore,
soils derived from basalts usually have a good base saturation and will be able to
neutralise most incoming acidity, hence the persi.stcncc of small farming communities

on fertile slopes of basaltic volcanoes. In contrast, soils formed on highly siliceous



rocks of low weatherability will be base poor and more prone to early acidification.

1.4 The importance of aluminium within the acidification problem.

The association of acid rain with fish decline is proposed by increased mobilisation
of aluminium from acid soils. Although the ba.se status of acid soils, by definition, is
very low there are typically large amounts of aluminium present on the exchange
complex. The form of aluminium on release determines its level of toxicity to fish.
Van Breeman et al (1984) looked at the internal proton sources within soil systems
and showed that acidic soils impacted by atmospherically deposited sulphate would
release inorganic monomeric forms of aluminium. These are toxic to fish (Birchall et
al 1989). However, aluminium relea.sed from .soils may be complexed by ligands that
render it non-toxic to fish e.g. aluminium released in .storm waters is often associated
with organic complexes (Giusti 1991) and is non-toxic. Other complexing ligands that
have the effect of decreasing the toxicity of soluble aluminium include fluoride
(Moore and Ritchie 1988) and silicic acid (Exiey 1989). It is therefore important to
detennine the form of aluminium in any soil and/or water acidification studies. Many
different methods have been propo.sed in the literature for the determination of the
toxic fraction of aluminium (Chapter 6). Exiey and Birchall (1992b) te.sted a humber
of fractionation methods for the identification of hydroxyaluminosilicate species within
synthetic solutions containing aluminium. They proposed that although the formation
of such .species increa.sed aluminium solubility it actually decrea.sed the toxicity of Al
to fish. This link between aluminium and silicic acid was deemed very important in
the context of this thesis, since silicic acid is released on rock weathering (Carroll

1970, van Breeman and Brinkman 1976, Johnson 1984).



15 Other factors in acidification

Burt (1979) investigated the effect of hydrological pathway on the chemistry of
rainwater en route to a stream or loch. He found that if waters entered a soil profile
they were buffered relative to those flowing overland. The length of retention time
of waters within soils also influences the buffering of acidic components. Thicker and
lower angled soil patches lead to greater retention times and better buffering of any

acidity, (Cozzarelli et al 1983, Bache 1984).

The susceptibility of a catchment area to the inputs of acid rain will also be
determined by .sea.sonal and temporal factors such as the proximity of the coast e.g.
sea salt events (Wilklander 1975) and frequency of .storm events. Langan (1986)
looked into the acid surge effects in streamwater associated with the input of large
quantities of seasalts from coa.stal rains. He found that the greater concentrations of
sodium in coastal rain led to the release of H* ions into the aquatic system by
exchange between the rain and the acidified .soil exchange complex. This resulted in
a decrease in streamwater pH leading to an 'acid surge’. These sea-salt events can be
beneficial in the short term to the base status of soils with Na* being retained on the
relea.se of H*. However, these cations will typically be exchanged for H* through time
leading to the re-acidification of the .soils. Acid surges can also occur following
snowmelt (Drablos and Tolland 1980). lonic impurities in snow tend to fractionate into
early melts resulting in large concentrations of pollutants, especially nitrates, being

relea.sed and causing acidification.

The frequency and impact of storm events has been considered by many workers (Burt



1979, Reid et al 1981a, Skartveit 1981). These have shown storm events to result in
an increase in stream flow accompanied by increases in acidity, concentration of Al
and dissolved organic carbon (DOC). The concentration of base cations usually
decreases at these times due to both dilution and the source of most surface storm
waters being from the organic horizons of soils. These responses, however, are
dependent on antecedent soil moisture conditions. If a storm follows another storm this
response is unlikely whereas if a storm follows a diy period the.se features can usually

be noted (Walling and Foster 1975).

1.6 Sensitivity of catchments to acidification and predicting respon.ses.

The sensitivity of a catchment to acidifleation is thus very complex involving at least
two scales of time and many interacting variables. The Department of the Environment
has recently used the Critical Loads system, originally used by the Canadian
government in the 70’s, to determine the sensitivity of areas to acid input. This data
thirsty system can be applied to soil and/or water quality parameters and the results
used to suggest whether or not a paiiicular system is prone to acidification and also
for future predictions to determine whether planned decreases in emissions would
improve the lot of currently .sensitive areas. The critical loads approach, however, u.ses
mean data and does not recognise short tenn fluctuations like low the pH events
as.sociated with the increa.sed solubility of aluminium. Application of the critical loads
system to the soils and waters of the same catchment produced some contrasting
results, (Langan and Harriman 1992) and highlighted the poor definition of the .system

as a whole when viewed for a small catchment.



The desire to predict the responses of the environment to both changing and constant
deposition pollutant levels has led to the production of many chemical models working
at both a long and short (episodic) time scale. Long term models take account of
current deposition levels and estimates of how they have varied historically. They also
involve estimates for weathering which are extremely difficult to obtain; much
re.search has gone into this problem alone (Reid et al 1981b, Wilson 1986, Jacks 1990,

van Grinsven and van Riemsdijk 1992).

The MAGIC (Model of Acidification of Ground-water in Catchments) model of Cosby
et al (1985, 1986) was explicitly designed to perform long term simulations of changes
in streamwater chemistry in response to changes in acid deposition. It is basically a
chemical model driven mainly by changes in sulphate inputs. The Birkenes Model of
Christopherson et al (1982) is a hydrochemical model designed to simulate short
period changes in .stream-flow and chemisti-y and to account for the episodic and
sea.sonal variations within the chemistry. The ILWAS (Integrated Lake Watershed
Acidification Study) model of Gherini et al (1985) is a more sophisticated and data
intensive short tenn hydrological response model that pays pailicular attention to

chemical changes due to water routing.

The.sc models have been applied to many catchment sized studies throughout Britain
and Norway (Whitehead et al 1986, Whitehead and Neal 1987, Whitehead et al 1988,
Jenkins et al 1988, Stone et al 1990). However none of them successfully account for
dual time nature of the acid .sensitivity problem. Robson et al (1991) suggested a way

towards predicting the future epi.sodic changes in stream chemistry using a



combination of a long teim model (MAGIC) and an end member chemical mixing
approach. This was applied to the Afon Gwy catchment at Plymlimon in Wales and
the model produced a good fit to observed pre.sent day stream, soil and baseflow

chemistry.

1.7 Current aims: the problem outlined.

Theoretical considerations outlined in this section indicate that variation within the
solid geology of a catchment area may be reflected in soil chemical characteristics
such as soil base status and ANC. Additionally, differences in soil parent materials
may re.sult in a variable input of aluminium in both form and amount to the aqueous
environment. This project aimed to see if the.se hypothe.ses could be supported by

work at Loch Dee.

The study area: The Loch Dee basin, S.W. Scotland.

The area chosen for the study was Loch Dee situated in the Galloway hills in SW
Scotland, (see in.set of Figure 1.7A for location details). Loch Dee forms the head-
water of the Kirkcudbrightshire River Dee. The Loch has a surface area of Ikm” and
a total catchment area of 15.6 km™. TTie area has been the focus of an investigation
into the effects of acidification on forestry and fi.sheries since 1979. This project is
coordinated by the Solway River Purification Board (SRPB), the Forestry Commi.ssion

and the Scottish Office Agriculture and Fisheries Department (SOAFD).






The catchment area is subdivided into 3 sub-catchments, shown in figure 1.7A, which

show different characteristics:

1 The Dargall Lane sub-catchment is not afforested, has a high mean angle of slope
and typically a poor water quality.

2. The White/Black Laggan sub-catchment is partially afforested (c.30%) has a gentle
slope and typically good water quality.

3. The Green Bum sub-catchment shows the highest degree of afforestation (c.70%),
a moderate to low slope and variable surface water quality.

For further details of water quality .see Bums and Lees (1987) and Lees (1988, 1989,

1990, 1991, 1992).

In the Loch Dee area the .soil parent material is a combination of solid and drift
geology. The solid geology is split into two main types: relatively ba.se rich and more
weatherable diorite and granodiorite and relatively base poor and less weatherable
greywackes and shales. The drift geology ol boulder clays and morainic gravels
appears to be widespread throughout the catchment. De.spite the local derivation of the
drift its pre.sence could cause problems in defining soil parent materials and hence

could confuse chemical inputs to the soil system.

Despite the presence of this drift material, work by Welsh and Burns (1987) suggested
a geological control over water quality in the Loch Dee catchment. They indicated this
was best noted at baseflow conditions where the contrast in water quality between the

Dargall Lane and the White Laggan bums was most obvious. A later review paper by



Bums and Lees (1987) further stressed that the pH difference in the streams was
primarily due to catchment geology. Following this Grieve (1990b) attempted a
systematic comparison of soil water chemistry on different parent materials within the
Green Burn sub-catchment. The results of this study led to the conclusion that soil
solution chemistry within the Green Burn catchment displayed significant variations
that could be related to a number of factors. The parent material control however, was
slightly obscured by differences in the depth of organic horizons but the distinct
patterns of neutralisation of acidity in 3 plots of different parent material were related
to soil variation greater than could be explained by the organic di.screpancy alone. The
present thesis is an extension of the work of Grieve aiming to determine the reality
of a parent material control on the stream water and thus loch water quality in the

Loch Dee basin.

In an attempt to decrea.se the variables affecting soils and their .solutions work mainly
focu.sed in the White/Black Laggan and Green Burn sub-catchments, south of the
affore.station. However, in order to sample particular lithologies, e.g granodiorite, it
was sometimes necessary to enter the afforested limits. Giusti had already begun work
on a similar theme in the Dargall Lane sub-catchment (1991) so this .sub-catchment
was not included. In addition, to ensure no confusion with past liming experiments in
the White Laggan sub-catchment, the area of application of the lime was avoided for

the purpo.ses of soil sampling.

12






Chapter 2: The solid geology of the Loch Dee area.

2:1 INTRODUCTION

Loch Dee is situated within the Southern Uplands of Scotland. The overall geology
of the Southern Uplands region is typified by Ordovician and Silurian sediments and
meta-sediments with a few granitic intrusions (figure 2.1). To the north of the
Southern Upland fault the region is juxtaposed against igneous and sedimentary rocks
of the Scottish Midland Valley. Further north still passing the Highland Boundary
Fault metamorphic rocks are most common. Crossing the Scottish Border into the
English lake District to the south similar Ordovician and Silurian sediments and meta-
sediments are found to outcrop. These generate a topography not dissimilar from the

Southern Uplands themselves.

Loch Dee is located on the .southern margin of the Loch Doon pluton (fig 2.1 A) one
of three major Devonian (Old Red Sand.stone-ORS) intrusions in the Galloway area.
The pluton is a steep sided body extending from Loch Doon in the North to Loch Dee
in the south, c. 12 miles. The date of intrusion into the already altered country rocks
was estimated by Halliday et al (1979) using Rb/Sr whole rock and U/Pb zircon
analyses at some 408 Ma. This coiresponded to the end of the Caledonian orogeny

following the suture of the lapetus ocean, (Brown et al 1979).

The geomorphology of the area (plate 2.1A) reflects the su.sceptibility of the solid
geology types to weathering and glacier action. The loch, a topographic depression,

is located on weatherable intermediate igneous rocks, plate 2.1A1. High ground south
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W*Jte 2_1A: Digitised Icontours at 10m intervals for the Loch Dee
area and the corresponding 3-D map showing the topography of the
Loch and surrounding hills.
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of the loch is formed by highly siliceous Ordovician and Silurian meta-sediments.
North of the loch resistant granite constitutes the central belt of the Loch Doon
intrusion forming spectacular mountainous areas including Craiglee at 1741ft,

Mullwharcher at 2270 ft and Hoodens Hill at 1790 ft (plate 2.1B).

2:11 The meta-sediments

The sedimentary sequences found in the Loch Dee area were formed in marine
conditions possibly on a continental slope. During the Ordovician, marine incursions
resulted in the deposition of some deeper water deposits i.e. the black shales. These
outcrop as highly folded beds on both the Curleywee and White Hill summits, (fig
2.1B). The sediments show a prevalent NE to SW .strike which was imparted on the
rocks of SW Scotland during Caledonian earth movements, (Gardiner and Reynolds
1932). Minor faulting within the area (plate 2.1C) can also be attributed to the same

source.

2:12 The Loch Doon Plutun

Figure 2.1A (page 16) based on an original from Gardiner and Reynolds (1932),
illustrates the petrology of the Loch Doon pluton. The diagram shows the pluton’s
concentricity in terms of ’acidity’. Granite occupies the central zone of the pluton with
an outer zone composed of more basic granodiorite. Diorite outcrops in the SE and
NW corners of the pluton. The boundaries between the different rock types are diffu.se.
Nomenclature of the rocks within the Loch Doon pluton varies throughout the
literature and no single piece of work is in agreement with the terminology adopted

on figure 2.1 A. Relationships between the nomenclature used in the literature and that
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adopted throughout this study, chosen to reflect both the literature and the results from

the classification of geological samples (section 5.2), are given on table 2.1 A

Table 2.1A: Nomenclature of the igneous rocks of the Loch
Doon pluton from the literature.

Granite Granodiorite Diorite
Teall 1899 Hornblende Qtz diorite or Hyperite or norite
granitite tonalite
Gardiner and Granite Tonalite Norite
Reynolds 1932
Ruddock 1969 Admellites Granodiorite Hypersthene
rocks -diorites
Brown et al 1979 Granites Qtz monzonites Diorites

2.13 Pluton formation

The geological history of the Loch Doon pluton has been debated. Gardiner and
Reynolds (1932) suggested the pluton formed as a result of three separate intrusions
the first and most basic intrusion gradually being split apart by more acidic and
successively later intrusions. Ruddock (1969) showed differentiation trends within the
chemistry of the rocks that suggested the magma for all three rock types originated
from one source. He used Mg:Fe ratios and Cr content of the rocks to suggest an
association with gabbroic material during petrogenesis. Brown et al (1979) produced
the most plausible account of the pluton history. They concluded that the form of the
pluton resulted from a parental monzodioritic magma generated from meta-basaltic
crust which rose and fractionated progressive skins of dioritc, quartz monzodiorite and
monzonite leaving granitic residual liquids. They suggested this included the

assimilation of country rocks which explained .some of the petrographical variations
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noted within the intrusion, (Higazy 1954, Maclntyre 1947, Rutledge 1950).

2.14 Contact metamorphism within the area

The intrusion of the Loch Doon pluton altered the complex Lower Palaeozoic country
rocks. Teall (1899) noted an increasing presence of biotite mica and loss of quartz
grain boundaries in the sediments closer to the pluton. Typical metamorphic minerals
e.g. andalusite and sillimanite were rarely reported. Garnet, however, was said to be

characteristic of contact metamorphic rocks of the Loch Dee area, (Teall 1899).

2.15 Minor igneous intrusions

Dykes were intiuded into both the country rock and the igneous mass. Ruddock (1969)
studied the dykes ’within’ the pluton. He propo.sed the dykes were of two different
phases one pre pluton injection of ’lamprophyre’ dykes and one post pluton of a
variable composition including both acidic (porphyritic, microgranodiorite,
microadmellite and microgranite) and basic (lamprophyre and microdiorite) dykes.
Gardiner and Reynolds (1932) suggested most of the dykes intruded into the meta-
sediment mass were post pluton as they showed no metamorphic alteration. The

characteristics of post-pluton dykes are pre.sented in table 2.IB.

Tcall (1899) indicated a few differences;
1 Porphyritic dykes included plagiocla.se, hornblende and biotite as phenocryst.s.
2. Diorite dykes hornblende was deep brown, the presence of biotite was not stressed.

3. Lamprophyres included hornblende as slender prisms.
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Table 2.1B: Characteristics of post-pluton dykes according to
Gardiner and Reynolds (1932).

Classification
Felsites and quartz
porphyries

Porphyrites

Diorites

Main mineralogy

Orthoclase + gz +
chloritised biotite + sodic
plagioclase

Biotite, hornblende, augite
(in samples from Loup of
Laggan),

Qz + biot + hbl (green);

Features

Grey to pinkish rocks with
phenocrysts not
conspicuous.

Microcrystalline
groundmass.
FeiTomagnesian minerals
g/m or phenocrysts.

Occur as dykes and larger

this may be most dominant. intrusions. Coarse.

Flag and biot and hbl.

Lamprophyres - mica or
Occasional kspar in g/m.

hornblende Few phenocrysts.

2.16 Rock weathering

Weathering of rocks occurs because of the instability of many common rock forming
minerals at earth surface pressure and temperature conditions (Boul et al 1973,
Johnson 1984). Goldich (1938) de.scribed the weathering of the common silicate
minerals in terms of structural complexity, fig 2.16A. This figure corresponds to
Bowen’s Reaction series which describes the cooling and cry.stallisation of silicate
minerals from a magma.

Silicate mineral structure is based on the arrangement of 4 oxygens around 1 silicon
in a tetrahedral arrangement forming the silicon tetrahedron. The degree of linkage
between adjacent tetrahedra determines a minerals’ structural strength and sub.sequent
su.sceptibility to weathering. Olivine which crystallises at high temperatures from an
igneous melt, is an orthosilicate. Structurally, olivine involves i.solated silicon
tetrahedra linked only by cations (Fe and/or Mg). This 'weak’ structure is prone to

weathering. Pyroxene minerals crystalli.se at lower temperatures and share one oxygen
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between adjacent silicon tetrahedra linking them in chains. Cations lie between the
chains. Amphibole minerals, which form at lower temperatures, involve more oxygen
sharing and form double chains. Micas are formed by the interlink of Si tetrahedra
to form sheets. Finally, at the base of the temperature scale, quartz represents a
tectosilicate where silicon tetrahedra are linked to form a 3 dimensional framework.

This type of structure is very resistant to weathering.

Figure 2.16A Stability of common silicate minerals according to (Uoldich (1938)

Most Formed at high
easily temperatures
weathered

Olivine
Pyroxenes Calcic plagioclase
Amphiboles
Biotite Sodic plagiocla.se

Least Potassium feldspars

easily Muscovite
weathered Formed at low
Quartz temperatures

The right hand side of the diagram involves the continuous solid solution series of the
plagioclase feldspars. The calcic members of the series e.g. anorthite, bytownite,
labradoritc arc more susceptible to weathering. These members include a greater level
of Al substitution for Si within the Si tetrahedron. Each substituted Al provides a

weak link and makes a mineral more susceptible to weathering (Johnson 1984).
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2.2 AIMS

The main aims of this chapter were:

1 To establish chemical and mineralogical characteristics of the solid geology from
the Loch Dee area.

2. To produce a database against which to compare soil chemistry.

3. To determine the likely effects of weathering on the different rock types and

compare these with measured findings and literature predictions.

2.3 MATERIALS AND METHODS

2.31 Sampling

The rocks of the Loch Dee area were sampled in November 1989 at locations shown
in figure 2.1B. The grid references for the.se sample points are given in appendix A
with sample names and rock types. The material sampled was as *fresh’ as possible;
weathered rocks were sampled at 14 of the points. These were collected for
comparison of analytical results between weathered and un-weathered samples.

The number of samples taken from each rock type was assessed according to the
following factors:

1 The areal outcrop of a particular rock type according to previous geological maps -
these indicated diorites and Ordovician meta-.sediments to be most common.

2. Variability within a single rock type as identified by previous authors. Gardiner and
Reynolds (1932) and Ruddock (1969) suggested greater variability in the diorites than
granodiorites. In addition, the meta-sediments were termed complex by many authors,
(Teall 1899).

3. Although dyke rocks arc only minor occurrences they were sampled thoroughly. It
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has often been found that dyke material can drastically influence soil and stream-water
chemistry. This was the case at the Loch Chon catchment in central Scotland where
the presence of a dolerite dyke increased soil water Ca by a factor of 5 compared with
soils in the rest of the catchment (Miller et al 1990). This increa.sed Ca was also noted
in stream-waters and highlighted the way geology could contribute significantly to

stream water chemistry.

Using these as guidelines the number of samples taken for each rock type was:

Granodiorite (Major) = 3 + 2 weathered
Diorite = 12 + 5 weathered
b3 (Ordovician) meta-sediments (mixture of coarse and fine) = 17 + 3 weathered
b4 (Silurian) meta-sediments (mixture of coarse and fine) = 8+1 weathered
Black .shales =4
Dyke rocks = 6 + 2 weathered

Granodiorite (minor) 2 + 1 weathered

Others =9

2.32 Methods

The rocks were tested for:

1 Major oxide content by X-ray fluorescence (XRF).
2. Trace element content by XRF.

3. Mineralogy by thin section de.scription of the coarse meta-sediments and the

igneous material from the area.
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2.33 Chemical analytical methods

A representative sample of each rock type, (2 fist sizes for coarse samples and 1 for
fine samples - Batcheolar 1980) was transferred to the Grant Institute at Edinburgh
University for chemical analysis of major oxides and trace metals by XRF methods.
Initial preparation of rock samples included crushing and grinding to a fine powder
using a combination of hydraulic rock splitters, jaw crushers and a tungsten carbide
tema mill. All equipment was cleaned between .samples to avoid cross contamination;
this was especially important at the powder stage in the tema pot. Once a rock had
been powdered two different routes were followed; one method for major oxides

another for trace metals.

Major oxide preparatory procedure.

Major oxide preparation procedure was complex:

1 Rock powder .samples were dried by placing a sub-.sample into a glass jar at 110°C
for at least 2 hours.

2. Once dried a known weight (c.0.9g) of di'y rock powder was added to a pre-
weighed and clean platinum cruicible. 5 x the exact weight of rock powder was the
amount of flux (Spectroflux 105) neces.sary for addition at later stage.

3. The cruicible was covered with a lid and placed on a silica tray in a furnace at
1100"C for at least 20 minutes.

4. After heating .sample was removed from the furnace and placed on a steel cooling
block for 1 minute then in a desiccator before reweighing and calculating the loss on
ignition of the .sample.

5. The predetermined weight of flux was added to the sample and it was returned to
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the furnace for 20 minutes.

6. The sample was retrieved and placed on a cooling block for 20 minutes prior to
adding a further small amount of flux.

7. Finally the sample was heated over a bunsen flame and cast by pouring into a steel
cylinder. A steel plunger was pressed down on top of the ’glass discs’ which were
then removed. Each disc was loaded onto an XRF machine, sample number and LOI

value input to the computer and analysis made.

Trace metal powder preparation procedure

For trace element analysis of a rock sample a small portion of rock powder was added
to Miowol (2% PVA) and Boric acid powder. These were then crushed to form a
pellet using a tungsten carbide weight system and finally pres.sed together using a 8
tonne hydraulic pressure jack for 1 minute. The pellet was analy.sed in this form.
Between .samples the tungsten carbide weight .sy.stem was cleaned to avoid cro.ss

contamination.

2.34 Thin sectioning procedure

Thin sections were made in the Department of Environmental Science at the
University of Stirling. They were made using Logitech equipment, (Vacuum assisted
saw and lapping machine), and affixed to glass slides using ’cpofix’ resin and
hardener. Any specimens too weathered to remain intact at the lapping stage were
impregnated with epoxy resin under vacuum (see chapter 4 for more detail of
impregnation method). Once made the thin .sections were examined with the aid of an

optical microscope using both plane and cross polarised light.
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2.4 RESULTS

2.41 Major oxide analysis

Table 2.4A shows the mean results for the major weight % oxides of the different
rock types in the area. Meta-sediments were split into coarse and fine meta-sediments
rather than B3 and B4 greywacke and shale mapped units as illustrated in figure 2.1B,
page 21. This was due to the chemical differences between the coarse and fine rock
types. Full major oxide results for the unweathered specimens are presented in

Appendix B. pages 270-276.

Sion

The black shales had the highest mean silica with a value of 84.8%. This mean did
not include one of the samples given in the appendix (6b3). Use of this more
transitional sample would have decreased the mean and increa.sed the standard error.
This value was closely followed by the coar.se meta-sediments which had 77.6% silica
on average. The fine meta-.sediments, granodiorites, diorites and dykes showed lower
mean weight % silica at 57.2%, 63.4%, 60.1% and 58.4% respectively. In all cases the
degree of variation within a single group was low e.g. standard deviation ranged

between 0.47 for the diorites and 4.54 for the black shales.

Alumina was low in coarse meta-.sediments and in the black shales. The fine meta-
sediments .showed the highest mean alumina content at 17.7%. The igneous rocks all
showed similar levels of alumina at 15.5% for the diorites, 16.0% for the granodiorites
and 16.9% for the dyke rocks. The within group variation was low for mo.st rock types
with standard deviation ranging from 0.12 in the diorites to 2.15 in the black shales.
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Table 2.4A: Mean major oxide weight % analyses for the different rock types,

(unweathered samples only), standard deviation given in italics.

Mean Diorite G/dior Dykes Coarse Fine Black
weight % n= 12 Major + n==6 m/.seds m/seds shale
minor n=17 n=38 n=3
n=>5
SiOj 60.1 0.47 634070 584 165 77.6 0.73 57.2184 848454
AljOj 155 0.12 16.0 1.00 169 1.16 9.35 0.46 17.7 1.06 6.46 2.15
Fesos 574024 460030 562113 412031 8.50 0.57 2.131.01
MgO 558 0.30 3.700.40 4.69 142 1.880.29 6.000.85 0.96 0.57
CaO 494 054 350 140 5.540.95 1.10 0.19 1.20 0.57 0.50 0.38
Na™O 3.530.18 370030 347054 1.96 0.27 1.90 0.28 0.47 0.53
Kjo 259036 280070 244 0.48 145 0.24 3.40 0.28 191 0.26
Fe(>3

FcjO, was lowest in the black shales at 2.13% and highest in the fine meta-sediments
at 8.50%. Mo.st of the other rock types fell between the range of 4-6% mean weight
% FcjOj with the coarse meta-sediments at 4.12%, the granodiorites at 4.60%, the
diorites at 5.74% and the dykes at 5.62%. The variation in the Fe content within
individual rock type groups was low except in the case of the dyke rocks where
standard deviation was 1.13.

MgO

MgO was lowest in the black shales and coarse meta-sediments at 0.96% and 1.88%.
The fine meta-.sediments showed greater weight % MgO at 6.(K) %. The results for the
igneous rocks were similar to those for the weight % Fe with the granodiorite least
enriched at 3.70%, the dykes next at 4.69% and the diorites most enriched at 5.58%.

Within group variation was low for the granodiorites and the diorites as shown by the
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standard deviations of 0.40 and 0.30 respectively. However, for all the other rock
types it was significant especially for the dykes and the black shales where standard
deviation rose to 1.42 and 0.57.

CaO

CaO was variable in all rocks although to a lesser degree in the diorites. The highest
mean weight % of CaO was in the dyke rocks at 5.54%. Diorites showed the next
highest CaO result at 4.94% then granodiorites at 3.50%. The fine meta-sediments
and the coarse meta-sediments were veiy similar in terms of CaO content at 1.20%
and 1.10% respectively although variation was much greater in the fine meta-
sediments. The black shales contained minimum CaO (0.50%) and a high internal
variation with a standard deviation of 0.38.

NajO

Results were higher in the igneous rocks than the meta-sediments 3.47% for the dykes,
3.53% for the diorite and 3.70% for the granodiorites. Variation within the group was
low for the diorites and granodiorites (standard deviations 0.18, 0.30 respectively) but
again, in the case of the dykes it was high (standard deviation 0.54). The coarse meta-
sediments had 1.96% of this oxide on average and the fine meta-sediments 1.90%. In
both cases the degree of within group variability was moderate. The results for the
black shales averaged at 0.47% with high variation.

K,0

KjO was highest for the fine meta-sediments at 3.40%, the internal variation was very
low (standard deviation 0.28). The granodiorites demonstrated the next largest result
at 2.80%; the within group variation, however, was high (standard deviation 0.70). The

mean for the diorites was 2.59% with a moderate degree of variation within the group
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(standard deviation 0.36). The dykes gave a mean result of 2.44% with a moderate
degree of variation (standard deviation 0.48). The coarse meta-.sediments exhibited an
average of 1.45% with moderate variation (standard deviation 0.24). Finally the black
shales gave the lowest result for this weight % oxide at 1.91%. The internal variation

was high with standard deviation of 0.26.

2.42 Trace element analysis

The results for the trace element analysis of all the rock samples are presented in
Appendix B. The mean trace element results, however, are given in table 2.4B along
with standard deviation to give an indication of variability.

Table 2.4B: Trace element results for the different rock types given as a mean
value in pg/g, standard deviation is given in italics.

Diorile 0/dior CoarM M/scda Dyke« Black shalea bine m/aeda

n» 12 n-5 nw 17 nme6 nme4 n- 8
Ni 132 i4 64 11 45 3/ 91 79 18 15 171 47
cr 251 u 156 12 KM 66 171 2tl 61 16 248 42
v 124 i0 1K) 6 79 10 121 46 265 54 159 i5
sc 19 2 16 2 13 2 20 H 1 3 26 2
(‘u 23 7 12 3 6 4 11 11 25 14 41 9
Zn 55 4 51 7 50 5K to 32 10 110 21
Sr 632 66 533 /fM R9 21 778 204 70 29 113 29
Kh 76 1 H4 25 52 10 65 ti 60 to 125 IS
Zi 1ty 21 196 It n<t H4 20.1 20 68 23 183 20
Nb 10 1 1 2 11 2 9 1 7 2 16 2
Ha 969 76 Kol LU 299 44 9fi3 41t 259 61t 122 109
bb 15 2 ij f 12 1 9 4 Mi \ 20 7
lit R 2 10 4 1 1 6 3 8 / 1) 2
1« 27 2 26 5 29 4 28 1 15 5 34 J
re 60 5 59 7 64 H .50 16 J5 9 72 5
N<J 26 2 2s 2 27 j 24 4 17 4 29 2
Y 20 2 19 1 22 S 19 2 18 s 27 2
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Rock trace element results show a number of striking features:
1 Low variability within the diorites and many of the granodiorite readings.
2. Very high variability in the dykes and some of the meta-sediment results.

3. Very much higher Sr and Ba values in igneous rocks.

2.43 Mineralogical analysis

All coarse rock types were subjected to thin section description. The full results of the
individual samples are tabulated in Appendix C, pages 277-279. The results pre.sented
here draw out the common features of the groups. Alteration class is as used by
Bullock et al (1985) in the Handbook for Soil Thin Section Description. The relative
amounts of different minerals was al.so e.stimated with reference to Bullock et al.
Diorites

The diorites varied in grainsize from coarse to medium (Plates 2.4A and 2.4B). The
diorites were also diverse in the relative amounts of minerals present and their level
of alteration. They typically consisted of 35 - 55% plagiocla.se feldspar, 5 - 10%
potassium feldspar, 5 - 10% Quartz, 10 - 15% biotite (occasionally up to 30%), 20 -
35% pyroxenes. Minor minerals included apatite and opaque oxides. The plagioclase,
typically andesine, showed multiple twinning, compositionally zoned crystals were
rare. Plagioclase was highly altered, usually internally and sericitically, alteration class
1to class 3. Mymerkitic intergrowths with quartz were very rare. Potassium feldspar
was typically interstitial and alteration was scarce, class 0. Quartz was typically
unaltered. Ferromagnesian minerals tended to clump together, plate 2.4C. Two forms
of biotite occurred, a well cleaved variety and an amorphous form associated with

pleochroic haloes around zircons. Biotite showed only minor alteration, < class 1 Both
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orthopyroxenes (OPX) and clinopyroxenes (CPX) appeared, opx was the dominant
type. The pyroxenes exhibited the highest degree of alteration ranging from class 1-4,
plate 2.4D, and often showed a mosaic texture and alteration at the edges to chlorite
and/or hornblende.

Sample 5/1 was dissimilar to the other diorites in mineralogical terms. It had a finer

grain size and pyroxene minerals were almost totally replaced, plates 2.4E and F.

Granodiorites

The granodiorites within the Loch Doon pluton exhibited .some variability. All three
samples contained 30 - 45% plagioclase in the range andesine to oligocla.se. Only 2
samples included biotite (c.20%), plates 2.4 G and H, while the other sample was
deplete of biotite. Green hornblende was the other ferromagnesian mineral and made
up between 15 - 25% of all three samples. Potassium feldspar and quartz constituted
c.30% of all samples. Plagioclase was multiple twinned and often highly altered, cla.ss
2 - 3. Biotite was present in both cleaved and uncleaved forms and often clumped
with the hornblende. The pota.ssium feldspar was altered between classes 1 - 2 whilst

the quartz was unaltered.

Samples from the minor granodioritic intrusion in the south of the area were different
from the main granodiorite mass. They exhibited 30 - 45% plagioclase, 10% biotite,
15 - 25% green hornblende and 20 - 30% potassium feldspar + quartz.

Plagioclase showed multiple twinning and occasional zoning. It was typically andesine
although some crystals were more complex showing occasional X-hatching in addition

to twinning. Alteration was internal and up to class 3. The ferromagnesian minerals
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tended to clump together. Minor pyroxenes were identified altering at the edges to
green hornblende. The potassium feldspar was altered up to class 2, whilst the quartz

remained unaltered.

Dyke rocks

The dyke rocks sampled were of 4 different types; they were typically highly altered
and mineralogy was often difficult to determine.

1. Porphyrite dykes

1 .sample was taken from two different dykes. They both contained ¢.50% phenocrysts
and 50% groundmass. The phenocrysts were made up of plagiocla.se and altered
pyroxenes. The plagioclase was more abundant and showed multiple twinning within
the andesine range; it was altered to class 1- 2. The ’pyroxenes’ were altered up to
class 3 and barely recognisable as pyroxene minerals. The groundmass was fine and
glassy and the mineralogy was difficult to detennine, plate 2.41.

2. Lamprophyre dykes

2 .samples were identified. Plate 2.4J shows a representative photomicrograph.
Mineralogy was difficult to detennine.

3. Rasic dyke

One basic dyke was sampled, plate 2.4K.

4. Acid dyke

This dyke had 50% plagioclase which exhibited multiple twinning identifying it as
andesine. Occasional zoned crystals were pre.sent as were intergrowths with quartz.
Plagioclase was highly altered - up to class 2. Biotite was the main ferromagnesian

mineral - up to 20% of the rock. It was altered to class 1and had pleochroic haloes
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around zircon. Potassium feldspar and quartz made up 30% of the rock. Minor

opaques minerals were present. See plate 2.4L.

Coarse meta-sediments

The coarse meta-sediments varied in grain size, plates 2.4M and 2.4N. Plate 2.4M
shows a typical greywacke including a variety of grainsizes and plate 2.4N shows a
more uniformly finer grained gritstone with a metamorphic fabric.

The clasts within the coar.se meta-sediments were typically subangular and usually
quartzose in nature, plate 2.40. The quartz was mono and polycrystalline and often
had unduldse extinction. Rock fragments were rare but did occur, plate 2.4P. Clasts
outlines were not always totally visible indicating contact metamorphism.
Greywackes were typically clast supported; the matrix composition was difficult to
determine because of its fine nature but it appeared to be made up of a mixture of

finer quartz grains and clay minerals, in some ca.ses biotite could be identified.

Fine meta-sediments
No mineralogical data was collated for the fine ineta-.sediments. However, on a gross

scale they varied from mudstones to shales.

Black shales
The black shales were very fine grained, mineralogy was not easily identified.
However sample 6b3 in plate 2.4Q shows both its quartzose nature and metamorphic

fabric.
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Other samples

Two rock specimens were sectioned that were not categorised because of mixed
character. Specimen 3PDB is shown in plate 2.5R. This rock exhibited a mass of
subrounded quartz grains and also elements of an igneous nature. It was sampled from
the Ordovician meta-sediments south of the igneous/sediment boundary close to the
position where a porphyrite dyke had been reported. Plate 2.4T shows a rock sampled
from much further south; it was highly altered but again showed both igneous and

sedimentary features.

Major and trace metal analytical results for these two samples can be found in
appendix B, tables B:31 - B:35. Trace element results also indicated mixed
characteristics with Sr results of 179 and 268 mg/I* and Ba measurements of 525 and
672 mg/L. In terms of major oxides, the.se rocks exhibited higher silica than the other
igneous rocks of the area but had typical igneous alumina values and higher Na and

K than was reported in any of the other meta-.sediments.

2.5 DISCUSSION

2.51 Variation within the Igneous rocks.

Diorites

Diorites were typified by moderate silica, high alumina and high base oxides. The
results were comparable with the norites of Gardiner and Reynolds (1932), the
hypersthcne diorites of Ruddock (1969) and the diorites of Brown et al (1979). The

results supported the .suggestion by Ruddock of little chemical variation except in the
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case of CaO and KjO where the removal of sample 5/1 from the calculations
considerably decreased the internal variation. This sample exhibited a much lower
CaO content and higher K"O content than the other members of the diorite group. The
diorite major oxide results were used to interpolate contours of oxide distribution on
maps shown in figure 2.5A. These indicated the southern zone of the Loch Doon
pluton mapped as diorite (figure 2.1A) had a central basic zone with lower SiO" and
total alkalis and higher MgO, CaO and Fe"Oj. These oxide distribution maps were not
consi.stent with similar whole pluton maps presented by Ruddock (1969) but it is
possible they showed the presence of a smaller scale feature. The results of
interpolation are, however, difficult to explain but appear to be ’real’ because of the
repetition of trends for different oxides within the area. However, since the feature is
only small scale both in tenns of area and ’‘contour’ interval it may not be of great

significance.

Mineralogical investigation of the diorites also indicated a significant difference in
sample 5/1 (plates 2.4E and F) despite the overall diorite mineralogical variation being
greater than the chemical. Thin section analysis also provided a plausible mechanism
for the chemical differences noted in sample 5/1. The replacement of the pyroxene
minerals from sample 5/1 was by a greenish yellow mineral of low birefringence. If
this mineral was K enriched its pre.sence could explain the lower CaO and greater K*O

within this sample.

The diorites also varied in grain-size although the samples collected did not agree with

the suggestions of Gardiner and Reynolds (1932) that finer grained varieties were
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concentrated in the south of the area.

Granodiorites

Granodiorites were typified by moderate silica, high alumina and slightly less base
oxides than the diorites. The chemical analyses were similar to the tonalités of
Gardiner and Reynolds (1932), intrusives of Giusti (1991) and quartz monzodiorites
and monzonites of Brown et al (1979). The variation in the CaO and the K*O for the
granodiorites was explained by grouping of two different phases of granodiorite in one
category. CaO was higher and K"O lower in the minor granodiorite than the
granodiorite which formed pan of the Loch Doon pluton. This al.so explained
minerulogical differences between the granodiorites.

The internal variation noted in the mineralogy of the major granodiorite was not
indicated by the work of previous authors. If the granodiorite was as mineralogically
uniform as the literature suggests it is possible that the sample lacking biotite was one

of the acidic post pluton intrusions into the pluton it.self reported by Ruddock (1969).

Dykes

The dykes were chemically and mineralogically variable since 4 different igneous rock
types were grouped together. Porphyritic dykes had 6.2X and 6.32% FCjOj, 6.39 and
6.40% MgO, 5.72 and 5.91% CaO, 3.30 and 3.51% NajO and 2.30% and 2.16% K]O.
These were not consistent with the analyses of porphyrite dykes given by Ruddock
(1963). Lamprophyre dykes had 4.74 and 4.79% FeiO,, 1.73 and 1.75% MgO, 4.17%
and 4.09% CaO, 4.01 and 3.70% NajO and 2.93% and 2.68% KjO. The other two

members of the dyke suite were both chemically different and had 7.93 and 3.67%
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FcjOj, 9.33% and 2.52% MgO, 7.33 and 6.00% CaO, 2.80 and 3.50% Na™O and
2.15% and 2.42% KjO. The more basic dyke had a comparable silica content to a
hornblende lamprophyre reported from the Gaham swarm of dykes at Loch Dee by
Gardiner and Reynolds (1932). The dyke results confiimed the chemical and

mineralogical variability of the dyke rocks within the area.

2.52 Classification of the igneous rocks

The plutonic rocks are refened to as granodiorites and diorites throughout the text.
However, these classifications and tho.se suggested for the minor igneous bodies did
not always apply when results were te.sted using the TAS (Total alkalis vs silica) and
the QAP classificatory .systems (Cox, Bell and Pankhurst 1979). The re.sults are
presented in table 2.52A. For full details of the individual samples see appendix C.

Table 2.52A Classification of the different rock types according to mineralogical
and chemical analyses.

Classification used in text.  Classification according to  Classification according to

TAS. QAP.

Diorites Mostly classed as gz Split between gz
monzodiorites with a few monzodiorite, qz diorite
granodiorites and gz and diorite.
diorites.

Granodiorites (major) Granodiorite Granodiorite

Porphyrite dykes Qz monzodiorite

Lamprophyre dykes Granodiorite

Acid dyke Qz monzodiorite Qz monzodiorite

Basic dyke Qz Diorite

Granodiorite (minor) Granodiorite Granodiorite

* In these cases the QAP system was not u.sed us the samples either contained a basic
plagiocla.se or it was difficult to breakdown the mineralogy.
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2.53: Variation within the sediments and meta-sediments.

Coarse meta-sediments

The results from this study highlighted the chemical, mineralogical and textural
variability within the coarse meta-sediments which included matrix supported
greywackes and gritstones. The gritstones showed variable grainsize which was often
reflected by the manifestation of metamoiphic fabrics, finer grained gritstones typically
showed metamorphic fabrics more definitely. Despite the suggestions of Teall (1899)

the metamorphic mineral garnet was not found in any of the thin sections taken.

Coarse meta-sediments had high silica content and low alumina and base/alkali metals.
Giusti (1991) used similar chemical methods in the analysis of his greywackes yet his
results indicated lower silica and higher alumina than those tested for this thesis.
Giusti also found oxides of magnesium, iron, calcium and sodium to be higher in the
Dargall lane sub-catchment meta-sediments than those measured here in the White

Laggan sub-catchment.

Some samples were chemically very different e.g. 2GR(b3), MS2. None of the
differences in these cases were explainable in terms of either textural variability or
proximity to the Loch Doon pluton and thereby greater chances of contact
metamorphic chemical changes. The chemical differences noted within these two
samples was taken to indicate the degree of variation within the coarse meta-sediments
caused by differences in both the source of the original sediments and the
superimposed effects of regional and contact metamorphism. The previously reported

differences in analytical results for the greywackes of Giusti support this idea of great
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2.54 Analysis of variance

The major oxide chemical analyses indicated chemical differences in the rocks from
the Loch Dee area.

Analysis of variance demonstrated the chemical variability within the different rock
types to be less than that between the different groups of rocks. It was concluded there
were significant differences in the major oxide chemistry of the different rocks at the
95% level of confidence.

The trace element results for the rock types were often similar except in the cases of
Sr and Ba. In the igneous rocks Sr was greater and ranged between 463 - 1112 |ig/g
whilst the range in the meta-sediments was 70 - 113 |ig/g. The Ba results were also
higher in the igneous rocks ranging between 698 and 1848 pg/g against 259 - 522

pg/g in the meta-.sediments.

2.55 Mineralogical implications for the weathering of rocks from the Loch Dee
area.

Diorites from the Loch Doon pluton contained the highest proportions of unstable
minerals with respect to earth surface conditions of all the rocks in the area.
Granodiorites embraced slightly greater proportions of K feldspar and quartz
indicating, in theory, a greater resistance to weathering. The coarse meta-sediments
were quartz-rich again sugge.sting a resistance to weathering; there was no
mineralogical data relating to the fine meta-sediments in the area. The chemical data
pertaining to the fine meta-.sediments, however, indicated the importance of AI*Oj
within thc.se rock types. This together with the fine nature of the rocks signifies the

importance of clay minerals within this rock class. This being the case weathering
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potential should be reduced since clay minerals are typically viewed as the close to
the end product of weathering in a temperate climate i.e. relatively adjusted to earth
surface conditions. The coarse and fine meta-sediments together made up the high
ground in the south of the area,(fig 2.1B) supporting the notion of lower susceptibility

to weathering.

2.56 Weathering of the rocks as indicated by chemical comparison.

Birkeland (1984) suggested that SiOj, CaO, MgO, KjO and NajO commonly decreased
during the weathering of rocks. He considered AljOj to be relatively conservative
during weathering explaining this by the insolubility of Al at 'normal pH’ and its
pre.sence in clay mineral weathering products. Using this assumption, the author

compared results between weathered and unweathered samples by using:

%AljO, freshrock / %AI20, weathered rock

as a multiplication factor to recalculate weathered rock oxide contents. Changes were
reported as the difference between this recalculated value and the fresh rock sample.
Birkeland indicated this method was limited as AljO, was not totally conservative; pH
values experienced by weathering can lead to an increase in the solubility and
therefore mobility of aluminium. Given the nature of the thesis it seemed inapproriate
to employ a method based on the assumption of the conservation of alumina
throughout weathering. Birkeland suggested another and more accurate way to

determine chemical differences between weathered and unweathered samples would
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involve comparing the gains and losses in weights of material on a volume basis. It
was not possible to attempt this using the data collected in this exercise. Evans and
Adams (1975 a + b) compared the use of quartz content, TiOj, ZrO”" and soil residue
after acid digestion as internal chemical standards to assess chemical changes related
to soil horizons. All these methods showed good results but the acid residue method
appeared to be marginally the best using subjective criteria. However, again this data
was not available. Of the other 3 methods quartz content would have been difficult to
employ as the SiO" values given for the rocks were not wholly in the form of quartz.
Muir and Logan (1982) stressed the possibility of problems with the use of titania as
an internal standard because it was typically minimal in rocks highlighting the
possibility of uneven distribution within rocks and the significance of any analytical
discrepancies. Despite this TiOj was used as the internal standard using a calculation
similar to the one suggested for alumina by Birkeland. In addition and as a check,
oxide values were also recalculated using zimon values, table 2.56A. However,
becau.se zircon was measured as a trace element rather than an oxide it was first
necessary to express them as a % of the total trace element content. The ratio of this
for the fre.sh rock sample to the weathered rock .sample was u.sed as the multiplication
factor. Because the trace element content is not finite there are possible problems with

this methodology.
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Table 2.56B: Summed losses on weathering

Diorite G/dior Dykes Coarse Fine
m/seds m/seds
Losses using 5/1 0.51 Major Lani’yre 1b3 1.44 3b4 0.70
titania 4/1 0.00 2GD 1.46 9b3 0.95 3b3 1.46
4HR 0.00 3GD 4.63 Basic
7THR 0.39 Minor ILD 0.18
8HR 1.25 4GR 0.29 Por’tic
IPD 0.69
Losses using 5/1 0.90 Major Lam’yrc 1b3 0.58 3b4 0.27
Zr 4/1 0.00 2GD 6.89 9b3 0.90 3b3 3.49
4HR 0.00 3GD 119 Basic
7HR 0.00 Minor ILD 3.33
8HR 2.60 4GR 0.37 Por’tic
IPD 0.40

The two different internal standards gave similar results on most occasions although

there were a few discrepancies. However, the results indicated:

Diorites - Using both methods there was an apparent variability in the losses on
weathering for samples within this group which is consistent with variations reported
in the mineralogical analysis of the diorites including differences in the alteration class
of minerals for different rock samples. In addition to thi.s, disparity of results found
in any rock division could also be caused by volumetric differences in the ratio of
weathered to fresh material crushed and prepared for analysis.

Samples 8HR and 5/1 experienced the greatest losses (silica, alumina, FejOj, MgO,

CaO and Na*Qj) and appeared to be the most easily weathered.

Granodiorites - There were two samples of the major granodiorite. Both experienced
losses in all oxides on weathering according to the titania and Zr methods although

losses were greater for Tjc. Harriss and Adams (1966) suggested Ca and Na would be
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lost first in the weathering of granitic rock types because of the decomposition of
plagioclase feldspar. Although the order of elemental loss is not known in this case,
volumetrically silica and alumina were the most important losses. The minor
granodiorites from the south of the catchment were represented by one sample. This
showed losses in FejO,, MgO, CaO and KjO by both methods although the losses
were much less than recorded in the case of the major granodiorites. There was no
obvious mineralogical distinction between these two granodiorites that could explain

the severe difference in weathering losses.

Dykes - The lamprophyre dyke tested showed substantial losses in CaO on weathering
by both methods of estimation and more minor losses in FejO, and NajO. The data
for the basic dyke was very different using the two different methods. Titania
indicated very few losses on weathering. However, Zr indicated sub.stantial losses in
all oxides on weathering. Finally the porphyrite dyke lost FejOj, MgO, CaO and Na*O

on weathering when tested by both methods. Losses in CaO were the most important.

Coarse meta-sediments - The coarse meta-sediments in the area experienced losses
on weathering of silica, alumina and NajO. Most lo.sses identified by the Zr method
were from the sample 3b3. However, using titania the los.ses form both Ib3 and 3b3

were approximately the same.

Fine meta-sediments - Only one sample was tested but showed losses in SiOj on
weathering and less substantial losses in MgO and Na™O using both methods. With the

titania method there was also a small loss in FcjO,.
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Total Losses

The summed losses for the different samples contrasted with theoretical predictions.
The diorites according to Goldich (1938) should be the most weatherable rocks in the
area yet their summed losses using this method ranged between 0.00 and 0.90 (table
2.56B). The coarse meta-sediments represented the most quartz rich rocks tested by
this method from the area; summed losses predicted using this method ranged between
0.58 and 3.49 considerably more than theoretically susceptible diorites. The highest
summed losses shown in table 2.66B were for the major granodiorites. These
experienced losses up to 4 times higher than the highest loss from a diorite sample.
These results are difficult to explain in ternis of the weathering scenario propo.sed by
Goldich and indicate the presence of some other factor influencing the weathering of
the rocks of the Loch Dee area. However, the results could indicate a decrease in the
weathering rate of the more basic igneous rocks after having weathered substantially
in the past. The metasediments in the area would have started weathering more slowly

and possibly are now weathering at a greater rate than the diorites.

Implications of results for long term water quality analysis within the area.

Welsh and Burns (1987) suggested baseflow waters within the Loch Dec catchment
reflected a geological input. They suggested that in the White Laggan sub-catchment
Ordovician rocks provided better buffering conditions than the granites. This conflicts
with theoretical mineralogical principles but coiresponds to the measured weathering
changes using both titania and Zr as internal standards in assessing chemical changes

on the weathering of rocks.
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2.6 CONCLUSIONS:

Rocks of the Loch Dee area were chemically distinct, a feature that may be relayed
to soils with these rock types as parent materials. Igneous rocks were enriched in
bases with respect to the sediments and meta-sediments while the diorites had a
greater supply of bases than the granodiorites within the large intrusive mass. The
dykes were chemically highly variable. Black .shales had the lowest base content and
highest silica content and coarse meta-sediments were similarly enriched in silica.
Both of these rock types were deplete in alumina. On the other hand fine meta-

.sediments had alumina content akin to that from the igneous rocks in the area.

The diorites of the Loch Doon pluton demonstrated minor chemical variations that
were mapped on a .small scale. Mineralogical variations were greater within the diorite
group. Granodiorites from the pluton were less variable in terms of chemistry.
Mineralogical variations noted were explained in terms of the presence of an acidic

dyke within the pluton.

The meta-sediments of the area were variable in texture, mineralogy and chemistry.
Coarse meta-.sediments included greywackes and gritstones which showed a variable
degree of metamorphic influence not related to the proximity of the pluton. Fine meta-
sediments included shales and mudstones. Chemical and textural variability was not
related to pluton proximity. The black shales were chemically distinct but internally

variable.

Minor intrusions in the area varied from granodiorites in a boss or stock like form to
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Chapter 3: Drift Geology of the Loch Dee area.

3.1 INTRODUCTION

During the last glaciation of Scotland the Loch Dee area was covered by part of the
Southern Upland ice sheet. This formed an independent centre for dispersion of the
southern component of the Scottish ice sheet, (Geikie 1863). Striae, cut into rock faces
by glacial action, are abundant in the area and show a radial pattern (Geological
Survey 1980) with a focal point SW of Loch Doon. These striae indicate a thick ma.ss
of ice ’flowed’ northward into Ayrshire while a still thicker mass of ice moved

southward to the Solway Firth and Irish sea, (Slater 1929, Charlesworth 1957).

The influence of this glacial activity is manifested in the Loch Dee area both in
geornorphology and drift deposits. The White Laggan sub-catchment is a broad low
sloped U-shaped valley bounded on either side by craggy rock faces. Hummocky
terrain is common in the low lying land. The topography of the Dargall Lane sub-
catchment is striking in its contrast: it has a steep gradient and includes an armchair
shaped corrie face. Most of the drift deposits in the area are of glacial origin and
range from firm boulder clay to unconsolidated moraine (Greig 1971). Farley and
Werritty (1989) indicated drift deposits in the catchment were as shown in figure
31A, taken from the Geological Survey drift map of 1977, sheet 8E. This map
highlights the relative insignificance of drift deposits in the area and splits any present
into small expanses of morainic material in all three sub-catchments and minor till in

the Green Burn sub-catchment.
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Other literature implies drift deposits were more widespread. Gregory (1925) reported
the Loch Doon pluton was surrounded by a band of moraines generally between 800
and 6(X)ft above sea level but dipping down to 225ft near the confluence of the Trool
and Minnoch waters. Geikie (1863) and Gregory (1925) both indicated the presence
of boulder clay in great thicknesses along valley bottoms in the Southern Upland
region. This boulder clay was split into an upper and lower clay and in some localities
separated by sands and gravels (Eckford 1932). The lower boulder clay was described
as firm and tenacious while the upper one was more sandy with large angular
boulders (Geological Survey of Great Britain 1980). Giusti (1991) found evidence of
the.se boulder clays within the Dargall lane sub-catchment. These had not previously
been reported and are not illustrated on figure 31 A. They were poorly exposed and
often mixed with morainic material. He proposed the lower boulder clay was deposited
some 12000 years before present (BP) during glacial advance, conesponding to dates
given by Bishop and Coope (1977). Giu.sti suggested the lower boulder clay included
a greater quantity of intensely weathered boulders than the upper variety, a description
that deviates from that given by the Geological Survey (1980). The later boulder clay
was suggested to represent ablation tillites deposited during and after the melting of
the ice. Giusti (1991) also indicated a limited re-advance of ice, between 11800 and
113(X) years ago, left behind additional morainic ridges of poorly consolidated gravel,

sand, silt and clay.
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Particles > 2mm were also classed for their origin, as far as was possible. Particles <

2mm in size were thoroughly remixed for further particle size and chemical analysis.

2. The .sample was split into sand, silt and clay sized particles by a
sieving/sedimentation method. The procedure was standard (Avery and Bascomb 1974)
and follows:

A. 10g of material <2mm in size was weighed and placed into a 500ml conical flask,
10ml of hydrogen peroxide was added to the flask and the reaction ob.served for 30
minutes. The peroxide destroyed any organic matter present. If reaction was vigorous
further HjOj was added. After reaction had cea.sed the contents of the flask were
diluted to 40ml and heated at 90" C for 1hour. When cooled, the contents of the fla.sk
were added to a 250ml plastic bottle and 10ml of di.spersing agent (sodium
hexametaphosphate) added. At the .same time 10ml of dispersing agent was also added
to a dry, clean, weighed watchglass. This was evaporated to dryness overnight and the
weight of the residue (R) noted for future calculation. Meanwhile, the volume of the
bottle was made up to 150ml with di.stilled water, the bottles were capped and moved
to a mechanical shaker where the contents of the bottle were agitated overnight.

B. The contents of the bottle were put through a 63pm sieve into a 500ml measuring
cylinder. Any material left on the sieve was washed into a weighed beaker with
distilled water and the beaker was evaporated to diyness overnight. This fraction was
weighed (S) and expressed as a % of the original 10g of sample. This was the sand
fraction.

C. The volume in the cylinder was made up to 500ml, stirred then 25ml of sample

was taken by pip>ette from a 20cm depth and emptied into a dry weighed beaker which






3.32 Chemical analysis

The drift material < 2mm in size was tested by standard wet chemical methods for a
number of its chemical properties.

i. Exchangeable cations

Exchangeable cations were measured by leaching a known weight of sample with
excess ammonium ions in the form of ammonium acetate at pH 7. In theory the
cations become replaced by ammonium and can be measured in the leachate.
Exchangeable calcium and magnesium were measured in the leachate by flame atomic
absorption spectophotomeU'y (AAS) using an oxyacetylene flame and sodium and
potassium by flame photometry. Exchangeable hydrogen was measured by reference
to the pH change of the ammonium acetate .solution after passage through the samples.
This pH change was compared with a graph given in Hesse (1971) which converted
this value to exchangeable hydrogen. Further details of the.se standard methods can be

found in Hesse.

ii. Exchangeable Aluminium

Exchangeable aluminium was measured by a standard method reported in Hesse
(1971). A known weight of sample was leached with unbuffered IM KCI solution and
leaching time was kept to a minimum to avoid dissolution of non-exchangeable
aluminium (Pratt and Bair 1961 in Hcs.se 1971). The KCI was in considerable excess
because aluminium is firmly held by exchange sites. McClcan (1965) suggested the
need to maintain a low pH throughout the leaching but indicated sufficient acidity was
formed during leaching to maintain the solubility of the aluminium during the

extraction. Aluminium was measured in resultant leachates by flame AAS using a
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nitrous oxide flame.

iii.Cation exchange capacity

Cation exchange capacity was tested by two methods:

a. Summation of mean exchangeable cations

b. Saturation of a known weight of sample with Ba ions in the form of a buffered (at
pH 8.2) BaClj solution. This method is reported by Avery and Bascomb (1974). The
sample and solution were separated after overnight shaking by centrifuging at 2500
rev/min for 15 minutes. The supernatant liquid was discarded. Following this the
sample was shaken with di.stilled water and the sample and solution again separated
by centrifuging and the washing discarded. Finally the sample was saturated with
magnesium ions by addition of MgS. ., capping and shaking for two hours on a
mechanical shaker. The solution and sample were finally separated using
centrifugation. This time the supernatant liquid was measured for its magnesium
content by flame AAS. The amount of magnesium adsorbed by the exchange complex
was calculated by:

Concentration of magnesium -  magnesium in Supernatant

in the MgS. . solution

This represented a measure of the exchange capacity of the sample. Other methods of
CEC measurement were explored by Chapman (1965), and Bache (1976). Chapman
suggested cation exchange capacity was operationally defined with each method giving
a result of the correct order of magnitude but not an accurate result. He indicated
particular failings of methods on samples with low pH since most methods involved
measurement at neutral or alkaline pH. In this study summation was proposed to be

the only feasible procedure to follow.
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Table 3.42B: Nature and origin of the coarse fraction.

Sample Clast angularity Clast type

IMM Subangular to angular Mixed; Sed and ig rocks
found locally.

2MM Angular Mostly ig with minor sed
found locally

3MM Subrounded to angular Mostly ig with minor sed
found locally

4MM Angular to subangulai’ Ig rocks found locally

5MM Angular Mostly ig with minor sed
found locally

6MM Subangular to subrounded Mixed; Sed and ig rocks
found locally.

* Angularity estimated from figure 2.5, Tucker (1981) after Pettijohn et al (1973).

The table indicated mo.st of the drift coarse fractions could have been of local origin;

however, there did appear to be some mixing of the.se local rock types.

Results for the sample % clay, silt and sand by the settling column experiments
detailed in section 3.31:2 are given in table 3.42C.

3MM and 5MM were mo.stly made up of fine .sand. IMM displayed the greatest
weight % of clay minerals and was also relatively enriched in silt. Sample 2MM
encompassed the highest proportion of silt. Replication of results was good for the
sand sized particles of the fine fraction, good for the silt sized particles but generally
poor for the smallest fraction. Loss of this clay sized fraction is much easier

throughout the method.
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IMM had higher concentrations of exchangeable base cations than the other samples.
2MM and 5MM involved the next highest exchangeable calcium and magnesium.
Variability within results was high except in the case of sodium measurements which
were similar for each sample.

Exchangeable aluminium, exchangeable hydrogen and CEC results are given in table
3.43B.

Table 3.43B: Exchangeable Al, H and CEC results. Al results expressed as a mean
value with standard deviation in italics. Where no standard deviation is given one

result was very different from the other two and was disregarded, and the
results are mean values. Exchangeable H and CEC results are mean values.

Exch Al Exch H CEC measured  summed CEC
megAg meq/kg meqg/kg megAg

IMM 061 037 64.6 64.5 83.0

2MM 13.0 137 160 260 179

3MM 3.29 0.67 103 73.6 111

4AMM 124 131 98.3 148

5MM 11.7 1.26 218 150 235

6MM 33.7 7.45 127 213 165

Tests were triplicated for aluminium. Exchangeable hydrogen and summed CEC were
only tested in duplicate for each sample. Summed CEC values represents the sum of
mean exchangeable cations. Replication was moderate in the exchangeable aluminium
samples. Replication was poor in the CEC tests. 6MM had the highest level of
exchangeable aluminium, IMM the lowest. 5MM had the highest level of
exchangeable hydrogen, IMM the lowest. Summed CEC was higher than measured
CEC in the case of IMM, 3MM, 4MM and 5MM. Summed CEC < measured for
2MM and 6MM. In all cases most of the CEC was due to hydrogen and problems in

measurement could lead to differences between measured and summed CEC.

71



3.5 DISCUSSION

3.51 Particle size analysis

The samples taken all varied in their particle size distribution. Figure 3.5A shows the
cumulative % oversize curves for each of the drift samples. The horizontal scale is
represented by phi units which are ba.sed on a log™ size scale. The phi units ran from -
4 which is a 16mm sieve to >4 which represents the pan below a 63"im sieve. Use of
this scale enables the direct comparison of class % for both coarse and fine particles.
This is achieved by compensation for the lighter weight of the smaller sized grains
since the physical difference between the positive phi units is smaller. Using these

diagrams it was possible to characterise each sample in temis of;

a. Median grainsize = 50% 0 value.
b. Graphic mean by i. 0,,, + 0,0 + OH}
Folk and Ward (1957)
3

ii. 0], +0i) 050 070 090
McCammon (1962)

c¢. Inclusive graphic standard deviation which gives an indication of sorting using:

OR4 m O]ft 095 m05

4 6.6

This equation was also taken from Folk and Ward (1957).

These values are given in table 3.5A.
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Figure 3.5A: Cumulative curves for the drift samples from Loch Dee
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Cumulative curve for gralnsize In 4MM

Cumulative
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Cumulative curve for grainsize In 5MM
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Table 3.5A: Table givitii> the descriptive statistical parameters for the drift
samples from Loch Dee calculated using the % oversize cumulative curve.

Median Mean (i) Mean (ii) S.D.
IMM 2.60 2.360 2.340 2.03
2MM 1.30 0.900 0.950 2.43
3MM -0.100 0.170 0.140 2.33
4MM -0.100 0.270 0.140 2.39
5MM -1.10 -1.10 -1.080 2.56
6MM 1.100 1.100 1.800 2.40

The descriptive statistical values indicated:

a. Sample IMM had a much finer average grainsize than the other samples.

b. Sample 5MM had the most coarse average grainsize.

c. All samples were very poorly sorted according to the scheme of Folk and Ward
(1957); IMM showed the lowest standard deviation and hence a better degree of
sorting than .sample 5MM which had the highe.st standard deviation.

Poor sorting would be anticipated for samples of glacial origin.

Coarse fraction of the drifts

The coarse fraction in all samples was made up of a mixture of both sedimentary and
igneous rocks of possible local derivation. The samples taken above igneous solid
geology (2-6MM) were typically dominated by igneous coarse fractions. Sown (1979)
indicated that drift materials from the igneous part of the catchment were derived from
igneous rock types and were potentially part of the Dalbeattie soil parent materials.
Although igneous clasts dominated the coarse fraction of the Dalbeattie drifts collected

in this study the presence of some sedimentary material c.g. sample 6MM indicated
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some mixing of solid geology types in the drift formation.

Sample IMM was the only sample taken from the meta-sedimentary part of the
catchment and included a mixture of both igneous and sedimentary coarse fragments
with no rock type demonstrating obvious dominance. Further samples would have
been useful to determine the extent of mixing. Bown (1979) indicated drift materials
overlying the ’country rocks’ would be derived from these rocks and potentially form
part of the Ettrick Association soil parent material. Results from this study appeared
to deviate from this definition since the drift coarse fraction was of mixed origin.
However, drift formed in the south of the catchment would have a number of different
solid geology types to draw from which could explain the mixed nature of the sample

taken.

The possibility of mixing of igneous and sedimentary material in the coarse fraction
of drift samples highlighted the unlikely situation of soils derived from these drifts
displaying the chemical characteri.stics of a single solid geological parent material; i.e
any solid geological control on soil chemical properties would become ob.scured due

to mixing of drift types.

3.52: Analysis of variance according to texture.

The soil textural characteristics of % sand, silt and clay were analysed according to
the different soil parent material classes (Bown 1979). Samples 2-6MM (potential
parent material for the Dalbeattie soils) were similar in % sand and silt contents to
sample IMM (potential parent material for the Ettrick Association soils). However,

as indicated in section 3.51, % clay content was much greater in the sample IMM.
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Analysis of variance indicated this difference was significant at the 95 percentile level
of certainty. This greater clay content in the drift materials overlying the sediments
and meta-sediments was in agreement with the work of Bown (1979) and highlighted
adifference in the two drift types explainable in terms of solid geology. Drifts derived
from the sediments and meta-sediments included a significantly higher clay content
than those derived from rocks of the Loch Doon Pluton. Shales and mudstones are
both aggregates of numerous clay sized panicles and both rock types only occur in the
southern half of the catchment and according to Bown, should only contribute to the

"Ettrick” drifts.

3.53 Chemical analysis

Sample IMM exhibited the highest concentration of exchangeable bases and the
highest clay content. The CEC in this sample (both measured and summed) was much
lower than any other sample; it is likely that buses were retained in an exchangeable
form on the clays and that very little other material capable of cation exchange e.g.
organic matter, was present in this .sample. Acidic cations typically held by organic
matter for ion exchange were noticeably lower in this sample than any other. Samples
2MM and 5MM had the next highest exchangeable calcium and magnesium; the.se did
not correspond to high clay contents. These two samples also exhibited the greatest
exchangeable hydrogen and correspondingly the greatest CEC. Since this could not be
explained with reference to clay content, it was assumed these samples were
associated with limited organic mutter. However, organic matter apfieared to be low
or absent in all samples when tested with HjOj. Exchangeable aluminium was

constantly greater in sample 6MM despite poor replication of results. This was
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reflected in a high CEC. Sample 3MM had lower exchangeable aluminium than all
samples except IMM.

3.54 Analysis of variance of drift chemical data

The chemical data derived from the drift material <2mm in size was analysed
according to the two soil parent material classes which defined the Dalbeattie and
Ettrick Associations of Bown (1979), see chapter 4. Table 3.54A gives the chemical

differences between these two classes at the 95 percentile level of certainty.

Table 3.54A: Chemical differences between the Dalbeattie and Ettrick drifts at the
95 percentile level of certainty.

P value Ettrick Dalbeattie
Exch Ca 0.00 6.98 1.94
(meq/kqg) (0.00) (0.41)
Exch Mg 0.00 5.77 111
(meg/kg) (0.00) (0.32)
Exch Na 0.00 3.66 1.42
(meg/kg) (0.00) (0.14)
Exch K 0.02 134 0.55
(megAg) (0.00) (0.20)

Analysis of variance indicated some strong chemical differences between the drifts
from the south of the catchment and tho.se from the north. Dalbeattie drifts (those
associated with the igneous rocks) were much lower in all exchangeable cations than
the Ettrick drifts. This appeared to be a reflection of the clay content of the drifts.
Ettrick drifts were richer in both exchangeable bases and clay than the Dalbeattie
drifts. However, this apparently strong difference in the <2mm fraction between the
two drift types should be approached with caution because of the .small population size

of both classes.
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3.6 CONCLUSIONS

Drift material was both chemically and texturally diverse. Chemical features of some
samples were explained by clay content. Others chemical features appeared to be
explained by the pre.sence of organic matter. Since the organic matter content of the

samples had not been measured this could not be confirmed.

The samples cho.sen exhibited a range of mean grainsizes from 2.40 to -1.10 or
approximately 0.125 - 0.25 mm to 2mm. All .samples were poorly sorted as would be

expected for drift materials.

The coarse fraction of all drift samples indicated a mixing of solid geology types of
local derivation. That sampled from the drift over the igneous rock types (Dalbeattie
drift) was dominantly igneous although occasional significant inputs from coarse
sedimentary fractions did occur. The sample population, however, was not large
enough to be certain of the degree of mixing and whether or not it was commonplace.
One sample taken from the meta-sedimentary solid geology realm (Ettrick Drift)

exhibited a strong mixing of rock types in its coarse fraction.

The two different classes of drift exhibited some chemical differences in the > 2mm
fraction that appeared to be related to sample clay content. Textural differences in this
size cla.ss could have been related to geology. However, the population size of both

drift clas.ses was too small to be certain of any strong differences.
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Chapter 4: Soils of the Loch Dee area.

41 INTRODUCTION

Soils are the result of complex interactions between physical, chemical and biological
agents through time. They are inherently dynamic systems even when developed under
stable conditions (Pearsall 1950). During soil formation animal and plant organic
residues are broken down and mixed with decaying inorganic and mineral materials.
Degradation products are redistributed or removed to form layers of soil with
contrasting physical and chemical properties (Krauskopf 1979). A collection of such
soil horizons makes up a soil profile; the horizon characteristics and ordering within
the profile determines the classification of the soil (Avery 1980).

Soil forming factors:

5 main factors contribute to the formation of a soil:

1 Climate - External conditions influence the processes that operate in a soil e.g high
leaching occurs in tropical climates whereas waterlogging and gleying are more
common in temperate climates with high rainfall. Such contra.sts in climate can lead
to major differences in the degree and type of mineral weathering that occurs. On a
smaller scale microclimatic variations can introduce soil heterogeneity.

2. Parent material - This helps to determine the base saturation of a soil and influences
drainage patterns through textural variability.

3. Relief - Affects pedogenesis by controlling water flow within a soil body. It can
also affect microclimate since temperature and precipitation typically increase with
altitude.

4. Biological agencies - Fauna and flora influence soils in many different ways.
Earthworms mix soil material, plant communities feed on nutrients in the .soil which
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are returned to the soil on their death; man affects soil formation through management
techniques such as conifer afforestation, clearfelling of plantations, catchment liming
and crop rotation.

5. Time - The soil changes through time in response to changing external and internal
conditions. The age of a soil is reflected in its chemical proximity to its parent

materials.

4.11 Soil forming factors at Loch Dee

Loch Dee is situated in a wet, upland area in the south west of Scotland. Two
processes commonly occur in the soils developed in the area:

i. Leaching

ii. Gleying

Leaching is common in well aerated freely drained soils. Non-exchangeable bases are
removed from the soil imparting a buff coloration. Less mobile elements, e.g. iron and
aluminium may be leached out of both eluvial and surface mineral soil horizons and
may accumulate to fomi an iron pan. Alternatively the two elements may be
concentrated over a wider zone (Farmer 1986). Soils with these characteristics are
termed podzols. In contrast, gleying occurs in soils with impeded drainage and poor
aeration where chemical reactions include the ’reduction’ of Fe™, manganese, NOj
and S..™*. Such anaerobic conditions and subsequent chemical reactions bestow a
grey/blue hue to soils, termed gleys. Organic matter decay is typically checked under
such conditions and accumulation of peaty surface horizons is not uncommon. Mineral
horizons may become mottled with peaty material which decreases the influence of

minerogenic material on soil water chemistry.
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Soil parent materials are local bedrock and/or drift derived from it (Bown 1979). The
solid geology either belongs to the Loch Doon pluton suite to the north or the
complex meta-sediments in the south of the area (chapter 2). Glacial deposits analysed
in chapter 3 highlighted a mixing of these solid geology types. Soils involving a major
drift component in their parent materials may, therefore, have similar chemical

properties.

Changes in relief are important in the area, with the rocky microrelief causing the
development of many minor and inegular pockets of soil. On a larger scale a 100m
rise in altitude has been reported to impart a 5-6% increase in rainfall (Welsh and

Bums 1987) in the area thereby causing significant changes to microclimate.

Vegetation around Loch Dee is variable including conifer plantation, grasses, heather
and mosses. The wild flowers Bird.sfoot trefoil, Tormentil and the common spotted
orchid all occur along the banks of the White Laggan Burn. Fauna is also
heterogeneous and includes wild deer and goats, sheep, adders and a wide variety of
birdlife. Man has been active in the area for many years with more recent managerial
implementations including soil liming (Tervet and Harriman 1988), planting of Sitka
spruce and Lodgepole pine plantations and their subsequent upkeep including fertiliser

applications (Lees 1992).

All the soils date from the end of the glacial period (Bown et al 1982) and are of a
similar age C. 10,000 years old. Earlier soils would have been eroded or reworked by

glacier action.



4,12 Loch Dee soils

The soils in the Loch Dee area are highly irregular having developed in little pockets
with limited areal extent (Bown 1979, Bown et al 1982). Mapping of these soils has
been based, in the past, on recognition of soil patterns and groupings related to
landform rather than soil profile types. Figure 4.1 A illustrates the soils of the area

according to Bown (1979) and includes the positions of sampling sites (see later).

The soils are differentiated according to the dominant parent materials into organic
soil profiles and mineral soil profiles of the Ettrick and the Dalbeattie Associations,
although it is not uncommon for organic soil profiles to occur within the realm of
Ettrick and Dalbeattie soils. The.se two mainly mineral .soil associations are subdivided
into small series or complexes according to relief and drainage pattems. Organic soils

are divided according to thickness and topographic situation.

Ettrick Association

The Ettrick Association soils are developed on Ordovician and Silurian sediments and
meta-sediments and drift material derived from these rock types. Giusti (1991) split
this association into 3 categories according to whether the soils were developed on
bare rock, stony drift or fine textured till. Bown (1979) separated the Ettrick
Association into 9 series and 10 complexes. Two of these series, 3 complexes and
some skeletal soils are developed in the Loch Dee area. The main features of these
latter soil units are given below.

Dod series - Peaty podzols generally found on moderate/steep slopes or morainic

. 1
mounds and drumlins.
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Dochroyle series - Peaty gleys with varied topographic associations. Peaty surface
horizons are well developed and act as sponges absorbing water and maintaining
intense gleying conditions even in dry periods.

Brochloch Complex - Found on uneven hills with little or no outcropping rock.
Includes podzol rankers, peaty podzols, peaty gleys and peat soils. Parent materials are
typically thin stony drifts. All soils have a well developed raw humus or peaty surface
horizon.

Darnaw complex - Found on rugged hilly sites at high altitude (> 800 ft). Includes
rankers, podzols, peaty gleys and peat.

Minnoch Complex - Developed on moundy topography of morainic hummocks and
intervening hollows. Includes peaty podzols (Dod series), peat soils and occasional
brown forest soil on the slopes of mounds.

Ettrick Skeletal soils - Shallow soils (15 - 20cm), often ternied rankers commonly

found on high ridges or corrie faces.

Dalbeattie Association

The Dalbeattie Association .soils are developed on the rocks of the Loch Doon
intrusion and drifts forined from these rocks. Sown (1979) split the association into
3 soil series and 7 soil complexes. 1 .scries, 5 complexes and some skeletal soils arc
developed in the area. The main features of thc.se scries and complexes arc:
Carsphairn Series - Peaty podzols found on steep slopes with coarse textured .stony
drift or moraine as parent materials.

Dinnins Complex - Found < 800 ft on short uneven slopes with variable microrelief.

Soils are typically freely drained and shallow and include (>eaty podzols, brown forest
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soils but minor peaty gleys and peats occur in depressed areas.

Gala Complex - Mapped along the lower slopes of hills where rock outcrops are few.
Soils all have raw humus surface horizons and are typically in the form of peaty gleys
although peaty podzols are also common.

Garrary Complex - Associated with hilly microrelief and prominent rock outcrops.
Between outcrops a thin cover of eroded granitic material is common. All soils have
raw humus surface horizon but othemise aie variable. Includes peaty podzols and
peaty gleys, peat soils and ranker profiles.

Mullwharcher Complex - Foimed on high hills where bare rock is common. Soils
formed between outcrops are typically rankers although frequently raw humus
develops on rock.

Twachtan Complex - Developed on moundy topography of morainic humps and
hollows occurring on lower, hill slopes or valley bottoms. Soils are typically peaty
with occasional patches of brown forest soil.

Dalbeattie skeletal soils - Typically occur on the cenual ridge of the Loch Dee-Loch

Doon basin. Soil foimation typically restricted to humus accumulation on bare rock.

Organic soils

Organic soils have > 60% organic matter content for a thickness exceeding 50cm
(Avery 1980). Two types of organic soil are present in the Southern Upland district
(Bown ct al 1982). These are basin and valley peat I-5m thick and blanket peat 0.5-
Im thick but locally deeper. Only the latter organic soil type occurs within the
immediate vicinity of Loch Dee although local pockets of organic soils are developed

as part of both the Ettrick and Dalbeattie Associations (Bown 1979, Bown et al 1982).
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4.2 AIMS:

The aims of this chapter were:

1 To sample soils from both the Ettrick and Dalbeattie associations and characterise
these both chemically and texturally.

2. To determine the extent of geological (both drift and solid) input on the texture and
chemistry of the minerals soils.

3. To use micromorphological thin sections to view the minerogenic fraction of the

soil and determine its source.

4.3 MATERIALS AND METHODS: Chemistry and texture of the soil.

4.31 Sampling procedure

A sampling scheme was devised including 25 sites cho.sen according to the mapped
positions of solid geology types (Chapter 2) as indicated in figure 4.3A. 7 soil sites
were located over diorites, 2 over granodiorite from the Loch Doon pluton and 1over
a minor granodioritic intrusion in the south of the catchment. 6 soil sites were over
dykes within meta-sediments, 4 over coarse meta-.sediments, 2 over fine meta-
sediments and 3 over the black shales. The dykes were strongly represented because
small geological bodies have been reported as strongly influencing the chemistry of
nearby soils and soil waters e.g. increased Ca within the Loch Chon catchment close

to a dolcritc dyke (Miller et al 1990).

The soil sites are shown in relation to the soil associations, scries and complexes in
figure 4.1A. 15 soil sites were located as part of the Darnaw Complex (Ettrick

Association) while 5 soil sites were positioned as members of the Garrary Complex
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(Dalbeattie Association). The Ettrick skeletal soils and the Gala and Dinnins
Complexes (Dalbeattie Association) were all represented by one soil site. Two soil

sites were within the Organic soil zone.

The soil sites were de.scribed in terms of their slope, elevation and vegetation patterns,
appendix D, pages 280-290. At each site between 2 and 5 soil samples, (typically 4,
one from the upper and lower parts of organic and mineral horizons) were taken for
analysis. At sites 1-11 .soil pits were dug and the soil profile was characteri.sed
(appendix D). At sites 12-25 samples were taken by auger and depths of samples
noted. The original aim of the project was to extract samples for soil thin section
analysis from the first 11 sites which were thus excavated in the fonn of a pit.
However, once the pits had been dug the mineral soils were often too stony or poorly
developed to extract material from them for thin section analysis and so fewer soil

thin .sections were actually collected.

Samples were split analytically into organic and mineral soil horizons by reference to
their carbon content. All samples were analy.sed for field moisture content, particle
size, texture, colour, pH, organic carbon content, moisture content, exchangeable

cations including Al and H, pyrophosphate extractable Fe and Al and cation exchange

capacity.
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4.32 Methods of soil chemical and particle size analysis

(i) Soil field moisture content

This was measured on field wet samples prior to drying. A known weight of soil (40 -
50g) was placed in a weighed beaker and left in an oven at 105°C overnight. The
difference in weight produced on drying was expressed as a % of the initial soil

weight. Single determinations were made on each sample.

(i) Sample preparation

Soil samples were air dried on shallow trays for up to two weeks. Soils were dried at
room temperature to decrease both chemical and physical changes reported by Hesse
(1971). Drying involves the destruction of micro-organisms and liberation of soluble
organic matter; oven dicing can result in loss of carbon by oxidation. Physically the
soil becomes dehydrated and clay particles may cement together giving the impression
of a sandy texture to the soil. Special attention was paid to breaking up the soils daily

to ensure both thorough drying and minimal clay clotting.

When dry the soils were passed through a 2 mm sieve; this size is used for most
routine analyses (Hesse 1971). Any .soil not passing through this sieve was weighed
and expressed as a % of the total soil sample. The origin of these larger fractions was

also noted.
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(iii) Soil air dried moisture content

Air dry moisture content of the soil was measured to convert chemical analytical
results to an oven dried soil basis, the conventional way to present soil chemical
results. Moisture content was determined on 1 sample of each soil by placing a known
weight of soil in an oven at 105* C for 4 hours, allowing to cool in a desiccator and
then reweighing. Chemical analytical results were converted to an oven dried basis by

multiplying by (1 + 0.01m) where m = air dried moisture content.

(iv) Soil organic matter content

Soils were tested for their organic matter content by loss on ignition. This method was
chosen as the .soils were non-calcareous and sandy (Ball 1964). A known weight of
sample was placed into a dry. weighed crucible and heated in a furnace at 850 C for
4 hours. Samples were then removed to a desiccator for 20 minutes to cool before
reweighing. Triplicate determinations were made for each .soil and the results used to

split samples into mineral and organic soils, see later.

(v) Particle size analysis
Samples from mineral soil horizons (identified by LOI) were tested for particle size
distribution by the second part of the sieving/sedimentation method discussed in

chapter 3 (Avery and Bascomb 1974).
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(vi) pH of the organic soil

Organic soils were tested for pH as fresh samples. The results from the field moisture
content were utilised to determine a mass of soil equivalent to 2.5g dry weight. This
was added to 50ml of distilled water and 4ml 0.125M CacClj solution. This was stirred
and the pH of the soil solution determined after a 30 minute period using a Corning
pH meter calibrated at pH 4. When soil pH is measured in the presence of CaCI®

solution the results are more consistent (Schofield and Taylor 1955).

(vii) pH of the mineral soils

pH was tested in CaClj solution. 10g of air dried .soil was weighed into a clean 50ml
beaker and 25ml distilled water was added. The beaker contents were stirred and left
for 30 minutes. The solution was then restirred and 2ml of 0.125M CacClj solution

added. This was measured by Corning pH meter again.st pH 4 and pH 7 buffers.

(viii) Soil exchangeable cations

Exchangeable cations were measured in all soils by standard methods set out in
chapter 3. Exchangeable Mg and Ca were measured in leachates by flame AAS using
an oxyacetylene flame. Na and K were measured by flame photometry. Al was
mea.sured by AAS using a nitrous oxide flame. Exchangeable H was e.stimated by the
change in pH of the leachate solution and cross reference to a graph from Hesse

(1971). Triplicate determinations were made for each soil .sample.
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(ix) Cation exchange capacity
Cation exchange capacity (CEC) of the soils was tested using the Bascomb Ba method
buffered at pH 8.2 (Avery and Bascomb 1974) outlined in chapter 3 and also by

summation of mean exchangeable cations.

(x) Pyrophosphate extractable Fe

The soils were measured for their pyrophosphate extractable Fe content.
Pyrophosphate extracts Fe bound in amoiphous and organic fonns (Bascomb 1968).
The method u.sed was standard and is as given in Avery and Ba.scomb (1974).
Approximately 0.40g (W) of air dry soil was poured into a 50 ml centrifuge tube
containing 40 ml potassium pyropho.sphate solution. These tubes were then capped and
put onto mechanical shakers for 16 hours. A reagent blank was also prepared. After
this time the tubes were placed into a centrifuge and spun for 15 minutes at 2()(K)
r.p.m.. TTie supernatant liquid was decanted for analysis. Fe was measured by flame
AAS against known standards made up in pyropho.sphate .solution. Sample
concentration (C) and blank concentration (B) results were plugged into the following

equation to give a result of the .samples extractable Fe:

% Fe = C -8B
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4.4 RESULTS

Full results are given in appendix E, pages 291-297.

4.41 Organic content of the soil horizons.

LOI results (table E4) were used assign soil horizons to the classes of organic and
mineral soils. Avery (1980) indicated organic soil horizons contained at least 20%
organic matter. This figure, however, was dependent on the clay mineral content of
the soil increasing to 30% in a soil with 50% or more clay content. Loss on ignition

on the soil samples highlighted two general clusters of organic matter results;

25 - 70% - organic soil horizons 0 - 15% - mineral soil horizons.

Samples 3A, 5B, 6A, 7B and 13D fell outwith these limits.

All of the.se samples, except 6A, were close to the lower limit of the organic soil
horizon cluster. They were classed as organic soil horizons and 23% organic matter
was chosen as the cut off point for organic soil in this study.

Replication was good throughout the measurement of LOI.

Mean mineral soil horizon LOI was 10.9% (S.D. 4.87). The LOI values ranged
between 0.01% for soil 4C and 22.9% for 6A. The result for 4C was exceptional with
sample 24B clo.sest at 4.33%. Organic soil horizon LOI was, by definition, greater
with a mean value of 47.6% (S.D. 17.7). LOI values ranged from 23.7% for soil 22A

to 84.8% for 8A. The results were evenly spread between these limits.
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4.42 Field moisture and air dry moisture

Organic soil horizons held greater amounts of moisture in the field than the mineral
soil horizons (table EI). Mean organic horizon field moisture was 72.9% (S.D. 11.9)
compared with 40.6% (S.D. 14.4) for the mineral horizons. This was expected since
organic horizons contain more fibres which are capable of napping moisture between
them and thus have a greater water holding capacity. Organic samples retaining
minimal field moisture e.g. samples 16A and 3A were typically low in organic C.
Mean air dry moisture (table E3) was also greater in the organic soil horizons at

10.9% (S.D. 3.01) compared with 4.04 (S.D. 2.39) for the mineral horizons.

4.43 pll of the soil horizons.

Mean organic soil horizon pH was 3.6 (table E2), less than the mean mineral horizon
pH of 4.1 (table E8). The maximum organic and mineral horizon pH values were
similar at 4.5 (7A) and 4.7 (7D) respectively. The minimum organic horizon pH was

much lower at 2.9 (4A) than the minimum value for the mineral soils 3.5 (14B).

4.44 Particle size analysis of the mineral soil horizons.

Samples 6A. 4C. 14C, 15B, 19C, 25B, 7D. 1C, 18C, 14B and 6B were described as
stony having substantial weight % > 2mm in size (table E5). In many cases this coarse
fraction of the soil included rocks not indicated by Bown (1979) as parent material.
At sites 5, 7, 8. 9, 11. 18. 19. 22 and 25. all from the south of the catchment, the
coarse fraction included igneous material foreign to the solid geology specified for that
site. At sites 12 and 13 (both diorite sites) shales were present. Table E6 gives the

origin of these coarse particles in full.
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One measurement was made of each sample for panicle sire distribution in terms of
clay, silt and sand (table E7). For all samples the lack of teaction of the sotl with
H,0, supponed their classification as mineral soil horirons. Mean clay content was
4.81% (S.D. 3.86) with a range of values from 0.00% (11C) to 21.4% <14B). Both of
these values wem exceptional with most results falling between 1and 11% clay. Mean
silt content was 12.7% (S.D. 8.27) with a range of values between 0.00% <4D) and

44.4% (16B). Again both these limits were exceptional with the majority of samples
falling between 3 and 25% silt. Mean sand content was 82.6% (S.D. 8.54) with a

range between -54.3% (16B) and 95.4% (23B).

4.45 Exchangeable Cations
Triplicate detenninations were made on soil samples for exchangeable cations. Success
in replication was variable. Mean results with standard deviation for the mineral and

organic horizons are given in table 4.45A.

TnWe 4.4SA: Mean exchangeable ealinn results for organic and mineral soil

horimns. Results are given in meg/kg, standard deviation in itatics.

97



Most exchangeable cations were more concentrated in the organic soil horizons. Mean
exchangeable Ca was greater in the organic samples at 11.1 meqg/kg (table EIO)
compared with 2.87 meg/kg (table E9) for the mineral samples. Both soil types varied
considerably as indicated by standard deviations. The range of exchangeable Ca
concentrations recorded in the organic horizons was 1.42 - 57.7 meq /kg greater than
the range of 0.55 - 14.5 meq /kg in the mineral horizons. Maximum values for both

soil groups were recorded from site 25.

Mean exchangeable Mg in the organic horizons was 131 meqg/kg (table EIO), much
higher than 1.67 meqg/kg (table E9) for the mineral horizons. Variability indicated by
standard deviation was high in both soil groups. The range of exchangeable Mg values
recorded in the organic horizons was 1.92 - 91.5 meq /kg. This was much greater

than the range of 0.27 - 7.16 meq /kg found in the mineral horizons.

Mean exchangeable Na was greater in the organic horizons at 3.65 meq /kg (table
E12) than for the mineral horizons at 1.07 meq /kg (table EIl). Standard deviation
indicated variability was high in both .soil horizon types. The range of exchangeable
Na results of 0.80 -11.8 meq /kg for the organic horizons was greater than the range
of 0.07 - 4.84 meqg/kg for the mineralic horizons. Maximum exchangeable Na and Mg
were both recorded from the organic sample at site 4. The mineral horizon at this site

had the minimum exchangeable Na.

Mean exchangeable K was greater in the organic horizons at 3.53 meg/kg (table E12)

than the mineral horizons at 0.69 meg/kg (table EI1). Within this group variability
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indicated by the standard deviations was slightly greater in the mineral horizons. The
range of exchangeable K results was 0.17 - 11.9 meg/kg in the organic soils. This was
much greater than the range of 0.00 - 2.98 meqg/kg in the mineral horizons. Minimum

exchangeable K was found at site 4 for both the mineral and organic soils.

Mean exchangeable H was greater in the organic horizons at 294 meq/kg (table E16)
than 150 meq /kg (table E15) in the mineral horizons. Variability indicated by
standard deviation was moderate in both soil horizon types. The range of exchangeable
H results in the organic horizons was 176 - 453 meq /kg, greater than that of 59.6 -

249 meq /kg in the mineral soils.

Exchangeable Al was measured by a different method. However, the replication of
results remained variable. Mean exchangeable Al was greater at 43.1 meg/kg (table
E14) in the organic horizons than 22.8 meqAg (table E13) in the mineral soils.
Variation was high in both soil groups as indicated by standard deviation. The
maximum result of 133 meg/kg (21B) in the organic horizons was greater than the
result of 59.6 meq /kg (21C) in the mineral soils. In contrast the minimum value of
2.79 meqg/kg (4B) in the organic soils was lower than the result of 4.06 meqg/kg (20D)

recorded in the mineral horizons.

4.46 Pyrophosphate extractable Fe
Mean extractable Fe was similar in the organic horizons at 0.57% (S.D. 0.47) and the
mineral horizons at 0.49% (S.D. 0.57). Within this group variation indicated by

standard deviations was slightly greater in the mineral soils. The maximum reading
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in the organic soils (2.25% - 14A) was lower than the highest result in the mineral
horizons (2.66% -10C). The minimum readings in the organic and mineral horizons
were very similar at 0.02% (4A, 4B) and 0.01% (4C, 4D) respectively, (tables EI9

and E20).

4.47 Cation Exchange capacity

Full results for the CEC by measurement and by summation are given in tables E17
and E 18 There were many di.screpancies between the two values. More than half of
the organic samples gave a measured value lower than the summed value. Only 7A
gave a measured result greater than the summed value. The mineral horizon results
from both methods were slightly better matched with only a quarter of the samples
having a measured value greater than the summation result. Sample 4C had summed

value > measured result.

4.4K Base saturation

Base saturation was calculated as the sum of the base cations (Ca, Mg, Na, K)
expressed as a % of the summed CEC (tables E21 and E22). Base saturation was
typically greater in the organic horizons with a mean value of 7.64% (S.D. 6.15)
compared with 3.73% (S.D. 3.20) for the mineral horizons. The range of results
recorded for the organic horizons was 2.19% -25.4% base .saturation. This was slightly
greater than the range of 0.80% - 18.0% for the mineral horizon. Maximum base

saturation was found at site 25 for both .soil types.
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4.49 Correlation among soil properties

Table 4.49A shows the correlation among the chemical properties for the organic soil

horizons.

Table 4.49A: Correlation among the organic soil horizon chemical properties.

Mg
Na

pH
CEC
%BS

Ex
Ca

0.65
0.66
0.47
0.36
-0.44
0.54
-0.18
-0.20
0.40
0.85

Ex
Mg

0.85
0.19
0.57
-0.41
0.57
-0.53
-0.55
0.58
0.77

Ex
Na

0.46
0.66
-0.35
0.76
-0.55
-0.57
0.65
0.70

Ex K ExH
0.30

0.00 0.24

0.54 0.65

-0.26 -0.64
-0.26  -0.63
038 0.92

0.30 025

-0.13
-0.15
-0.12
0.34

-0.48

LOI

-0.58
-0.57
0.66
0.49

Ext
Fe

-1.00
-0.65
-0.23

pH

-0.64
-0.28

Organic matter content (determined by LOI) was correlated with exchangeable Na, H

and CEC (summed). Extractable Fe was strongly and inversely correlated with soil pH.

The strong correlation found between CEC and exchangeable H was anticipated since

this cation accounts for a large proportion of the positive charge on the cation

exchange complex. CEC was also strongly inversely correlated with extractable Fc and

soil pH. Ca, Mg and Na were closely intercomelatcd.

Correlation of .soil chemical properties among the mineral soil horizons are presented

in table 4.49B.
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Table 4.49B: Correlation among the mineral soil horixon properties

Ex Ex Ex Ex K ExH EXx LOI Ext pH
Ca Mg Na Al Fe

Mg  0.82
Na 029 036
K 022 040 052
I 001 020 030 019
025 003 020 020 081
Lol 041 035 027 031 053 037
Fe  -009 -005 024 029 043 028 038
pH 010 -007 -012 -007 -023 -025 005 0.0
CEC -006 014 033 023 090 087 062 038 -0.22
%BS 0.85 077 070 030 025 -048 049 -0.23 -0.28

As in the organic soils there was a conelation between CEC and LOI. Exchangeable
Ca and Mg were strongly conelated a feature typical of many igneous rocks.
Exchangeable H and Al were strongly coirelated with each other and CEC. This was

anticipated since H and Al constitute the bulk of the CEC.
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4,5 DISCUSSION: Chemical and textural soil features.

Al soils representing the Darnaw Complex (Ettrick Association), figure 4.1A. fitted
the descriptions of this variable soil class. The profiles sampled ranged from peaty
podzols to peaty gleys, peat and ranker soils. The profile sampled at site 7 was too
deep to belong to the Ettrick Skeletal soils and was re-assigned to the spatially
proximal Darnaw Complex. The Dalbeattie Association soils involved a greater variety
of map classifications. 4 of the 5 soil sites (1, 3. 12, 13) assigned to the Garrary
Complex complied with the description of the group. However, the profile at site 24
did not include a raw humus surface horizon and was similar to the profile found at
site 23 (Dinnins Complex). Both soils may represent brown forest soils belonging to
the Dinnins Complex although both were ¢. Im in depth, a feature atypical of this
complex. Soils from site 2 fitted their assignation to the Gala Complex. Soils at sites
4 and 20 were described as organic soils. This served for site 4 but the profile at site
20 had only 20 cm of peat and was not an organic soil. It was mapped in close spatial

proximity to the Gala complex and was re-assigned to this group.

4.51: Reliability of results.
LOI results were well replicated. Only single determinations were made on soil pH

therefore reliability of the results could not be ascertained. Replication of

exchangeable cation results was variable. Reproduction of exchangeable calcium
results was diverse for the mineral horizons; sample 16B gave a mean result of 1.02
meg/kg (S.D. 0.04) yet the mean result for sample 3B was 0.66 meqg/kg (S.D. 0.52).

Variation was most marked in the numerically lower results. Organic horizon
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exchangeable calcium was better replicated probably because of higher concentrations.
Replication of exchangeable magnesium was improved relative to calcium in the
mineral horizons and was good in the organic horizons. Exchangeable sodium
replication was poor in the mineral horizons and only slightly better in the organic
horizons. Exchangeable potassium results were typically low and the replication
correspondingly poor, where potassium > 1.5 meqg/kg replication was improved.
Replication of exchangeable potassium was also poor in the organic soils despite
higher values. Exchangeable hydrogen was moderately well replicated in the mineral
horizons except in a few cases e.g. soils 3C, 8C and 23B. Exchangeable hydrogen was
less well replicated in the organic horizons despite the higher concentrations.
Replication of exchangeable aluminium was poor in most soils.

This consistent poor to variable replication in the results indicated.

i) Operator error
i) Within sample variability (physical and chemical) or

iii) a combination of the above.

Operator eiTor could explain some of the poor replication in:

1 The organic soils - if the soils were not totally saturated on the initial addition of
ammonium acetate or KCI solution during the leaching process this could affect the
concen.ra.ions of exchangeable ionx. This was especially difficult to achieve in the
case of the organic soils.

2. The exchangeable hydrogen results - if the change in ammonium acetate pH after
passage through the soil was not properly observed this could make significant
differences when translated to exchangeable hydrogen concentrations by reference to
Hesse (1971).

Textural variability could have affected results by:
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1. Producing diverse leaching rates which would allow a variation in leaching time to
creep in and consequently time for cation exchange to be variable.
2. A greater adsorption of the leachate resulting in differences in the amount of pure

ammonium acetate/KCI needed to top up the sample leachate to 100 ml.

CEC by measurement replicated at varying levels of success. The differences
encountered in the cation exchange capacity results between measured and summed

methods were explained by:

a. Discrepancies in the measuremeni technique introduced during the ’wa.shing’ step employed in this
method (Hesse 1971).

b. The presence of soil organic matter with suongly and prercrentially held polyvalent cations. These could
only be replaced by other polyvalent cations capable of forming suonger bonds with the organic matter
(Giusti 1991). If aluminium were a prominent cation on the exchange resin, as was the case for many of
the soils, this would result in an underestimation of CEC.

c. Chapman (1965) advised the use of summation for estimation of CEC in distinctly acid soils since the
Ba.scomb method used is typically buffered at pH 8.2 ;md CEC is related to pH.

d. Poor replication of the results for individual cations could affect the accuracy of the summed results.

4.52 Comparison of results

Organic horizon pH was similar to the results of Little (1985), Grieve (1990), Giusti
(1991) and Macintyre (1991) all from the Loch Dee catchment. The mean value of pH
3.6 was very similar to that suggested by Bache (1984) as typical of a podzol humic
horizon. This mean value, however, was lower than tho.se quoted by Walker et al
(1990) for the catchment studies at Hoylandet in Norway, Mharcaidh in the Scottish
Cairngorms, Chon and Kelly, both from the Loch Ard Forest in Central Scotland.

However, pH readings in these cases were measured in water only. If pH is measured
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in CaCli it is typically lower (Kennedy 1986). This is explained by the displacement
of protons from colloids or, in the case of acid soils, by the release of trivalent Al
from exchange sites. Soil pH reported by Anderson et al (1993) for the Balquhidder
catchment in central Scotland were also measured in CaClj and gave a range of values

similar to those reported for Loch Dee.

The two extremes of pH (2.9, 4.5) represented limits of site height (the lowest pH at
the lowe.st altitude) but this feature did not hold for the group as a whole, (r = 0.553).
Little (1985) stressed the importance of vegetation in the variability of organic soil
pH. He indicated moorland peat pH < forest peat pH. Vegetation at soil site 4 was
dominated by heather and classed as moorland. The peats from this site had the lowest

reported pH values at 2.9 and 3.0 i.e. this was in agreement with the findings of Little.

Mineral soil pH was lower than results reported by Little but similar to those recorded
by Grieve (1990), Maclntyre (1991) and Giusti (1991). The mean value of pH 4.1 was
in between the values of 3.8 and 4.5 suggested by Bache (1984) to be typical of the
bleached and the underlying enriched horizons of podzolic soils. Mean pH values
were again lower than tho.se given for Hoylandet, Mharcaidh, Chon and Kelty but
these soil pH values were again measured without CaClj. The mean mineral soil pH,
however, was similar to those reported for the Bs horizons of iron humus podzols and
the Eg and Bg horizon of surface water gleys from the Balquhidder catchment

(Anderson ct al 1993).

Loss on ignition results were within a similar range to those of Grieve (1990),
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Maclntyre (1991) and Giusti (1991) all from the Loch Dee catchment. Giusti reported
a relationship between LOI in top soils and the site slope (low slope = high LOI) and
direction (facing S and E = higher LOI, facing W = lower LOI) in the Dargall Lane
sub-catchment. This relationship was not obvious for the White Laggan sub-catchment
soils. However, peat development was limited at site with a high gradient e.g. sites 23
and 24 and greater topsoil LOI (c. 70%) was often found in sites with a negligible
gradient. The highest LOI value was found at site 8 where there was a 5“ slope to the

north.

Exchangeable cation results were compared with the results from other studies in the
area, see tables 4.52A and 4.52B. Organic horizon exchangeable cations were similar
to those reported by the other authors working in the Loch Dee area. The apparent
differences highlighted the variable nature of the soils from the area. Exchangeable
calcium results were more variable than the soils of Grieve (1990), but less than those
of Giusti (1991). Exchangeable magnesium had a greater range than all authors. Both
these ions were of a similar level to those reported to tho.se of Bache (1984) as typical
of podzol humic horizons. Mean exchangeable sodium and potassium were similar to
the results of Grieve (1990) and Giusti (1991). Mean exchangeable aluminium was
much greater in the Loch Dee soils than the value of 5 meg/kg suggested by Bache

as typical of podzol humic horizons.
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Table 4.52A: Comparison of organic soil exchangeable cations with data from
other work at Loch Dee. Units are meg/kg.

Results - mean and Results from Grieve Results from Ciusti
range (1990) Range. (1991) Range

Exch Ca 111 6 -35 19.7 - 150
1.42 - 57.7

Exch Mg 13.1 5-34 2.30 - 60.2
1.92 - 915

Exch Na 3.65 7-8 2.70 - 30.8
0.80 -11.8

Exch K 3.53 2-9 18 - 13.8
0.17 - 119

Exch H 294 283 - 567 105 - 359
176 - 453

Exch Al 43.1 28 - 82 67.4 - 570
2.79 - 133

Exchangeable calcium, potassium and aluminium were in a similar range to these ions
reported for surface water gleys and humus iron podzols from the Balquhidder
Catchment (Anderson 1993). However exchangeable sodium, magnesium and
hydrogen were typically lower in the surface soils from the Balquhidder catchment.
Lower sodium and magnesium values at these sites may reflect a lower input from
coastal rains although there are inputs of these elements from marine sources
(Anderson et al 1993). Lower exchangeable hydrogen values in the Balquhidder soils
are more difficult to explain. It is possible the soils at Balquhidder were less acidified
due to the presence of a band of Loch Tay limestone in the area. However, this was
not reflected in higher calcium content of the soils and possibly reflects either elevated
acidification of the Loch Dee surface soils or the presence of greater quantities of

organic matter in the soils.
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Soil exchangeable cations from the Llyn Brianne catchment (Whitehead et al 1988)
were typically within the range of results found for the Loch Dee soils although they

were usually at the lower end of the scale.

Walker et al (1990) presented data for exchangeable acidity and exchangeable
aluminium for the Mhai'caidh Catchment, Hoylandet Catchment and the Chon and
Kelty Catchments. All of these are within upland areas, have podsolic soils and are
acidified to different degrees. Exchangeable acidity was much greater in the surface
soils of all these catchments when compared with the Loch Dee organic horizons.
Exchangeable aluminium, however, was noticeably lower than the Loch Dee soils in
the Hoylandet and Chon surface soils, similar in the Mharcaidh organic horizons and
much higher in the surface soils of the Kelty catchment. Hoylandet was designated a
"pristine’ site by the Surface Water Acidification Programme (Mason 1990) and lower
concentrations of acidic cations might be anticipated in its .soiLs. Loch Chon was
designated an ’acidified’ site by the SWAP study and yet had lower exchangeable
aluminium in its organic horizons than soils from Loch Dee. Mharcaidh was
designated a ‘’transitional’ site by SWAP and the Kelty Catchment ’acidified’.
Comparison of Loch Dee surface soils with those from SWAP sites thus indicates the

area to be ’transitional’ in tenns of acidification.

Exchangeable cations in the mineral .soil horizons were also compatible with those of

other authors working in the Loch Dec area (table 4.52B) and again any differences

served to highlight the variability of the mineral soils in this area.
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Table 4.52 B: Comparison of mineral soil exchangeable cations with those from

meqg/kg Results mean and ~ Results of Results of
range Grieve - Range Giusti - Range

Ex Ca 2.87 2-1 17.6 - 41.0
0.55 - 145

Ex Mg 1.70 2-4 11-322
0.27 - 7.16

Ex Na 107 0-4 170 - 215
0.07 - 4.84

Ex K 0.69 0-0 10-40
0.00 - 2.98

Ex H 150 110 - 259 125 - 269
73.1 - 249

Ex Al 22.8 12 - 29 18.4 - 138
4.06 - 59.6

Exchangeable calcium, magnesium, sodium and aluminium had a range of results
lower than those of Giusti from the Dargall Lane. The range of exchangeable
aluminium, however, was greater than those of Grieve from the Green Burn sub-

catchment.

Mean exchangeable calcium, magnesium and aluminium from the soils of the Loch
Dee area were typically greater than those quoted by Bache (1984) as typical of
podzolic bleached and enriched horizons. Exchangeable calcium, potassium and
aluminium were within a similar range to Mharcaidh (Jenkins ct al), Llyn Brianne
(Whitehead ct al 1988) and Balquhiddcr soils (Anderson ct al 1993). Exchangeable
sodium, magnesium and hydrogen were much lower in the Balquhiddcr soils but

similar in the LIyn Brianne mineral horizons.

no



Exchangeable acidity in the Loch Dee mineral horizons was similar to the results for
the Hoylandet and Loch Chon mineral soils, higher than those in the Mharcaidh
catchment and lower than the exchangeable acidity found in the Kelty Catchment
(Walker et al 1990). The latter result was anticipated because of the SWAP
designation of Kelty as an acidified site. Exchangeable aluminium from the mineral
soils at Loch Dee was similar to Hoylandet, Chon and Mharcaidh but often lower than
that at Kelty again because Kelty is a relatively acidified site compared with Dee.

The similarity in mineral horizon exchangeable hydrogen and aluminium between
Loch Dee and Loch Chon soils was interesting since Chon was also designated an
acidified site. However, the presence of a base rich dolerite dyke at this site may have
allowed the soils some buffering capacity and kept concentrations of acidic cations

down to a level similar to tho.se in Loch Dee mineral horizons.
Summed CEC results were compaied with the results from other work within the Loch
Dee catchment. The results of this comparison are given in 4.52C.

Table 4.52C: Comparison of summed CEC results from other studies in the Loch
Dee area. Standard deviations are given in italics for the results from this study.

Organic horizons Mineral horizons
(meqg/kg) (meag/kg)

Grieve (1990) 303 - 647 120 - 278

Giusti (1991) 236 - 919 204 - 462

This study 379 916 179 51.7

Mineral soil horizon CEC results were comparable with those of other authors working
in the Loch Dec area. Sample 4C from this study was lower than any other reported

values but was a beach sediment rather than a soil per .se. The organic soil results
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were within the range given by Grieve (1990) but lower than those of Giusti.

Loch Dee organic soils had lower CEC than those reported by Jenkins et al (1988) for
the Mharcaidh Catchment but greater CEC than those reported by Whitehead et al
(1988) for the Llyn Brianne Catchment and summed organic soil CEC calculated for
the Balquhidder Catchment (Anderson et al 1993) and the Birkenes Catchment (Seip
et al 1990). This probably reflects a higher organic matter content in the Loch Dee
organic soil horizons than found at Balquhidder and Birkenes since organic matter and

CEC are closely related.

Loch Dee mineral soil CEC was greater than for Mharcaidh (Jenkins et al 1988),
Birkenes (Seip et al 1990) and Llyn Brianne (Whitehead et al 1988) but similar to

concentrations reported for the Balquhidder soils (Anderson et al 1993).

Organic soil base saturation results from this study were of a similar range to those
of Giusti (1991) from the Dargall Lane sub-catchment (10.1 - 28.0%) but were within

a slightly lower numerical bracket (2.40 - 25.4%).

Loch Dee organic soil horizon base saturation was also lower than those reported by
Scip et al (1990) for Birkenes and Ingabekken (Hoylandet) but similar to results in the
Mharcaidh and Llyn Brianne Catchments (Jenkins et al 1988, Whitehead et al 1988)
and some Dutch woodland soils reported by Mulder et al (1987). Base saturation
results calculated from the data of Walker ct al (1990) and Anderson ct al (1993) for

the Chon and Balquhidder catchments were also similar to those at Loch Dee. Kelly
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soils had typically lower base saturation in the organic soils as would be expected in

soils from a relatively acidified catchment.

Mineral soil base saturation at Loch Dee (0.80 - 18.0%) was again in a numerically

lower bracket than those of Giusti (1991) from the Dargall Lane (9.30 - 27.4%).

Base saturation at Birkenes 1 (Seip et al 1990), Llyn Brianne (Whitehead et al 1988)
and Mharcaidh (Jenkins et al 1988) was within a similar range to the Loch Dee
mineral horizons. However, Birkenes 2 and the Ingabekken sites of Seip et al (1990)
and some of the mineral soils reported by Mulder et al (1987) from the Netherlands
typically had greater base saturation and probably therefore represent less acidified
sites. Base saturation results were calculated from the data of Walker et al (1990) and
Anderson et al (1993). Chon, Kelty, Mharcaidh and the humic podzols of Balquhidder
were similar to the results at Dee. However, the surface water gleys from Balquhidder
were typically more base enriched. The similarity between the base saturation of the
mineral soil horizons from both the Loch Dee and Loch Kelty catchments gives an

insight into the degree of acidification in the Loch Dee area.

Soil exchangeable aluminium was expressed as a % of CEC (summed). The organic
horizons of Loch Dee gave a mean result of 12.8% (S.D. 6.61) exchangeable
aluminium but the range was 0.50 - 26.6%. These results were similar to those of
Grieve (1990) for the Green Burn sub-catchment at Loch Dee but lower than those

from the Dargall Lane sub-catchment (Giusti 1991).
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Concentrations of exchangeable aluminium compared with CEC from this study were
also similar to those from the surface water gleys of Balquhidder but lower than the
humus iron podzols at the same site (Anderson et al 1993). Chon, Kelty and
Mharcaidh had similar levels of aluminium enrichment on the soil exchange sites
(Walker et al 1990). Mulder et al (1987), however, indicated aluminium concentrations
were slightly greater in some woodlands soils from the Netherlands than the Loch Dee
soils. Again the similarity between the aluminium saturation of the exchange complex
in the soils of Loch Dee and Kelty indicate the level of acidification reached by the

soils at Loch Dee.

The Loch Dee mineral soil exchange complex was slightly more enriched in
aluminium than in the case of the organic soils. On average the aluminium saturation
was 13.6% (S.D. 4.38) with a range of values between 5.42% and 24.0%. These
values were analogous to the results of Grieve (1990) but again, much lower than

those of Giu.sti (1991) for the Dargall Lane soils.

Loch Dee mineral soil aluminium saturation was also similar to the Balquhidder
(Anderson et al 1993), Hoylandet and Chon catchments (Walker et al 1990). However,
Kelty and Mharcaidh (Walker et al 1990) and some Dutch soils (Mulder et al 1987)
were all reported to have greater saturation of the soil exchange complex with

aluminium than the Loch Dee mineral soil horizons in this study.
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4.53 Variability of soil chemistry and texture:

Ai. Chemical variability on the site scale.

Chemical components often varied systematically throughout the soil profile and
reflected changes in CEC through the soil horizons. Soil profiles were distinguished
according to the pattern of changes in the concentrations of 4 components throughout
the soil profile:

i) . Base cations typically decreased in concentration in one of three ways down the
soil profile, figure 4.53A.

1 Decrease was greatest in the organic soil e.g. .sall profile 1, 2, 4, 8, 10, 12, 20. 21
and 22.

2. Similar to 3 but with a slight increase in the base of the mineral horizon e.g. 3. 9.
17, 23, 24

3. Decrea.se was steady throughout the soil profile e.g. profiles 5, 11 and 19.

Soail profiles at sites 7, 13, 14, 16 and 18 did not have comparable results for all base

cations but showed some similarities with the above three patterns.

ii) Acidic cations typically followed one of four patterns fig 4.53B.

1 Decreased down profile with maximum decrea.se in the mineral soil e.g. site 1, 7,
11, 16 20.

2. Increased to a maximum in the upper .soil then decrea.sed rapidly e.g. soil 5, 21.
3. Decreased steadily throughout the profile e.g. soil 10, 12, 13, 17, 18, 19, 22.

4. Decreased in the organic soil then increased in the mineral .soil e.g. site 23, 24.
In a few cases the distribution of Al and H throughout the soil profile were not related

e.g. sites 2, 3. 4, 8,9, 14
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iii)  Distribution of pyrophosphate extractable iron throughout the profile was
described as:

1 Following the exchangeable bases e.g. sites 1, 4, 9, 12, 14, 18, 23, 24.

2. Decreasing then increasing to a maximum in the mineral soil e.g. profile 2,10,13,17.
3. Increa.sing to a maximum in the upper soil profile then decrea.sing e.g. soil 3, 5, 7,
8, 21.

4. Following exchangeable acidity e.g. soil site 11, 16, 19, 20, 22, 23, 24.

iv) Soil LOI either:

1 Followed the pattern of exchangeable hydrogen and 0 -3 exchangeable bases e.g.
sites 1, 3, 9, 12, 13, 14, 16, 17, 18, 20, 22, 23, 24.

2. Followed the pattern of two or more of the bases but not hydrogen e.g. .sail 4, 5,
7, 8, 10, 11, 19, 21.

In one case, soil LOI did not follow any patterns at all e.g. site 2

Aii. Correlation among soil properties.

Organic matter content was impoitant in controlling the cation exchange properties of
the organic soils. It was conelated with exchangeable sodium, hydrogen and CEC
(summed). This feature may dominate the chemistry of soil solutions associated with
these soils.

Extractable iron was strongly and inversely correlated with soil pH in the organic
soils. In acidic soil conditions pyrophosphate extractable iron was often more
abundant. Since iron extracted by pyrophosphate is typically in an organic or

amorphous form and organic rich soils often have a low pH this relationship is sensible.
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There was a correlation between CEC and LOI in the mineral soils again indicating
a control of organic material over soil chemical processes. However, because organic
matter is less prominent in the mineral soils any control should be less obvious and

soil organic matter may not substantially affect the chemisuy of soil solutions.

The correlation of soil exchangeable calcium and magnesium was strong and could
be ascribed to input from geological source; such a correlation is typical of many
igneous rocks. There was not any apparent relationship between the extractable iron
component of the .soils and organic matter contained within the soils. Extractable iron

was also not related to soil pH.

Aiii. Analysis of variance according to soil profile type:

Chemical and textural data for both the organic and mineral soil horizons were
asse.s.sed for variability due to soil profile types. Tables 4.53A and B indicate the
chemical features ascribed to soil profile differences at the 95% confidence level for
both soil horizon types.

Table 4.53A: Analysis of variance for organic soil data due to soil profile type.
Table gives mean values with standard deviations in italics.

P Peat Pod/.ols (jleys Rankers Other
value soils
Ex H 0.04 317 317 269 299 185
72.7 50.2 44.7 60.9 1.41

There was a considerable difference in the exchangeable hydrogen content of the
organic soil horizons from the ’other’ category. This included only organic soils from
site 7 which were lower in exchangeable H than all other soil profile types. However,

this is more likely to be a feature of altitude rather than the profile typ>e and related
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454 Textural Classification of the soils

% clay, silt and sand results for the mineral soils (Table E7) were plotted onto a
triangular diagram forming a textural classification, figure 4.54A, after Avery (1980).
Oespite the differences indicated by analysis of variance of the mineral soil results,
once these soils were texturally classified all but one of the mineral soils was
described by just 3 soil types irrespective of underlying geology. 24 samples were
sands, 13 samples sandy loams and 9 samples loamy sands. Sample 14B had a higher

clay content and was classed as a sandy clay loam.

4.55 Evidence for drift input to the soils

The coarse fraction (> 2mm) of the soils (Table E6) indicated the presence of drift
material at many sites e.g. 7, 8,9, 11, 12, 13 etc. (section 4.44A). It appeared that this
drift was of mixed origin. This was very similar to the situation reported in the coar.se

fraction of the drift samples reported in chapter 3.

A comparison of the mineral soil mean chemical data and the drift mean chemical
data (chapter 3) is presented in table 4.55A. Despite the differences observed in the
drift data in chapter 3 when split according to Ettrick and Dalbeattie Associations
mean drift results were used in a comparison here since the drift sample population

was too small to be sure if the contrast noted was real.
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Chemical and textural similarities between the drift samples from chapter 3 and the
mineral soil results reported in this chapter indicated significant input from the drift
materials to the soils as a parent material component. Coarse soil fractions indicated
input from a source of mixed origin. Soil thin sections were analysed in order gain a
clearer picture on the frequency of the input of drift to the soil parent material and the

nature of this drift.

46 MATERIALS AND METHODS: Soil Thin Sections

4.61: Soil sampling for thin section

At soil sites 1, 2, 3, 5, 6, 7 and 10 .samples from mineral soil horizons were extracted
in Kubiena tins for thin section analysis. Two tins were taken at different depths at
sites 2 and 10. The soils were collected according to the procedure of Murphy (1986)
which is set out below:

1 Soil pit face was cleaned and sketched. A kubiena tin was placed onto face with
one lid on and pushed in squarely until the tin was full. Care was taken to avoid
overfilling and compaction.

2. When the tin was full it was levered out any unneces.sary .soil sliced off.

3. A second lid was located on the tin and the sample number, date, depth and
orientation were marked and recorded.

4. The tin was taped up with masking tape and labelled on the outside and finally

placed into a plastic bag and stored.
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4.62 Thin section preparation:

Soil thin sections were produced in the Department of Environmental Science using
standard methods produced there (Muriel Macleod pers comm.) after Fitzpatrick
(1984) and Murphy (1986). The procedure was as follows:

Drying:

Air drying produces shrinkage especially in clayey soils where clay minerals with
expandable lattices contract on water loss (Jongerius and Heintzberger 1975). Organic
soils are al.so prone to shrinkage. Water was replaced and the .sail effectively dried
using pure acetone. This was achieved by the following procedure, after Murphy
(1986):

1 Soil .samples were unwrapped, orientations noted and the

basal kubiena lid replaced with a similar perforated lid.

2. The tin was placed perforated lid down onto a grill in the base of a large bowl. The
top lid of the kubiena tin was removed. Orientation of the sample was recorded.

3. The bowl was filled with acetone to half the level of the tins. Bowls were set left
in a fume cupboard.

4. The acetone was changed every 3-4 days until 8-10 changes had been made. The

soils were then ready for impregnation.

Impregnation:

The soils were impregnated with a polyester resin mixed with thinner and catalyst; this
mixture seeps into voids and solidifies retaining soil structure and enabling the soil to
be cut as a block into a thin section. 180ml of polyester (crystic) resin was used to

every 25ml of acetone (thinner) and 1.8ml of catalyst. Acetone was used as a thinner
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since the sample was already *familiar’ with this medium. The thinner works to allow
the resin to penetrate the pores of the soil more quickly and successfully. The catalyst
promoted polymerisation in the resin helping the block to harden. The impregnation
process is outlined below.

1 The resin, thinner and catalyst were mixed in a beaker in a fume cupboard using
magnetic stirrers.

2. The soils in their kubiena tins (no lids) were placed into hardened tinfoil casings
and orientations noted. The tin foil casings were taller than the actual kubiena tins.
3. These heightened containers were then placed into a desiccator fixed with a vacuum
pump and the resin mixture was poured into each container.

4. When the containers were at capacity volume the desiccator lid was replaced and
a vacuum created. This caused the resin to bubble.

5. Gaseous material given off in this process was collected as a solid. It was piped
into a flask cooled externally by liquid niuogen.

6. The resin was topped up three times during the 8 hour impregnation time and the
level of liquid nitrogen was kept high -usually by refilling every hour.

7. When this 8 hour process was complete the soils were removed from the desiccator

and left to cure in the fume cupboard. This takes a minimum of 28 days.

When the impregnated soils were hardened thin sections were taken by exactly the
same method as rock thin sections and orientation etched onto the glass slide.

Once prepared the thin sections were assessed for void content, organic and mineral
components and the relationship between the coarse and fine fractions determined with

reference to a diagram from Bullock et al (1985) reproduced in figure 4.6A.
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4.7 Thin section results and discussion

Thin sections were analysed primarily with respect to their mineralogy to test the
hypothesis that soil parent material was a mixture of locally derived drift, of mixed
origin and solid geology underlying a particular soil site. Main .soil features are given
in tables FI, F2, F3 and F4 in Appendix F, pages 298-299. Coarse and fine material

were separated throughout the descriptions by a size margin of 5pm.

Site 1:

Voids were often associated with decaying organic matter. They ran perpendicular to
the soil surface and probably represented old root channels. The fine fraction of the
soil was especially rich in organics but included some mineralic fragments. It was
brown and speckled and had an open porphyric relationship (Figure 4.6A) with the
coarse fraction (plate 4.7A) i.e. large fabric units occuned within a groundmass of
smaller units. Coarse fraction organic components retained cell structures. The mineral
fraction corresponded almost exclusively to a dioritic parent material. However, the
presence of strained quartz fragments in the sample indicated an influx of material
from meta-.sediments to the south. This highliglited the likelihood of mixed parent
material at this site.

Site 2:

Two samples were taken from site 2. The shallow soil was apedal with coarse and fine
fraction related by a porphyric structure. The deep soil had more coarse material the
majority of which was mineralic and the coarse fine relationship was described as
porphyric tending to enaulic (Figure 4.6A) i.e. coarse fabric units were within a fine

groundmass but were tending towards supporting themselves in a network. Soil voids
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were more abundant in the upper soil and were dominated by root channels, plate
4.7B, and ovate chambers. Plate 4.7C shows a piece of organic material from the
upper part of the soil assumed to be of vegetable origin. Voids were occasionally
infilled with organic rich, isotropic material. In the lower soil voids were more
commonly filled with amorphous, isotropic yellow material assumed to be of organic
origin. Together, these two observations could indicate translocation of organic matter
through the soil profile. The soil mineral fraction was entirely dioritic; the lower soil
contained a piece of diorite weathering in situ. The rock was riddled with isotropic
planar cracks partly infilled with an uneven globular non-reflective red material,
probably of organic origin, occasionally associated with Fe oxides and decaying
biotite, plate 4.7D. Drift material was not necessary to explain any of the features in
the soils taken from site 2.

Site 3:

The soil from site 3 was zoned. Plate 4.7E shows the junction of two of the zones.
The upper zone had less coarse material and was apedal. Void space was uncommon
(7-10%) and typically took the forni of planar cracks. The lower zone was almost
entirely mineralic made up of disintegrating rock fragments, rich in biotite (plate 4.7F)
with minor fine fraction material and a greater proportion of voids. The coarse/fine
relationship was porphyric in the upper zone but tending towards enaulic in the lower
zone, figure 4.6A. In between the two zones was a large sub-rounded pebble of
lamprophyric dyke material (plate 4.7G). The presence of this and other minor rock
fragments in the soil profile indicated input of drift material of mixed origin to the soil

parent material.
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Site 5

Soil from site 5 was very stony. The coarse fine relationship was gefuric, figure 4.6A
i.e. coarse fabric units were linked by braces of finer material. Groundmass was rare.
Voids formed a network of planar cracks throughout the soil (plate 4.7H). Organics
were not prominent. Mineralic material was mainly of basic dyke origin (plate 4.7H)
although there were large pieces of strained quartz present that could have been
derived from meta-sediments surrounding the dyke. The thin section evidence in this
soil, therefore, did not point to an input from locally derived yet *foreign’ drift but did
involve a mixture of solid geology types in the parent material.

Site 6

Soil from site 6 was also stony. Voids again appeared to form a planar network
throughout (plate 4.71). Organics were a minor part of the coarse fraction and the
coarse/fme relation.ship was gefuric, figure 4.6A. Fine fraction material showed some
pedality (plate 4.7J). The mineralic material was typically angular (plate 4.71) and
exclusively poiphyritic in origin. There was no evidence of locally derived yet foreign
drift material in the material for the soil at site 6.

Site 7

Two slides were taken from the soil at site 7. The shallower soil had a greater
proportion of voids than the deep soil but organics were minimal in both soils.
Pedality was strongly developed in the upper soil, the peds were granular. The coarse
fine relationship within these peds was porphyric, figure 4.6A. The mineral fraction
in the upper soil included black shale rock fragments with porphyry and ’granite’
(plate 4.7K). The lower level soil had a less well developed pedality, especially in it’s

lower reaches (plate 4.7L). It contained a greater variety of rock types including
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greywacke (plate 4.7M), black shale (plate 4.7N) and igneous material. Drift of mixed
yet local origin was very important within the parent material at this particular site.
Site 10

Soil from site 10 was apedal. Coarse and fine fraction showed a porphyric
relationship, figure 4.6A. The upper 2cm of the soil had a deep red coloration and
voids were often filled with yellow amoiphous material of partly organic origin (plates
4.70 and P). This i.sotropic amoiphous organic rich material was often mixed with
plant material. The material also appeared further down the profile (see plate 4.7Q)
and may have indicated the down profile movement of organics. The soil mineralogy
was consistent with a granodioritic geology although the pre.sence of strained quartz
(plate 4.7R) indicated an input from surrounding meta-sediments. It again seemed that
a mixed origin drift component of soil parent material was not necessary to explain

the features found in soil thin section at site 10.

Soil thin .sections therefore gave further evidence of the mixing of drift materials at
sites 1, 3 and 7. This mixing was not a feature of the whole area but appeared to be
localised being especially prominent on high ground and in the north of the area. The
results of the soil thin section work together with that of the nature of the coar.se
fraction of the soil strongly suggested drift material in the area could be made up of
mixed solid geology types and that such drift was a prominent input to soil parent

materials.
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4.8 CONCLUSIONS

The soils of the Loch Dee area were of short spatial range typically developed within
small pockets, changing chemically within fractions of metres. The soils were
adequately described by the mapping categories assigned by Bown (1979) and

included peat soils, peaty podzols, peaty gleys, ranker soils and podzol rankers.

Soil pH showed some variation with vegetation. The organic soil horizons had greater
exchangeable cations than the mineral horizons, reflected in much greater cation
exchange capacity. Base saturation was higher in the organic soils. The organic
matter was the key to the chemical exchange properties of the organic soils. Organic
matter was less abundant in the mineral soils (by definition) yet maintained a control

on the cation exchange process within these soils.

Soil chemical properties measured were within a similar range to results from previous
studies in the area. A notable difference was lower Al concentrations in both organic
and mineral horizons in the White Laggan sub-catchment compared to the Dargall
Lane described by Giusti. This and other differences served to highlight the variable

nature of the soils in the area.

The chemistry of the soils of the area showed some re.semblance to the results from
Balquhidder, Chon, Kelty and Mharcaidh in Scotland, Llyn Brianne in Wales and
Hoylandet and Birkencs in Norway. Relative base and aluminium saturation of the soil
exchange complex indicated most similarities between the soil data of Loch Dee and

Lochs Kelty and Chon in Central Scotland. These were both designated acidified sites
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by the Surface Waters Acidification programme. The lack of any base rich geology
in both the Dee and Kelty catchments makes their similarities even more striking and

highlights the level of acidification that has been reached in the Loch Dee area.

The mineral horizons had greater mean exuactable Fe than the organic horizons. This
was often expressed as a podzolic iron pan as at sites 2 and 10. In the case these sites
this richness in organic iron correlated with an ’orange’ coloration in the soil thin
sections. Voids in these soils were filled with amoiphous, non-reflective material of
assumed organic origin which may have included iron rich organic complexes. In the
soil from site two this material was more abundant in a lower soil and indicated the
translocation of organic material through the soil profile. This is important with

respect to transportation of both iron and aluminium in the soil profile (Farmer 1985).

Extractable iron was also enriched in some organic soil horizons e.g. site 14, site 15,
site 17 and site 21. Sites 15 and 17 had limited mineral soil development. High
concentrations of extractable iron in the organic soils from sites 14 and 21 may have
indicated incomplete downwashing of iron with organic matter to the mineral horizons.

This was in direct contrast to the results from sites 2 and 10.

Variability in soil chemical properties was partly explained by soil profile type.
Podzolic soils had greater exchangeable hydrogen and aluminium and pyropho.sphate
extractable iron than any other soil type. None of the soil chemical variability could
be explained in terms of solid geology. This lack of geological influence was

explained with reference to a drift component of soil parent materials. Soil thin section
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Chapter 5: Spatial and temporal variations in soil water chemistry.

5.1 INTRODUCTION

Soil water is comprised of two physically distinct components. Firstly ’free water’
including that drained by gravity through the soil profile and involved with the
transport of material in solution and suspension. Secondly ’capillary water’ which is
adsorbed on to soil micelle surfaces (holding cations in an exchangeable form) or held
in small pores and involved in weathering reactions (Vedy and Bruckert 1979). The
soil fluid component is assumed to be in equilibrium with the .soil solid component.
However, this equilibrium is veiy complex (Bruce et al 1989). The chemistry and
quantity of both integral soil water components are affected by input from sources
both internal e.g. mineral weathering and external, e.g. wet, dry and occult deposition,

tree bark and leaf litter leachate, to the soil.

Soil waters are the ’soil reactive medium’ responsible for buffering acidic inputs to
the ecosystem or sometimes releasing ’stored’ acidity into the environment. Langan
(1989) used soil column leaching experiments to mimic an influx of sea.salts to an
ecosystem during a storm. The seasalt rich solution was acidified on its passage
through a H* rich podzolic soil - the soil retained the salts in exchange for its H*. On
a catchment scale this would have resulted in an acidification of surface waters that
could have had disastrous effects on fish populations. The work of Langan highlighted
one possible short term influence of atmospheric deposition on the chemistry of soil
water. Further leaching of the same soil column with an acidic rainwater solution
reflected the more usual and long term effect of atmospheric input on the soil system.
The soils buffered the incoming acidity by exchanging seasalt ions on its exchange
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complex for the H* of the incoming rain. In this case the effluent was less acidic than
the input but the soil exchange complex was reacidified. If base cations are not
replaced on the soil exchange complex through the actions of weathering, acidic inputs
from the atmosphere are not buffered by the soil and consequently surface waters

become more acidic.

Buffering of acidic inputs was identified by Welsh and Burns (1987) in the Loch Dee
area. The buffering capacity of the soil appeared to be related to lithological controls
and was reflected in the variability of surface water chemistry. Waters draining non-
metamorphosed country rock were the most highly buffered with respect to rainfall
chemi.stry clo.sely followed by waters draining inetamoipho.sed country rock and then
granite. Waters draining black shales were the most acidic. The authors suggested
these results were caused by increased weathering reactions within the soils overlying
the non-metamorphosed country rocks giving these soils a greater base saturation and
therefore greater buffering capacity. Reid et al (198la + b) came to similar
conclusions in the Glendye catchment in Aberdeenshire where they found a strong

relationship between surface water chemistry and soil weathering reactions.

A complicating factor in defining the geological controls on soil water chemistry is
soil water retention time. The greater length of time water is retained by a soil the
greater are its chances of participation in slow weathering reactions releasing ions for
cation exchange. A soil with a high buffering capacity increased through weathering
will improve the quality of acidic waters passing through it. The retention time is

influenced by slope of the area, thickness of a soil and .soil texture. In the case of the
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Loch Dee catchment waters draining black shales run into the Dargall Lane sub-
catchment which has a steep slope and thin mineral soils. Surface runoff is typical in
the steep parts of the sub-catchment giving little opportunity for the neutralisation of
the any acidic components. When this runoff reaches the valley floor it meets highly
acidic deep peats which decrease the likelihood of acidity neutralisation in the runoff
(Langan 1986). The White Laggan / Black Laggan sub-catchment is associated with
both contact metamorphosed and non-contact metamorphosed rock types. This sub-
catchment has a much shallower slope and the likelihood of throughflow is increased.
This intensifies the chances of neutralisation of acidic waters by cation exchange

processes within the soil provided the”at soil has the chemical capacity to buffer.

Monitoring of the changes in soil water chemistry through time gives an insight into
the processes occurring within the soil in response to seasonal fluctuations in
atmospherically derived inputs, changes during the course of a complete vegetational
cycle and of course, input by weathering. An overall picture can help to clarify
questions concerning the source and sinks of elements within the soil water system
and provide a perspective on the potential damage of short term events. A thorough
understanding of the soil water buffer system is a necessity for realistic catchment

modelling studies.

Previous studies into sea.sonality have helped to define features of soil water chemistry
that are not typically related to geological controls. Seasonality in nitrate content,
typified by a summer low, was noted in surface water chemistry at Glcndye (Reid ct

al 1981) and in some Norwegian soils (Skartveit 1981). In the Norwegian case
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potassium also showed the same seasonality and in neither case was this reflected by
atmospheric inputs. Burns and Lees (1987) reported some seasonality in the Loch Dee
surface waters - summer lows in potassium and nitrate were explained by biological
uptake. Skartveit (1981) indicated seasonality in chloride and sulphate that was
reflected in soil and surface water chemistry and indicated the ease of movement of
these anions through a catchment. Lees (1989) suggested chloride and sulphate
dominated both the chemistry of the rainwater and runoff at Loch Dee and were
considered mobile within the catchment. This was supported by soil water chemical
analyses of Grieve (1990a). Johnson and Reuss (1984) found a negative correlation
between soil organic matter and sulphate adsorption. This helped to explain the
mobility of sulphate in the Loch Dee catchment because of the highly organic nature
of the soils. It has proved more difficult to a.scertain solid facts concerning the input
of geology to the soil water system. Farley and Wenitty (1989) used a budget
approach to suggest the catchment was a source of sodium, potassium, calcium,
magnesium, aluminium, sulphate, nitrate and silica. Some of these could be input by
the processes of rock weathering. This chapter aims to use the knowledge of the
chemistry of the rocks in the Loch Dee area and the chemistry of atmospheric inputs
in an attempt to decipher more concerning the geological inputs to the Loch Dee

system.
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5.2 AIMS

The aims of this chapter were:

1 To determine the nature of any seasonality within the soil water chemistry.

2. To determine the relationship between chemical components of the soil waters and
attempt to define their source.

3. To test the findings of Welsh and Bums in terms of geological controls on the

chemistry of surface waters in the light of findings from earlier chapters.

5.3 MATERIALS AND METHODS

5.31: Soils and soil sites

25 soil sites had been characterised according to soil chemistry and texture in chapter
4. Of these 25 sites, 20 were maintained within the monitoring procedure. This was
the maximum number of soil profiles envisaged within the scope of the project. The
sites were selected on a basis of:

1 Solid geology type

2. Soil type

The 20 sites aimed to cover both podzolic and gleyed soil profiles for each solid
geology type. However, because of the amount of peaty or ranker soils within the area
it was inevitable that some of these were chosen.

Table 5.3A gives the breakdown of sites, soil types and geology types; site positions

are indicated on figures 4.1 A and 4.3A in chapter 4.
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Table S3A: Solid geology and soil profile relationships within the soil sites chosen
for nMMiitoring.

Solid geology type Soil profile type
Podzol site Gley site Other (peat soils
or rankers)
Diorite 2, 3, 12 1 23
Coarse meta-sediment s 9, 19, 22
Dykes 16, - 56,25
Black shales 14 7
Fine meta-sediments i 18
Granodiorite (M+m) 1o 20

5.32 Method of soil water extraction

Methods available for the extraction of soil waters were investigated. They were of
two main types:

1 Extraction in-situ including the use of suction free lysimeters and porous pot suction
lysimeters, Barbee and Brown (1986), Grieve (1990a and b).

2. Extraction from a soil sample - by displacement.

Rauland - Ra.ssmassen (1989) highlighted the possibility of Al contamination in soil
waters extracted using porous pots. Hughes and Reynolds (1990) suggested this would
be eliminated given sufficient field equilibration periods for the pots. However, in
reply, Rauland - Rasmassen (1991) indicated this equilibration time would necessarily
be greater than 1 year for this method to be used. Because time was finite in this
study and Al an important component of the soil acidification problem, plans for in-
situ extraction were abandoned. Furthermore, most of these techniques extracted only

’gravitational” waters.
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Extraction of waters from soils within the laboratory included such methods as
displacement columns, centrifugation and mechanical squeezing. These all extract
gravitational and capillary waters. Vedy and Bruckert (1979) highlighted the
possibility of reaction between a displacing liquid and the soil. Adams et al (1980)
suggested displacement columns were time consuming and required operator skill
when compared with centrifugation techniques. Wolt and Graveel (1986) discussed
a column displacement method that reduced extraction time but had the disadvantage
of still requiring operator skill. Chemical analyses of soil waters te.sted using column
displacement and centrifugation were found by Adams et al to be comparable
therefore centrifugation was determined as the most appropriate method to extract soil
waters. Adams et al (1980) highlighted the problem of extraction of water using this
method from soils of a high clay content. This was resolved by Elkhatib et al (1986)
by the use of centrifugation with immiscible liquids. This method also increased the
amount of recoverable moisture in all .soil types. Menzies and Bell (1988) indicated
that both of these centrifugal methods produced .solutions of comparable chemistry
from the soils. However, the toxicity of .some of these immiscible liquids (e.g.Carbon
tetrachloride) and the cost of others (e.g. ethylbenzoylacetate) meant they were
inappropriate for general use in this project. In addition, the majority of soils tested
for particle size analysis in chapter 4 were low in clay content so use of immi.scible
liquids would not have substantially improved the amount of soil water recoverable.

A standard procedure of two-way centrifugation was adopted.

200 Ml two-way polypropylene centrifuge tubes with a small piece of glass wool in the

base of the upper chamber were employed to extract the soil waters. ... ml tubes had
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horizon. These were sampled in addition to the organic and mineral soils but were
notably more difficult to discern. The three sub-samples extracted from each horizon

at each site were mixed thoroughly prior to extraction of their waters.

The sites chosen for monitoring were split into two and sampled at approximately
monthly intervals over a 15 month period. This time period was split into days - day
one represented 1“ November 1990 and each day counted on from this one. One
sampling group included sites 1, 2, 3, 7, 12, 14, 20, 23. The other included sites 5, s ,
+, 9, 10, 11, 16, 18, 19, 21, 22, 25.

In the initial stages of sampling these two groups were sampled at approximately
monthly intervals, a fortnight apart. However, latterly the samples were collected on

one day or two consecutive days.

5.34 Analysis of waters

When the soil waters had been extracted from the soils they were shaken to mix and
then analysed for:

a. Cation content b. pH

c. DOC content d. Anion content.

Soil waters were not filtered prior to analysis except where this is stated in methods.
Cations were measured directly from the soil water. Calcium was measured by flame
atomic absorption .spectrophotometry (AAS) against fresh IOmgA- and 20mgA-
standards treated with SrNOyHCI solution. All standards were made up in distilled
water unless otherwise indicated. Samples were also treated with SrNOj/HCI solution

which masked interferences from other chemical con,stituents during the measurement
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of calcium. Magnesium was measured by AAS against 2.5mg/L and 5mg/L standards.
Aluminium (total) and iron were also measured directly from the soil water by AAS.
Aluminium measurement employed 10mg/L and 20mg/L standards, iron 2.5mg/L and
5mg/L standards.

Sodium and potassium were measured by flame photometry directly from the soil
water samples and compared with calibration cui'ves compiled from the measurement
of blanks, 25mg/L and 5()mg/L standaids for sodium and 5mg/L and 10mg/L standards
for potassium. Where the sample had >5()mg/L sodium or >I()mg/L potassium an
aliquot of the .soil water was diluted and the sample remeasured. Tliis value was then
read off from the calibration curve and the result in mg/L multiplied by the dilution

factor.

pH of the soil water was measured on an aliquot of sample immediately after
extraction. Storage of the samples prior to other chemical measurements produced

fluctuations in pH.

Dissolved organic carbon (DOC) was measured using a TOCSIN Il Aqueous Carbon
analyser. The samples were diluted 10 - fold prior to measurement and tested in
triplicate. The machine was calibrated using three blanks and three 10mg/L standards.
Mean blank and standard values were used to convert sample readings to mg/L values

prior to multiplication of results to account for dilution.

Anions were measured by ion chromatographic methods using a Dionex ion

chromatograph. Soil waters were tested for fluoride, chloride, nitrate and sulphate.

147



Samples were measured against a standaid solution containing Img/L fluoride, 2mg/L
chloride, 10mg/L nitrate and 20mg/L sulphate in deionised water. Samples were
diluted .. fold prior to measurement with deionised waters and tested in triplicate.
Samples were manually injected into the ion chromatograph through a 0.2Jam filter.
This minimised blockages within the chromatograph but had no chemical effect on the
anions to be measured (Menzies et al 1991). Mg/L conversions on the Dionex readouts
were multiplied by the dilution factor (i.e. 10). Mean values were then registered for
the triplicated readings. Where one of the three values was significantly different from
the other, two more replicates were tested until three similar values were found. If this
had not occuired within . replicates this was taken as an indication of sample
heterogeneity and a mean value recorded of all measurements. If diluted samples
exceeded the chloride content of the standard (. ppm) they were diluted by a greater

factor and retested.

54 RESULTS

Full soil water results for the different soil sites are pre.sented graphically in Appendix
G, pages 300-320. However, mean properties of the organic and mineral soil waters
together with their combined ranges for the whole sampling period are given below

in table 5.4A.

The chemistry of both organic and mineral .soil .solutions was dominated by sodium
chloride, sulphate, nitrate and di.ssolved organic carbon. Sodium and chloride can be
attributed to maritime inputs that dominate rainfall in the area. The high concentrations

of DOC highlight the importance of organic matter throughout the catchment.
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Table 5.4A: Mean and range of chemical properties for the organic and mineral
horizon soil waters throughout the monitoring period. Results, except pH, are

mg/L Range of mean Organic soil Mineral soil horizon

values calculated horizon waters waters

for any one

sampling period.
Ca 0.58 - 7.29 321 2.30
Na 2.52 - 36.0 15.3 15.0
Mg 0.52 - 140 114 0.75
K 1.38 - 8.03 3.99 1.83
Fe 0.40 - 3.20 L2 0.92
Al 0.58 - 321 1.15 177
Cl 10.8 - 30.1 185 15.6
SO." 7.27 - 353 13.2 9.73
NO, 3.74 - 54.0 131 9.09
F 0.00 - 7.93 154 1.40
pH 4.83 - 595 5.32 5.61
DOC 0.67 - 108 59.8 40.6

Organic soil waters were typically enriched in calcium, magnesium, potassium, iron,
chloride, sulphate, nitrate and DOC compared with mineral soil waters. Waters
extracted from both organic and mineral soil horizons tended to be similar in
concentrations of sodium and fluoride. Waters extracted from the mineral soil horizons
appeared to have greater concentrations of aluminium than those extracted from the

organic soil horizons.
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5.41 Trends within the data

Calcium concentration peaked in organic and mineral soil waters at all sites in
December 1991 (c.day 400) and was also enriched between April and August 1991
(days 150 - 3(X)). This is illustrated for site 1 in figure 5.4A.1 This diagram also
demonstrates a calcium peak limited to the organic soil waters of sites . and s in
January 1991 (day 100). In general soil water calcium was limited between September
and October 1991 (days 300 -350) and prior to April 1991 (days 1-150) except at sites

. and « where a concentration peak has been identified.

Maximum soil water .sodium was found at many sites in January 1991 (day 100)
although the organic soil water peaks from sites ., . and . were unusually low at this
time. Sodium concentration decrea.sed to a minimum in June 1991 (day 220) but after
this increa.sed again and fluctuated around this lower peak for the remaining
monitoring period. This pattern is illustrated for the .soil waters from site 3 in figure

5.4A.2.

Soil water magnesium .showed on average 3 distinctive peaks - January 1991 (day
100), April 1991-September 1991 (days 150 - 300) and again in October 1991 (day
350) and was often at a minimum between the July and October peaks (c. days 280 -
350). These patterns are shown for soil site 21 in figure 5.5A.3. However, soil water
magnesium varied considerably for the different soil site.s, see figures ..., app>endix

G

Soil water potassium displayed two main concentration peaks. The first appeared in
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Fig 5.4A.1 Mean concentration of Ca through time
in soil waters from site 1

L 1M Ca
- ib'Ca
Fig 5.4A.2 Mean concentration of Na through time
in soil waters from site 3.
3M Na
Na (mg/L
(ma/L) 3"0" Na
Flg.5.4A.3 Mean concentration of Mg through time
In soil waters from site 21
Mg +tD—-- 21MMg
(mg/L) — 21*0" Mg
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both organic (except site 1) and mineral (except sites 5 and « ) soil waters in winter
90/91; the second was a prominently organic soil water peak in late summer 1991
(days 250 - 300). These configurations are presented for soil site s in figure 5.4A.4.
There was an additional peak in winter 91/92 (days 400 - 450) in mineral soil waters
from site 9 and organic soil waters from sites 10, 14, 18, 19, 22. The humic mineral

soil waters from site 23 were unusually and consistently high in potassium.

Soil water iron was highly variable through time and between soil sites. Extremes are
illustrated for sites 2 and 14 in figures 5.4A.5 and s . Iron concentrations in soil waters
from sites 2, 5 10, 20, 21, 22 and 25 peaked >5mg/L at least once during the
monitoring period. At sites 2, 5, 10 and 21 these peaks were in mineral soil waters.
All these profiles except site 5 were clas.sed as podzolic. Concentrations of iron in soil

waters from sites 7 and 14 were consistently lower than at other soil sites.

Soil water aluminium often had two concentration peaks, a maximum winter/spring
1991 (c.day 1(K)) peak and a second lower peak in late summer 1991 (c.day 250 -3(K)).

This is demonstrated for the soil waters from site 25 in figure 5.4A.7.

Soil water chloride peaked twice within the monitoring programme, once early in 1991
(c. day 100 - 150) and for a second time around mid October 1991 (day 350).
Chloride was low throughout the summer except at site 23 where chloride was greatest

in early July. These trends are illustrated for site 9 in figure 5.4A.8.

Results for individual sites indicated a high degree of variation of soil water sulphate
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although there was a common peak around March - April 1991. Both this and the
variability between sites is exemplified for sites 7 and 18 in figures 5.4A.9 and 10.

However, in order to fully comprehend the variation refer to Appendix G.

Soil water nitrate varied between sites. However, there were two commonly occurring
concentration peaks, one in spring 1991 (c. days 150 - 200) the other late summer to
autumn 1991 (days 280 - 350), although this later peak did not occur at sites 8, 11,
16 and 18. The.se are depicted for site 10 in figure 5.4A.11. As for K the humic

mineral soils from site 23 remained high in nitrate throughout the summer.

Maximum concentrations of fluoride in soil waters were commonly found in
winter/spring 1991 (days 20 - 150) and exhibited a lower peak in autumn/winter 1991
(days 280 - 450). Between these times fluoride was often negligible. This pattern is

illustrated for site 16 in figure 5.4A. 12.

Soil water pH fluctuated throughout the monitoring period but was typically lower in
the summer months. This trend was weak but is characteri.sed for site 11 in figure

5.4A.13.

DOC concentrations .showed two peaks in concentration, one in January 1991 (c. day

50), the other late August 1991 (c.day 280). DOC was typically minimal around April

1991. These trends are illustrated for soil site 18 in figure 5.4A.14.
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5.5 DISCUSSION

5.51. Reliability of results:

Analysis of soil water cations was by a single measurement where dilution was not
stated in the method. Results therefore gave no indication of within sample variability.
Soil water anions and DOC were measured with a dilution factor and therefore
replicated. This replication ranged from very good indicating sample homogeneity and
method reliability to poor. In these cases, despite humerous attempts to find a single
characteristic concentration, poor replication was thought to indicate heterogeneity

within the soil water.

5.52 Comparisons and explanations

All results were within the ranges of previous studies on soil water chemi.stry in the
Loch Dee area and showed the high spatial variability in chemistry indicated by
Grieve (1990a). The range of results for soil water calcium, sodium, potassium,
aluminium and nitrate was greater than those of Grieve (1990a) for the Green Burn
sub-catchment at Loch Dee. However, magnesium, chloride, sulphate, iron and DOC
displayed similar concentrations. The frequency of large DOC concentrations in soil
waters was, however, much greater in this study than found by Grieve in the Green

Bum.

Soil water calcium, magnesium, potassium, aluminium and pH results were greater
than those reported by Hornung et al (1986) for Welsh stagnopodzols and potassium
and DOC were typically greater than the results given by Perrier et al (1990) for soil

water leachates from the Chon and Kcity catchment soils. Soil water pH was also
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typically greater than reported by Mulder et al (1987) for atmospherically impacted
woodland soils from the Netherlands. However, calcium, magnesium and sulphate
concentrations from this study were much lower than those reported by Nilsson and
Bergkvist (1983) for some Swedish soil waters. Iron and DOC were comparable with

those of Nilsson and Bergkvist.

The pattern of results found for .soil water calcium concentrations was similar in some
respects to the results of Grieve (1990a) in that soil waters showed a winter peak. A
similar winter calcium concentration peak was common in graphical results of
Hultberg et al (1990) for soils from the Lake Gardsjon project in S.W. Sweden. In this
project soils had been treated with acid sulphate and calcium increased gradually in
soil waters through time but also exhibited the winter peak. The peak in the Loch Dee
data did not correspond to any peaks in rainfall calcium concentration and was

difficult to explain.

Soil waters reported by Grieve and the results from this study exhibited winter peaks
and summer lows in sodium concentrations. This was explained by Grieve with
reference to atmospheric inputs. Figure 5.52A shows the pattern of mean monthly
rainfall sodium concentrations in the Loch Dee area compared with mean organic and
mineral soil water .sodium concentrations. Rainfall showed coiTesponding winter
concentration peaks and can thus be used to explain high soil water sodium at this
time. The results differed from those of Grieve since both the organic and the mineral
soil waters reflected the chemistry of the precipitation. The late summer peak in soil

water sodium concentrations, however, did not correspond to atmospheric input and
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was explained by a concentration effect on drying of the soils through the summer
period. Miller et al (1990) reported a slightly different response in the Chon and Kelly
catchments in central Scotland. Although similar seasonal variations were apparent in
the input of this element to these catchments seasonality did not show through in the
soil water chemistry. Autumn/winter soil water maxima were, however, reported by

Hornung et al (1990) for the Plynlimon site in Wales.

Soil water magnesium concentrations peaked three times once in winter, once in
summer and then a final peak in the autumn 1991. Grieve (1990a) also reported strong
autumn/winter soil water magnesium peaks. The fir.st and third peak conesponded with
peaks in rainfall magnesium concentration as illustrated in figure 5.52B. As with Na
the summer peak did not conespond to atmospheric input and was again explained in
terms of a drying and concentration effect. In contra.st to Grieve (1990a) and Grieve
et al (1984) both organic and mineral soil waters exhibited these peaks in magnesium
concentrations. Different extremes of climate can be cited to explain this, i.e. a drier
summer when samples were extracted for work herein than experienced by Grieve
(1990a) would have meant drying and concentration affected mineral .soils too. Results
illustrated graphically by Hultberg et al (1990) showed coiresponding .soil water
chemical peaks in the year 1987. Prior to this acid sulphate had not been added to the
catchment soils and a peaky response was not observed. After 1987, this peaky

response became less obvious and soil water magnesium concentrations remained high.

Soil water potassium winter peaks compared favourably with those found in rainfall

as indicated in figurie 5.52C. There was a late summer peak in potassium but this time
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it was restricted to the organic soil waters. This was again explained by summer
drying and concentration effects. The absence of this late potassium peak in the
mineral soil waters and the lower variability in potassium concentrations in the
mineral soils was consistent with the work of Grieve et al (1984) where it was
explained with reference to soil cation exchange processes maintaining the potassium
at a relatively constant level. The consistently high pota.ssium from the soils at site 23
was more difficult to explain. Unusual features at this site included bracken vegetation
and a high slope. During sampling of the surface .soils at this site it was common to
find thick oozing decaying root material within the soils. It is possible that this was

related to the high potassium content.

Grieve et al (1984), Grieve (19SH)a), Hornung et al (1986) and Hornung et al (1990)
reported sea.sonality in soil water chloride similar to the results in this study. Both
Grieve (1990a) and Hornung et al (1990) found strong relationships between soil water
chloride and atmospherically deposited chloride. Soil water chloride concentration
peaks compared favourably with atmospheric inputs as shown in figure 5.52D. Soil
water fluoride concentration peaks were very similar to those for chloride and were
assumed to be similarly related to atmospheric inputs although there was not any data
available on fluoride content of rainfall. Chloride results supported indications of the
anions’ mobility within the soil system made by Skaitveit (1981) and Johnson and

Rcuss (1984).

Spatial variability was paramount in the soil water sulphate concentrations and was

difficult to explain. The only common feature was a concentration peak in March -
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Figure 5.52D w Mean monthly rainfall chloride compared with mean
organic and mineral soil water chloride through time
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Figure 5.52E = Mean monthly rainfall sulphate compared with mean
organic and mineral soil water sulphate through time

Mean monthly rainfall sulphate through time
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April 1991 which did not correlate with atmospheric input by rainfall as indicated in
figure 5.52E. These findings opposed the suggestions of Lees (1989) who stressed
sulphate mobility within the Loch Dee catchment. Johnson and Reuss (1984)
suggested soil sulphate ad.soiption was positively coirelated with iron and aluminium
oxide content but negatively coirelated with organic matter. Grieve (1990a) indicated
that in the case of the Loch Dee soils this would re.sult in a lack of sulphate retention..
However, variability in the soil water sulphate results herein suggest maybe this was
not the ca.se. It is possible that the .soil iron and aluminium oxide contents off.set the
organic nature of the soils and cau.sed some sulphate retention. However, there is no
information available for the aluminium and iron oxide content of the.se soils. Miller
et al (1990) found that soil water sulphate concentrations at the Chon and Kelty
catchments reflected results in tree throughfall. In tliis ca.se, however, this would not
be a factor affecting mo.st of the soil sites which were chosen to be, in the majority,

outwith the limits of afforestation.

Higher concentrations of nitrate, potassium and DOC were found in organic soil
waters than mineral soil waters. This was also noted by Grieve (1990a) and Hornung
et al (1986). The.se authors explained this in terms of increased biological activity in

the surface horizons.

Grieve (1990a) found higher pH in the mineral soil waters than organic soil waters.
He also indicated suiface soil solutions were acidic with a mean pH lower than in
coming rain. This was not the case in this study - suiface soil waters were acidic but

typically le.ss so than incoming rain. This must have been due to cation exchange

166



Figure 5.52F « Mean monthly rainfall pH compared with mean
organic and mineral soil water pH through time

Mean rainfall pH through time
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processes within the soils buffering some of the acidity of the atmospheric inputs.
Grieve (1990a) did not record any obvious decrease in soil water pH for the summer
season. This pattern was not explained by variations in rainfall pH - see fig 5.52F.
Miller et al (1990) indicated the H* ion concentrations in soil waters at the Chon and
Kelty catchments in the Loch Aid Forest area reflected throughfall chemistry. These
typically had lower H* concentrations in the summer which would correspond to
higher pH, i.e. Miller et al’s results were opposed to the observation in the Loch Dee
soil waters. However, as noted in the section on sulphates, afforestation was a less
prominent factor in the determination of soil water chemistry at the sites in this study.
The mean mineral soil water pH (figure 5.52F) rose rapidly after this summer low
period. This sudden increase in soil water pH conesponded to samples collected from
a pailiculaiiy strong storm in October 1991. The increase in .soil water pH observed
corresponded with an increase in rainwater pH; it is likely that the rainfall was
enriched in seasalts and this was what was sampled in the soils prioi to exchange

occurring.

Increases of soil water pH with depth were sometimes accompanied by increa.ses in
aluminium concentrations. This is contrary to aluminium-pH solubility relationships
given by Martin (1986). However, similar relationships were noted by Mulder et al
(1987) in some Dutch woodland soils. Here the phenomenon was attributed to the
extreme rate of acid addition to the soils and the relatively slow dissolution of

aluminium minerals resulting in incomplete neutralisation in surface soil layers.

The results of this study indicated summer peaks in soil water iron, aluminium and
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DOC concentrations similar to those reported by Grieve (1990a). He explained DOC
p>eaks with reference to both summer temperatures promoting the formation of water
soluble organic compounds and flushing effects when relatively dry soils were re-
wetted. Homung et al (1990) also suggested concentration peaks in soil water DOC
were driven by temperature interacting with biological processes. Mulder et al (1987)
also reported late summer peaks in soil water aluminium concentration. In the case of
these Dutch soil waters the observations were correlated with nitrate peaks and
explained by reference to evaporative concentration effects. Since nitrate peaks were
also commonly found in many of the Loch Dee soils this gives further evidence of
concentration/ flushing effects indicated by Grieve (1990a). Aluminium, iron and DOC
also showed winter peaks which were more difficult to explain. Similar movement of
aluminium, iron, DOC and mangane.se were found by Reid et al (1981) at Glendye -
these were explained in relation to high rainfall and were subsequently di.scharged into

streams.

5.53 Correlation between soil water com|ionents

Tables 5.53A and 5.53B contain the correlation coefficients for the organic .soil water

and mineral soil waters throughout the monitoring period.
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where results indicated conelation between pH, calcium and sulphate and sodium,
magnesium and chloride. The best conelations in the data were between calcium and
magnesium, sodium and fluoride, potassium and DOC, iron and aluminium, aluminium
and DOC and chloride and fluoride. Table 5.53B indicated slightly greater correlation
between mineral soil water chemical components and illustrated a significant
relationship between sodium and potassium. Soil water calcium and magnesium were
significantly correlated (0.71) in the mineral soil waters reported by Grieve (1990a).
Results here indicated this relationship existed but it was less significant. Conelation
between iron and aluminium (0.64) reported by Grieve was not so strong in the results
from this study (0.48). In this study the strongest additional correlations were between
sodium, fluoride and chloride - i.e. typically atmospherically controlled ions. These
were similar to the results of the organic soil waters. Iron distribution within the soils

was related to DOC content of the soils and also soil type.

Despite the lack of significant correlation between soil water iron, aluminium and
DOC throughout the whole monitoring period these three parameters were related.
Both the soils and soil waters from the heights of Cuiieywee and White Hill had
limited iron, DOC and to a lesser extent aluminium. Grieve (1985) noted such a
relationship between iron and DOC in stream waters from the Ochils and also in the
soil waters of the Greenbum sub-catchment (1990a and b). Such a relationship was
explained by Duchafour (1982) with reference to the mobilisation of iron and
aluminium by the translocation of organic material through the soil profile. This was
shown to be a predominant feature of some of the soils in this area by

micromorphological soil thin section examination presented in chapter 4.
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5.54 Analysis of variance according to soil profile type
Table 5.54A indicates the significant results from analysis of variance of soil chemical

properties with soil profile types.

Table 5.54A: Significant soil water chemical differences related to soil profile type.

Podzols Rankers Gleys Peat soils Other
Mg mean 0.91 100 0.89 0.82 1.46
and s.d. 0.56 0.45 0.44 0.31 1.09
K Mean 3.00 321 2.64 1.50 6.61
and s.d. 2.69 3.25 2.75 1.05 8.14
Fe Mean 1.49 058 120 0.55 0.28
and s.d. 164 1.03 1.25 0.80 0.32
A. mean 1.38 1.26 2.03 0.95 0.62
and s.d. 1.33 1.65 1.74 0.82 0.55
Cl Mean 17.7 17.0 16.8 16.6 19.9
and s.d. 9.89 7.72 9.50 10.8 13.2
SO. Mean 115 11.3 9.65 9.09
and s.d. 6.14 7.49 6.10 4,95 5.66
NOj Mean 10.7 9.72 10.9 18.3
and s.d. 105 104 10.0 7.38 14.9
DOC Mean  48.7 50.4 57.4 46.5 194
and s.d. 374 39.1 40.0 42.0 16.3

The results from one-way analysis of variance of the complete data set according to
soil profile type indicated:

1 Soil waters from the profiles clas.sed as ’other’ had significantly higher potassium,
magnesium, chloride and nitrate but lower iron, DOC than the soil waters from all
other groups. Results from chapter 4 indicated similar differences within the soils from
this grouping. In that case and this, these differences were thought to reflect features

of the sites included within the group. Soil at site 23 was re.sponsible for the high
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potassium readings; this was explained earlier with reference to vegetation/ slope
features that contrast strongly with other soil sites. Soil waters from site 7 had very
low iron and DOC readings and high nitrate throughout the monitoring period; this
site is at a higher altitude than all other soil sites.

2. Soil waters extracted from soils classed as podzols had higher iron concentrations.
This corresponds with results from chapter 4 where mineral soils from podzolic
profiles were shown to include greater extractable iron.

3. Soils classed as gleys had .soil waters with significantly higher aluminium
concentrations than all other soil profile types. This was conelated with higher Fe than
most soil profile types. These features were similar to those in chapter 4 for the soil
chemistry. However, in the case of soils it was typically podzols that were associated

with the greater aluminium concentrations.

5.55 Analysis of variance according to bedrock

The data set was split into organic and mineral soils then tested by one-way analysis
of variance for the different lithology types. Signiticant results for the mineral soil
waters are given in table 5.55A.

Table 5.5SA: Significant analysis of variance results for the mineral soil waters.

P value Dior Grano - shales grits dykes Black
dior shale
Mg Mean + 0.026 0.7« 0..57 0.77 0.82 0.69 0.84
s.d oM 0.12 0.18 0.59 0.59 0.55
Fc Mean + 0.0tX) 1.02 1K2 0.64 0.67 1.(X) 0.25
s.d LH.i 1.ft.» 070 0.95 1.05 0.29
Al Mean + 0.000 2.38 2.8S 0.94 1.68 1.52 0.64
S.d. 2.0H 2.28 0.59 2.68 1.68 0.66
DOC Mean 0.000 41.6 42.0 46.7 42.2 42.4 19.3
s.d. 24.1 29.9 50.5 42.0 29.2 14.8
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The p values in the table indicated the mineral soil waters overlying the different solid
geology types showed some chemical differentiation for at least one of the rock types
at the 95 percentile level of certainty.

1 Soil waters from the soils overlying the granodiorites were significantly lower in
magnesium and higher in aluminium and iron. However, this can be explained partly
in terms of soil profile type. Two soil sites were situated over granodioritic geology;
one soil site had a podzolic profile whereas the other had a gleyed profile. These two
profile types were found to be associated with soil waters rich in iron and aluminium
respectively. The lower magnesium content, however, may well be a reflection of
geology.

2. Soil waters from the soils overlying the dioritcs were also enriched in aluminium.
3. Soil waters from soils overlying the black shales were lower in both iron and DOC
concentrations. However, these features could be explained in terms of altitude. All

black shale soil sites (7, 14) were situated at greater heights than other soil sites.

Any of these features that were caused by geological controls should not also be

present in the .soil waters extracted from the organic soils.

Table 5.55B shows the results from oneway analysis of variance on the organic soils

indicated to be of significance at the 95 percentile level by p values.

1 Soil waters overlying the diorites were significantly lower in potassium. The
relationship between diorites and aluminium was not repeated in the organic soils and

could have been a true feature of geology.
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2. Soil waters overlying the black shales were significantly lower in iron, aluminium

and DOC whereas they were typically enriched in nitrate. Because these features had

also been present in the mineral soils it was assumed the altitudinal explanation was

most likely. This would have led to an extreme of climatic conditions and typically

much heavier rainfall; Welsh and Bums (1987) reported an increase in rainfall of 5

to s % per ... m in height.

Table 5.55B:

geology.

K Mean
and s.d.

Fe Mean
+ sd

Al Mean
+ sd

NO:
Mean +
sd

DOC
Mean +
s.d.

Organic soil water chemical variance according to underlying

P value

0.003

0.000
0.000

0.000

0.K0

Dior

2.83
2.57

1.02

0.70

1.24
0.59

15.9
13.9

71.6
47.0

Grano -
dior

4.58
4.17

1.53
1.64

1.28
0.85

15.0
/1.8

48.1
34.6

Shales

5.17
5.67

0.92
0.81

1.20

0.57

7.87
6.44

63.5
42.5

Grits

3.28
2.73

115
1.30

0.89
0.55

133
125

47.3
38.1

Dykes

421
3.61

1.70
1.40

137
0.73

9.73
9.61

72.8
51.3

Black
shale

5.68
3.29

0.24
0.26

0.67
0.65

20.7
15.2

30.4
20.2

Because the analysis of variance on the whole data set had proved fruitless in terms

of geological controls one data set was singled out to be further te.sted. Welsh and

Bums (1987) highlighted the relationship between stream water quality and lithology

in the Loch Dee area from chemical measurements made on stream water samples at

base flow conditions. Oneway analysis of variance was therefore tested on the data

from the soils collected when stream flow was at its lowest; this was at May 31
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1991. In the case of the mineral soils this analysis of variance indicated significantly
higher aluminium in soil waters overlying both diorites and granodiorites. This feature
was not reproduced when the organic soils were tested and was assumed to be real.
There was not any obvious variation in calcium as was indicated for the stream waters

at base flow condition by Welsh and Burns.

It was concluded that the following features were likely to be geologically controlled:
1 High concentrations of aluminium in mineral soil waters overlying diorites and
granodiorites.

2. Low concentrations of magnesium in soils overlying granodiorites.

High aluminium concentrations can be explained in terms of a geological control.
Diorites and granodiorites have high AljO, (chapter 2) when compared with the black
shales and the coarse meta-sediments. However, the concentration of aluminium was
similar to that found in the dykes and lower than the fine meta-sediments. The form
of the aluminium in the.se four rock types can be utilised to explain the increased
presence of this element in mineral soil waters related to diorites and granodiorites.
In these two rock types aluminium was present in aluminosilicate minerals such as
pyroxenes, amphiboles, micas and feldspars which would have been weatherablc and
have the potential to release aluminium into the soil water environment.. However, in
the case of the shales, aluminium was primarily in the fonn of clay minerals. The.sc
are typically envisaged as one of the end products in the weathering scenario in
temperate climates, being relatively stable at Earth surface conditions. Aluminium in

the dykes would also be in the form of weatherablc aluminosilicate minerals. Lower
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concentrations of aluminium in soil waters associated with this mixture of rock types
can be partially explained by two factors:

1 Soils would also be affected by the chemistry of the counuy rocks e.g. soil thin
section evidence from chapter 4 indicated the minor igneous intrusion from site 5
included mineralic input from the suiTounding meta-sediments.

2. Because of the presence of drift in the soil parent material subtleties of chemistry

formed by minor dykes would be even less likely to be evident.

The low concentrations of magnesium from soil waters at granodioritic sites was,
however, difficult to explain in geological terms; MgO concentrations in granodiorite
was lower than dykes, diorites and fine meta-sediments but higher than coarse meta-
sediments and black shales (Chapter 2, table 2.4A). Oneway analysis of variance on
the soil water data according to soil profile type, however, indicated that both podzols
and gley soils included soil waters of low magnesium concentrations. As with the high
Fe associated with granodiorites it is possible that this low magnesium concentration

resulted from the soil profile type rather than the underlying geology.

5.6 CONCLUSIONS

Results from the monitoring of soil waters indicated a strong influence of the
chemistry of precipitation over the chemistry of soil waters. Organic soil water
chemistry trends mimicked trends in rainfall of chloride, sodium, magnesium and
potassium. Mineral soil waters also followed these trends although to a lesser extent
in the case of potassium. Further peaks in soil water sodium, magnesium and

potassium were explained with reference to a drying and concentration effect within
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soils over the summer period. Smaller responses in mineral soil water potassium
through time were explained by cation exchange buffering processes although the
lower potassium in mineral soil waters was thought to reflect greater biological
activity in the upper soil horizons. This same explanation was given for the decrease
in soil water nitrate with depth. Soil water iron, aluminium and DOC were not highly
correlated but did show great similarities in patterns with winter and late summer
concentration peaks. The relationship between the three quantities tied in with

evidence of organic matter translocation down the soil profile from chapter 4.

The geological controls defined by Welsh and Burns (1987) were difficult to
detemiine even at base-flow conditions. The data set suggested a possible geological
control on soil water aluminium with this being typically greater in soils developed
over diorites and granodiorites. It is likely that the presence of drift material within
the area prevented a more clear view of geological controls. Other strong relationships
found within the data .set were thought more likely to be related to different chemical
proces.ses acting in different soil profile types or more harsh weather conditions

promoting differences within .soils at higher altitudes.
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CHAPTER 6: Soil water Aluminium: Extraction, form and relation to geology.

6.1 INTRODUCTION

Aluminium is the third most abundant element in the earth’s crust and the most
abundant metal. It is mainly present in rocks and soils bound in complex mineral
structures including framework or ’tectosilicates’ such as feldspars. In this form it is

insoluble and largely innocuous.

Breakdown of the primary minerals by weathering can lead to the relea.se of soluble
cations, including aluminium, into the soil environment. These cations are adsorbed
on to negatively charged clay mineral or organic particles and are termed
’exchangeable’. The strength with which the exchangeable cations are held is a
function of both charge density and concentration. If aluminium is present on
exchange sites it is typically held very tightly. It is a bivalent ion with a large charge
density and is more strongly adsorbed than most other cations in solution. Low base
status within .soils can often be identified by the release of aluminium from exchange
sites into the aquatic environment. Base rich soils can neutralise small highly charged

H* ions by ion exchange.

One of the major problems highlighted by the release of aluminium into the
environment has been a decline of indigenous fish populations from waters draining
catchments susceptible to acidification. The Loch Dee and Loch Fleet catchments in
SW Scotland have both been affected in this way (Welsh 1992, Howells and Dalziel
1992). Recent articles have not only linked fish death with aluminium release (Baker
and Schofield 1982; Driscoll et al 1980), but have also attempted to suggest a
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mechanism by which the increased mortality rate can be explained in terms of toxicity
of aluminium (Booth et al 1988, Exley et al 1991). The toxicity of aluminium is
strongly influenced by the form in which it is pre.sent in solution (Dobbs et al 1988).
This is intrinsically linked to the ’bioavailability’ of aluminium or the measure of its
potential to interact within a biological system (Exley and Birchall 1992a). Typically
the inorganic monomeric fraction of aluminium (i.e. free, uncomplexed Al*, AI(OH)*
ions in solution) is cited as the ’toxic entity’ (Martin 1986). Aluminium has also been
linked with toxicity in higher vertebrates including man. Here research has mainly
focused on the problems related to neurodegenerative disorders such as Alzheimers
disease, (Birchall and Chappell 1988).

Positive action towards the restoration of the aquatic environment to its natural ’pre-
industrialised” state has involved strategies aimed to ameliorate the toxic effect of
aluminium. Lake liming was first tested in Sweden in 1976 (McCormick 1985) with
encouraging results; the lake liming programme, however, was less successful in
Norway where lakes tended to have a shoner turnover time (McConnick 1985). Under
these circumstances sustained improvements in water quality by lake liming would
be too short lived to be economically viable. Clo.ser to home the Loch Dee project
situated in SW Scotland akso investigated loch liming. Both pH and the quality of the
water within the Loch were increased on the addition of lime (Tervert and Harriman
1988). However, like Norwegian lakes. Loch Dee has a short turnover time (< 0.15
years) and the effects of liming were .short lived. Alternative .strategies investigated
during the course of the nearby Loch Fleet project included catchment liming. In this
approach lime was spread onto the catchment soil surfaces (Howells and Dalziel

1992). This improved the base status of the catchment soils increasing mean pH of
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limed sites to 3.48 compared with 3.08 in control sites (Howells and Brown 1987).
Increased soil base saturation was also reflected by a decrease of aluminium in the
aquatic environment. The benefits of this strategy were longer-lasting but the dosage
rates were greater and more expensive. Additionally catchment liming caused the loss
of flora such as sphagnum moss which naturally flourish in acidic environments

(Clymo 1984, Clymo et al 1992).

The potential of a further ameliorative strategy was examined under laboratory
conditions by Exley (1989). He investigated the solubility and toxicity of aluminium
and examined the possible role of silicon in the treatment of toxicity. Following this
Birchall et al (1989) reported that althougli tlie fraction of aluminium termed
’exchangeable’ in experimental waters increased with increasing silicon concentration,
the survival rate of fish also increased indicating that the toxicity of the aluminium
was ameliorated. Birchall et al (1989) postulated that silicon in the form of silicic acid
affected the biological availability of aluminium by interacting with hydroxy-
aluminium species to form hydroxyaluminosilicate (HAS) species. The formation of
HAS prevented aluminium from exchanging at anionic sites on gill epithelia. Huang
(1991) suggested that such HAS formation would be dependent on other
environmental factors such as the presence of humic compounds which could also

affect the form of aluminium in solution.

6.11 Aluminium chemistry
The aqueous chemistry of aluminium is complex (Birchall and Espié 1986), and has

attracted much interest in the recent past (Hem and Robcrt.son 1967, Lindsay 1979,
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Martin 1986). Martin (1986) investigated solutions of aluminium ions in pure water,
free from ligators other than hydroxide. The results indicated that in solutions with a
pH < 5, aluminium existed as the octahedral hexahydrate ion 1A.(H.. ):]" . With an
increase in pH this trivalent species was successively deprotonated to yield [AIOH]**
and [AI(OH)J]™ In basic solutions [AI(OH).] was found to be the most common ion,

see fig 6.1A.

pH
Figure 6.1A - Negative logarithim of total molar concentration of aluminium allowed

by AI(OH), solubility vs pH. (Manin 1986 after Hem and Robertson 1967).

Gibbsite is a naturally occurring .solid crystalline phase of AI(OH)j that can be
theoretically linked with the deprotonation series of Martin. The solubility of gibbsite
has been extensively investigated and the concentrations of aluminium in equilibrium
with gibb.site as a function of pH have been calculated (Bache 1986). However, the
solubility of gibbsite is limited and naturally occuiring amorphous forms of AI(OH)j

are more than one order of magnitude more soluble (fig 6.1 A).
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The solubility of AI(OH,s has been compared with experimental results from the
natural environment (Driscoll et al 1984, Burns 1989) and used in short and long term
modelling of acidic deposition (Christopherson et al 1982, Cosby et al 1985).
However, the concentration of aluminium in natural solutions was not always as
predicted by AI(OH,: solubility curves i.e. aluminium solubility is not simply
controlled by gibbsite in ciystalline or amorphous forms. Neal (1988) tested stream
water data from the Plynlimon catchment in Wales and found simple AI(OH,s and
aluminium hydroxy sulphate solubility controls to be inappropriate. However, he
indicated the data suggested an alternative and unknown simple mechanism operated
probably based on two component mixing reactions. In a later paper, Neal et al (1989)
explained the hydrochemical behaviour of inorganic aluminium at Plynlimon and a
further Welsh site, Beddgeleii, using a combination of ion exchange, weathering, water
mixing and aluminium precipitation reactions. This highlighted the inappropriate use
of gibbsitic solubility controls in long and short tenn acidification models to describe

the behaviour of inorganic aluminium.

Bache (1986) outlined other possible explanations for the deviation of aqueous
inorganic aluminium from gibbsitic solubility controls. The.se included:

1 The pre.sence of complexing ligands that can increase or decrease the solubility of
aluminium within a solution relative to gibbsitc.

2. The possibility of other mineralogical controls on the solubility of aluminium.

3. Equilibrium between the solution and the solid phase not reached.

Organic acids such as fulvic and humic acids are propo.sed to increase the solubility
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of aluminium in waters high in dissolved organic carbon (DOC) relative to an Al(OH)j
solubility control. LaZerte (1988) suggested that waters high in organics would not
show a mineralogical solubility control of the aluminium; Schecher and Driscoll
(1987) suggested aluminium in waters draining organic soils or wetlands was
complexed with naturally occurring organic solutes and thus deviated from proposed

mineral phase solubility.

Inorganic ligators of aluminium can also result in a deviation of experimental results
from a gibbsite solubility control. Fluoride has a strong affinity for aluminium in soils
and can compete with exchange sites for the cation. If di.splaced, the resultant
aluminium - fluoride complexes formed are more soluble than gibbsite (Moore and
Ritchie 1988). Silicic acid may react with hydroxyaluminium species to form HAS
(Birchall et al 1989); these are typically less soluble than gibbsite (Farmer et al 1980).
Lou and Huang (1988) suggested that HAS was one of the major forms of soluble

aluminium within the acidic environment.

Lindsay (1979) reported data for the solubilities of aluminosilicate mineral species
common to the .soil environment and highlighted their possible importance in
controlling aluminium solubility. Litaor (1987), after Hutton (1982), related the
solubility of different minerals to aluminium, pH and silicic acid concentrations (fig

« .1B) and compared experimental results with resultant diagrams.
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1 m Kaolinlt*

2 m OlbbsKa
3 MR*v«rslbl* nonidsal
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4 m Amorphous
AKOH)3
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sluminosllicsts
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7 M sugits
8 mvsrmlculHs

Log H4SIO 4

Fig 6.1 B The solubility of different minerals (Litaor 1987) after Hutton (1982).

Conclusions from these comparisons were supported with soil thin section and XRD
analysis. These included the probable importance of a reversible ideal aluminosilicate

discussed by Paces (1978) in aluminium solubility control in the results of Litaor.
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6.2 AIMS

The aims of the work reported in this chapter were two fold.

(i) An experimental procedure was designed to test the discriminatory powers of
dialysis, ion exchange and membrane filtration mechanisms to fractionate aluminium
in natural soil solutions according to size and reactivity. Exley and Birchall (1992b)
tested these methods on synthetic solutions and were able to recognise the formation
of HAS species in waters of low aluminium concentration. The results of the study
suggested the identification of these species was dependent on both the pH and the
concentration of silicic acid in the synthetic solution. This study aimed to test the use
of these methods in natural .soil solutions.

(i) It was postulated that release of silicon by weathering may influence the biological
availability of aluminium - a prerec]uisite to toxicity. Geological controls on the
concentration of silicic acid and aluminium in soil waters were inve.stigated. The
primary source of silicic acid in soils is from the weathering of silicate minerals
(Bricker and Garrels 1967). Sites were cho.sen to reflect differences in weathering
ability using Bowens Reaction Series which relates this to the structure of common
minerals (Chapter 2). Orthosilicate minerals, e.g. olivine, have single silica tetrahedra
linked by non-framework cations and are more easily weathered than tectosilicates,
e.g. quartz and feldspar, where silica tetrahedra are linked in a continuous framework.
When aluminium is incorporated into the silicate mineral .structure by substitution for
silicon in tetrahedra minerals are more easily weathered (Johnson 1984), thus feldspars

weather more easily than quartz.
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6.3 MATERIALS AND METHODS

6.31 Soils and sites

The results of the monitoring data presented in chapter 5 indicated six sites with
mineral soil waters that showed high concentrations of total aluminium measured
using flame atomic absorption specuophotometry (AAS); these were sites 2, 5, «, 10,

12 and 2o .

Sites adjacent to 2 and 10 from the monitoring programme were identified as those
best fitting the aims of the study. Soil water monitoring work had indicated the
possibility of a geological control over aluminium concentration in soil waters at sites
overlying diorites and granodiorites. Sites 2 and 10 were over diorite and granodiorite
respectively. Diorite is an intemiediate to basic rock type and contains 10 - 15% of
quartz + potassium feldspar. Granodiorite is an intermediate to acid rock type and
contains 25 - 35% quartz + potassium feldspar. This mineralogical difference should,
in theory, result in the release of silicon in greater quantities at site . which may
influence the fomi of aluminium at this site. Investigations into weathering rates in
chapter . supported this theory to a small extent revealing a greater summed loss on
weathering in the diorite samples (between 0 and 1.25 units using titania as an internal
standard and . - 2.60 units using zircon as an internal standard) than for the minor
granodiorites (0.29 and 0.37 units respectively). However, actual silica loss on
weathering only occured in 20% of the diorite samples tested (0.53 units). This was
still greater than the only minor granodiorite sample tested which indicated a loss of

silica on weathering of 0.05 units.
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Other controlling factors were kept as similar as possible. Both sites chosen had a
podzolic soil profile at least partially developed and had similar vegetation patterns.
However, the elevation of the two soil sites was different at 260 m and 400 m
respectively. Such a difference in elevation can affect temperature and alter the
amount of rainfall a site receives increasing with altitude between 5-6% per 100m
Welsh and Bums (1987). This could affect the rates of weathering and peat formation

at the two sites.

6.32 Sampling times

Two sampling periods were selected. These were designed to include the extremes of
a wet and dry period. From the experience of monthly monitoring (chapter 5) and data
produced by the Solway River Purification Board (Bums and Lees 1987, Lees 1990),

March was identified as a period of high rainfall and May/June as typically dry.

The first sampling period was in March 1992 on a cold day where precipitation fell
in the form of snow and hail rather than rain (March 1992, total rain = 335.6 mm).
Snow completely covered site 10 but there was no snow at site 2. The second
sampling period was in May 1992, (May 1992, total rain = 112.8 mm). Samples were
taken on a damp day. Soils, however, were very dry due to dry antecedent conditions.

Figures given refer to the Lower Black Laggan tipping bucket gauge.

The contrast in weather conditions for the two sampling days can be illustrated in

terms of stream discharge. For sampling period 1 the discharge of the White Laggan
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was C.122 ms ' this had been preceded by 4 days of higher flow. For sampling period
2 flow was much less ats s n's *. The flow had been below 40 m’s " for 1 week prior

to sampling.

6.33 Sample collection and preparation

Two soil pits, (to account for within site variability), were dug at each site and the
mineral horizons sampled. 3 sub-samples of soil were collected from each mineral
horizon and subsequently bulked and mixed. The bulked soils were separated into two
portions; one was air dried, the other centrifuged in two-way tubes (Chapter 5) to
extract waters. A known weight of air dried sample was passed through a 2mm sieve.
The amount of material >2mm was weighed and expressed as a % weight of the total
soil, see table 6.41A. Soils were then stored in polythene bags prior to chemical

analysis, see section 6.34.

The soil waters were filtered through a 5 pm membrane filter, (Whatman cellulose
nitrate WCN type), using a closed polycarbonate ves.sel reduced pressure system
(Sterifil 47mm millipore) prior to storage in acid washed polypropylene bottles at
temperatures below 4“C prior to chemical analysis. Previous investigative work had
suggested the total aluminium content of soil waters could fluctuate without this
filtration step which removed fine sediment particles. During filtration any changes

in the appearance of the soil waters were noted.
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6.34 Analysis of soils

Soils were tested for exchangeable cations, pH, organic matter content (LOI), moisture
content and pyrophosphate extractable iron and aluminium (amorphous and organic-
bound forms). The methods used were standard and the same as presented in chapters
3 and 4. In addition dithionite extractable iron and aluminium (crystalline oxides and
hydroxides) were also measured using standard methods outlined by Avery and

Bascomb (1974). Dithionite extractions were made on separate samples.

6.35 Soil water chemistry - major components

The soil waters were tested for their gross chemistry. Calcium, magnesium and iron
were measured directly using flame AAS, sodium and potassium measured using
flame photometric methods. Anions were measured using the Dionex ion
chromatograph; each sample was diluted .. fold and because of this a three way
replication was adopted. DOC was measured using the TOCSIN Il aqueous carbon
analyser; again the samples were diluted (.. fold) prior to measurement and at least

three replicates were tested.

6.36 Aluminium fractionation methods

Major analytical techniques of aluminium fractionation are based on:

1 The rate of reaction of Al'* with a specific analytical complexing agent.

2. The removal of inorganic charged species by their sorption on cation exchange
resins.

3. Size exclusion of large complexes.

4. The use of a fluoride electrode and calculations.
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Dobbs et al (1988) stressed that all of these separation procedures were operationally
defined and results achieved from their use depended entirely on the way in which the

experiments were conducted.

Perron (FOP) (Driscoll 1984), aluminon (Wright et al 1987) hydroxyquinoline
(Driscoll 1984, Kerven et al 1989) and pyrocatechol violet (PCV) (Dougan and Wilson
1974) are all examples of reaction rate procedures. Seip et al (1984) compared FOP
with PCV and found the latter to be more sensitive and less su.sceptible to interference
from organics or fluoride. Hodges (1987) suggested that hydroxyquinoline and ferron
procedures were of limited use in the analysis of samples high in DOC. Kerven et al
(1989) found all commonly used colourimetric methods failed to di.scriminate
effectively between inorganic monomeric and organically complexed forms of
aluminium when tested with an organic ligand of natural origin. Wright et al (1987)
highlighted the thoughts of Dobbs suggesting these techniques in particular to be
limited because the fomis of aluminium found were operationally defined and the

specific reacting species of aluminium not well known.

Driscoll (1984), used a cation exchange column to separate non-labile monomeric and
labile monomeric fractions of aluminium and found the measurement of non-labile
monomeric aluminium to be dependent on the flow rate of solution through the
column. Difficulty aro.se in the control pH of solutions on passage through the column.
Campbell et al (1983) suggested the use of these resins in a stirred batch process
whereby pH was much easier to control. However, Hodges (1987) suggested the ion

exchange column and chelating resins were both unable to distinguish inorganic forms
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of aluminium from one another.

LaZerte (1984) used equilibrium dialysis to separate organic aluminium from inorganic
monomeric aluminium and compared his results with computed estimates involving
fluoride measurements. He found tlie results to be comparable. Membrane filtration
and dialysis were both used by Exiey and Birchall (1992b) to discriminate aluminium
species according to a vai iety of sizes. They tested these methods and cation exchange
resins to see which best defined the formation of HAS species in dilute solutions and

found membrane filtration to be most effective.

Hodges (1987) used fluoride sensitive electrode and thermodynamic calculations to
obtain aluminium activities equal to theoretical predictions in solutions without fulvic

acid.

Problems associated with interference from organics using colorimetric methods for
aluminium determination were important since the soil waters from Loch Dee had
often been highly coloured when sampled throughout the monitoring exercise. Driscoll
et al (1984) checked total aluminium measurement using FOP by those determined
directly using Graphite Furnace AAS and found close agreement in results. GFAAS
has also been used effectively by Exiey and Birchall (1992b) in the measurement of
aluminium and this method was chosen for the present study. The methods of dialysis,
membrane filtration and cation exchange tested by Exiey and Birchall were also

adopted here.
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6.37 Size Fractionation

Dialysis:

La Zerte (1984) discussed the method used. Viskin tubing (Medicell) was used as the
dialysis membrane. This has a size exclusion of 2.4nm and Molecular Weight Cut Off
(MWCOQO) 12-14000 and should allow only the movement of very small species of Al
from the soil water outside the dialysis bag to the double deionised water (DDW)
inside the bag. This small fraction was found by LaZerte (when using 1000 MWCO
membrane) to be comparable to that found using fluoride based calculations i.e. the
inorganic monomeric fraction. However, for pre.sent experiments this fraction could

include any aluminium species less than 2.4 nm in size e.g. small organic complexes.

Exploratory investigations using viskin tubing had indicated considerable problems
with sample replication; this was attributed to contamination and therefore a more
thorough preparatory procedure was used:

1 20 X 10cm lengths of viskin tubing were cut then added to a dilute solution (O.0IM)
EDTA. This was heated (not greater than 50 "C) for 1 hour .

2. Viskin tubing was washed with DDW and immersed in 5% v/iv HNO: (aristar)
which was agitated using magnetic stirrers for at least 24 hours.

3. The tubing was rinsed thoroughly in DDW before being immersed in DDW and left
to stir for .. hours.

4. Step 3 was repeated.

5. The water suiTounding the tubing was tested for conductivity. Any water registering
more than 2 pSem ' was rejected and step 4 repeated until the conductivity of the

DDW + dialysis bags equalled the conductivity of water alone. At this stage the tubing
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was ready to use for aluminium fractionation according to the following procedure:

2.5ml of DDW was added to the dialysis bag. It was clipped shut and immersed in
22.5ml of soil water contained within a small Nalgene Centrifuge tube. This was then
sealed and left to shake for 24 hours. After 24 hours the waters inside the bag were
extracted for analysis of silicon and aluminium. Samples were stored in acid washed
polypropylene containers below 4“C. 5 replicates were made for each bulked soil
water. Prior to use all equipment was acid washed and thoroughly rinsed in DDW to

minimise the risk from contamination.

Equilibration time:

Exley and Birchall (1992b) found 3 hours sufficient for the equilibration of dialysis
experiments with .synthetic solutions. LaZerte (1984) looked at natural waters and
suggested minimising equilibration time to prevent the entry of smaller fulvics and
reduce the overestimation of inorganic monomeric fractions of aluminium. LaZerte
used a 24 hour equilibration period in his experiments. Exploratoiy work using soil
solutions from the Loch Dee catchment had .suggested that 12 hours was enough time
for silicon to equilibrate. However, concentrations of aluminium were not stabilised

in this time so the 24 hour period of LaZerte was adopted for this experiment.

Membrane filtration
Larger sized aluminium fractions can be split using a series of membrane filters of
different pore sizes. In view of the small size of the dialysis membrane and the very

large pore size of the initial filtration membrane (5 pm). 0.45 pm filters (Whatman
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Cellulose nitrate WCN type) were chosen for use in this study. This had been
previously used to indicate the cut off point for soluble fractions of aluminium (Neal
et al 1989). Menzies et al (1991) stressed that this was an aibitrarily chosen point,

however, rather than a strict definition.

Filters were prepared by immersion in DDW for up to 3 hours and the soil solution
to be tested for a minimum of 1 hour. This procedure was an attempt to reduce the
effects of aluminium retention on the membrane tlirough adsoiption of charged
species. All equipment was acid washed and rinsed thoroughly in DDW and finally

soil water prior to use.

Filtration was cairied out using disposable syringes with filter attachment. This method
was relatively rapid to perform and no sample storage was necessary. The procedure

was replicated 4 - 5 times for each soil water.

6.38 Cation Exchange Methods

Cation exchange methods fractionate aluminium according to both size and reactivity.
The methods used were outlined by Exiey and Birchall (1992b) based on a stirred
resin, (Campbell et al 1983). This method was chosen for the ease of pH control
throughout the experiment. A micro pH electrode (Rus.sell) was immersed in the
polypropylene experimental vessel for the duration of the tests and any pH changes

controlled by the addition of dilute (0.01 M) NaOH or (0.0IM) HNO,.

195



The resins used were Amberlite 200 and IRC 50, (Sigma Chemical Co.). Amberlite
2(X) has a strongly acidic sulphonic acid grouping and the IRC 50 a weakly acidic

carboxylic acid grouping.

Re.sins were prepared by methods outlined by Exley and Birchall (1992b). To ensure
directly comparable starting points with respect to charge . g of the amberlite .. » and
0.84g of the amberlite IRC 50 were used. The strongly acidic resin has 4.2 meq of
charge per g whiLst the weakly acidic resin has 10 meq of charge per g. These weights
resulted in a starting charge of 8.4 meq on both resins which was calculated to be in

excess of the greate.st .soil water aluminium total.

After preparation the resin was equilibrated with a .synthetic .solution containing all the
soil water major ions, except aluminium, previously determined in the soil solution
(tables 6.42B and C). This equilibration exercise ensured minimal pH change on the
addition of the soil solution to the resin. Large changes in pH affect the form of the
aqueous aluminium. The soil solution DOC was not accounted for in the buffer

solutions.

A 25ml sub-sample of bulked soil water was in contact with a pre-equilibrated resin
for one hour (Exley and Birchall 1992b). After this time the .soil solution was filtered
through a 5 Jim membrane filter in a closed polycarbonate filtration vessel (Sterifil,
47mm millipore) to rescue the resin for elution. The filtered liquids were stored prior
to analysis in acid washed polypropylene containers below 4°C. Aluminium and silicon

measured in these samples was either in a form stable with respect to the resin
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functional group or too large to enter the resin mesh.

For aluminium, subtraction of this ’inert’ fraction from the total aluminium gave an
estimate of ’exchangeable aluminium’ small enough to enter the resin mesh. This
might be expected to include the free aquo ion, exchangeable complexes, aluminium
in monomeric complexes weaker than the resin functional group plus cationic poly
nuclear species of low molecular weight. In addition, Campbell et al (1983) suggested
labile complexes stronger than the aluminium functional group complex may
contribute to the exchangeable fraction if the resin was concentrated relative to

aluminium; in this ca.se the resin was in excess.

Elution

Recovered resins were rinsed with DDW, filtered to dryness and then eluted with
20ml 10% v/v HNO, for 10 minutes. The acid was decanted from the resin and stored
prior to analysis in acid washed polypropylene containers below 4"C. Tliese eluted
samples represent relative values used in the identification of matter left on the resin
by inspection of molar Si;Al ratios.

The procedure was replicated 3-5 times for both resin types and all soil water samples.

6.39 Measurement of aluminium and silicon.

Aluminium and silicon were measured by GFAAS (Perkin Elmer 2280 Atomic
Absorption Spectrophotometer) using programmes previously developed by Exlcy
(1989), tables 6.39A and 6.39B.

Aluminium was measured in a matrix of HNO, (1% v/v acid). 3 -6 standards were
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6.4 RESULTS

6.41 SOILS
The results presented in this section refer to bulked soils. Two pits were dug at each
site and 3 bags of soil taken from each pit. Bulking involved mixing the three bags

of soil from each individual pit together.

In March soils from site 2 were reddish brown and loamy with occasional gritty
patches. Soils from site 10 were more gritty with a reddish speckled coloration. In
May soils from site 2 were reddish brown and loamy although gritty patches were

more abundant; the soils from site 10 were gritty but and included peat.

Table 6.41 A shows the results from the sieving of air dried samples of the bulked
soils.
Table 6.41A The relative proportions of the fine and the coarse fractions within

the soil samples expressed as the weight % of the total fraction coarser than
2mm, standard deviation is given in italics, n = 3.

Soil/site March Mean % >2min Soil/site May Mean % >2mni
2M1 396 1.29 2M1 2.40 0.86
2M2 114 0.79 2M2 2.06 0.58
IOMI 7.99 3.00 IOMI 10.81 {58

1 10M2 1533 56 10M2 11.90 3.08

The results confirmed the visual impression that the soils from site 10 had a greater
proportion of coarse fragments and confirmed observations in chapter 4 that soils
associated with granodioritic geology typically had greater proportions of sand sized

particles.



Results from the chemical analysis of the soils are given in tables 6.41B and 6.41C

Table 6.41B - Soil exchangeable cations - all results are expressed as mean values
in meq/kg, standard deviation is given in italics, n = 3.

Soil

2M1 March

2M2 March

IOMt
March

10M2
March

2M1
May

2M2
May

IOMI
May

10M2
May

Exch Ca
mcqg/kg

1.73
0.09

1.63
0.J3

1.05
0.16

0.8
0.16

0.25
0.16

0.60
0.07

0.20
0.09

0.12
0.05

Exch Mg
mcqAg

0.90
0.16

0.77
0.16

0.82
0.11

0.55
0.08

0.44
0.23

0.58
0.16

0.41
0.04

0.63
0.08

Exch Na
mcq/kg

2.84
1.09

2.54
0.82

2.06
0.49

2.31
0.34

0.65
0.05

0.41
0.06

0.61
0.14

0.29
0.00

Exch K
mcq/kg

0.26
0.00

0.13

0.28
0.02

0.26
0.00

0.71
0.41

0.32
0.08

0.28
0.04

0.26
o.w

Exch H
mcq/kg

223
8.34

177
8.06

223
8.34

203
6.58

107
16.5

100
285

164
23.6

142
33.8

Exch Al
mcq/kg

145
34.9

83.4
1.56

136
2.69

94.2
11.0

108
4.88

96.0
3.46

58.6
4.45

47.9
3.25

Soil exchange sites were enriched in hydrogen and aluminium at both sites and at both

sampling times. In March, site 2 soils had greater exchangeable calcium and sodium

than site 10 and approximately the same magnesium and potassium.

In May,

exchangeable cations were less abundant. The two sites showed marked differences

in the acidic cations with site 2 having greater exchangeable aluminium and site 10

greater exchangeable hydrogen. Base cations were typically similar although internal

variation was high in the case of calcium and potassium at site 2 and sodium at site

10. Because the soils were bulked variations in results reflected the precision of the

techniques employed.
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Table 6.41C Soil chemical properties. All results are expressed as a mean value,
standard deviation is given in italics, n = 3.

Soil pH In % airdry % LOI P-cxir Fe P-cxtr Al D-extr Fe D-extr Al
CaOj Moist. % % % %
2M1 4.10 4.60 10.2 1.43 0.74 2.15 0.74
Mar 0.59 0.86 0.23 0.l 0.16 0.11
2M2 4.1 6.50 6.0 0.13 0.34 1.72 0.43
Mar 1.32 1.56 0.06 0.03 0.13 0.01
IOMI 4.0 21.\ 12.6 117 1.01 1.74 0.62
Mar 2.79 0.89 0.31 0.06 0.33 0.08
10M2 4.30 143 11.1 0.78 0.88 1.28 0.71
Mar 0.40 2.16 0.33 0.16 0.33 0.06
2M1 3.90 7.25 11.7 0.87 0.69 0.84 1.02
May W 1.09 0.06 0.07 0.0/ 0.04
2M2 3.90 19.2 10.2 0.65 0.65 0.81 0.95
May 10.] 1.53 0.09 0.07 0.03 0.07
IOMI 3.85 10.2 135 1.12 0.77 0.82 0.88
May 2.93 1.99 0.08 0.13 0.03 0.13
10M2 3.95 5.88 11.4 0.96 0.77 0.87 1.04
May .12 117 0.22 0.08 0.03 0.10

The soils in May had a slightly lower pH than those at the same sites in March. Soils
from site 10 had greater organic matter content than soils from site 2 in March but
very similar concentrations in May. Dithionite extractable iron i.e. organically bound,
amorphous and that in the form of crystalline oxide and hydroxides (Bascomb 1968)
was always greater than pyrophosphate extractable iron (in an amorphous or
organically bound form) as would be anticipated. The results indicated that iron
extracted from the soils at both sites in March was in both organically bound and
crystalline forms. However, in May all iron extracted from the soils at both sites was
in an organic form only. Shuman (1990) extended these definitions to extractable
aluminium and again indicated the overlap in type of aluminium extracted.

Pyrophosphate extractable aluminium was greater at site 10 than dithionite extractable
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aluminium for both samples in March indicating the possibility of poor sample mixing

leading to this variability at site 10. Dithionite extractable aluminium was greater than

pyrophosphate extractable aluminium, as would be anticipated, at I>oth sites in May.

These results suggested that aluminium extracted from the soils in March was more

likely to be in a purely organic form whereas in May, aluminium also occurred in the

form of crystalline oxides and hydroxides.

6.42 SOIL WATERS

Results presented refer to bulked soil waters. All waters extracted from the soils of

a single pit were bulked and mixed thoroughly prior to analysis. Table 6.42A gives

the observations recorded on the filtration of whole samples through a 5pm

membrane. This filtration was purely to remove paniculate material prior to analysis.

Table 6.42A

2M1 March

2M2 March

IOMI March

10M2 March

2M1 May

2M2 May

IOMI May

I0OM2 May

W ater Colour prior

to anti alter
filtration

Light brown - no
change

Brown -

Light brown - no
chttnge

Not coloured - no
change

Light brown - to
lighter brown

Very light brown
to brown - no
change

Light brown to
brown - no change

Brown - change to
lighter brown

no change

paper colour afte
filu'ution

Brown

Dark brown

Brown

Very light brown

Brown

Very light brown

light brown to
brown

dark brown
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: Observations on the filtration of soil waters.

Particle size on
filter paper (mm)

< 1mm

< Imm

< 2.Smm

< L.Smm

< 0.S mm

< L/ Amm

< 1mm

<1.Smm

% covering of
filter paper

.5-10%

*>-10%

10-1.5%

10-12%

o)

.S5-10%

5%

5-10%















All 0.45]im filtered samples replicated well when tested for silicon. In March at site
2, 97.0% and 81.7% of the total silicon passed through a 0.45 pm membrane. In May
at the same site 100% and 94.5% of the total silicon was < 0.45pm. At site 10, 86.6%
and 63% of the total silicon passed through a 0.45 pm membrane in March whereas

in May the results were higher at 92.9% and 93.9%.

(iv) Dialysis
Dialysed aluminium and silicon in the soil waters are given in table 6.43D.

Table 6.43D - Dialysed aluminium and silicon. The results are reported as mean
values in pg/L, standard deviation is given in italics, n = 4. No S.D. value
indicates poor replication of results i.e. only 2 out of a po.ssible 4-5 results showed
similarity and the result given is the mean of these.

Dialysed Al % < 2.4 nm Dialysed Si %< 2.4nm
2M1 March 147 145 11.8% 928 49.0%
2M2 March 3.37 14.2% 1338 313%
IOMI Maich 69.0 22.0% 607 49.5%
10M2 March 61.0 19.4%. 412 i0.0 33.6%
2M1 May 67.0 i0..5%. 1828 /29 82.3%
2M2 May 43.8 2.54 18.4%. 2563 N9« 93.9%
IOMI May 24.0 1.9%. IKX) 20.4 69.1%
I0M2 May 18.0 5.06 1.3%. 150 60.2%

The small fraction of aluminium able to pass through the dialysis membrane was not
often well replicated. At site 2 in March between 11.8% and 14.2% of the total
aluminium was small enough to pass through the dialysis membrane. In May the
results were similar with 10.5% to 18.4% of the total aluminium dialysable; on
average this was slightly higher in May. At site 10 in March 22.0% and 19.4% of the

total aluminium was able to pass through the dialysis membrane but in May only 1.9%
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and 1.3% of the total aluminium was smaller than 2.4 nm.

Silicon dialysis results were better replicated. At site 2, 49.0% and 37.3% of the total
silicon passed through the dialysis membrane in March and in May this had increased
to 82.3% and 93.9%. At site 10, 49.5% and 33.6% of the total silicon was smaller
than the 2.4 nm mesh in March. In May this had increased to 69.7% and 60.2% of the

total silicon. This increase, however, was not as great as was found at site 2.

(V) Cation exchange experiments

Amberlite 200

The amberlite 200 resins were easily equilibrated with the buffer solutions and pH was
regulated throughout the experiments. On addition of tlie soil water there was always
a noticeable pH rise presumably because the buffer solution did not account for all the
species present in the natural soil waters. The rise was probably indicative of a release

of base cations into .solution.

Exchangeable aluminium was defined as that which was not retained by the ion
exchange resin subtracted from the total aluminium. This exchangeable fraction must
be smaller than approximately 100 nm (Exley and Birchall 1992b) to be able to enter

the resin initially.
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Amberlite IRC 50

This resin took a greater time for equilibration with buffer solutions and required

constant attention and addition of dilute HNO, throughout the hour of exchange. The

pH increases experienced after the addition of the soil waters were usually much less

than had been found for the Am 200 resins. Sigma chemical company were

approached for a cut off point for the size of species able to enter this resin type but

no data was available.

Table 6.43G « Aluminium results for the soil waters after reaction with Am IRC
50 resins. All results given are mean values in pg/L, standard deviations are given
in italics, n = 3. No SD data indicates poor replication.

2M1
March

2M2
March

I0MI
March

10M2
March

2M1
May

2M2
May

IOMI
May

10M2
May

Solution Al after 1
hour contact with
resin (ng/L) = X.

.S21

1028

99

137

468

67

6.53

9.53

2/2

2/2

6.24

2.4

26.7

Exchangeable Al
(.Sum filtered - X).
(Hg/lL) = C

721

1347

291

156

173

164

629

667

% Exch Al
(CL.S(im fill X 1(H))

Resin eluted Al
(Hg/L).

349 35.7

6(X)

120 /2.7

75

149 6.56

142 5.97

507

713

Replication of aluminium results using Am IRC 50 resin was variable. Non-

exchangeable aluminium results replicated well in Maix’h; however, only one set of

soil water samples from the May group showed internal consistency. The resin elution
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samples replicated less well.

At site 2 in March, 58.1% and 56.7% of the total aluminium was exchangeable, an
average of 57.4%. Site 10 at this time had 74.6% and 53.2% of the total aluminium
in an exchangeable form, an average of 63.9%. In May exchangeable aluminium
contrasted greatly in the two samples from site 2; in one case 27% of the total
aluminium was exchangeable and in the other 71% was retained by the resin, giving
an average of 49.0% for the site. In May at site 10 49.1% and 41.2% of the total
aluminium was exchangeable, an average of 45.2%.

Table 6.43H - Silicon measurements for the soil waters that had been in contact

with Am IRC 50 resin. Results given are mean values given in pg/L, standard
deviation is given in italics, n = 3. No SD indicates poor replication.

Soil water Si alter 1 % of total Si Rc.sin eluted Si ("gA")
hour contact with rc.sin
(Hg/L).
2M1 March 8.50 20.4 193
2M2 March 22.50 62.7% 98
IOMI March 807 40.1 6.5.8% 75
10M2 March .S63 V.40 46.0% 52 6..16
2M1 May 1480 ,S4y 66.8% 32 0.5ii
2M2 May 1780 6.5.2% 35 170
IOMI May 860 2S.t .S54..5% 40 J.W
I0M2 May 60.3 .11.0 48.4% 31 .1.60

Replication of silicon results using Am IRC 50 was better than with the Am 200.
However, this resin type also indicated retention of silicon. At site 2 in March 45.1%
and 62.7% of the total silicon was found in the soil solutions after reaction with the
resin. At site 10 at this time, 65.8% and 46.0% of the total silicon escaped attachment
to the resin. In May the results for site 2 were similar at 66.8% and 65.2%. At site 10

the results were again similar at 54.5% and 48.4%.
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6.44 Summary of results:

Bulk soil analysis:

i. Soils from site 10 were slightly more gritty than those from site 2.

ii. Greater exchangeable calcium, sodium, hydrogen and aluminium in the March soils
at both sites than in the samples taken in May.

iii. Greater soil exchangeable calcium and sodium at site 2 in March than site 10.
iv. Greater soil exchangeable hydrogen at site 10 in May than site 2.

v. Greater soil exchangeable aluminium at site 2 in May than site 10.

vi. Soil pH, on average, was slightly lower in March than in May.

vii. Soil % LOI typically fell between 10 - 12%.

viii. Soil extractable aluminium was all organically bound or amorphous at both soil
sites in March. In May, some crystalline oxides or hydroxides of aluminium were
detected by dithionite extraction.

ix. Soil extractable iron was completely in organic or amorphous forms in the May

but the March soils had some crystalline oxides and hydroxides of iron present.

(iross chemical analysis of bulked soil water samples:

i. Potassium, iron and DOC were greater in the soil waters from site 2 in March than
those from site 10.

ii. DOC and chloride were more concentrated in soil waters from site 10 in May then
site 2

iii. Soil solution pH was lower at site 10 in March and site 2 in May.
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Extended analytical work:

i. Total aluminium (after 5|im filtration) was greater at site 2 than site 10 in March;
in May the reverse was tme.

ii. Greatest total silicon (again after 5|im filtration) was always found in soil waters
from site 2.

iii. Aluminium species < 0.45|am were 74 - 96% of the total aluminium in March
compared with 38 - 97% in May.

iv. Silicon species < 0.45|im were 63 - 97% of the total silicon in March compared
with 93 - 100% in May.

v.  Only small amounts of the total aluminium could pass through the dialysis
membrane. In March 10 - 20% of the total aluminium from the soil samples were
small enough. At site 10 the proportion was slightly greater than at site 2. In May
between 1 and 20% of the total aluminium pas.sed through the dialysis membrane. At
this time proportionally more aluminium from site 2 was small enough to enter the
dialysis membrane.

vi. Silicon small enough to be dialysed was 30 -50% of the total silicon in the March
samples but 60 - 95% in May. In May, silicon dialysis was mo.st successful at site 10.
vii. In March there were similar proportions of exchangeable aluminium in both soil
waters when mixed with a strongly acidic resin (Amberlite 2(X)). In May, however,
there was proportionally less exchangeable aluminium at site 2 (45 -65%) than at site
10 (70 - 83%).

viii. Using a weaker acidic resin proportions of exchangeable aluminium remained
similar at at both sites in March. However, in May, results were highly contrasted at

site 2, but but much less variable at site 10.

214



ix. Silicon was retained by both resin types.

6.5 DISCUSSION

6.51 Soils

The more gritty and coarse nature of the soils from site 10 (table 6.41A) can be
explained by geological input; site 10 was situated above a coarse granodiorite and
sitt 2 a medium grained diorite. Analysis of variance on soil textural data from
chapter 4 indicated .soils developed over granodiorites included a greater % of sand

sized particles.

Soils at both sites were acid and the saturation of the exchange complexes on both
sampling occasions with hydrogen and aluminium was symptomatic of their base
deficiency and indicated sensitivity to acid inputs. Lower concentrations of
exchangeable acid and base cations were found in samples taken in May at both sites.
Mean soil exchangeable calcium at site 2 was 1.6S meg/kg in March but down to 0.42
mca/kg in May. At site 10 the contrast was also strong with mean soil exchangeable
calcium at 0.97 meg/kg in March compared with 0.16 meg/kg in May. This was

explained by release of base cations for the requirements of vegetation.

Dithionite extractable iron was greater or similar to pyrophosphate extractable Fe in
al soils; this is consistent with Bascomb (1968) who indicated pyrophosphate
extracted organically bound and amorphous forms of iron and dithionitc extracted both
of these and crystalline oxides and hydroxides. The soils in March had both forms of

iron; however, the May soils contained only organically bound iron. Dithionitc
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extractable aluminium was greater than pyrophosphate extractable aluminium at both
sites in May indicating the presence of soil aluminium in a crystalline form (Shuman
1990). In March, pyrophosphate extractable aluminium was greater than dithionite
extractable aluminium at site 10 but similar to dithionite extractable aluminium at site
2 and indicated aluminium was typically organically bound or amorphous at this time.
The.se contrasting results for iron and aluminium strongly suggest any relationship

between these two parameters in these soils to be weak or inverse.

6.52 Soil waters: relationship with soils

A compari.son of the results from tables 6.41B.C and 6.42B and C indicated a strong
negative correlation (-0.927) between soil and soil water sodium. Soil solution total
silicon was negatively conelated with pyrophosphate extractable aluminium (-0.924)
and iron (-0.742). This indicated lower soil water silicon concentrations could be
expected from soils where aluminium and iron was bound principally in organic and
amorphous fonns. Where silicon concentrations were greater pyrophosphate extractable
iron and aluminium were typically less obvious. No other chemical components
seemed to be related.

Bruce et al (1989) indicated that soil solid pha.se was in equilibrium with the soil
solution phase but that many factors detemiined this equilibrium. In this study, the soil
waters and the .soils from which they were extracted showed very little similarity.
However, Bruce et al (1989) showed that although calcium concentration or calcium
activity increased with exchangeable calcium or calcium .saturation that regression
between these components was poor with r < 0./ and relationships between the two

were complex.
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The apparent lack of relationship between the soils and soil waters in this study need
not be due to a lack of equilibration between the two components but could indicate
relationships are more complex than can be identified with simple correlation (Bruce
et al 1989). However, it is also possible that the soil solutions did not have time to
equilibrate with the soils due to recent washing with rain-water. These differences
could also be explained by the small concentrations of chemical components in both
soils and waters exacerbating any variability present within the experimental

techniques.

6.53 Soil waters - main features.

The lack of colour change in the soil waters on tiltration indicated very large (> 5
pm) particles were rare. However, in the soil waters from pit 2 at site 10 in May there
was a great change in coloration after filtration (table 6.42A). This indicated the

presence of some very large organic species.

In March the soil waters from both sites exhibited similar concentrations of
atmospherically deposited ions e.g. magnesium, sodium, nitrate, chloride, fluoride and
sulphate. Many of the.se ions also positively correlated with one another. Calcium
concentrations in the .soil waters from site 10 was greater than at site 2 but this could

not be explained by geological input.

In May trends were more difficult to explain in terms of atmospheric inputs as
anticipated during this drier period. The results were also not entirely reconcilable in

terms of geological input. Calcium concentrations were variable at both sites but

217



greater magnesium from the soil waters at the geologically base rich site 2 indicated
a possible geological influence. Large sodium concentrations at both sites at this time
probably indicated a similar drying and concentration effect that had been noted in

most soils in the previous summer period, chapter 5.

6.54 Soil water pH

In March site 2 soil waters had the higher pH whilst those at site 10 were higher in
May. These higher pH results corresponded with greater soil water DOC
concentrations suggesting a possible control of soil water pH by organic acids.
Organic acids can act as buffers in the pH regime; they are weak acids and are much
less likely to give up hydrogen ions and contribute to pH. Calcium and magnesium
may act to displace H* - at site 2 the soil water with the greatest sum of calcium and
magnesium had the lowest pH. The strongly acidic anion component (nitrate +
sulphate) was al.so highest at site 2 for the lowest reported pH. However, at site 10 the
soil water with the highest pH corresponded to the greatest sum of calcium and
magnesium and the greatest strongly acidic anion component. The two soil sites thus

gave very different responses to investigation of pH control.

6.55 Soil water total aluminium and silicon.

Giusti (1991) reported total aluminium concentrations from stream waters within the
Dargall lane sub-catchment at Loch Dee of between 50 and 200 (JgA-: these were
much smaller than the total aluminium concentrations found in soil waters sampled

in the adjacent White Laggan sub-catchment in the present study.
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At both sampling periods highly coloured, DOC rich waters were associated with the
greatest concentrations of total aluminium. This relationship was often noted
throughout the monitoring exercise (chapter 5) but differs from the findings of David
and Driscoll (1984) where higher total aluminium was not always related to higher

DOC.

The higher concentrations of total aluminium also corresponded to higher pH values
in the soil waters although the relationship was not linear. David and Driscoll
indicated a poor negative correlation between soil water pH and total aluminium
content and suggested that pH, DOC and total aluminium were all intenelated factors,
a conclusion also indicated from the monitoring data in chapter 5. Dri.scoll et al (1984)
also indicated little correlation between total aluminium and pH attributing this to
variability in the levels of organically complexed aluminium. Because of the
relationship between total aluminium and DOC, this explanation would seem to be

most appropriate here.

The total aluminium concentration was not controlled simply by geology. A purely
geological control would have resulted in consistently greater aluminium
concentrations at site 2 where the aluminium should be more easily released from
mineral weathering. However, mineral weathering at this site should also consume
more H* ions and therefore possibly reduce aluminium concentration due to greater

pH.

Farmer (1986) suggested silicon in soil solutions ranged from 1-40 mg/L. The total
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silicon found in soil waters from the Loch Dee catchment were within the lower half
of this range. The silicon results were related to geology. Soil water silicon was
always greater at site 2 which was situated above diorite where silicon was in a more
easily weathered form than in the granodiorite at site 10. However, total silicon from
site 2 in May was not internally consistent, (see table 6.43B). This can be explained
by:

1 Samples extracted from the same horizon but at different depths within this horizon.
The soil water with higher silicon concentration was extracted from soils with a
slightly greater % of coarse grains (see table 6.42B); this may indicate a greater
geological influence. The soil pit with higher silicon al.so had greater exchangeable
bases which may also indicate a greater geological control.

2. The presence of foreign drift material that altered the availability of silicon to the
soil waters. However, there was no field evidence of drift material at site 2 and soil
thin section examination, chapter 4, implied a purely dioritic parent material.

3. Silicon concentration also controlled by none geological factors e.g. phytoliths.

However, thin section examination had not indicated the pre.sence of phytoliths.

6.56 Fractionation Methodology - reliability for use with soil waters.

Filtration was reliable in terms of replication of silicon results but less so in the case
of aluminium as indicated by standard deviation. It was commonplace for large
quantities of aluminium and silicon to be lost on filtration through a 0.45(im filter.
Exiey and Birchall (1992b) indicated that loss of silicon at least, on filtration, should
be minimal. Possible improvements therefore suggested to improve the accuracy of

this method were:
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a. Soaking of filters in the soil waters over a greater time pcriiKl to decrease the chances of adsorption.

b. Increase in the number of sample replicates to quantify the precision of this method more precisely.

The dialysis method gave less consistent results. Small concentrations of small sized
Al fractions within the soil waters could have been the main source of discrepancy.
Increasing the number of replicates could have given a better idea of the precision of
these results. Decreasing the volume of DDW within the dialysis bag would not have
resulted in any differences in results since the dialysable fraction of aluminium and
silicon formed an equilibrium between the soil solution outwith the dialysis bag and

the DDW within the dialysis bag.

The cation exchange experimental results showed variable replication. Greater caution

in the following may have decreased the chances of error:

a. Ensuring the resin was properly equilibrated with buffer solution prior to u.se.

b. More care on the addition of dilute alkali/acid to the experimental solution to counteract any pH changes.

Despite the problems encountered with the experimental methods there were some

significant trends within the data. These will be discussed.

6.57 Size fractionation - main trends.

Aluminium 0.45 - 5.00 pm in size.

At site 2 there was a greater fraction of aluminium > 0.45 pm in March than in May;
there was al.so higher concentrations of soil water DOC in March at this site. At site
10 in March aluminium < 0.45pm in size was poorly replicated from both soil pits.
This fraction was numerically small and this alone could have caused the problems

with replication. In May, at site 10 soil water aluminium < 0.45pm in size was
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contrasting at the two pits sampled. Both pits soil waters, however, were enriched in
DOC. Table 6.42A indicated soil water 10M2 had already lost much of its large
organic complexes on filtration through a 5pm membrane. Virtually all the aluminium
remaining in this sample pas.sed through a 0.45 pm filter. However, soil water IOMI
lost very little colour on 5pm filtration. This obsei'vation can explain the contrast in
0.45pm filterable aluminium at this site if the large volume of aluminium > 0.45pm

in size for IOMI was in an organic form between 0.45 and 5 pm in size.

In both cases the concentration of aluminium > 0.45pm in size seemed to be related
to soil water DOC content - where DOC was greatest there was a tendency for the soil
waters to contain larger fractions of aluminium. Menzies et al (1991) found a decrea.se
in soil water aluminium content on passage through a 0.45pm filter that was
sometimes but not always associated with a decrease in soil water coloration and was

also explainable in teims of DOC content.

Dialysed Aluminium

In March the small sized aluminium determined by dialysis was numerically greater
at site 2 than site 10 but made up a smaller fraction of the total aluminium (5pm
filtered) at site 2 where DOC was more concentrated. In May small sized aluminium
fractions determined by dialysis were strikingly less at site 10 where the DOC content
was highest than at site 2 where DOC was lower. This association of soil waters rich
in DOC with less aluminium in a small and potentially toxic form was a.ssumed to
result from complexation by organic compounds. The concentrations of small and

potentially toxic aluminium separated by this dialysis method were in a similar range
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to those found by LaZeite (1984) for lakes and streams of Muskoka-Haliburton region

of central Ontario during Spring snowmelt.

Silicon in solution

Farmer (1986) suggested that silicon in natural waters occurred entirely as monosilicic
acid. Exley (pers comm.) indicated this should pass tlirough a dialysis membrane. In
both filtration and dialysis, however, the fractionated sample was less than total (5p.m

filtered) silicon. This was explained by:

1. Silicon adsorbed by the filler and/or dialysis membrane.

2. Silicon present in foims other than silicic acid i.e. ptuliculaic material including Si between 0.45 (im and
5 [im in size. Silicon present in particulate I'onn could be as silicate ;uul/or aluminosilicate minerals. There
was no correlation between large sized silicon pruticles and iron concentrations therefore the formation of

iron gels could not be cited to explain the results.

6.58 Cation exchange

All ions in a solution in contact with a cation exchange resin and small enough to
enter the mesh of the resin compete for exchange sites. Analyses of the soil waters
(tables 6.42B and C) indicated that only iron (also a trivalent ion), flouride (capable
of forming very stable compounds with Al*) (Moore and Ritchie 1988) and DOC
(also capable of forming very stable compounds with Al*) (Inoue and Huang 1990)
were concentrated enough in some or all cases to influence aluminium in solution
when in contact with a cation exchange resin. Fluoride and DOC would compete with
resin functional groups for the aluminium and iron would compete with the aluminium
for attachment to the functional groups. The level of interference of iron with

aluminium chemistry was illustrated by Henmi and Huang (1985b) in relation to the
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formation of imogolite. They showed that if a solution contained an Fe:Al ratio > 0.5
imogolite formation would be impeded because of the affinity of iron for silicic acid.
Calcium, magnesium and potassium were not present in great enough relative
concentrations to compete with greater binding strengths of A™ present in larger
concentrations, for sites on the cadon exchange resins. Henmi and Huang (1985a) also
indicated that for sodium to compete with aluminium for silicic acid sites and perturb
the formation of imogolite sodium would need to be present in a ratio Na:Al > 60.
Although attraction to silicic species is not the same as cation exchange resin species
this example .serves to illustrate the relative concentrations of .sodium neces.sary to
compete with aluminium. Although .sodium was concentrated in the soil waters it was

not concentrated enough to substantially influence the chemisuy of aluminium.

The two resin types reacted differently with respect to the proportion of Al defined
as exchangeable. At site 10 in May exchangeable aluminium (identified by the Am
200 resin) was greater relative to total aluminium (5]im filtered) than in March. At site
2 the reverse was true. DOC was higher at site 2 in March and at site 10 in May. This
indicated soil waters rich in DOC the fraction of total aluminium that was
exchangeable (identified using the Am 200 resin) was increased. This can be explained
if the resin functional group had a greater affinity for the organically bound aluminium
than the organic particles them.selves. This relationship was not identified for Am IRC
50 resin where the weaker functional group probably could not compete with strongly

bound aluminium-organic complexes.

In May at site 2 there was a contrast in the exchangeable aluminium identified by both
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resin types in the two soil waters. In both cases there was a lower amount of
exchangeable aluminium reported at pit 1. In these waters, fluoride was present at 1.19
mgA- and iron at 2.46 mg/L. Fluoride forms very strong complexes with Al* (Moore
and Ritchie 1988). The results suggest these were able to remain intact on passage
through the exchange resin. In addition, Fe™ would have competed with Al for
exchange sites releasing more aluminium into solution and resulting in lower estimates
for exchangeable aluminium. Soil waters from the other pit had no fluoride and lower

iron concentrations resulting in greater proportions of exchangeable aluminium.

The exceptionally high value for exchangeable aluminium at site 10 in May identified
by Am 200 corresponded with veiy low fractions of small sized aluminium separated
by dialysis. It has been suggested that this high value was caused by the ability of the
strongly acidic functional group to compete with organic ligands for aluminium; this
presence of organic ligands would also decrease the likelihood of the piesence of

small and potentially toxic forms of aluminium in the soil water.

Any influence of silicon concentration on potentially toxic aluminium in soil waters
was obscured by the presence of DOC. The dialysis results from the soil waters at
both sites with lower DOC concentrations were compared. This indicated on average
less (< 15% as compared with 20.7%) of the total aluminium was in a potentially
toxic form at site 2 compared with site 10. This was the site where total silicon was
highest. The results, however, were too unreliable in terms of replication and the data
set too small for any more than a tenuous link to be drawn; much more work would

be necessary to support the theory that soil water Si concentration affects the amount
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of aluminium in a small and potentially toxic fomi.
Tables 6.43 F and 6.43 H indicated that silicon from the soil waters was retained after
reaction with the cation exchange resins. Further investigation of the cation exchange

results should indicate more clearly the form of some of the silicon in solution.

6.59 Comparisons between results of experimental work.

The results from the fractionation of the aluminium species according to size are
presented in figure 6.59A. The column graphs pre.sent a comparison of the measured
concentrations of aluminium according to the different methods u.sed; i.e < 5(im
(Total), < 0.45[Jm (filtered) and < 2.4 nm (dialysed) fractions plus the re.sults for
exchangeable aluminium using 2 different CE resins. The results for the Am 200 were
a minimum estimate of the fraction of aluminium that was <100 nm in size (Exley and
Birchall 1992b). No data was available for the Am IRC 50 resin; however, like the
Am 200 resin the 'wet mesh’ was rated at 16 - 50, it was assumed that this indicated
a similar exclusion size for the Am IRC 50 resin.

The column graphs indicated splitting aluminium according to size by different

methods yielded consi.stent results except in the following cases:

1 10/1 in May had a gieaicr IVaclion of cxchiuigcablc aluminium scpai aicd using both resins than by simple
filtration; the Am 200 resin result was especially high. The exchangeable aluminium results were poorly
replicated and probably represented overestimates. The filtered result, however, was well replicated and the
low filtered result was explained in temis of organic ptulicics between 0.4.5 and .5pm in siw:.

2. The Tilteretl results at 2/2 and 10/2 in May were higher timn the total aluminium. This was explained by
the use of mean values in presentation of results. When the Ultered stuiiples were measured a ‘total*

aluminium sarriple was also measured; this was always higher thtui tlie nitered results.
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6.60 Cation exchange implications

HAS species are retained by cation exchange resins because they are stable with
respect to the functional group on the resin and carry a positive charge. Farmer et al
(1986) suggested that imogolite was a pure aluminosilicate with essentially no cation
exchange capacity and capable of canying only a small positive charge.
Protoimogolite and allophane are hydroxyaluminosilicates that are less well ordered
and may represent precursors to imogolite (Fanner et al 1980, Farmer and Fraser
1982). They possess many broken edges and show a much greater capacity for the
adsorption of anions. Because of greater charge these poorly ordered species are more

likely to remain attached to a cation exchange resin.

In experimental work by Exiey and Birchall (1992b) the presence of HAS species in
a solution was identified with reference to molar Si:Al ratios of species retained by
a cation exchange resin. Birchall et al (1989) also used this procedure. Silicon
retention by the cation exchange resins was implicated by resin elution of the Am 200
and IRC 50 resins (Tables 6.43 F and H). These resin elution results were therefore

examined in terms of their molar Si:Al ratios.

Elution of both resin types after reaction with soil solutions produced concentrations
of aluminium and silicon that were poorly replicated. However, because the results arc
only used in a relative sen.se this poor replication was of little consequence. The molar

Si;Al for the two resin types are given in the following two tables.
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presence of HAS. In May, none of the Si:Al ratios for the Am IRC 50 resin indicated

the presence of HAS species.

There was an apparent difference in the ability of the resins to identify HAS species.
It was anticipated that carboxylate resins would suffer greater interference from other
soil solution components because of its weaker functional group. It follows that it

should be less reliable in the identification of HAS species.

The formation of HAS species is influenced by a number of factors. The.se are
outlined below.

1 The pre.sence of fulvic and humic acids substantially perturbs the genesis of
allophane and imogolite (Inoue and Huang 1990).

2. The formation of imogolite is impeded by an increase in molar ratio of Fe(lll)/ AL
from 0.01 to 0.025. Imogolite formation is completely inhibited at Fe(lll)/Al ratio
>0.5. (Henmi and Huang 1985b).

3 The pre.sence of increasing concentrations of nitrate and chloride can affect the
formation of allophane (Huang 1991).

4. The presence of magnesium and sodium at great concentrations can impede the

formation of imogolite (Henmi and Huang 1985a).

These constraints on the formation of HAS species were examined in conjunction with
the Si;Al ratios. Am 2()0 resins identified a low possibility of HAS in solutions from
site 2 in March and site 10 in May. These .soil waters had higher DOC content

therefore allophane and imogolite formation would be perturbed.
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Henmi and Huang (1985b) suggested molai- Fe:Al ratios >0.5 would be important in
the perturbation of imogolite formation. Table 6.60C shows the molar ratios for the

total aluminium and total iron in the bulked soil waters.

Table 6.60C Fe(lll):Al ratios for ’total’ solutions

Total Al (pg/L) Al (M) x 10 Total Fc (pgA-) Fc (M) x 10° Fe (111): A1 (M)
1242 4.60 2120 3.80 0.83
2375 8.80 530 0.95 0.11
390 1.40 740 1.32 0.94
293 1.10 170 0.30 0.28
641 2.40 2460 4.40 1.83
231 0.86 630 1.13 131
1282 4.80 13.50 2.42 0.50
1620 6.00 3040 5.44 0.91

This sugge.sted the formation of imogolite would be completely impeded in most of
the soil waters tested because of the presence of relatively high concentrations of iron.
The inhibition of imogolite formation at Fe:Al ratios >0.5 was attributed to the
perturbation of interaction of hydroxy - aluminium ions with orthosilicic acid
preventing the formation of imogolite. These results suggest that imogolite could only
be present in the soil waters extracted from one pit at site 2 and site 10 in March and
site 10 in May. However, the concentration of DOC at site 2 in March and site 10 in

May would disturb the fonnation of HAS species.

By perturbing hydroxy-aluminium ions and oiihosilicic acid interaction poorly ordered
mineral colloids e.g. protoimogolite allophane are typically formed. Therefore at one
pit from site 10 in March and at both pits from site 2 in May any HAS species within
the soil waters would be in a poorly ordered form.
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not have an ordered structure because of the concentrations of iron in one soil water
and high concentrations of sodium in the other. HAS species formed at site 2 in May
would not have an ordered stioicture because of high concentrations of iron and
sodium in one soil water and just iron in the other. Thus if any HAS species were
present on the CE resins they would be poorly ordered species, typically like

protoimogolite or protoimogolite allophane.

6.61 Solubility controls of aluminium in .solution

1 Solubility control by AI(011)j

The fraction of aluminium conventionally tenned soluble (< 0.45pm) (Neal 1988) in
the soil waters were compared with cuivves from Martin (1986) that repre.sented the
solubility of gibbsite and amorphous AI(OH),, fig 6.61 A Neal (1988) indicated that
the analytical evaluation of the presence or absence of aluminium mineral solubility
controls by visual means was at best, qualitative. He argued that the inaccuracy of
inorganic aluminium analysis coupled with the importance of organic and fluoride
complexation of aluminium and al.so the inability of 0.45pm filtration to delineate
dissolved and particulate aluminium (Goenaga and Williams 1988) all ob.scured any
solubility relationships. He suggested that all these points could cause experimental
results to deviate from solubility controls that may actually be present. However,
despite Neal’s comments this comparison was still made mainly in the interest of
identifying the deviations. The conversion of the .soluble fraction of aluminium from
pg/L to the molar concentrations are presented in table HI, appendix H, pages 321-

324.
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The diagram indicates that concentration of aluminium in all the soil waters (assuming
that fraction < 0.45(im in size represents the soluble fraction) was greater than that if
aluminium solubility was controlled by gibbsite alone. In most ca.ses the concentration
of aluminium was not explained either by an amorphous form of AI(OH)j controlling
solubility. This indicated either a control by another mineral species or that the
solubility of aluminium was partially controlled by the pre.sence of complexing ligands
(Neal 1988). The results which showed the highest deviation from AI(OH)j solubility
control were enriched in DOC and could therefore involve aluminium-organic
complexes. However, soil water soluble aluminium from site 10 in March and from
one soil pit at site 2 in May plotted close to the theoretical amorphous AI(OH,: and

could in principal have been controlled by it.

Goenaga and Williams (1988) indicated that this fraction (< 0.45 (am) may not
satisfactorily define the soluble portion of aluminium. Because of this, all aluminium
fractionation results were compared with Al (O11), solubility control see fig 6.61 B 1-4.

The conversion data for the diagrams are presented in tables H2-5, appendix H.

These diagrams indicated:

1 Total aluminium was greater in all samples than controlled by AI(OH)s in
crystalline or amorphous forms alone.

2. Dialysed aluminium in all samples, except tho.se from site 2 in March, could be
explained in terms of control by an amorphous form of AI(OH)s.

3. The exchangeable fraction of uluminium with respect to Am 200 resin was usually

too high to be controlled by AI(OH),. However, results from site 10 in March and site
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2 in May indicated the possibility of some degree of control by an amorphous form
of AI(OH)j. These were the soil waters low in DOC.
4. The results for the exchangeable fraction of aluminium tested using the Am IRC

50 resin also indicated this result.

2. Solubility control by aluminosilicate minerals

Litaor (1987), viewed the solubility of aluminium in soil waters in terms of a control
by aluminosilicate minerals. He produced a diagram after Hutton (1982) of the
stability of several minerals in terms of concentration of silicic acid, aluminium and
pH. He plotted on to this diagram the results for soil water parameters that he had
measured using methods similar to those detailed in this chapter. The results suggested
his soil interstitial waters were supersaturated with respect to gibbsite and kaolinite;
XRD analysis al.so failed to determine the pre.sence of the.se minerals. Litaor found
that most of his .soil water analyses plotted along the line for an ideal aluminosilicate
mineral proposed by Paces (1978) and suggested an amoiphous ideal aluminosilicate
mineral of formula Al(OH)y,.,, SIO", limited the solubility of aluminium in the soils

he had tested.

The results from this study were plotted on a similar diagram. Although the results
had indicated that not all of the soil water silicon was in the form of silicic acid some
of it undoubtedly was and therefore aluminosilicate solubility controls were possible.
Figures 6.61 C,D and E show the plots; the data for the plots arc presented in tables

H6, H7 and H8, appendix H.
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Fig 6.61 C Total Al and Si data compared with aluminosilicate solubility data

J0gAIN%

For legend see
figure 6.61 E.

Fig 6 61D: 0.45 um filtered Al and Si data compared with aluminosilicate solubility data
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The total Al/Si data (see fig 6.61C) and the filtered Al/Si data (see fig 6.61D)
corroborated the results from comparison of just the aluminium data with curves after
Martin i.e. soil waters were oversaturated in aluminium with respect to an amorphous
A1(0H)3 solubility control. However, total and filtered results from one pit at site 2
in March indicated the possibility of an amorphous AlI(OH), solubility control that had
not been recognised with the plot involving ju.st Al. This confusion could have arisen
because of the silicon not being in the fonn of silicic acid and also adds to the
conclusions of Neal (1988) about the purely qualitative results achievable on the visual

comparison of soil water data with mineral .solubility controls.

Figure 6.61E pre.sents the plot for dialy.sed aluminium and silicon. In this ca.se Si was
assumed to be in the form of silicic acid because of its size. The plot indicated an
ovensaturation of all results with re.spect to AI(OH), (amorphous). However, the
equilibrium dialysis results from the .soil waters le.ss enriched in organics plotted close
to the line of the amoiphous ideal aluminosilicate mineral of Paces (1978) i.e. similar

to the results achieved by Litaor (1987).

The findings from these solubility diagrams were supported by reference to soil
micromorphological thin sections. Plates 6.61 1,2,3 and 4 show mineral fractions from
soils at sites 10 and 2. They indicate the instability of aluminosilicate minerals in the
soil conditions and their subsequent breakdown to amorphous aluminosilicate minerals.
This would necessarily involve the release of aluminium. Use of XRD experimental
techniques would also have been useful in identifying the actual mineralogy of these

alteration products and may have been able to provide evidence to back up a
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mineraldgica! control on the solubility of aluminium in soil solutions. The results also
find agreement with  McMahon and Neal (1990) who suggested that the regulation of
aluminium in both stream and soil waters from 3 Scottish catchments was controlled

by non-equilibrium weathering reactions rather than expected mineral equilibrium

solubility processes.

6.7 CONCLUSIONS

Aluminium in soil waters was greatly affected by tlie presence of organic compounds.
DOC affected botli the amount of aluminium in soil solutions and the form in which
it was present.

1 Total aluminium concentrations were greater in .solutions with higher DOC.

2. A smaller proportion of total aluminium was filterable (soluble) in solutions with
a higher DOC content.

3. Potentially toxic aluminium identified using dialysis made up a lower proportion
of total aluminium where soil solution DOC was higher.

4. In DOC rich waters greater proponions of aluminium were found to be
exchangeable with respect to a strongly acidic cation exchange resin.

5. High DOC concentrations were shown to decrease the likelihood of the formation
of HAS species in soil waters.

6. Finally DOC was shown to cause ’soluble’ aluminium results to deviate from

suggested solubility control.s.

Geological controls on the concentration of aluminium within the soil waters were

obscured by high concentrations of DCXT within the waters. The total silicon results.
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however, suggested a relationship with mineral weathering potential i.e the form of
silicon in the two different rock types tested. This result is important but in no way
conclusive. Much greater sampling of soil water silicon associated with other parent

materials would be necessary before any strong link was confirmed.

Silicon in soil waters did not appear to be exclusively in the form of silicic acid.
Dialysis, filtration and retention of silicic acid on exchange resins .suggested the

presence of silicon in other forms.

Any effects of silicon on soil water aluminium was difficult to distinguish because of
the nature of the waters. The presence of DOC in high concenuations in all samples
ob.scured the chance of discovering any relationship. Further work on .soil solutions

with low DOC would be required before any relationship could be defined.

The deviation of results from AI(OH), solubility controls gives further evidence to the
need of future acidification models to resist in relying on Al(OH), as a control of Al
in solution. The importance of the organic component in the.se soil waters clearly
caused deviation from mineralic solubility controls although as thin section evidence
showed, the dissolution of minerals within the soil zone was important. Further
attempts at modelling the effects of acid deposition must surely take these factors into

account.
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Chapter 7: Conclusions

7.1 Overview of aims

Welsh and Bums (1987) reported a geological control on surface water chemistry in
the Loch Dee area at stream baseflow conditions. TTiey indicated that waters draining
sediments and meta-sediments of the White Laggan sub-catchment were of a better
water quality than those draining the rocks of the Loch Doon pluton. The black shales
in the Dargall Lane sub-catchment gave rise to the most acidic, poor quality waters.
This project aimed to determine how real this control was, whether the geology of the
catchment influenced the .soil and soil water chemistry and if there was any link
between catchment geology and the release of potentially toxic aluminium to the

aquatic environment.

7.2 (ileology

The solid geology of the Loch Dee area is dominated to the north by rocks of the
Loch Doon pluton and Ordovician / Silurian sediments and meta-.sediments to the
south. The plutonic rocks include granodiorites and dioriles; the diorites repre.sent the
southern most extension of the pluton. Mineralogical variations not previously
registered in the granodiorites were accounted for by the presence of acidic dykes in
the plutonic mass. The chemistry of the diorites was found to vary systematically on
a small scale of observation; mineralogy also differed between specimens. The meta-
sediments to the south were split into coarse and fine meta-sediments on chemical
grounds. Coarse meta-sediments included greywackes and gritstones whilst fine meta-

sediments included shales and mudstones. The .sediments and meta-sediments exhibited
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varying degrees of metamorphism which was often more clearly manifested in fine
grained rocks by the formation of a fabric. The degree of metamorphism did not
appear to be related to the proximity of the pluton which was explained by a pre-
pluton regional phase of metamorphism . A swarm of highly variable dykes including
porphyrites, lamprophyres, acid and basic dykes intrude the meta-sediments. These
were found to be especially common to the south of the catchment. On the heights of
Curleywee to the west and to a les.ser extent on the White Hill black shales were
present. These were typically tightly folded and of limited outcrop. All sediments and
meta-.sediments (including the black shales) included chemical variations that were

explained by source variability and metamoiphic changes.

All rock types sampled were chemically different. The igneous rocks were enriched
in bases relative to the meta-sediments. Sums of basic oxides (calcium, magnesium,
.sodium and potassium) in the igneous rocks ranged between 13.7 and 16.6 weight %
whilst in the sediments the range was 3.84 - 12.5%. The black shales and coarse meta-
sediments were especially rich in silica. 84.8% and 77.6% respectively and deplete in
bases, 3.84% and 6.39% respectively. Greatest AlI"O, concentrations were found in the
shales at 17.7%, similar to 15-17% found in the range of igneous rock types. These
shales were also enriched in Fe20, and MgO. Chemical differences in the rocks were

expected to be relayed to soils forming from them.

Weathered .samples of these rock types were analysed. Losses on weathering relative
to fresh .samples were assessed using zircon and TiO" as internal standards. This

indicated greatest losses from granodiorites and coar.se meta-sediments which
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supported to a certain extent the proposed geological control of Welsh and Bums
(1987). Initially these results appeared to conflict with theoretical mineral weathering
implications of Goldich (1938). Weathering according to the Goldich scheme would
have released greater quantities of bases from minerals that were more unstable at
earth surface conditions. These minerals include those formed at higher temperatures
e.g. olivines, pyroxenes and calcic plagioclase which were concentrated in the dioritic
rocks. The results of the study, however, were reconciled with the work of Goldich
through the concept of weathering rate. The dioritic rocks were initially more
susceptible to weathering and fonn the low lying land in the area. However, now the
initial rate of weathering has decrea.sed and originally le.ss susceptible sediments and

meta-sediments are the .source of base materials to the area.

Drift geology in the vicinity of Loch Dee area was reported to include boulder clay
and moraines. Only morainic material was sampled. Textural investigations on the
coarse fraction of this drift indicated a mixing of solid geological components. Drift
material < 2mm in size appeared to show some spatial differences in chemi.stry and

texture. However, the sample population was too small to e certain of this feature.

7.3 Soil studies and implications

The soils studied in the area included peaty podzols, peaty gleys, peats and ranker
soils. Ranker .soils were sampled most frequently and probably represented the most
commonly occurring soil type. Soils in general were poorly differentiated into horizons

although there was usually a distinct organic and mineral horizon.
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Organic matter was important in the control of cation exchange reactions in the
organic soils. Organic matter in these soils ranged between 23% and 80% with the
organic rich soils typically retaining more moisture in the field. Organic soils also
typically contained greater exchangeable bases and acidity than the mineral soils
probably due to this greater organic component. Exchangeable aluminium, however,
was often greater in mineral soil horizons. Organic matter also appeared to have some
influence on cation exchange reactions in the mineral horizons. However, in the case
of these soils organic matter was not the sole influence. Mineral .soil exchangeable
calcium was correlated with exchangeable magnesium. This feature is common in

igneous rocks.

Generally the soils were of low pH and base saturation and included high
concentrations of aluminium on the exchange complex. These features highlighted the
acidified nature of the catchment and indicated low potential for the neutralisation of

inputs of H™ ions from the atmosphere.

Chemical analysis of soil horizons indicated some chemical differences due to soil
profile type. These included greater concentrations of exchangeable hydrogen and
aluminium and pyrophosphate extractable iron in podzolic profiles. Other soil chemical
features appeared to be more related to site specific controls. Organic soils fornied at
site 7, were typified by low LOI and exchangeable hydrogen concentrations whilst the
mineral soils had low CEC and exchangeable aluminium. Some of these features may
have been related to the high altitude of this soil site e.g. low LOI and exchangeable

hydrogen in the organic soils due to the severity of weather conditions.
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The mineral soils were not chemically differentiated in terms of geological input.
However, textural differences were noted according to rock type. These highlighted
the importance of the coarse fraction in soils as.sociated with granodioritic geology.
However, textural classification of the soils was not affected by geology types with
most mineral soils tested falling into the category of sand, sandy loams and loamy

sands.

The ab.sence of chemical differences in the soils as.sociated with contrasting rock types
was explained by the pre.sence of drift material of mixed composition. The importance
of this morainic drift component in the soil parent material was highlighted by the
chemical proximity of mean mineral soil and mean drift exchangeable calcium,
magnesium, potassium and hydrogen. The mineral soils and drift samples also

appeared to be related in teims of texture.

Soil thin section evidence, however, indicated that this drift material was not
uniformly present. Soils from sites 1, 3 and 7 included mineralic fraginents of both
igneous and sedimentary origin that were present in different areas of the catchment.
This mixing of .solid geology types was most pronounced in the soils from site 7, the
site at the greatest altitude. Mineral .soils from site 2 and 6 involved only mineralic
fractions from their respective .solid geologies and included no evidence for the input
of drift material. Soils from site 5 and 10 included mineralogic components that
indicated a mixed geological input. However, it was possible to explain this in terms
of mixing of two proximal geology types at sites where minor igneous intrusions

invaded meta-sediments.
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Soil micromorphological thin section analysis also highlighted the process of organic
matter movement down the soil profile at podzol sites. It was postulated that this
movement may have been associated with the movement of iron and/or aluminium

through the soil profile.

7.4 Soil water studies

Soil solutions were extracted from organic and mineral soils by centrifuge methods.
Organic .soil waters often showed greater concentrations of many chemical components
than the mineral soils. Greater organic soil potassium, nitrate and DOC were a.scribed

to greater biological activity in the surface horizons.

The chemi.stry of the soil solutions was monitored through time and found to be
greatly affected by atmospheric inputs. Soil water sodium, magnesium, chloride and
potassium were all. at least partly, detennined by fluctuations in the concentrations
pre.sent in atmospheric precipitation and also by the amount of precipitation the
catchment received. Sodium and chloride were especially important in the soil waters
because of the strong maritime infiuence the catchment receives. Con.sequently soil
waters had winter peaks in .sodium, chloride, magnesium and potassium when rainfall
was most common. However, sodium and chloride were typically low throughout the
drier summer months but tended to increase to a lesser concentration peak at the end
of summer due to an evaporative concentration effect. This was also true for
potassium. Fluoride showed a similar response to chloride but there was no data
available to compare this with rainwater chemistry. Magnesium typically had an

additional peak in summer related to this concentration and drying effect but also
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possibly weathering. Most of these atmospherically induced chemical effects were
found in both the organic and mineral soil waters. Potassium peaks, however, were

less well defined in the case of the mineral soil waters.

Soil water pH was typically lower throughout the summer period. In most of the soil
waters this increa.sed sharply after a severe storm in mid October 1991. This pH
increase corresponded to a similar peak in rainfall and was explained by the soil water

sampled reflecting seasalts in the rainfall before exchange had chance to occur.

Aluminium, iron and DOC were related in tenns of .sea.sonal response in the soil
waters at many sites, all peaking in late summer due to a temperature related
concentration and flushing effect. Despite this common peak, however, iron was
typically highly variable among the .sail sites. Soil water sulphate was also typically
variable among the soil sites and it was difficult to determine any common re.sponses.
This anion did not appear to be mobile in the catchment as a whole which was
opposed to the typically organic nature of many of the soils in the catchment.
However, it has been suggested that the presence of iron and aluminium oxides may
promote the retention of sulphate and it is possible that this is what happens in some
of the soils at Loch Dee. However, data was not available to support or deny this

process.

The chemistry of the .soil waters showed .some variability related to soil profile type.
This included higher iron contents in soil waters from podzolic profiles and higher

aluminium content in soil waters from gleyed profiles.
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Soil water chemistry also appeared to be related, to some degree, to geological inputs.
Waters exO'acted from soils overlying black shales were low in DOC, exchangeable
hydrogen and iron. These features, however, were common to both organic and
mineral horizons and were better explained by soil site altitude rather than the
presence of the black shales. Soil waters extracted from .soils overlying diorites had
greater concentrations of aluminium throughout the monitoring period. At ba.se flow
conditions this feature of high aluminium concentration was also found in soil waters

related to granodiorites and both were investigated in greater detail.

7.5 Soil water aluminium form and rclation.ships.

Soil waters extracted from soils overlying diorites had greater silicon concentrations
than those from soils overlying granodiorites. This was consistent with a geological
influence implicated by a Goldich style weathering .scenario. The amount of total
aluminium present in soil waters did not appear to be affected by the presence of this

silicon.

Soil water aluminium concentration appeared to be closely related to the presence of
organic compounds. Soil waters with higher DOC concentrations were typically richer
in total aluminium which can be explained in two ways. Firstly, the presence of
organic acids in soils can significantly increase the rate of mineral weathering.
Secondly, organic compounds have a great affinity for aluminium tending to retain it

in .solution.

The presence of organic compounds influenced the form of aluminium in the soil
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waters. In some cases large fractions of aluminium was removed by a 0.45|im filter
in waters associated with high DOC concentrations. Also the fraction of aluminium
small enough to pass through a dialysis membrane (estimated at 2.4 nm, MWCO
12000) decreased in the presence of high concenuations of DOC. Cation exchange
resins with strongly acidic functional groups extracted a larger quantity of
exchangeable aluminium where soil water DOC concentrations were greater. This
implied a greater attraction of the resin bound sulphonic acid groupings for the
trivalent alumino ion than was offered by the organic complexes. This was not the
case when the same soil waters were tested with cation exchange resins with a weaker

functional group.

Soil waters with lower concentrations of DOC may liave experienced .some control on
the form of aluminium present by silicon. It appeared that .soil waters with greater
silicon concentrations and low DOC were associated with lower amounts of small and
potentially toxic aluminium extracted by methods of dialysis; this could have been
accounted for by the formation of hydroxyaluminosilicate species which has been
sugge.sted as a mechanism for the amelioration of the toxicity of aluminium to fish
(Exley and Birchall 1991). However, the data .set was too small to be conclusive and

much more work would be necessary to e.stablish the validity of such a statement.

The formation of HAS species such as proto-imogolite or allophane was reported by
Farmer et al (1980) as a method of aluminium mobilisation within the soil profile
leading ultimately to pod.solisation. Resin elution indicated the possible occurrence of

HAS species with Si:Al of 0.5 (i.e. similar to imogolite) in the soil waters at Loch
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Dee, although the evidence was not conclusive. Other soil water chemical parameters
including DOC, sodium concentration and iron concentration, however, indicated that
if HAS species were present in the soil water they would probably be poorly ordered
species similar to proto-imogolite or proto-imogolite allophane. Although imogolite
has not been reported from the soil profiles at Loch Dee it is possible that in addition
to the transport of aluminium and iron through the soil profile in association with
organic matter (as .seen in thin section) proto-imogolite allophane acts to move

aluminium through the soil profile and promote podsolisation.

Solubility controls on the aluminium in the soil waters tended to deviate from
common AI(OH,: models. This was explained by the pre.sence of organic complexes
and also the fluoride component of some of the .soil waters was great enough to
elevate solubility from that controlled by crystalline or amorphous gibbsite alone. The
fraction of aluminium small enough to enter a dialysis membrane corresponded to
solubility control dictated by an amorphous fomi of AlI(OH),.

The aluminium and silicon pre.sent in soil waters were also tested against graphical
data for aluminosilicate mineral solubility controls. In this case the dialysis results
coiTesponded to solubility controlled by an amorphous ideal aluminosilicate mineral.
Thin section evidence indicated the weathering of mineral material in the soil which
may have had an influence on the .solubility of aluminium present in the .soil solution.
However, this comparison of data with two types of mineral .solubility controls .served
to highlight the weakness of such approaches. The aluminium present in the soil
solutions appeared to be a function of mineral weathering although because of the

presence of organic and inorganic complexes it was difficult to determine the exact
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source of this aluminium.

7.6 Overview

Baseflow surface water chemistiy described by Welsh and Bums as ascribable to
catchment geology was difficult to reconcile. Rock weathering investigations were in
support of the findings of these authors. However, geological characteristics were
typically not relayed to soils due to a large and variable drift component in the area.
This, in itself, indicated the use ot a selective catchment liming programme based on
solid geology would be difficult to implement. Higher soil water aluminium
concentrations were associated with the diorites and granodiorites of the area which
could account for the relationship of the.se rock types with poorer water qualities. The
poorest water qualities associated by Welsh and Burns with the black shales may be
more directly related to sub-catchment topography than geology.

Methods devised for the recognition of hydroxyaluminosilicate silicate species in
synthetic solutions were less conclusive in soil solutions due to the presence of many
interfering ions. However, the presence of unordered HAS species like proto-imogolite
and proto-imogolite allophane could not be ruled out in the Loch Dee catchment.
Their pre.sence could be important in the transfer of aluminium through the soil profile
in the process of podsolisation.

Soil thin sections indicated the presence of decaying aluminosilicate minerals which
presumably provided some .sort of .solubility control for aluminium. However, most
of the work on the aluminium species in the soil waters highlighted the strong
association between aluminium and organic compounds, a feature which ma.sked any

geological influence.

254



References

Adams F., Burmester C., Hue N.V. and Long F.L..(1980): A
comparison of column displacement and centrifuge methods for
obtaining soil solutions. American Journal of Sorl Science V.44
pp 733 - 735-

Anderson, H.A., Miller, <7.D., Gauld, J.H., Hepburn, A. and
Stewart, M. (1993): Some effects of 50 years of afforestation on
soils in the Kirkton Glen, Balquhidder. Journal of Hydrology
V.45 pp 439 - 451.

Avery, B.W. and Bascomb, C.L. (1974): Soil technical monographs:
Laboratory methods. Soil Survey of England and Wales.

Avery,B.W. (1980): Soil Classification for England and Wales.
Soil technical Monographs no. 14. Soil Survey for England and
Wales. Harpenden.

Bache, B.W. (1976): The measurement of Cation Exchange Capacity
in soils. J. Sci . Fd. Agric. V.27 pp 273 -280.

Bache B.W. (1984): Soil water interactions. Philosophical
Transactions of the Royal Society of London B305 pp 393 - 407.

Bache,B.W. (1986): Aluminium mobilisation in soils and waters
Joumal of the Geological Society v._.143 pp 699 - 706.

Baker, <7.P. and Schofield C.L. (1982) : Aluminium toxicity to fish
:i{npacidic waters. Water, air and soil Pollution V.18 pp 289 -

Ball, D.F. (1964): Loss on ignition as an estimate of soil
organic matter. Journal of Soil Science V.15 pp 84 - 92.

Barbee and Brown (1986): Comparison between suction and free
drainage soil solution samples. Soil Science V.141 pp 149 - 154.

Bascomb, C.L. (1968): Distribution of pyrophosphate extractable
Feand organic carbon in soils of various groups. Journal of soil
Science V.19 pp 251 - 268.

Batcheolar, R.A. (1980): Rock crushing and powdering. Internal
publication. Department of Geography, University of St. Andrews.

Blrchall, J.D. and Bapla, A.W. (1986): Biological Implications
of the interaction (via silanol groups) of Si_with metal ions.
%gllcon Biochemistry - Ciba Foundation Symposium 121, pp 140 -

Blrchall, J.D. and Chappell, J.S. (1988): The solution chemistry

of aluminium and its biological significance. From “Geochemistry

’IYIDI Health®" Edited by lain Thornton. Science Reviews Limited,
orthwood.

255



Blrchall, J.D., Bxley, C., Chappell, J.3. and Phillips, M.J.
(1989): Acute toxicity of Aluminium to fish eliminated in i
ricn acid waters. Nature V.338 pp 146 - 148.

Blrkeland, P_W. (1984): Soils and Geomorphology. Oxford
Universi ty Press.

Bishop, W.W. and Coope, O.R. (1977): Stratigraphical and faunal
evidence for Late glacial and early Flandarian environments in
SW._ Scotland. = In “Studies in the Scottish Late Glacial
Environment® Edited by Gray, J.M. and Lowe, J.J. .

Booth, C.B., McDonald, D.0., Simons, B.P. and Wood, C.M. (1988):
Effects of Aluminium and low pH on net ion fluxes and ion balance
in Brook Trout (Salvelinus fontainalis). Canadian Journal of
Fisheries and Aquatic Science V.45 pp 1563 - 1574.

Bomm, C.J. (1979): The soils of Garrick and the Country round
Girvan, sheets 7 and 8. Memoirs of the Soil Survey of Great
Britain. Scotland.

Bown, C.J., Shipley, B.M. and Bibby, J.S. (1982): Soil and land
capability for agriculture - South West Scotland. Soil Survey of
Scotland sheet 6. The Macaulay Institute for Soil Research.

Boul, S.W., Hole, F.D. and McCracken, R.J. (1973) Soil genesis
and Classification. Ilowa State University Press.

Bricker, 0.P. and Garrels, R.M. (1967): Minéralogie_ factors in
natural water equilibria. In “Principles and applications of
water chemistry®™ by Faust, S. and Hunter, J.V.

Brom, 0.C., Cassidy, J. and TIndle, A.0. (1979): The Loch Doon
Granite:  an example of %ranite petrogenesis iIn the British
ggl7e4dé)n7i5%es- Journal of the Geological Society of London V.136

Bruce, R.C., Bell. L.C., Edwards, D.G. andWarrell, L.A. (1989):
Chemical attributes of some Queensland Acid soils .
Relationships between soils and soil solution phase compositions.
Australian Journal of Research V.27 pp 353 - 364.

Bullock,?., Fedoroff, N., Jongerlus, A., Stoops, O. and Turslna,
T. (1985): Handbook for soil thin section description. Waine
jresearch Publication. Wolverhampton, U.K.

Bums, J.C. and Laos, F.M. (1987): A review_ of continous
monitoring of streamflow pH at Loch Dee. SRPB working paper 4/87.

Bums, D.A. (1989): Spéciation and equilibrium relationships of
soluble Aluminium in a headwater stream at base flow and during
fain events. Water Resources Research V.25 pp 1653 - 1665.

Burt T.p. (1979) I The relationship between through!low generation

the solute concentration of soil and streamwater. Earth
surface processes and Landforms V.4 pp 257 - 266.

256



Campbell, P.G.C. Bisson, M., Bougie, R., Tessier, A. and
Villeneuve, 17.P. 1983) SpeC|at|on of aluminium in acidic fresh
waters. Analytlca Chemistry V.55 pp 2246 - 2252.

Carroll, D. (1970): Rock Weathering. Plenium Press.

chapman, H.D. _ (1965}: Cation exchange capacity. In Black, C.A.
Methods of soil analysis volume 2.

Charlesworth, J.K. (1957): The quaternara/ era with specific
reference to its glaciation. London, Arnol

Christopherson, N., Selp, H.M. and Wright, R.F. (1982): A model
for streamwater chemistry at Birkenes, Norway. Water Resources
Research V.18 pp 977 - 996.

Clymo, R.S. %984) Spha?num dominated peat-bog: a naturally acid

ecosystem |Iosogh|ca Transactions of the Royal Society of
London. 5 pp 48
Clymwo, R.S., Foster, G.N., and Mackay, - (1992): Terrestrial

Biology in limed catchments. In 'Howells and Dalziel™ (EDS) -
Restoring Acid waters: Loch Fleet 1984 - 1990. pp 331 - 361.

Cosby, B.J., Wright, R.F., Hornberger, G.M. and Galloway,
J.N_.(1985): Modelling the effect of acid deposition: assessment
of a lumped parameter model of soil water and stream water
chemistry. Water resources research V.21 pp 51-63.

Cosby, B.J., Whitehead, P.G. and Neale, R. (1986): A preliminary
model of Iong term changes in stream acidity in southwestern
Scotland. Journal of Hydrology V.84 pp 381 - 401.

Gx, K.G., Bell, J.D. and Pankhurst, R.J. (1979): The
interpretation of igneous rocks George Al'len and Unwin, London .

Cozzarelli, 1.M_., Herman, J.S. and Parnell R_A. Jnr. (1983) :
mobilisation of Al in a natural soil system: EFfects
h;g%ological pathways. Water Resources Research V.23 no.5 pp

Cresser, M. and Edwards, A. (1987): Acidification of freshwaters.
Cambridge University Press, Cambridge, U.K.

David, M.B. and Driscoll, C.T. (1984): Aluminium spéciation and
®Quilibria in soil solution of a haplorthod in the Adirondack
Mountains (New York) . Geoderma V.33 pp 297 - 318.

bbs,A.a., French,?., Gunn,A.M., Hunt,D.T.E. and Wlnnard, D.A.

(1988); Aluminium spéciation and toxicity in Upland waters. From
I::ﬁl\!ilril\slironmental Chemistry and Toxicology of Aluminium® by T.E.

pollard, G. I ., Unsworth, M.H. and Harve, M.J. (1983): Pollution
ti‘ansfer by occult deposition. Nature V.302 pp 241 - 243.

257



Dougan, W.K. and Wilson, A.L. (1974); The absorptiometric
determination of Aluminium in water. A comparison of some
chromogenic reagents and the development of an improved method.
Analyst V.99 pp 413 - 430.

Drablos, D. and Tolland, A. (1980); Proceedings of the
International Conference on the Ecological Impact of Acid
Precipitation. Sandjeford, SNCF Project; Oslo-As, Norway.

Driscoll, C.T., Baker, J.P., Bisogni, and Schofield, C.L. (1980):
Effect of Aluminium spéciation on fish 1in dilute acidified
waters. Nature V.284 pp 161 - 164.

Driscoll, C.T. (1984): A procedure for the fractionation of
aqueous Al in dilute acidic waters. International Journal of
Environmental Analytical Chemistry V.16 pp 267 - 283.

Driscoll, C.T. Baker, J.P, Bisgoni J.J. and Schofield, C
(1984): Aluminium spéciation and equilibria in dilute aci
surface waters of the Adirondack Region of New York State.
"Geological Aspects of acid deposition® edited by .

L.
dic
1

Duchafour, P. (1982): Pedology, pedogenesis and classification
Allen and Unwin, London.

Eckford, R.J.A (1932); The geology of the Merrick Region. In
"Galloway: the spell of its hills and glens® by McCormick, A.

Elkhatlb E .A., Bennett O.L., BaligarV.C. and Wright R .J. .(1986) ;
A centrifuge method for obtaining soil solution wusing an
immiscible liquid. Soil Science Society of American Journal V.50
pp 297 - 299.

Bvans, 1j.J. and Adams, W.A. (1975a); Quantitative pedological
studies on soils derived from Silurian mudstones - Uniformity of
parent material and evaluation of internal standards. Journal of
Soil Science V.26 NO. 3 pp 319 - 326.

(1975b): - Redistribution and loss
ogﬁmobilised constituents. Journal of Soil Science V.26 pp 327 -

Exley, C. (1989): Amelioration of Al toxicity in the Atlantic
salmon, Salmo salarl., with particular reference to aluminium and
gil_icio_n interaction. Unpublished PhD thesis - University of
tirling.

Bxley, c., Chappell, J.S. and Birchall J.D. (1991)i A mechanism
for acute Aluminium toxicity to Tfish. Journal of theoretical
Biology V.151 pp 417 - 428.

Exley c. and Birchall, J.D. (1992)a: The cellular toxicity of
Aluminium. Journal of theoretical Biology V.159 pp 83 - 98.

Exley ,c. and Birchall, J.D. (1992b): Hydroxyaluminium formation
solutions of low total aluminium concentration. Polyhedron
“wll pp 1901 - 1907.

258



Farley, D. and Werritty, A. (1989): Hydrochemical budgets for the
Loch Dee experimental catchments, S.W. Scotland (1981 - 1985).
Journal of Hydrology V.109 pp 351 - 368.

Fanner,V.C., Russell, J.D. and Berrow, M.L. (1980): Imogolite
and protoimos;olite allophane in spodic horizons: Evidence for_a
mobile Al silicate complex in podzol formation. Journal of Soil
Science V.31 pp 673 - 684.

Fanner,V.C. and Fraser, A.R. (1982): Chemistry and colloidal
stability in the AlJOj - FejOj - Sio2 - HjO system: their role in
podsolisation. Journal of Soil Science V.33 pp 737 - 742.

Farmer, V.C. (1986): Sources _and speciation of Aluminium and
silicon in natural waters. Silicon Biochemistry pp 4-24. Wiley,
Chichester. CIBA Foundation .

Ferrier, R.C., Miller, J.D., Wallcer, T.A.B. and Anderson, H.A.
(1990) : Hydrochemical changes associated with vegetation and
soils, from "The Surface Water Acidification Programme® Edited
by Mason, B.J. Cambridge University Press, Cambridge.

Fitzpatrick, E.A. (1984): Micromorphology of soils Chapman and
Hall, London.

Folk, R.li. and Wward, W. (1957): Brazos River bar: a study in the
significance of grainsize parameters. Journal of Sedimentary
Petrology V. 27 pp 3 - 26.

Fowler,D. Cape, J. and Leith, D. (1985): Acid inputs from the
atmosphere in the U.K. Soil Use and Management V.I pp 3-5.

Gardiner, C.l. and Reynolds, S_H. (1932): The Loch Doon "granite®
area: Galloway. Quarterly Journal of the Geological Society of
London V.138 pp 1-36.

Geikie, A. (1863): The phenomenon of glacial drift in Scotland.
Transactions of the Geological Society of Glasgow V.1 pp 1-190.

Geological Survey (1980): Drift map - sheet 8E.

Gherini, S.A., Mok, L. Hudson, R.J. and Davies, G.F. (1985): The
ILWAS model: Formation and Application. Water, Air and Soil
Pollution V.26 pp 425 - 459.

Giustl, L. (1991): A hydrogeochemical investigation of the
occurence and distribution of Al in a catchment affected by acid
deposition. Unpublished PhD thesis - Oxford University.

Ooenaga, X. and Williams, D.J.A. (1988): Aluminium spéciation_in
surface waters from a Welsh Upland area. Environmental Pollution
M52 pp 131 - 149.

®oldich, S.S. (1938): A study in rock weathering, Journal of
Geology V.46 pp 17 - 58.

259



Gregory» _ J.w. 1925): Geography, structural, hysical and
comparative. ( ) graphy phy

Grieg» _ (1971) : The _South of Scotland. _Geological Suirvey_of
%lie%tSB)rltaln, 3rd edition. British regional geology series

Grieve | _.CFoster 1.D.L. and Carter A.D. (1984): Spatial and
temporal variations in concentrations of three ions in solutions
extracted from a woodland soil. Catena V.1l pp 305 - 312.

Grieve 1.C.(1985): Annual losses of iron from moorland soils and
N INYPP307N°N312 iron contents. Journal of Soil Science

Grieve, 1.C. (1989): A laboratory test of the soil chemical
submodels of two models of catchment acidification. Hydrological
Processes V.3 pp 339 346.

Grieve (1990a): Variations in chemical composition of the soil
solution over a four year period at an upland site in southweat
Scotland. Geoderma V.46 pp 351 - 362.

Grieve (1990b): Soil and soil solution chemical composition at
three sites within the Loch Dee catchment, S.W. Scotland. Journal
Soil Science V.41 pp 269 - 277.

A_N., Aftalion, M., van Breeman, O. and Jocelyn, j.
(1979): Petrogenic significance of Rb - Sr and U - Pb isotopic
systems in the 400 Ma old British Isles granitoids and their
hosts. _.The Caleodinides of the British Isles - reviewed. The
Geological Society of London.

Harries, R.c. and Adams, J.A_S. (1966): Geochemical and
ineralogical studies _on the weathering of granitic rocks.
American Journal of Science V. 264 pp 146 - 173.

Hem, §.D. and Robertson, C.E. (1967): Form and stability of
Aluminium = hydroxide, fluoride and ‘sulphate complexes. U.S.
Geological Survey Water Supply paper 1827A.

Hruni, t. and Huang, p .m. (1985a): Influence of gafk®ns and
anions on the formation of allophane and imogolite. 1In Apstract
nnual meeting of the Clay Science Society, Japan, 1985.

Hermi, t . and Huang, P.M. (1985b): Effect of Fe and Mn 1ions on
of imogolite colloids. Abstract 694, Joint meeting

} <=onference on Surface Colloid Science, New
K 1985. American Chemistry Society, Washington.

Wurra’™\"  (1971) t A textbook of soil chemical analysis. London,

260



Hlgazy, R.A. (1954) : The trace elememts of the plutonic complex
of Loch Doon_  (Southern Scotland) and their petrogenetic
sigiw7i2ficari§(je_. Journal of the Geological Society of London V.62
pp - .

Hodges, S.C. (1987); Aluminium_ spéciation - a comparison of 5
methods. Soil Science Society of America Journal V.51 pp 57 - 64.

Hornung M_A., Stevens P.A. and Reynolds B.(1986): The impact of
pasture improvement on the soil solution of some Welsh
stagnopodzols in Mid Wales. Soil Use and Management V.2 pp 18 -
26.

Hornung, M.A., Reynolds, B , Stevens, P.A. and Hughes, S. (1990):
Water quality changes and input to streams. In “Acid waters in
Mies® Edited by Edwards, R.W., Gee, A.S. and Stoner, J.H.

Howells, G. (1986): The Loch Fleet project - report of the pre
intervention phase 1984 - 1986. Adprint, Cheltenham.

Howells, G. and Brown, K.A. (1987): The Loch Fleet Project,
Transactions of the Royal Society of Edinburgh V. 78 pp 241 = 248.

Howells, G. and Dalzlel, J.A.K. (1992); Restoring acid waters:
Loch Fleet 1984 - 1990. Elsevier Applied Science, 421pp.-

Huang,P.M. (1991) ; lonic factors affecting the formation of short
range ordered aluminosilicates. Soil Science Society of America
Journal V.55 pp 1172 - 1180.

Hughes S. and Reynolds B. (1990): Evaluation of porous ceramic
cps for monitoring soil water Al in acid soils: comment on a
pap§55by Fé%land Rasmassen (1989). Journal of Soil Science V.41
PP - -

Hultberg, H., Ying-hua, L., Nydstrom, U. and Nilsson, S.I.
(1990): Chemical effects on surface, ground and soil water on the
addition of acid and neutral sulphate to catchments iIn Sweden.
In "The Surface Water Acidification Programme® Edited by Mason,
B.J. Cambridge University Press, Cambridge.

Hurtt, C.B (1972): Geology of soils: their evolution.
Classification and uses. Freeman Press, San Francisco.

Hutton, J.T. (1982): Titanium and Zirconium in minerals. 1In
Minerals in the Soil Environment®™ Edited by Dixon, J.B. _and
sed,s.B. Soil Science Society of America, Madison, Wisconsin.

Inoue,K. abnd Huang, P.M. (1990): Perturbation of Imogolite
formation by humic substances. Soil Science Society of America
“Jourmal V.54 pp 1490 - 1497.

a8, G. (1990): Mineral weathering studies jn Scandinavia. The

urface Water Acidification Programme. Edited by Mason,
‘Cambridge University Press.

261



Jenkins, A., Ferrier, R.C., Walker, T.A.B. and Whitehead, P.6.
(1988); A modelling study of Long term acidification in an Upland
Scottish Catchment. [IVater, Air and Soil Pollution V.40 pp 275 -
290.

Johnson, N.M. (1984): Acid rain neutralisation by geologic
materials. In Geological aspects of acid deposition, edited by
0.P Bricker. Acid Precipitation series V.7. pp 37 - 53.

Johnson, N.M., Likens, G.B., Feller, M.C. and Driscoll, C.T.
j(-‘%29584): Acid rain and soil chemistry. Science V.225 pp 1424 -

Johnson, D.W. and Reuss, «7.0. (1984): Soil mediated effects of
atmospherically deposited sulphur and nitrogen. Philosophical
Transactions of the Royal Society of London. B305 pp 383 - 392.

Jones, V.J., Stevenson, A.C. and Batterbee, R.W. (1989):
Acidification of lakes in Galloway, S.W. Scotland: A diatom and
pollen study of the post glacial history of Round Loch of
Glenhead. Journal of Ecology V.77 pp 1 - 23.

Jongerlus, A. and Helntzberger, G. (1975): Methods in soil
micromorphology: A technique for the preparation of large thin
sections. Sol Survey Papers No.10. Soil Survey Institute,
Wageningen.

Kennedy, I.R. (1986): Acid soil and acid rain - the impact on the
environment of nitrogen and sulphur cycling. Research studies
press Itd. ,England.

Kerven, 6.L., Edwards, D.G., Asher, C.«7., Hallman, P.S. and
Kolcot,S. (1989): Aluminium determination in soil solution. 1.
Evaluation of existing colorimetric and separation methods for
the determination of Inorganic monomeric Al in the presence of
%ganég acid ligands. Australian Journal Soil Research V.27 pp

Krauskopf,K.B. _(1979): Introduction to _geochemistry.
International Series in the Earth and planetary Sciences. McGraw
Hill Book Company.

Krug, E.C. and Frink, C.R. (1983): Acid rain on acid soil; a new
perspective. Science V.221 pp 520 - 525.

, S.J. (1986): Atmospheric deposition, afforestation and
water quality at Loch Dee, S.W. Scotland. Unpublished PhD thesis
- University of St.Andrews.

Langan, S.J. and Whitshsad, P.0. (1987): The application of time
series modelling to short term stream water acidification in
Upland Scotland. Forest Hydrology and Watershed Management,
’V\ocle6e7dings of the Vancouver Symposium, August 1987, publication
no. .

262



Langan, S.J. (1989): Seasalt induced streamwater acidification.
Hydrological processes V.3 pp 25-41.

Langan, S. and Harrlman, R. (1992) : Critical loads as a tool for
examining the impact of acid deposition at Loch Dee, S.W.
Scotland. Proceedings of the 1992 Loch Dee symposium. Foundations
for Water Research.

LaZerte, B.D. (1984): Forms of aqueous Aluminium in acidified
catchments of Ontario: A methodological analysis. Canadian
Journal of Fisheries and Aquatic Science V. 41 pp 766 - 776.

LaZerte, B.D. (1988): Aluminium spéciation and organic Carbon in
waters of Central Ontario. From “Environmental Chemistry and the
toxicology of Aluminium®™ by T.E. Lewis.

Lees, F. (1988) : Water chemistry and Hydrology of Loch Dee,
1987. SRPB working paper 1988.
(1989) : The Loch DReemi€xbjeahd cnem:
hydrological observations 1980 - 1989. Internal paper - Solway
River Purification Board.
(1990) : Water chemistry and Hydrology of Loch Dee,
1989. SRPB working paper 1990.
1991 : A summary report of water chemistn

hydrology of Loch Dee, 1987 to 1989. SRPB working paper 1991.
(1992) : Water chemistry and hydrology of Loch Dee
1990. SRPB working paper 1992.

Lindsay, W.L. (1979): Chemical equilibria in soils. Wiley
Interscience Publications.

Litaor, M. (1987): Aluminium chemistry: Fractionation,
spéciation and mineral equilibria of soil interstitial waters of
an alpine watershed. Front Range, Colorado. Geochimica et

Cosmochimica Acta V. 51 pp 1285 - 1295.

Little, R.H. (1985) : A comparative water quality analysis in the
Loch Dee Basin, S.W. Scotland. Unpublished BSc thesis. Department
of Geography, University of St. Andrews.

Lou, G. and Huang, P.M. (1988): Hydroxyaluminosilicate
interlayers in montmorillonite: implications for acidic
environments. Nature V.335 pp 625 - 627.

Maclntyre, D.B (1947): The north-west part of the Loch Doon
Plutonic Complex: A study in petrogenesis. PhD dissertation.
University of Edinburgh.

Maclntyre, N. (1991): Vegetational effects on soil chemistry in
the Loch Dee area, S.W. Scotland. Unpublished BSc thesis.
~spartment of Environmental Science, University of Stirling.

Martin, r .b . (1986): The chemistry of Aluminium as related to
biology and medicine. Clinical chemistry V.32/10 pp 1797 - 1806.

263



Mason, B.J. (Ed) (1990) : The Surface Water Acidification
Programme. Cambridge University Press, Cambridge.

Mayer, R. and Ulrich, B. (1983): Input to the soil, especially
the influence of vegetation in intercepting and modifying inputs:
A review. In Effects of Acid precipitation on Terrestrial
Ecosystems, NATO Conference proceedings.

McCammon, R.B. (1962): Efficiencies of percentile measures for
describing the mean size among the sorting of sedimentary
particles. Journal of Geology V.70 pp 453 - 65.

McClean, B.O. (1965): Aluminium. In Black, C.A. Methods of soil
analysis part 2: Chemical and microbial properties.

McCormick, J. (1985): Acid Earth - The global threat of acid
pollution. Earthscan books. International Institute for
Environment and Development, London.

McMahon, R. and Neal, C. (1990): Aluminium disequilibrium
solubility controls in Scottish acidic catchments. Hydrological
Sciences Journal V.35 pp 21 -28.

Henzles N.W. and Bell L.C. (1988): Evaluation of the influence
of sample preparation and extraction technique on soil solution
composition. Australian Journal of Research v.26 pp 451 - 464.

Menzles N.W., Bell L.C. and Edwards D.G.. (1991): Characteristics
of membrane filters in relation to Al studies in soil solutions
and natural waters. Journal of Soil Science V.42 pp 585 - 597.

Miller, H.O. (1984): Deposition, Plant, soil interactions.
Philosophi cal transactions of the Royal Society of London. B305

pp339 - 352.

Miller, H.G. (1985): The possible role of forests In streamwater
acidification. Soil Use and Management V.l pp 28 -29.

Miller, H.G., Anderson,H.A., Ferrler, R.C. and Walker, T.A.B.
(1990): Hydrochemical fTluxes and their effects iIn streamwater
acidity in two forested catchments in Central Scotland. Forestry
V.63 No. 4 pp 311 - 331.

Milller, H.G., Anderson, H.A., Cooper, J.N., Ferrler, R.C. a”™
Stewart, M. (1991) : Evidence for enhanced atmospheric
interception by Sitka spruce from evaluation of some Scottish
Cat%hmentGStudy data. The Science of the Total Environment, V.103
PP 37 - 46.

Moore, C.S. and Ritchie, 0.8.P. (1988): Aluminium spéciation and
pHof an acid soil in the presence of Fluoride. Journal of soil
Science V.39 pp 1 - 8.

Miir, j.w. and Logan, J. (1982): Eluvial/illuvial coefficients

of major elements and the corresponding losses and gains in three
soil profiles. Journal of Soil Science V.33 pp 295 - 308.

264



Mulder, J. Van Grlnsven, J.J.M. and Van Breeman, N. (1987);
Impacts of acid atmospheric deposition on woodland soils in the
Netherlands; 11l Aluminium chemistry. Soil Science Society of
America Journal V. 51 pp 1640 - 1646.

Murphy, C.P. (1986): Thin section preparation of soils and
sediments. A.B. Academic publications, Berkhampsted, U.K.

Neal,C. (1_988?: Aluminium solubility relationships in acid waters
- a practical example of the need for a radical reappraisal.
Journal of Hydrology V.104 pp 141 - 149.

Neal ,C., Reynolds, B., Stevens, P. and Hornung, M. (1989):
Hydrogeochemical controls for inorganic Aluminium in acidic
stream and soil waters at two Upland catchments in Wales.
Journal of Hydrology V.106 pp 155 - 175.

Nisbet, T.R., Fowler, D. and Smith, R.I. (1992): The effect of
conifer afforestation on stream water acidity within the Loch Dee
Catchment in S.W. Scotland. Proceedings of the Loch Dee symposium
1992. Foundation for water research publication.

Nilsson S.1. and Bergkvist B. (1983); Aluminium chemistry and
acidification processes in _a shallow podzol on the Swedish
westcoast . Water, Air and Soil Pollution V.20 pp 311 - 329.

PSces, T (1978); Reversible control of aqueous Al and silica
during the irreversible evolution of natural waters. Geochimica
and Cosmochimica Acta V.42 pp 1487 - 1493.

Pearsall, W_.H. (1950): Mountains and Moorlands. London, Collins.

Pettijohn, F.J., Potter, P.E and Siever,R. (1973): Sand and
sandstone. Springer Verlag Berlin.

Pratt and Bair (1961): Soil Science V.91 pp 359 ; In Hesse (1971).

Rauland Rasmassen K. (1989): Soil water extraction methods.
Journal of Soil Science V.40 pp 95 - 101.

Rauland Rasmassen K. (1991) ; Aluminium contamination of acid soil
solutions isolated by means of porcelain suction cups: a reply
to a paper by Hughes and Reynolds (1990) and an interpretation
of A1 release. Journal of Soil Science V.42 pp 271 - 276.

Reid, J.M., MacCleod, D.A. and Cresser, M.S. (1981a): The
assessment of chemical weathering rates within an upland
catchment in NE Scotland. Earth Surface Processes and Landforms
V.6 pp 447 - 457.

Reid J.M., MacCleod, D.A. and Cresser M.S. (1981b): Factors

affecting the chemistry of precipitation and river water in an
upland catchment. Journal of Hydrology V.50 pp 129 - 145.

265



Robson, A., Jenkins, A. and Neal, C. (1991): Towards predicting
future episodic changes in stream water chemistry. Journal of
Hydrology V.125 pp 161 - 174.

Rowell,D.l, and wild, (1985): Causes of soil acidification: a
summary. Soil Use and Management V.l pp 32 - 33.

Ruddock, [I. (1969): The geochemistry of the Southern half of the
Loch Dee - Loch Doon pluton, S.W. Scotland. Unpublished PhD
thesis. University of Newcastle.

Rutledge, H. (1950): The petrology and structure of the Southern
part of the Loch Doon Complex. Unpublished PhD thesis. University
of Edinburgh.

Schecher, and Driscoll, C.T. (1987): An evaluation of the
uncertainty associated with Aluminium equilibrium calculations.
Water Resources Research V.23 pp 525 - 534.

Schofield, R.K. and Taylor, A.W. (1955): The measurement of soil
H. Soil Science Society of America Proceddings V.19 pp 164 -167.

Seip, H., Muller, L. and Naas, A. (1984): Aluminium spéciation:
comparison of two spectrophotometric analytical methods and
observed concentrations in some acidic aquatic systems in
southern Norway. Water, Air and Soil Pollution V.23 pp 81 - 95.

Seip, H., Blakar, 1.A., Christopherson, N., Grip, H and Vogt,
R.D. (1990): Hydrochemical Studies in Scandinavian Catchments.
In The Surface Water Acidification Programme. Edited by Mason,
B.J. Cambridge University Press.

Shuman, L.M. (1990): Comparison of exchangeable Al, extractable
Al and Al i1n soil fractions. Canadian Journal of Soil Science
v.70 pp 263 - 275.

Skartveit A. (1981): Relationships between precipitation
%(r)mmistry, hydrology and runoff acidity, Nordic Hydrology pp 65 -

Slater (1929): Quaternary period. In "The Handbook of the Geology
of Great Britain®". London, Thomas Murby and Co.

Harriman,  R. 0): Simulation of hydrochemistry in a highland
Scottish Catchment using the Birkenes model. Water, Air and Soil
Pollution V.51 pp 239 - 259.

A_, Seip, H.M., Tuck, S., Jenkins, A., Ferrier, R.C. and
agg

, 0. and Jongerius, A. (1975): Proposal for a
niicromorphological classification 1In soil materials. 1. A
classification of related distributions of coarse and fine
particles. Geoderma V.13 pp 189 - 200.

Teall (1899): In Peach, B.N. and Horne, J. The Silurian rocks of
Britain, Vol 1. Scotland. Glasgow HMSO.

266



Tervet, D.J. and Harrlman, R. (1988); Changes in pH and Ca after
selective liming in the catchment of Loch Dee, a sensitive and
rapid turnover Loch in SW Scotland. Aquaculture and Fisheries
Management V.19 pp 191 - 203.

Tucker, M.E. (1981): An introduction to sedimentary petrology.
Blackwell Scientific publications.

a and

van Breeman, N. and Brinkman, R (1976); Chemical equilibri
i G.H and

soil formation. From "Soil chemistry® by Bolt,
Bruggenwert, M.G.M. Amsterdam, Oxford. Elsevier.

van Breeman, N., Driscoll, C.T. and Mulder, J. (1984): Acidic
deposition and internal proton sources in the acidification of
soills and waters. Nature V.307 pp 599 - 604.

van Grinsven, J.J.M. and van Riemsdijk, W.H. (1992); Evaluation
of batch and column techniques to measure weathering rates Iin
soils. Geoderma V.52 pp 41 - 57.

Vedy J.C. and Bruckert S. (1979); Soil Solution: Composition and
pedogenic significance. In “Consituents and properties of soils”
- Banneau, M and Souchier B. Academic Press.

Walker, T.A.B., Anderson, H.A., Hepburn, A., Ferrier, R.C.,
McMahon, R.G., Miller, J.D., Smith, B.F.L. and Main, R.G. (1990);
Inorganic and organic soil processes and their influence on
percolating waters. From; The Surface Water Acidification
Programme, Edited by Mason, B.J.

Wallingr, D.E and Foster, 1.D.L. (1975): Variations in natural
chemical concentrations of river water during some Tflood flows
and the lag effect: some Tfurther comments. Journal of Hydrology
7.26 pp 237 - 244.

Welsh W.T. and Burns J.C. (1987); The Loch Dee project: runoff
and surface water quality in an area subject to acid deposition
and afforestation in S.W. Scotland. Transactions of the Royal
Society of Edinburgh V. 78 pp 249 - 260.

Welsh, W.T. (1992): The Loch Dee project - introduction.
Proceedings of the 1992 Loch Dee Symposium. Foundation for Water
research publications.

Whitehead, P.O., Neal, C. and Neale, R. (1986): Modelling the
effects of hydrological changes on streamwater acidity. Journal
of Hydrology V.84 pp 353 - 364.

~Nitehead, P.O. and Neal C. (1987): Modelling the effects of acid
deposition in Upland Scotland. Transactions of the Royal Society
of Edinburgh V.78 pp 385 - 392.

~ltehead, P.O., Bird, S., Hornung, M., Cosby, J., Neal, C. and
Paricos, P. (1988): Stream acidification trends in the Welsh
Uplands; a modelling study of the Llyn Brianne Catchments.
Journal of Hydrology V.10l pp 191 - 212.

267



























Table B:30

Th
Mean 13
2b3 13
4b3 14
5b3 13
10b3 13
11b3 13
3b4 12
5b4 17
6b4 12

Tables B:31 and B:32 give the major weight % oxides for the none

classed samples.

Table B:31
Sioj
3PDB 69.26
MSI 72.31
Table B:32
Najo
3PDB 3.73
MSI 3.13

Tables B:33, B:34 and B:35 give the trace element concentrations
in mg/L for the samples that remain

Table Bt33
N

3PDB 17
MSl 12

La
34
37

36
34
34
29
34

38
29

Al203
15.23
15.56

K20
2.92
3.62

44
40

Ce
72
81
75
69
69
65
69
79
71

Fe20j
2.47
1.60

Tio2
0.35
0.31

Sc
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Nd
29
32
30
29
28
27
27
33
29

MgO

0.72
0.67

MnO
0.07
0.03

"unclassed”.

Cu

27
27
26
26
25
27
25
31
25

Ccao
1.97
0.26

P20S
0.09
0.05



Appendix C - MIneralogry and classification

The mineralogy and classification of the
tabulated to give a better idea of constituents.

r«bl« Cil «hows th« Mia aiMralooy of tha dioritie rooks snd tho

Cc™nmonts

o/ Plagioclase at aodic and of andeaino.

¥4 Flag oftan forma mymarkytic intargro%iitha
1 with Qtz. Opx typically moaaicad. Px altarad

at adgas to chlorita. Common axsolution
taxturas in px.

Altaration in px obviously chloritic.
Occasional zonad feldspar crystals.

=R

IH Pyroxenes lack exaolution taxturas and
twinning. Flag twinning poorly defined;
oscillatory zonat-ion apparent.

o

Biotita present in ?reater abundance.
PKroxenes heavily altered possibly to
c

lorite and green hornblende in the form of
a corona texture. Feldspar laths typically

smaller than ferromag minerals.

-

opX-

Pyroxenes occasionally show exsolution
features and twinning. Hbl overgrowth
apparent.

-

SK Pyroxenes more abudant than in previous
R seunples.

6H

R

™ Flag shows compositional zoning in addition
R to multiple twinning.

&4 Cpx often twinned and small In size. Blotlte
R associated with pleochrolc haloes. Andeslne

at more calcic end.
5/ Heavily altered - poislble original pyroxene

1 mineral replaced by chlorite*

Occasional overgrowth of green hornblende on

Mineralogy

Andesine
Pyroxenes
Biot ite
Kspar and
Quartz

Andesine
Pyroxenes
Biotite
Kspar =
Quartz

Andesine
Pyroxenes
Biot ite
Kspar =
Quartz

Andesine
E>yroxenes
Biotite
Kspar
Quartz
Minors

Andesine
Pyroxenes
Biotite
Kspar
anrtz

X
alteration

Andesine
Pyroxenes
Biotite
Kspar =
Quartz

Andesine
Pyroxenes
Biot ite
Kspar
Quartz

Andesine
Pyroxenes
Biot ite
Kspar
Quartz
Opagues and
apatite

Andesine
Pyroxenes
Biotite
Kspar ¢
Quartz
Opaques

Andesine
Pyroxenes
Biotite
Kspar =
Quartz

Andesine
Pyroxenes
Biotite
Kspar ¢
Quartz
Opaques

Biotite
Plagioclase
Chlorite
Pyroxenes
Quartz
Hornblende
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igneous rocks can be

of oltorstlon«

Abundance Alterat i
on class
4S - SO% 1
30 % 1
10 - 15% 0
0
50 - 55% 1
c.25% 1
c. 15% 0
5>10% 0
50% <2
30% 2
10 - 15% 0
5 - 10% 0
45 - 50 % <2
20 - 25% <1
10 - 15% 0
10 - 15% 0
2-5% -
35 - 40% <3
10 - 15% <4
25% 0
15% 0
5 - 15%
40 " 45% <2
25 - 30% <2
10 - 15% 0
15% 0
45% <2
30% <1
10% 0
15% 0
42 - 45% 1
30 - 35% 2
10% 0
10% 0
3%
45 - 50% 2
25 - 30% 1-2
15% 0
5 - 10% 0
2% -
45% 1
20 - 25% 1-2
15 - 20% 0
10 - 15% 0
40% 2
25% 2-3
20 - 2B% 0-1
10% 0
% «
Difficult to All mins
datamlnai aatar—
ed.









Appendix D

site It 0.R.47427857 see Plate D1 a
Elevation: 250m slope: 5' to SW Solid geology = diorites
Presence of drift = None found in pit
Vegetation = 80% grasses, 20% heather + mosses + flowers
Soil class = peat soil
Drainage: Drainage ditches adjacent, soils dry but sticky.
Number of samples taken = 5
Sample depths - 1A - 5-10cm ID - 50-55cm

IB - 25-28cm IE - 60-65cm

1C - 40-50cm
Soil colours and textures:

IA - 10YR2/1 Black - sticky and plastic - peat soil
IB - 10YR2/1Black - sticky and plastic - peat soil
1C - 10YR2/2 Very dark brown - sticky and plastic - peat soil
ID - 10YR2/2 Very dark brown - sticky and gritty sandy loam
IE - 10YR2/2Very dark brown - sticky and gritty - sandy loam

Site 2 O.R. 47697882 see plate D1 b
Elevation = 260m Slope = flat Solid geology = diorites
Presence of drift = None in soil pit
Vegetation = 70% ﬂrasses
30% heather + flowers B MOSSGS
Soil class = Peaty podzol
Drainage = good, soils dry
Number of samples taken =5

Sample depths - 2A m 5-7cm 2D - 30-35cm
2B - 10-15cm 2E 45-50cm
2C ~ 23-25cm see plate D2 a

Sonl colours and te.ytures:

10YR2/1 Black sticky and plastic - peaty

10YR2/1 Black— sticky and plastic peaty

10YR2/1 Black sticky and plastic - pieaty

10YR3/2 Very dark greyish brown sticky and gritty loamy
10YR2/2 to 10YR5/8 Very dark brown to yellowish - gritty sand

BEBR

Site 3 O.R. 46627742
Elevation = 260m Slope = 15° North Solid geology = diorites
Presence of drift = None in pit
Vegetation = 85% grasses
15% FTlowers
Soil class = Peaty gley
Drainage: poor, damp soils and common waterlogging.
Number of samples taken = 4
Sample depths 3A 2 -8cm 3C 30 35cm
3B 15-20cm 3D 40-50cm

Soil colours and textures:

10YR2/1 Black - sticky and gritty loamy

10YR2/1 Black sticky and gritty loamy

10YR2/2 to 10YR5/8 Very dark brown to yeIIOW|sh brown gritty -sand

5YR3/4 Dark reddish brown - gritty - sand.

Site 4 O.R. 47197908
Elevation = 230m Slope = none Solid geology = Granodiorites M)
Presence of drift = Difficult to tell, beach site.
Vegetation = Mainly heather
Soil class * peat soil
Drainage = good, soils dry.
Number of samples taken = 4
Soil depths - 4A - 40-50cm 4C - 110-120cm*
4B - 90-100cm 4D 130 140cm )
tS)amplhe 4C was not from this soil profile but from where the peat soil met the
each.
Soil colours and textures:
10YR2/1 Black - sticky and plastic - peaty
10YR2/1 Black - sticky and plastic - peaty
10YR6/4 Light yellowish brown - Gritty - sand
10YR2/2 Very dark brown - sticky and gritty - peaty
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SITE 1

SITE 2;
- -L3
M., I «IS
VAN
30cm
SITE 3:
50cm
im 0
BEACH

(see plate D2 a)
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Litter

Dark peat layer

Peat with rootlets

Mineral horizon
becoming more
coarse with depth.
Typically red/orange

Thick peat

Bariipm U was Taken from below the

beach/peat Junction






Site 5 O.R. 46297661
Elevation = 355m Slope = flat Solidgeology = Basicdyke in sediments.
Presence of drift = Presence of coarse igneous material insoils
Vegetation = 85% grasses
15% heather
Soil class = Peaty gley
Drainage = good, soils usually dry
Number of samples taken = 4
Soil depths - 5A - 5-10cm 5C - 25-30cm
5B - 15-20cm 5D - 35-40cm
see plate D2 b
Soil colours and textures:
5A: 10YR2/1 Black - sticky and plastic - peaty
5B: 10YR2/1 Black - sticky and plastic - peaty
5C: 10YR3/3 Dark brown - Gritty - sand
5D: 10YR5/3 Brown - gritty - sand.

Site 6 O.R.45847624

Elevation = 390m Slope = 15° to West Solid Geology = Porphyritic dyke within
sediments

Presgnce of drift - None obvious in pit but site close to distinctive grassy
moun

Vegetation = Mixture of heather, grasses and flowers

Soil class = Peaty gley

Drainage: poor, soils wet, common waterlogging

Number of samples taken = 2

Soil depths - 6A - 5-10cm 6B - 15-17cm

Soil colours and textures:

6A: 10YR2/1 Black <« sticky and plastic - peaty

6B: 10YR2/2 Very dark brown - sticky and gritty - sand.

Site 7 G.R.45507710
Elevation = 630m Slope - 10° to nC'fth Soli'd lieolt'sjy Black shales
Presence of drift Pi'esenco of ignoou.s inateiial wittiin tiio soils
Vegetation: Sparse grasses with minor heat.hei'. <"?casiona 1 moss.
Soil class =
Drainage: good, soils dry, waterlogging within 10m.
Number of samples taken = 4
Soil depths - 7A - 5-10cm 26 -33cm
7B - 12-18cm 41-4 8cm
see plate D2
Soil colours and textures:
10YR3/1 Very dark grey - sticky and plastic - peaty
10YR2/1 Black sticky and plastic peaty
10YR5/3 Brown - sticky and gritty = loam
10YR5/3 Brown - sticky and plastic clay loam

Site 8 O.R.47637660
Elevation = 450m Slope - 5° to north Solid geology greywackes
Presence of drift = Yes, granitic boulders found within pit
\ﬁgetation = south of the afforestation limit, grasses and heather with minor
ax.
Soil class = Podzol ranker
Drainage = variable, peats often wet but mineral soils dry.
Number of samples taken = 3
Soil depths - 8A - 5-10cm 8C - 45-50cm
8B - 15-20cm
Soil colours and textures:
8A:  10YR2/1 Black - sticky and plastic f,>eaty
8B: 10YR2/1 Black - sticky and plastic peaty
8C: 10Yr3/3 Dark brown sticky and gritty loam

Site 9 Q.R.45657640
Elevation * 440m Slope = none Solid geology - grits
Presence of drift = Yes, granite and shale boulders occurred within the pit.
Vegetation = Mainly grasses, rare heather and flowers
Soil class X peat soil,
Drainage: reasonable, soils dry but sticky.
Number of samples taken x 4
Soil depths - 9A - 5-10cm 9C - 45cm associated with granite
9B - 40-45cm 9D - 60cm associated with shale
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SITE 5: (see plate 02 b)

: I /
Ao [UIT M

40cm

SITE 6:
20cm

a

SITE 7: (see plate 02 ¢)

18cm ' I\ (
H]

35cm

[1

SITE 8:

Peaty layer with
minor rootlets

Diffuse boundary layer

Gleyed mineral horizon

Peat

Irregular boundary

Deep orange material at
boundary
Stony mineral horizon

Peaty horizon with
minor rootlets

Large boulders frequently
occur at boundary

Clayey yet stony mineral
horizon

Mineral horizon poorly
developed

Rocks



Soil colours and textures:

9A:10YR2-"1 Black - sticky and pdastir P"Oaty

5B:10YR2/"2 Very dark orown stirky and pdastic m p>eaty.
9C:10YR2/2 Very dark brown sti-rky and gritty Icairy.
9D;10YR2/2 Very darkcrown -stitky and p-lasti” peaty.

Site 10 G.R.45957649
Elevation = 410m Slope = none Solid geology = granodiorite (M)

Presence of drift = None in pit but some shaley boulders found at later sampling.

Vegetation = Grasses and heather
Soil class = peaty podzol
Drainage = good but soils occasionally damp
Number of samples taken = 4
Soil depths - I0A - 10-20cm 10C - 33-40cm
10B - 22-33cm 10D - 47-57cm
see plate D2 d
Soil colours and textures:
I0A: 10YR2/1 Black - sticky but crumbly - loamy peat

I0B: 10YR2/2 Very sticky and gritty - loamy peat
I0C: 7.5YR3/2 to 1 ?rown co brownish yellow - gritty - sandy
I0D: 7.5YR3/2 to 1 aritcV - sandy

Site 11 O.R.46637682
Elevation = 330m Slope = none_ Solid geology shalcs
Presence of drift = yes, “granitic” material found at this sice.
Vegetation grasses with minor heather
Soil class Podzol ranker
Drainage = good, soils dry
Number of samples taken = 3
Soil depths - IIA - 5-10cm 11C >
1B « 15-20cm
colour and text-re:

11A: 10YR2'1 Blacx sticky ai'ii Jasllr - i:eatv

1:E: 10YR21 Blacx - sticky ani C\a B pea’v

i:‘?a.T 10YR3'2 Very darK grey is."; ZHlowr. ano p.ast: w.tn St'Mies
i

Site 12 O.R. 47127824 see plate D1 c
Elevation = 260m Slope = 1™ to west Solid geology = diorites
Presence of drift = presence of coarse shale material within the soils
Vegetation = mainly grasses, within firebreak of afforested area.
Soil class = Peaty gley
Drainage = poor, permanently waterlogge;:
Number of samples taken = 3
Sample dept.hs - 12A - 5-15an 12C - 55-m"5cm
} 12B - 45-60cm.
Soil colours and textures:

ira: 10YR2/1 Black - sticky and pasti’ p-eat, D
ire: 10YP2 "2 very _lark brown ;~ky and g; itv. } -
i:c: 10YR2/2 Very dark brown <iticky and gritty m|ar’ ionji

Site 13 O.R. 46697718
Elevation = 280m Slope =5 to east Solid geology oior ites

Vegetation = Grasses, out of limit of afforestation
Soil class r peat soil
Drainage x variable, soils wet
Number of samples taken x 5
Soil depths 13A - 0-15cm 13C - 0-15cm
13B - 30-45cm 13D - 40-55cm
13E - 50-65cm
colours and textures:
10YR2/1 Black - sticky and plastic peaty
10YR2/2 Very dark brown sticky and grilct> oarry p”~eat
10YR2/1 Black - sticky and plastic peaty
10YR2/1 Black - sticky and plastic - peaty )
10YR2/2 Very dark brown - sticky and gritty ocainy peat.
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Site 14 O.R. 45527765
Elevation = 570m Slope = to soutn sc'lid yeciogy shal .es
Presence of drift = difficult t0 tell. X" wa? full
Vegetation = grasses and mosses
Soil class = Ranker soil
Drainage = poor, soils wet, occasional waterlogging
;u,Tber of samples taken = 3
Soil depths - 14A - 5-10cm 14C - 30—10aT,
14B - 12-18cm
Soil colours and textures:
14A: 10YR2/1 Black - sticky and plastic - peaty
14B: 10YR2/1 to 10YR5/4 Black with yellowish brown mottles - sticky and slightly
gritty - loamy peat
14C: 10YR2/2 to 10YR5/4 Very dark brown with yellowish brown mottles - sticky and
gritty - loam

Site 15 O.R. 45707760
Elevation = 590m Slope = 30° to southeast Solid geology = black shales
Presence of drift = soil rich in boulders

Vegetation = Grasses, mosses and fTlowers.

Soil class = Ranker soil

Drainage ~ good, soils dry

Number of samples taxen = 2

Soil depths 1EA 0 15cm iE D

Soil colours and textures:

ISA: 10YR2/1 Black - sticky and plastic - peaty

158: 10YR2/1 Black - sticky and plastic with stones - loamy peat

Site 16 O.R.45787609
Elevation = 360m Slope = 5 ZO ear’ Sodid geolC'gy - acid dyxe within greywackes
Fresence od drift - nc'ne seen
Vegetation = _trasses
Soil class = Peaty podzol
Drainage = very good, soils verv dry
Number of samples taken = 4
Soil depths - 15A - 0-10cm 16C - 20 .0,

16B - 15-25cm 16D - 30-40cm
Soil colours and textures:
16A: 10YR2/1 Black - crumbly and gritty - sanay peat
16B: 10YR2/2 Very dark brown - crumbly - sandy loam
16C: 10YR4/3 Brown - gritty - sand
16D: 10YR4/3 Brown - gritty - sand

Site 17 G.R.46057601
Elevation = 440m Slope 5° to west Solid geology - shades
Presence of drift = none obvious
Vegetation = Grasses
Soil class = peat soil
Drainage = poor, soils wet. wate; immpg.ng
Number of samples taken = 3
Soil depths - 1A r 20cm
178 30-45cm

colours and textures:

10YR2/1 Black - sticky and FIlaSt i peaty

10YR2/1 Black - sticky and plast ic peaty

10YR2/2 Very dark brown - sticky and plastic - peaty

Site 18 O.R.47427640
Elevation x 460m Slope X 10° to west Solid geology x shales
Presence of drift x presence of Igneous material within the soils
Vegetation Xx sparse grasses, heather and flax.
Soil class X Ranker soil
Drainage x good, soils dry
Number of samples taken = 3
Soil depths - 18A 5-10cm 18C 20-25cm
18B - 10-20cm
Soil colours and textures:
18A: 10YR2/1 Black - sticky and p"lastic m peaty
18B: 10YR3/1 Very dark grey - sticky and plastic peaty
18Ci 10YR3/2 Very dark greyish brown - sticky and gritty - loam
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site 19 a.R.
Elevation =
Presence of

47127608 see place D1 d
520m Slope = none Solid geology greywacKes sna*es
drift = Igneous material seen wit the s-ils

Vegetation = heather and grasses

Soil class:

Ranker

Drainage = variable, wet soils, occasional waterlogging
Number of samples taken = 3

Soil depths

Soil colours
19A: 10YR2/1
198: 10YR2/1
19C: 10YR4/3

Site 20 O.R
Elevation =

- 19A - 2-8cm 19C = 20 25cm

19B - 10-20cm

and textures:

Black - sticky but crumbly loamy peat
Black - sticky but crumbly - loamy peat
Dark Brown - sticky and gritty - loam

. 49077987
220m  Slope = none Solid geology = Granodiorice (W)

Presence of drift = none seen

Vegetation =

grassy firebreak within afforested

Soil class = peaty gley
Drainage = poor, wet soils, waterlogging

Nur_nlber of samples taken = 4

Soil depths - 20A - 5-10cm :CC - 20-30cm
20B - 10-20cm 20D - 30-40cm
colours and textures: R
10YR2/1 Black - sticky P1d3tic  pef,.-
10YR2/1 Black - sticky piastic - peaty
10YR3/4 Dark yellowish M - sticky and gritty sandy loam
10YR3/3 Dark brown - sticky and gritty - sandy loaj
Site 21 O.R. 45727615
Elevation » 450m Slop.e Steep edoes mound

geology = acod dyke w:; n g:ey
Prese.nce of drift = rmoi  seen

Vegetation = Grasses
Soil class = peaty podzol
Drainage r very good, soils drv
Number of samples taken - 4
Soil depths - 21A - 5-10cm
21B  10-1Vam ID

Soil colours and textures:
IIA: 10YR2/1 Black - stickv and aritf" loamy peat
g@: 10YR2/1 Black - sticky and plastic - peaty

: 10YR5/4 to 10YR2/1 Yellowish brown to black - sticky and gritty - sandy
AID: 10YR5/3 Brown - crumbly - sand.

Site 22 O.R.47507769

Elevation = 320m

Presence of drift = igneousl material within the soils

Vegetation =
Soil class =

mainly heather\with grasses
Ranker soil

Drainage r variable, soils usually dry
Number of samples taken = 4

Soil depths

colours
10YR2/1
10YR2/2
10YR3/2
10YR3/2

Site 23 O.R.

- 22A 2-7cm 2-C =
22b - 0-2cm 22D - 10cm
and te,xtures:
Black sticky and plastic - peaty
Very dark brown - sticky and plastic - peaty
Very dark greyish brown - sticky and gritty loam
Very dark greyish brown - sticky and gritty = loam

46497788

Elevation = 300m Slope = 4080 to east Solid geology t dlorltes
Presence of drift = none seen

Vegetation *
Soil class -

Grasses and blacken above conifer p lantat ic:-
peaty pbdzol

Drainage a good at surface, poor in mineral horizons
Number of samples taken « 4

Soil depths

- 23A - 0-10cm 23C 80-95cm

23B - 40-55cm 23D - 95-105cm

289

Solid

loam

Slope = none Solid geology = possible dyke within greywackes



Soil colours and textures:

23A: 10YR3/2Very dark greyish trown - sticky and plast;: peaty
23B: 10YR3/2Very dark greyish torowmn - sticky and plasti®*® peaty
23C: 10YR3/3Dark brown - sticky and gritty - sandy loair

23D: 10YR3/3Dark brown - sticky and gritty - sandy loam

Site 24 O.R> 46197831
Elevation = 300m Slope = 40-50 to east Solid geology = diorites
Presence of drift = none seen
Vegetation = Grasses, ferns, flowers.
Soil class = peati/ podzol
Drainage = variable, good in surface but poor in mineral horizons
Number of samples taken = 3
Soil depths - 24A - 0-10cm 24C 60 -vscm
24B - 15-30cm
Soil colours and textures:
24A: 10YR2/1 Black - sticky and plastic - peaty
10YR3/2 Very dark greyish brown - sticky and gritty - sandy loam
10YR3/2 Very dark greyish brown - sticky and gritty - sandy loam

site 25 O.R. 46157647

Elevation = 350m Slope = 5 to east Solid geology = ,ampropnyre dyke within
greywackes ;

Presence of drift = igneous material witihin the scd Is

Vegetation grassy with minor heather

Soil class = peaty gley

Drainage = poor, permanent waterlogging

Number of samples taken = 2

Soil depths - 25A - 5-10cm 25B - 35-40cm

Soil colours and textures:

25A: 10YR2/1 Black - sticky and plast:c peaty

£B: :0YP2"2 Verv dark brown - sticky and plastic with stines - loamy peat

290
























298















Figure 3 : Site 3 soil water monitoring results
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Figure 5 : Site 6 soil water monitoring results
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Figure 6 : Site 7 soil water monitoring results
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Figure 7 : Site 8 soil water monitoring results
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Figure 6 : Site 9 soil water monitoring results
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Figure 9 : Site 10 soil water monitoring results
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Figure 10 : Site 11 soil water monitoring results
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Figure 11 : Site 12 soil water monitoring results
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Figure 12: Site 14 soil water monitoring results
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Figure 13: Site 16 soil water monitoring results
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Figure 14: Site 18 soil water monitoring results
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Figure
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Figure 17 : Site 21 soil water monitoring results
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Figure 18 : Site 22 soil water monitoring results
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Figure 19 : Site 23 soil water monitoring results
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Figure 20 : Site 25 soil water monitoring results
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Appendix H

Table HI: Conversion of Al < 0.45pm in size to molar concentrations.

Al < 0.45 Jim (ng/L) Al < 0.45 Jim (M) -logio M
2M1 March 1058 3.9 x 10’ 4.41
2M2 March 1765 6.5 x la’ 4.18
IOMI March 375 14 x la’ 4.86
10M2 March 218 8.1 x lO* 5.09
2M1 May 600 2.2 X 10~ 4.65
2M2 May 220 8.2 X 10* 5.09
IOMI May 485 1.8X 10~ 4.75
I0M2 May 1567 5.8 x 10’ 4.24

Table H2: Conversion of "total’ Al data to Molar concentrations

Total” Al (jigA.) "Total” Al (M) -log.o M
2M1 March 1242 4.6 x 10’ 4.34
2M2 March 2375 8.8 X 10~ 4.06
IOMI March 386 14 x 10’ 4.84
10M2 March 302 11 x 10’ 4.96
2M1 May 641 2.4 x 10’ 4.62
2M2 May 231 8.6 x 10* 5.07
IOMI May 1282 4.8 x 10° 4.32
I0M2 May 1620 6.0 x 10’ 4.22
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Table H3: Conversion of dialysed Al data to molar concentrations

Dialysed Al Dialysed Al (M) -log.o M

2M 1 March 147 5.4 x 10* 5.26
2M2 March 337 12 Xla’ 4.90
IOM1 March 69 2.6 X 100

10M2 March 61 3.2 x 10* 5.65
2M1 May 67 2.5 x 10* 5.60
2M2 May 44 1.7 x 10* 5.78
IOM I May 24 89 x la’ 6.05
10M2 May 18 6.7 x 10’ 6.17

Table H4: Conversion of exchangeable Al identified by Am 200 to molar
concentrations.

Exch Al (iigA.) Am Exch Al (M) -log,0 M

200 Am 200
2M1 March 769 2.9 x Iff’ 4.54
2M 2 March 1088 4.0 x Iff’ 4.39
IOM1 March 175 6.5 x Iff* 5.19
10M2 March 175 6.5 x Iff* 5.19
2M1 May 181 6.7 x Iff* 5.17
2M2 May 109 4.0 x 10* 5.39
IOM1 May 1058 3.9 x Iff’ 4.41
10M2 May 1141 4.2 x Iff’ 4.37
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Table H5: Conversion of exchangeable Al identified by Am IRC 50 results to
molar concentrations.

Exch Al (iigA.) Exch Al (M) -log,o M

IRC 50 IRC 50
2M1 March 721 2.7 x 10* 4.57
2M2 March 1347 5.0 x 10* 4.30
IOMI March 291 11 x I0o* 4.97
10M2 March 156 5.8 x 10* 5.24
2M1 May 173 6.4 x 10* 5.19
2M2 May 164 6.1 x 10* 5.21
IOMI1 May 629 23 x la’ 4.63
10M2 May 667 2.5 x 10’ 4.61

Table 6H: Conversion of ’total* Si data to molar concentrations and Al data for
use in figure 6.61C.

Sl (MtA> Si <M) 1o (, SI (M) Al (lig/u -lofKi Al (M) pH -logKi Al (M)
X 10% * 3pH
1886 6.71 4 17 1242 4 34 602 9.88
3590 12.8 3.89 2375 406 5.7 9.45
1227 4.37 4.36 386 4.84 5.64 10.0
1225 4.36 4.36 302 4 96 5 55 10.0
2217 7 «9 4 10 641 462 582 9.96
2730 972 4.01 231 5.07 5.61 10.2
1570 5.62 425 1282 432 6.00 9.84
1245 4.43 4 35 1620 4.22 6.41 102
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