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ABSTRACT

A soil profile exhibiting strong textural differentiation between surface and subsurface
horizons at Keyneton, South Australia, was sampled for quantitative and qualitative
analyses of the processes responsible for development. From constant resistant mineral
ratios throughout the profile it was concluded that the soil had formed from uniform
parent material, suggesting that pedological processes had heavily influenced formation.
Particle size distribution, clay mineralogy determined by XRD, and microstructural
features indicated that clay accumulation in the subsurface was accompanied by a
greater intensity of weathering in the surface horizons. The presence of void argillans in
the B horizon provided strong evidence for the translocation of clay. Mass balance
calculations showed significant volumetric expansion and mass gain throughout the
entire profile, but greatest in the B horizons. Al, Fe, Na and Si were all gained in large
quantities. The results indicate that clay translocation by illuviation is a dominant
process in the development of textural differentiation, with some clay likely to have
formed in situ.
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INTRODUCTION

Multiple hypotheses have been proposed to explain the formation and development of
strong texture contrast between surface and subsurface horizons in soil profiles; a
feature that is common to many soils of Australia, as well as other climate-and-lithology
specific localities around the world. Possible mechanisms for the development of
texture contrast include the inheritance of textural stratification from parent material,
translocation of clay, differential weathering of soil horizons, and bioturbation. Despite
numerous studies, the processes resulting in this common soil feature remain subject to
debate, with all of above mechanisms appearing plausible. Given that texture contrast
has a profound impact on both hydrological and biological systems, a better
understanding of the process of formation would be of benefit to landscape management

strategies, soil classification systems, and engineering endeavours.

Previous studies of Australian soils exhibiting texture contrast by Oertel (1974) and
Bishop et al. (1980) concluded that separate sedimentary origins of the parent material
were responsible for the observed textural differentiation. These findings were
challenged by Chittleborough & Oades (1980a) and Chittleborough et al. (1984b,
1984c¢) who concluded from physical and chemical data that soil horizons of contrasting
texture were in fact derived from uniform parent material. The argument for inheritance
of textural stratification from parent material was maintained after Krull et al. (2006)
completed comprehensive chemical and mineralogical analyses of organic matter from
three South Australian soils, concluding that two distinct depositional events were

responsible for texture contrast. Controversy abounds.



Other common hypotheses for the formation and development of texture contrast soils
propose pedogenic processes, such as the formation of clay in position by means of
differential weathering, as primary causes. Indices of chemical weathering developed by
Beavers et al. (1963) were applied to a texture contast soil profile by Chittleborough &
Oades (1979, 1980b) who determined that there was no significant change in the degree
of weathering with depth, concluding that the translocation of clay by illuviation was
instead responsible for the textural differentiation and high clay content observed in the

subsurface.

The aforementioned process of clay illuviation has become widely accepted as a key
process in the development of many texture contrast soils; however, Phillips (2001)
states that soils must be considered subject to both historical and spatial contingency,
emphasising that it is impractical to develop a generalisation for the formation of a soil
feature such as texture contrast. Chittleborough (1992) acknowledges that no single
explanation is likely to account for the development of textural differentiation, a view
that is embodied by the ‘multiple causality’ model proposed by Phillips (2004) in which

texture contrast is considered to result from a combination of pedological processes.

Proposing ‘multiple causality’ as the mode of development for all texture contrast soils
is in itself a generalisation and, given that previous studies have been largely
qualitative, it is likely that the quantification of processes involved in pedogenesis
would provide a more robust explanation. The method of mass balance reconstruction
developed by Brimhall et al. (1987, 1991, 1992) and Chadwick et al. (1990) enables

losses and gains of chemical constituents from soil profiles to be quantified, along with



changes in volume and mass. The application of mass balance analyses, in conjunction
with mineralogical and micro-structural data, provides a pathway for comprehensive

investigations into the mechanisms contributing to soil formation.

In this study the losses and gains of mass, volume, and a select group of elements are
quantified in a soil profile at Keyneton, South Australia. The uniformity of the parent
material, particle size distribution, microstructural features, degree of weathering, and
the nature of the clay particles from the profile are also investigated to determine the
processes involved in the development of textural differentiation between surface and

subsurface horizons.

GEOLOGICAL SETTING/BACKGROUND

Study site description

The Keyneton soil profile sampled for this study is located 65 km northeast of Adelaide
on the eastern flank of the Mount Lofty Ranges, South Australia (Figure 1). The site can
be found at latitude 34° 32’ 5 S and longitude 139° 8’ 30” E upon the Kanmantoo
Group sedimentary rocks of the Adelaide Geosyncline (Jago et al. 2003). A geological
survey of a study area 5 km north of Keyneton by McMaster (1992) identified the
presence of rocks from both the Backstairs Passage Formation and the Campana Creek
Member of the Carrickalinga Head Formation. The Backstairs Passage Formation
conformably overlies the Campana Creek Member and both units are largely composed
of medium-grained arkosic sandstone; however, the sandstones of the Backstairs

Passage Formation have been noted to be richer in quartz (Gatehouse ef al. 1990; Jago



et al. 2003). These sandstone units are considered to be the geological precursors to the

soil and weathering profiles observed at Keyneton.
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Figure 1: Locality map of the study site, Keyneton, South Australia.

A soil survey by Fitzpatrick et al. (1990) found that the predominant soil types of the
local area displayed strong texture contrast between surface and subsurface horizons.
Quartz fragments were abundant and the identification of argillic B horizons led to the
classification of these soils as Alfisols (Fitzpatrick et al. 1990; Soil Survey Staff 1999,
2010). The particular Alfisol sampled for this investigation contains a very high
percentage of ironstone gravel and was further classified as a Natric Palexeralf

(Fitzpatrick et al., 1990; Soil Survey Staff, 1999, 2010).
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The sampling site lies at an altitude of 400 m and experiences a Mediterranean climate
with a mean annual rainfall of 535 mm, majority of which occurs from May to
September (Bureau of Meteorology, 2011). Due to the climatic conditions, the
Keyneton profile has formed in a strong seasonal wetting and drying moisture regime.
Present vegetation at the study site comprises undisturbed native plants and grasses;

however, much of the surrounding land has been cleared for agricultural purposes.

Background

TEXTURE CONTRAST IN SOIL CLASSIFICATION SYSTEMS

Strong texture contrast between surface and subsurface horizons is an important
diagnostic property incorporated into the hierarchy of many soil classification systems
(Stace et al. 1968; Isbell 1996; Soil Survey Staff 1999, 2010). Isbell (1996) defined
textural differentiation as a clear or abrupt boundary, usually between A and B horizons,
accompanied by an increase in clay. This is similar, but not equivalent, to the definition
of the term ‘duplex’ which describes soils where the B horizon is at least one and a half
texture groups finer than the A horizon with a clear boundary (Northcote 1979). In
relation to texture contrast soils, national and international soil classification systems
also use the term ‘argillic horizon’ to describe the subsurface accumulation of clay

either in situ or via translocation.

THE GEOLOGICAL HYPOTHESES

A common explanation for the formation and development of texture contrast is that the

differentiation is directly inherited from stratified parent material. Resistant minerals
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such as zircon, rutile and xenotime are crucial to investigations assessing the uniformity
of a parent material as they are assumed to remain relatively inert and immobile during
weathering and pedogenesis. A study of elemental concentrations and particle size
distribution from a South Australian texture contrast soil by Oertel (1974) concluded
that the A and B horizons of the profile had originated from separate sedimentary
deposits. A later study by Chittleborough & Oades (1980a) investigated the same soil
profile, using distributions and ratios of resistant minerals from a range of particle size
fractions to determine that the soil had in fact formed from uniform parent material. The
contrasting results from studies of near-identical profiles emphasise the need for a

variety of criteria to be considered in studies assessing parent material uniformity.

Scanning electron microscopy (SEM) and energy dispersive x-ray analysis (EDAX)
were used by Anda et al. (2009) in assessing parent material uniformity of three South
Australian texture contrast soils, all of which were derived from different parent
materials. These techniques allowed the determination of which resistant minerals could
be considered reliable for use in assessing parent material uniformity. Results indicated
that two of the three soil profiles had inherited textural contrast from lithological
discontinuities in the parent material, whilst the remaining profile showed little
variation in resistant mineral concentrations with depth (Anda et al. 2009). This
suggested that it had formed from uniform parent material with the observed textural

differentiation therefore being a result of pedological processes.

In addition to in situ inheritance of texture contrast from stratified parent material, the

processes of erosion and deposition provide another geological pathway for the
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formation of texture contrast soils. A study of textural differentiation in soils on
hillslopes in New South Wales by Bishop (1980) concluded that lateral downslope
deposition and accumulation of coarse grained material was responsible. Bishop (1980)
suggested that this explanation may have a very wide application in describing the
formation of texture contrast soils. Given that these soils are common in relatively flat
landscapes, this suggestion seems unlikely to be broadly applicable; however, other
workers have also proposed multiple depositional events as the main factor in

generating texture contrast.

Krull et al. (2006) analysed the organic geochemistry of three South Australian texture
contrast soils, noting that there were considerable differences between the coarse
grained A horizons and the clay rich B horizons. Coupled with optically stimulated
luminescence dating of quartz grains to determine burial ages, it was inferred from the
geochemical data that the sandy surface horizons were largely aeolian in origin and
deposited much more recently than the clay-rich subsurface material. Geological
controls without doubt play a large role in the formation of soil profiles; however, many
studies proposing a geological origin of features such as texture contrast only follow a

single line of enquiry, failing to investigate the role or extent of pedological processes.

THE PEDOLOGICAL HYPOTHESES

When considering the formation and development of texture contrast soils resulting
from pedological processes, a prevalent explanation is the translocation of clay. This
process involves the vertical transport of clay down a soil profile with percolating
water, resulting in coarse grained surface horizons and clay-rich subsurface horizons.

Void argillans, or clay skins, are considered key physical evidence for the accumulation
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of clay via translocation (Soil Survey Staff 1999, 2010); however, Nettleton et al.
(1969) demonstrated that shrinking and swelling processes associated with seasonal
wetting and drying of soils were sufficient to destroy existing argillans, indicating that
their absence cannot rule out clay translocation as a mechanism responsible for textural
differentiation. Studies by Chittleborough & Oades (1980a, 1980b) and Chittleborough
et al. (1984b, 1984c) concluded that vertical translocation of clay was the primary
process responsible for texture contrast, but also acknowledged that the in situ

formation of clay by differential weathering had contributed.

For a texture contrast soil to form via in situ clay formation, there must generally be
differential weathering between the surface and subsurface soil horizons
(Chittleborough, 1992). In most occurrences of texture contrast, coarse material overlies
fine material; therefore, weathering would need to be more intense in the subsurface
horizons. An alternative explanation is that the extent of weathering is similar
throughout a profile, with surface clay lost from the profile by lateral transport. For
profiles deemed to have originated from uniform parent material, numerous indices
have been developed to assess the degree of weathering. The chemical index of
alteration (CIA) proposed by Nesbitt & Young (1982) and the chemical index of
weathering (CIW) by Harnois (1988) are two commonly used indices for the
quantification of weathering; however, they assume immobility of aluminium.
Chittleborough (1991) identified limitations of the indices given that aluminium is
commonly incorporated into clay minerals which can often be mobile in weathering

profiles. Most pedological studies utilising weathering indices have concluded that



14

weathering is either relatively uniform throughout the profile or more intense in surface

horizons.

In addition to translocation of clay and in situ weathering, bioturbation has also been
considered as a pedological process with the potential to result in textural
differentiation. Burrowing animals, as well as root systems, have been shown to have a
significant influence on the mobility of both organic and inorganic material within soil
profiles (Brimhall et al. 1992). Nooren et al. (1995) determined that earthworms had
contributed to the development of coarse grained surface horizons, with the erosion and
translocation of worm casts resulting in a clay-rich subsurface. The work of Johnson et
al. (1990) noted that depth of bioturbation, in conjunction with moisture regimes, are
important factors in the formation of texture contrast soils. More so than other
pedogenic processes, bioturbation is unique to specific locations; therefore, it is unlikely

to be a widely applicable explanation for the genesis of texture contrast in soil profiles.

THE MULTIPLE CAUSALITY HYPOTHESIS

Much of the previous work investigating the formation and development of texture
contrast soils has produced explanations that are only applicable to specific soil profiles
or landscapes. Significant debate and controversy surrounds the search for a general
explanation that is able to account for all texture contrast soils. Phillips (2001) noted
that soils are subject to historical and spatial contingency and emphasised that
generalisations for the occurrence of widespread morphological features in soil profiles
are often impractical. This idea supports the suggestion of Chittleborough (1992) that
the extensive diversity and distribution of texture contrast soils makes a single

explanation for their formation unlikely. Phillips (2004) proposed a model of ‘multiple
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causality’ in which the formation and development of texture contrast is attributed to
any combination of pedological processes known to operate globally. Although useful,
the ‘multiple causality’ model is very broad and may be better constrained with the use

of quantitative techniques.

MASS BALANCE RECONSTRUCTION

Advanced methods for the quantification of pedological processes were developed by
Brimhall et al. (1987, 1991, 1992) and Chadwick et al. (1990) based on the principle of
conservation of mass. The methods allow the volume and mass changes that occur
during soil formation to be quantified along with the loss or gain of chemical
constituents. Mass balance reconstructions and techniques have been applied in many
studies (Jersak et al. 1995; Driese et al. 2000; Klaminder & Yoo 2008; Heckman &
Rasmussen 2011); however, the potential of the techniques has yet to be focussed on the
development of textural differentiation in soil profiles. Herein, an attempt to remedy

this deficiency is made.
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METHODS

Field sampling

The Keyneton soil profile sampled for this study was located 65 km northeast of
Adelaide at latitude 34° 32 5” S and longitude 139° 8’ 30” E (Figure 1), where an
excavator was used to dig a pit to 1.6 m depth. The soil profile was described in the
field and representative bulk samples of each horizon were taken from the face of the

excavation, along with intact clods.

Laboratory methods

The bulk density of each horizon was determined by the intact clod method outlined by
Grossman & Reinsch (2002) and corrected for gravel content by incorporating the
method of Carter (1993) (see Appendix G for detailed descriptions). Particle size
analysis of the profile was carried out using the hydrometer method described by Gee &
Or (2002), in addition to separation of particle size fractions by wet sieving (see
Appendix B for detailed descriptions). Subsamples of suspensions from the particle size
distribution work were analysed using x-ray diffraction (CoKa radiation) by CSIRO
Land & Water (see Appendix I for a detailed description). The bulk soil from each
horizon, in addition to subsamples from the 20-63 pm and 63-125 um size fractions
separated during sieving analysis, were analysed for chemical composition by ICP-OES

and ICP-MS at Intertek Genalysis (see Appendix D for a detailed description).

Thin sections of intact samples were cut at Earthslides (UK), following de-watering by
acetone replacement and impregnation with casting resin. Transmitted cross-polarised

light microscopy was then carried out on the Nikon LV100 POL petrographic
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microscope at Adelaide Microscopy to examine microstructural features (see Appendix

C for a detailed description).

Evaluation of parent material uniformity

Ratios of minerals known to be resistant to weathering were calculated throughout the
Keyneton profile from elemental concentrations. Ratios of Zr:Ti, Nd:Zr, Y:Zr, and
Nb:Zr were used given the common occurrence of these elements in zircon, rutile,
xenotime, and monazite. For three of the ratios, only data from the 20-125 um size
fraction was considered due to the relative abundance of resistant minerals in that
particle size range. A constant elemental ratio down the soil profile is indicative of
uniform parent material, while a deviation suggests possible lithologic discontinuity
(Anda et al. 2009). Ratios such as these have been used to assess parent material
uniformity in many studies, including those by Chittleborough et al. (1984c) and Smeck

et al. (1994).

Determining the extent & intensity of weathering

The chemical index of alteration (CIA) proposed by Nesbitt & Young (1982), an index
often used to quantify the extent of chemical weathering, was applied to the Keyneton
profile. The index is calculated as follows:

CIA =[ALLO3/(AlL03 + CaO + NaO + K,0)]*100
Concentrations of the oxides are given as molar proportions with a resultant CIA value
of <50 assumed to represent fresh rock and a value of ~100 taken to represent highly

weathered material.
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Mass balance reconstruction

Calculation of losses and gains of volume, mass, and chemical constituents were
implemented, based on the methods developed by Brimhall ez al. (1987, 1988, 1991,
1992), Chadwick et al. (1990), and Brewer (1976) (see Appendix H for a detailed

description).

The strain (€z.v), or volume change, of each horizon was calculated using Zr as an

immobile element within the profile from the following equation (Chadwick et al.
1990):

SZr,W = [(ppCZr,p)/(pWCZr,w)] -1

Where p, is the bulk density of the parent material, py, is the bulk density of the
weathered soil horizon, Cy.;, is the concentration of Zr in the parent material, and Cz
is the concentration of Zr in the weathered soil horizon. Where a deviation from the
bulk density of the parent material occurs, that is not accompanied by an inversely
proportional change in Zr concentration, it is deemed that strain (volume change) has
taken place (Chadwick et al. 1990). Positive strain indicates the fraction of volume

gained, and negative strain indicates the fraction of volume lost.

Using the strain values, the loss or gain of a select group of elements for each horizon
were calculated in the form of the transported mass fraction (t;) (Chadwick et al.

1990):

bw™ [(pWCj,W)/(ppCj,p)] x (SZr,w+l) -1



19

Where p, is the bulk density of the parent material, py, is the bulk density of the
weathered soil horizon, C;, is the concentration of the element of interest in the parent
material, and C;j,, is the concentration of the element of interest in the weathered soil
horizon. Similarly to strain, the transported mass fraction has no units, and represents

the fraction of an element gained or lost from a horizon.

Finally, the change in mass of the Keyneton profile during pedogenesis was calculated
using a method largely derived from Brewer (1976):

Am =m,- m,,

The change in mass of a horizon (Am) was given as the difference between the mass of
the parent material (m,) and the mass of the weathered soil horizon (my). The mass of
the weathered soil horizon, my, was calculated by setting the volume of each horizon
equal to 1cm” multiplied by the corresponding depth. The mass of the parent material
was determined as follows:

my= (Cyy /Crrp) ¥ m,

Where Cy; is the concentration of Zr in the weathered soil horizon and Cy,.,, is the

concentration of Zr in the parent material.
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OBSERVATIONS AND RESULTS

Soil description

Table 1: Description of the Keyneton soil profile with texture classes assigned in accordance with the
Australian Soil Classification (Isbell, 1996).

Horizon

Depth Description Profile
(cm)

Al

A2

B21

B22

0-8 Dark brown loam with weak
granular structure and
abundant organic matter.
Abrupt to:

818 Medium brown sandy loam
with moderate granular
structure. Abrupt to:

18 —33  Brown red clay with strong
angular blocky structure.

Contains 10-20% ironstone

& quartz gravel. Gradual to:

33-54 Orange brown clay with
strong angular blocky
structure. Contains 15-25%
ironstone & quartz gravel.
Gradual to:

54 -280 Light brown orange clay
loam with subangular blocky
structure. Contains 5-15%
quartz gravel. Diffuse to:

80 —-100 Light grey fine grained
arkosic sandstone. Evidence
of weathering including iron

oxide staining on some
surfaces.




Particle size distribution
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Figure 2: Particle size distribution depth plot of the fine earth fraction (<2000 pm) from the
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Keyneton soil profile obtained via the hydrometer method outlined by Gee & Or (2002).
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Figure 3: Particle size distribution depth plot of the sand & silt from the fine earth fraction (<2000
pm) of the Keyneton soil profile, determined by sieving analysis.
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fractions utilised in these ratios were obtained by sieving analysis.



24

- | v
FgureS: TransmltfedAcross-polﬁrised light micrographs of the Keyneton soil profile. Horizons
shown are: a) A2, b) B21, ¢) & d) B22, e) C, and f) R. The images are annotated with ‘V’ to indicate
void space and ‘A’ to indicate argillans (clay skins).
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Evaluation of parent material uniformity
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Figure 6: Depth plots of elemental ratios from the Keyneton soil profile. Ratios of a) Zr:Ti, Nd:Zr,
and Y:Zr from the 20-125 pm fraction are shown in addition to b) the Nb:Zr ratio from the whole

soil fraction.
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Determining the extent & intensity of weathering

Chemical index of alteration
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Figure 7: Depth plot of the chemical index of alteration (CIA) throughout the Keyneton soil profile.
The index assumes immobility of aluminium and mobility of calcium, sodium and potassium. The
resultant value has no units, but quantifies the degree of weathering. Values of <50 expected for
fresh rock and values of approximately 100 expected for samples with the highest degree of
weathering (Nesbitt & Young, 1982).
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Figure 8: X-ray diffractograms (Fe-filtered CoKa radiation) from the clay fraction (<2 pm) of the
Keyneton soil profile, labelled with corresponding soil horizons. The numerical values assigned to

the peaks represent spacing between layers (in Angstroms, 10" m) that characterise the crystal

structure of individual clay minerals.
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Keyneton profile <560nm clay fraction

Relative Intensity(cps)
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Figure 9: X-ray diffractograms (Fe-filtered CoKa radiation) from the clay fraction (<50 nm) of the
Keyneton soil profile, labelled with corresponding soil horizons. The numerical values assigned to
the peaks represent the spacing between layers (in Angstroms, 10" m) that characterise the crystal
structure of individual clay minerals.
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Table 2: Quantitative mineralogy from the Keyneton soil profile in various particle size fractions,
determined by x-ray diffraction analysis.

Horizon  Depth  Particle  Quartz Mica  Kaolinite Plagioclase  Alkali

(cm) size (wt. %)  (wt. %)  (wt. %) Feldspar  Feldspar
fraction (wt. %) (wt. %)
(pm)
A2 818 2-20 40-50 10-20 10-15 10-15 5-10
A2 8—18 20-63 >80 1-5 1-3 5-10 2-5
B22 33-54 2-20 25-35 25-35 15-20 5-10 2-5
B22 33-54 20-63 >75 5-10 1-3 5-10 1-5

R 80 - 100 All 50-70 15-20 10-15 1-3 3-7
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Mass balance reconstruction
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Figure 10: Depth plots of the a) bulk density (g/cm3), b) bulk density ratio (bulk density of parent
material, p,/bulk density of soil horizon, p,,), ¢) concentration of Zr (wt. %), d) Zr depletion factor
(concentration of Zr in soil horizon, Cz,,/concentration of Zr in parent material, Cz,,), and e)
strain (volume change) using Zr as the immobile index element. Strain represents the fraction of
volume gained or lost from the soil profile with respect to the parent material. This figure
demonstrates all components of the strain calculation. A strain value of -1 indicates 100% loss of
volume (collapse), and a value of +1 indicates 100% gain of volume.
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Figure 11: Depth plots of the transported mass fraction (7, zr) for a) Al, b) Fe, ¢) K, d) Mg, e) Na,
and f) Si from the Keyneton soil profile using Zr as the immobile index element. The transported
mass fraction (zj,.zr) represents the fraction of an elemental constituent gained or lost relative to
the parent material. A transported mass fraction (7 zr) value of -1 indicates a 100% loss of the
constituent while a value of +1 indicates a 100% gain. Note the differences in scale on the x axes.
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Table 3: Changes in volume and mass of the Keyneton soil profile due to pedogenesis. These values
apply to a section soil profile with volume equal to 1cm® multiplied by the depth of the profile (excluding
the percentage values). The A1 horizon has been excluded due to weak structure that prevented an

accurate bulk density measurement.

Horizon Present Parent Volume Volume Present Parent  Mass — Mass
day  material change change  day  material change change
volume ~ volume — (cm’) (%) mass  massm, Am Am
(cm’) — (em’) my (2) © (%)
(8
A2 10.0 3.1 +6.9 +226.7 12.6 6.1 +6.5 +106.8
B21 15.0 4.4 +10.6  +239.2 24.5 8.8 +15.7 +177.8
B22 21.0 6.9 +14.1  +205.1 36.2 13.7 +22.5 +163.8
C 26.0 17.3 +8.7 +50.6 37.2 344 +2.8 +8.2
R 20.0 20.0 +0.0 +0.0 39.8 39.8 +0.0 +0.0
Total 92.0 51.6 +40.4 +78.2 150.2 102.8 +47.4  +46.1
% clay b Total mass gained or lost (%)
a) 0 40 60 80 100 ) -100 -50 O 50 100 150 200
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Figure 12: Depth plots of a) percentage clay of the fine earth fraction (<2000 pm) and b) the total
mass gained (%) during pedogenesis of the Keyneton soil profile.
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DISCUSSION

Particle size distribution

The particle size distribution of the fine earth fraction (<2 mm) attained by the
hydrometer method (Gee & Or 2002) clearly demonstrates an abrupt textural change
between the A2 and B21 horizons (Figure 2), where a dramatic increase in clay is
accompanied by a decrease in sand-sized particles across the horizon boundary. This is
consistent with the particle size trends of texture contrast soils investigated by
Chittleborough & Oades (1979) and Walker & Chittleborough (1986), where clay
maxima occur in the B horizons. Although a common practice, there are errors
associated with the hydrometer method as it requires the disaggregation of all particles
prior to analysis. This cannot be guaranteed; however, the manual grinding of samples

and use of chemical dispersing agents in this study minimises this error.

Sieving analysis of the fine earth fraction enabled the proportions of silt-and-sand-sized
particles throughout the profile to be quantified (Figure 3). These results support those
obtained via the hydrometer method, showing a significant decrease in coarse particles
across the A2 and B21 horizon boundary where the significant increase in clay was
shown to occur. Ratios of fine to coarse particle size fractions (Figure 4) confirm an
increase in the proportion of larger particles towards the surface, indicating that
minerals of the silt and fine sand fractions which are susceptible to weathering have
been broken down, possibly to clay minerals. If this is the case, it would be reasonable
to suggest that the removal of clay from the surface horizons by illuviation or lateral
translocation has played a significant role in the formation and development of textural

contrast.
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When clay is translocated by percolating water, it is often deposited upon the surface of
grains and voids, creating argillans (Chittleborough, 1992). Transmitted light
micrographs of the B21 and B22 horizons from the Keyneton profile (Figure 5b, ¢ & d)
show the presence of argillans (clay coatings) aligned parallel to void and grain
surfaces. In the B22 horizon, the argillans are particularly pronounced and distinct
laminae are observed. This suggests that the deposition of clay in the subsurface has
been episodic, possibly in conjunction with the wet and dry cycles experienced by the
soil due to the Mediterranean climate in which has developed. The micrographs leave
little doubt that clay deposition in the B horizons has at least contributed to textural
differentiation between surface and subsurface; however, the microstructural features
alone cannot account for the direction in which the clay originated, or if translocation is

the only mechanism responsible for the accumulation.

Evaluation of parent material uniformity

Ratios of elements known to be found primarily within the resistant mineral fraction
were used as criteria to assess the uniformity of the parent material from which the
Keyneton profile has formed. Elemental ratios are beneficial to investigations as they
limit the impact of variations in the total concentration of an element throughout a

weathering profile (Marsan et al., 1988).

Figure 6a) shows that there is little variation with depth in the Nd:Zr and Y:Zr ratios
from the 20-125 pum fraction, as well as the Nb:Zr ratio from the whole soil fraction.
These results meet the requirements of Brewer (1976) who states that there must be

little to no variation in the ratios with depth if the parent material is to be considered
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uniform. The Zr:Ti ratio does show significant deviation between the Al and A2
horizons, while remaining relatively constant throughout the remainder of the profile.
This variation suggests a possible acolian mode of origin for the A1 horizon, while the
discrepancy could also be attributed to the occurrence of Ti in easily weathered minerals
such as biotite and ilmenite. A previous study by Anda et al. (2009) has shown that Ti
bearing minerals can be weathered to a large extent, providing warning that the Zr:Ti
ratio should be used with caution. Given the relative constant nature of the ratios from
the Keyneton profile, there is enough evidence to confirm that it has formed from

uniform parent material.

Determining the extent & intensity of weathering

Weathering indices are often applied to soil profiles in an effort to quantify the extent of
weathering and compare the intensity in different horizons. The chemical index of
alteration (CIA) proposed by Nesbitt & Young (1982) has been applied to the Keyneton
soil profile as a function of depth (Figure 7). Values of the CIA are expected to be <50
for fresh rock, or 100 for heavily weathered material (Nesbitt & Young, 1982). The
results suggest significant weathering throughout the entire Keyneton profile, with the
greatest degree of weathering occurring in the B horizons. The validity of the CIA is
questionable, especially in this instance, given that the relatively unaltered sandstone
parent material has a CIA value close to 80, indicating extensive weathering. The CIA
assumes immobility of aluminium, a limitation identified by Chittleborough (1991) on
the basis that that aluminium is commonly translocated as part of clay minerals. This
limitation renders the CIA unreliable for application to the Keyneton profile where

evidence of clay translocation abounds.
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The degree of weathering indicated by the CIA is also contrary to the physical evidence
observed in the transmitted light micrographs of the Keyneton profile. Figure 5 shows a
selection of images from surface horizons through to the parent material, with the A2
B21 and B22 horizons showing a markedly greater extent of weathering than the C and
R horizons. In particular, the A2 horizon has abundant void space where it is likely that
dissolution of weatherable minerals has occurred, being broken down and transported

out of the horizon.

Qualitative x-ray diffraction analyses of the <2 pum and <0.05 pm clay fractions from
the Keyneton profile provides identification of clay minerals and allows determination
of their location throughout the profile. The <2 pm clay fraction (Figure 8) shows
prominent peaks representing kaolinite (~15 °20, d-spacing: 7.14 A) and illite (~10 ©26,
d-spacing: 9.95 A) that are present throughout the profile. The illite peak starts to
broaden and become asymmetric in the B21 and B22 horizons, which is characteristic
of interstratification with smectite (Moore & Reynolds, 1989). The C horizon has a
broad characteristic smectite peak (~7 °20, d-spacing: 14.62) that confirms the
interstratification with illite. These results suggest that kaolinite and illite have formed
as products of weathering in the A1, A2, B21 and B22 horizons, while smectite is
formed at the forefront of parent material degradation, in the C horizon. Mineralogy
from the <0.05 pum clay fraction shows similar results, with the identification of
kaolinite and illite in the surface horizons and the presence of illite interstratified with
smectite becoming more prominent with increasing depth (Figure 9). In addition to this,
interstratification between kaolinite and illite of the <0.05 pm fraction occurs in the B21

and B22 horizon.
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A complementary quantitative analysis of the mineralogy from the Keyneton soil profile
by x-ray diffraction also assists in the interpretation of weathering (Table 2).
Throughout the profile, the concentration of quartz is relatively constant due to its
resistance to weathering. Interestingly, mica and kaolinite are found in higher
concentrations in the B22 horizon as opposed to both the A2 and R horizons. This could
be due to a greater intensity of weathering in the B22 horizon, or fine mica and kaolinite

could have been deposited in the B22 horizon after originating elsewhere.

Mass balance reconstruction

By investigation of physical and chemical parameters, changes in volume and density
during soil formation and weathering processes of the Keyneton profile have been
quantified. The bulk density (Figure 10a) decreases significantly up the profile. This
indicates an increase in porosity resulting from residual enrichment where dissolution
and removal of soluble minerals has led to an increased proportion of coarse, resistant
minerals (Chadwick et al. 1990). To calculate volume change, Zr was assigned as the
immobile index element. This decision was based on the fact that Zr was present in
reasonable concentration throughout the profile and that the ratios of Zr to other
elements found in resistant minerals indicated that it has not been mobile during soil
formation (Figure 6). By combination of the bulk density ratio (Figure 10b) and the Zr

concentration ratio (Figure 10d), the strain was quantified.

A large amount of positive strain, or volume change, has taken place in the Keyneton
profile (Figure 10e). Strain values of greater than +2 occur in the A2, B21 and B22

horizons, representing increases in volume of greater that 200% per horizon. Volume
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change has also occurred in the C horizon with an increase of 50%. Excluding the A1
horizon, a significant cumulative volumetric expansion of 78.2% has occurred
throughout the profile (Table 3). These results are similar to those obtained by Jersak et
al. (1995) who discovered large strain values in three separate soil profiles. Brimhall
(1992) suggests that large volume changes can often be a result of bioturbation, with
animals and root systems causing expansion. This is an unlikely explanation for the
Keyneton profile as vegetation is not dense. Many other mass balance reconstructions,
such as those by Chadwick et al. (1990) & Driese et al. (2000), produced strain values
of much smaller proportions. Despite its usefulness, a limitation of this mass balance

reconstruction is the inability to determine in which direction strain occurred.

Having calculated the bulk density ratio (Figure 10b) and strain (Figure 10e), the loss or
gain of elemental constituents from soil horizons was calculated in the form of the
transported mass fraction, outlined by Chadwick et al. (1990). The transported mass
fractions of Al, Fe, K, Mg, Na, and Si are presented in Figure 11. Gains of up to 200%
in Al occur in the B21 and B22 horizons, possibly indicating the accumulation of Al as
part of clay minerals that are products of weathering. Fe shows large gains, from 500-
700%, in the A2, B21, and B22 horizons. Such large additions suggest an external
source of Fe that has possibly contributed to the formation of the ironstone gravel that

was observed (Table 1).

The transported mass fractions of K, Mg, Na, and Si are important to soil formation due
to their relatively high concentrations in rock-forming minerals (Jersak et al. 1995). The

Keyneton profile shows losses of K, possibly due to the weathering of both K-feldspar
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and microcline; however, given than K is a common plant nutrient, it is also possible
that plants have extracted K from the soil, with their degradation products removed
from the surface by erosion or water transport, without returning to the soil. Mg is lost
from the A2 horizon, but gained in the B21 and B22 horizons, which may indicate the
weathering and re-deposition of mica minerals. The A1, A2, B21, and B22 horizons all
show large gains of Na and Si, to such an extent that an external atmospheric source is

likely for their origin.

Implications for soil development

The Keyneton profile has undergone significant volumetric expansion of 78.2% and
increased in mass by 46.1% when compared to its parent material precursor (Table 3).
These changes are significant, with the largest changes in volume and mass evident in
the B horizons. This also coincides with a large increase in clay content in the B
horizons, indicating that the accumulation of clay in the subsurface has played a large

role in volume and mass expansion (Figure 12).

Given the extent of the changes, it is possible that there is more to the development of
the Keyneton profile than just pedological processes. During soil formation, a greater
intensity of weathering at the surface resulted in the observed coarse A horizons. If the
thickness of the A horizons was originally much greater, the high porosity would have
resulted in a low water holding capacity which, in turn, would have depleted vegetation
during summer when drying of the upper profile would have been extensive. With little
to no cover, the coarse A horizons could have been eroded to their relatively small

present-day thickness. When considering scenarios of profile development like this, a
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limitation of the mass balance reconstruction technique is evident, with geological

processes such as surface erosion unable to be accounted for.

CONCLUSIONS

Strong texture contrast between surface and subsurface soil horizons is a prevalent
feature in many localities around the world. Despite common occurrence, a definitive
explanation for the formation and development of this characteristic is yet to be
elucidated. Inheritance of textural stratification from parent material, clay translocation,
differential weathering between soil horizons, and bioturbation have all been noted as
potential contributing factors. The Keyneton soil profile, like many texture contrast
soils, has been shown to exhibit a dramatic increase in clay content between A and B
horizons. Constant resistant mineral ratios throughout the profile indicate that the abrupt
textural change is a result of pedogenic processes, rather that geologic inheritance.
Weathering indices, x-ray diffraction analysis, and microstructural evidence suggest that
weathering has been greater in the surface horizons, with large amounts of clay
accumulating in the subsurface. Mass balance calculations show that the profile has
been subject to significant volumetric expansion with the addition of large quantities of
Al Fe, Si, and Na contributing to a large cumulative mass gain. Although mass balance
analyses are limited to the quantification of pedological processes, the correlated clay
and mass increases in the B horizons are strong evidence that clay translocation has

been a dominant process in textural differentiation.
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APPENDIX A: FIELD METHODS

The Keyneton soil profile sampled for this study was located 65 km northeast of
Adelaide on the eastern flank of the Mount Lofty Ranges, South Australia (Figure 1).
The site was found at latitude 34° 32” 5” S and longitude 139° 8’ 30” E. Soils of the
local area are predominantly Alfisols (Soil Survey Staff, 1999; 2010), with the sampled
profile further classified as a Natric Palexeralf (Fitzpatrick et al. 1990; Soil Survey Staff
1999, 2010).

An excavator was used to dig a pit of approximately 1.6 m depth on a section of
undisturbed native land, adjacent to paddocks that had been previously cleared for
agricultural purposes. Soil horizons were assigned and described in the field by
observation. Representative bulk samples of ~800 g, or enough to fill a 20 cm x 30 cm
plastic zip-lock bag, were collected from each horizon by hand and with the use of a
pick. Four intact clods of each horizon, approximately fist-sized, were taken from the
face of the excavation and stored carefully in cotton wool and plastic bags to ensure the
structure of the samples was retained.

A monolith of the sampled profile stored at the University of Adelaide’s Waite campus
was used to provide a profile photograph.

» o : > e

Figure 13: Photograph of th:Ké&nea)h p?ofiieimonolith with horizons marked.
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APPENDIX B: PARTICLE SIZE ANALYSIS

Hydrometer method

The particle size distribution of the Keyneton profile was obtained using the hydrometer
method outlined by Gee & Or (2002).

Particle sizes were identified by: clay (<2 pm), silt (2-20 um), and sand (20-2000 pm).
The exact details of the method followed are described below:

Apparatus:

Mortar & pestle

2mm diameter sieve

Top-weighing laboratory balance

6 x 400 ml cylindrical plastic screw-cap containers
5 ml volumetric pipette

10 ml volumetric pipette

End-over-end shaker

6 x 1L measuring cylinders

Mixing rod

Materials:

Oven-dry soil (~70 g from each sampling horizon)
10% sodium tripolyphosphate (60 ml)

IN sodium hydroxide

Deionised water

Procedure:

1. ~70 g of soil from each sampling horizon (A1, A2, B21, B22, C) was placed in an
oven at 42°C for 24 hours. The weight of each oven-dried sample was recorded.

2. The oven-dry samples were ground using a mortar & pestle to separate particles.

3. The material from each sampling horizon was passed through a 2 mm sieve. The
weight of both the fine earth fraction (<2 mm) and the gravel fraction (>2 mm) were
recorded and the % gravel calculated.

4. ~50 g of oven-dry material from the fine-earth fraction (<2 mm) of each horizon
were added to individual 400 ml cylindrical plastic screw cap containers.

5. 10 ml 10% sodium tripolyphosphate and 5 ml 1N sodium hydroxide were added to
the material in each container. Deionised water was used to make the volume up to
200 ml.

6. A ‘blank’ solution containing only 10 ml 10% sodium tripolyphosphate, 5 ml 1N
sodium hydroxide and 185 ml deionised water was also made up.

7. The ‘blank’ and the five suspensions were dispersed for 20 hours on an end-over-
end shaker.

8. The contents of each container were transferred to individual 1L measuring
cylinders and the volumes were made up to the 1L mark with deionised water.
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The ‘blank’ was mixed with a mixing rod and the hydrometer was lowered into the
solution and the scale reading (Ry) was obtained from the upper edge of the
meniscus.
All soil suspensions were mixed well with a mixing rod. The time of sedimentation
commencement was noted upon removal of the rod.
The hydrometer was carefully placed into each soil suspension after the
commencement of sedimentation at the following time intervals: 0.5 min, 1 min, 3
min, 10 min, 30 min, 90 min, 270 min, 510 min, 900 min, and 1440 min.
Hydrometer readings (R) were recorded at each time interval with the measurement
read from the top of the meniscus. Cloth was placed over the cylinders to prevent
when they were left for long periods to prevent the entry of atmospheric dust.
For each hydrometer reading (R), the concentration of the suspension (C) in g.L™
was calculated from the equation:

C=R-Rp

Where Ry is the scale reading obtained from the ‘blank’ solution.

The summation percentage (P) was then calculated from the equation:
P=100(C/Cp)

Where Cp was the weight of the oven-dry soil from the fine earth fraction (<2 mm)
used in the suspension (in grams).

The corresponding equivalent spherical diameters (in metres), D, was calculated
from the equation:

D= 0/t%
Where t was the sedimentation time in seconds, and 6 was the sedimentation
parameter.
P was plotted against log;oD, with D expressed in um, to provide a summation %
curve.
From the curve, it was interpolated where D = 2, 5, 20, 50, and 100 pm. The
percentage of each particle size fraction was then deduced from this.
Steps 12 — 14 were completed for each horizon and textures assigned using the
Australian Soil Texture Triangle.

Table 4: Hydrometer readings (R) of soil suspensions at various times after the commencement of

sedimentation.
Horizon R. R. R. R. R. R. R. R. R. R .
0.5 min 1 min 3 min I0mn 30mn 90mn 270mn 510mn 900 mn 1440 min
Al 28 26 20 18 11.5 9 8 8 7 7
A2 27 22 18 13 11 10.5 9.5 9 8.5 8
B21 46 44 41.5 38 37 36.5 36 36 355 35
B22 43 40.5 39 36 35 34 335 33 33 32

C 425 38.5 33 29 26 24.5 22 21.5 21 20
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Table 5: Concentration, C, (g.L'l) of soil suspensions at various times after the commencement of
sedimentation.

Horon C (L) Cel) Cel) C(el) C(gl) C(el) C(l) Cl) Cl) C(el)

.5 min 1 min 3 min 10 min 30 min 90min 270min  510min 900 min 1440 min
Al 27 25 19 17 10.5 8 7 7 6 6
A2 26 21 17 12 10 9.5 8.5 8 7.5 7
B21 45 43 40.5 37 36 355 35 35 345 34
B22 42 39.5 38 35 34 33 325 32 32 31
C 41.5 37.5 32 28 25 23.5 21 20.5 20 19

Table 6: Summation percentage, P, of soil suspensions at various times after the commencement of
sedimentation.

P P P P P P P P P P
05min 1mn 3mn 10mn 30mn 90min 270 min 510 min 900 min 1440 min
Al 5627 4798 4443 3377 3021 1866 1422 1244 1244 1066  10.66
A2 5915 4396 3550 2874 2029 1691 1606 1437 1352 1268  11.83
B2l 6030 7463 7131  67.16 6136 5970  58.87  58.04  58.04 5721 5638
B2 5760 7292 6858 6597  60.76  59.03 5729 5642 5556 5556  53.82
C 5388  77.02  69.60 5939 5197 4640  43.62 3898 3805 3712 3526

Horizon Cg (g)

Table 7: Sedimentation parameter, 0, (m.s™®) of soil suspensions at various times after the
commencement of sedimentation

0 (mso's) 0 (mso's) 0 (mso's) 0 (mso‘s) 0 (mso‘s) 0 (mso‘s) 0 (mso's) 0 (mso's) 0 (mso's) 0 (mso‘s)
0.5min 1 min 3 min I0mn 30mn 90min 270min 510 min 900 min 1440 min
Al 0.000388 0.000392 0.000408 0.000411 0.000425 0.000431 0.000434 0.000434 0.000435 0.000435
A2 0.000390 0.000402 0.000411 0.000422 0.000427 0.000428 0.000430 0.000430 0.000432 0.000434
B21  0.000344 0.000348 0.000353 0.000362 0.000366 0.000367 0.000368 0.000368 0.000369 0.000370
B22  0.000350 0.000358 0.000362 0.000368 0.000371 0.000373 0.000374 0.000374 0.000374 0.000378
C 0.000351 0.000361 0.000376 0.000386 0.000392 0.000395 0.000402 0.000404 0.000406 0.000407

Horizon

Table 8: Equivalent spherical diameters, D, (um) of soil suspensions at various times after the
commencement of sedimentation

D(m) D@m) D(um D@m D@Em) D@m D@m D(um D@m) D(Qm)
0.5min 1 min 3mn 10mn 30mn 90mn 270min 510min 900 min 1440 min

Al 70.84 50.61 30.41 16.78 10.02 5.87 3.41 2.48 1.87 1.48
A2 71.20 51.90 30.63 17.23 10.06 5.82 3.38 2.46 1.86 1.48
B21 62.81 44.93 26.31 14.78 8.63 4.99 2.89 2.10 1.59 1.26
B22 63.90 46.22 26.98 15.02 8.74 5.08 2.94 2.14 1.61 1.29

C 64.08 46.60 28.03 15.76 9.24 5.38 3.16 231 1.75 1.38

Horizon
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Table 9: logoD (where D is the equivalent spherical diameters expressed in pm) of soil suspensions

at various times after the commencement of sedimentation

Horizon log;oD log;oD log;oD log;oD log;oD log;oD log;oD log;oD log;oD log;oD
0.5 min 1 min 3 min 10mn 30mn 90mn 270mn 510mn 900 min 1440 min
Al 1.85 1.70 1.48 1.22 1.00 0.77 0.53 0.39 0.27 0.17
A2 1.85 1.72 1.49 1.24 1.00 0.77 0.53 0.39 0.27 0.17
B21 1.80 1.65 1.42 1.17 0.94 0.70 0.46 0.32 0.20 0.10
B22 1.81 1.66 1.43 1.18 0.94 0.71 0.47 0.33 0.21 0.11
C 1.81 1.67 1.45 1.20 0.97 0.73 0.50 0.36 0.24 0.14
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Figure 14: Summation percentage curves for each horizon of the Keyneton profile.
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Table 10: Proportions of particle sizes from the Keyneton profile, as determined by the hydrometer

method.
<2000
Horizon <2um <S5Sum <20um <50um <100 pm
(%) (%) (%) (%) (%)

(7o)

Al 11.89 13.22 30.02 42.95 53.67 100

A2 12.53 15.48 22.65 35.21 60.97 100

B21 57.76 58.68 64.24 72.56 79.25 100

B22 55.76 57.13 63.39 69.71 85.83 100

C 37.44 42.36 54.43 71.23 83.43 100

Table 11: Particle size fractions of clay (<2 pm), silt (2 - 20pm) and sand (20 — 2000 pm) from the
Keyneton profile, as determined by the hydrometer method.

L com 2_20“m20-2000
(%) (%)
Al 11.89  18.12  69.98
A2 1253 10.12  77.35
B21 5776 648  35.76
B2 5576  7.64  36.61
C 3744 1699 4557

Analysis by sieving

In addition to the hydrometer method of particle size analysis, wet sieving was carried
out with size fractions determined by weight.

Sieve sizes used were: 2000 pm, 250 pm, 125 pm, and 63um. The <63 pum size
fractions were separated by settling times calculated by Stokes’ law. Apart from the
>2000 pum size fraction, all sieving was carried out in deionised water. Sieving (duration
3 minutes) was carried out for each of the particle size separations.
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Table 12: Particle size fractions weights (g) from each horizon of the Keyneton profile, as
determined by sieving analysis.

Totall Gravel fraction Fine e'arth Coarse‘ sand Fine S.a nd - Vey ﬁn'e sand Silt fraction ~ Fine silt fraction ~ Clay fraction
Horizon oven-dried (52000 ) fraction fraction fraction fraction (20-63 um) 220 um) (<2 m)
sample (<2000 pm)  (250-2000 pm) (125-250 pm) ~ (63-125 pm)
© 5 © © © © 5 5 ©
Al 57.02 0.42 56.27 8.46 6.65 12.60 10.17 7.20 11.19
A2 73.90 14.56 59.15 6.32 6.17 22.00 10.88 3.94 9.84
B21 68.31 7.75 60.30 421 247 9.31 5.93 2.75 35.63
B22 73.65 15.76 57.60 3.70 2.94 9.91 573 3.30 32.02
C 63.45 9.32 53.88 1.21 2.17 12.08 10.51 6.23 21.68

Table 13: Particle size fractions from each horizon of the Keyneton profile, expressed as
percentages of the fine earth fraction (<2000 pm).

Coarse sand

Fine earth Fi Fine si
e e.art fraction ne s.and very ﬁn? sand Silt fraction e .Sﬂt Clay fraction
Hori fraction 250 - 2000 fraction fraction 20- 63 fraction <
orn 000 my 220 : (125 - 250 pm) (63 - 125 pm) '(0/) M 20 um) (O/F;m)
%) o %) %) ’ %) ’
(%)
Al 100 15.03 11.82 22.39 18.07 12.80 19.89
A2 100 10.68 10.43 37.19 18.39 6.66 16.65
B21 100 6.98 4.10 15.44 9.83 4.56 59.09
B22 100 6.42 5.10 17.20 9.95 5.73 55.60

C 100 2.25 4.03 22.42 19.51 11.56 40.23
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APPENDIX C: THIN SECTIONING & PETROLOGICAL MICROSCOPY

Thin sectioning

Subsamples (approximately 1.5 cm’) of each soil horizon (A2, B21, B22, C, and R)
were taken from intact clods and sent to Earthslides (UK) for hardening and thin
sectioning. The samples were de-watered carefully by acetone replacement, following
which the samples were impregnated with Polylite Clear Casting Resin and cut with the
Multi-Grinder Thin-Section Machine provided by Brot Technologies, working on a
vertical axis with fixed diamond wheels. The thin sections were hand-finished to 25 —
30 um thickness with fixed abrasive silicon carbon papers and sealed with a glass cover
slip.

Petrological microscopy
The Nikon LV100 POL petrographic microscopy at Adelaide Microscopy was used for

examination of thin sections. Transmitted cross-polarised light was used across a range
of magnifications to examine the microstructural features of the soil.

B o A P N N . ) o
Figure 15: Transmitted cross-polarised light micrograph from the A2 horizon of the Keyneton
profile.
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Figure'16: Transmitted cross-polarsed light micrograpﬁ from the A2 horizon of the Keyneton
profile.

Figure 17: Transmitted cross-polarised light micrograph from the B21 horizon of the Keyneton
profile.
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Flgure 18 Transmltted cross-polarlsed llght mlcrograph from the B21 horizon of the Keyneton
profile.

100 pm

g

Flgure 19: Transmltted cross-polarlsed llght micrograph from the B22 horizon of the Keyneton
profile.
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Figure 21: Transmitted cross-polarised light micrograph from the B22 horizon of the Keyneton
profile.
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Figure 22: Transmitted cross-polarised light micrograph from the B22 horizon of the Keyneton
profile.

Figure 23: Transmitted cross-polarised light micrograph from the C horizon of the Keyneton
profile.



Figure 24: Transmitted cross-polarised light micrograph from the C horizon of the Keyneton
profile.

e o p SN o e g RN Wy , ™
Figure 25: Transmitted cross-polarised light micrograph from the R horizon of th
profile.

e Keyneton
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APPENDIX D: CHEMICAL ANALYSIS

Sample preparation

Soil from the bulk samples of each Keyneton profile horizon, ~10 g, was ground to a
fine powder using a tungsten carbide mill at the University of Adelaide’s Waite campus.

In addition to the whole soil samples, samples from the 20-63um and 63-125pum
fractions of the Keyneton profile were prepared. Samples of ~5 g from each horizon and
size fraction were taken during sieving analysis and oven dried. The size fraction
samples did not include the parent material.

Analysis

Samples were taken to Intertek Genalysis (Adelaide Facility) for determination of
chemical copmpsition. Major elements were analysed for by inductively coupled plasma
optical emission spectroscopy (ICP-OES) and minor/trace elements by inductively
coupled plasma mass spectrometry (ICP-MS). Lithium borate fusion digest was used for
all samples.

Table 14: Element and oxide concentrations from the Keyneton profile.

Hori Size Al ALO; Ca CaO Ce Fe Fe,03 K K,0
OO fraction  (WL%) (wi%) (WL%) (WL%) (ppm)  (WL%) (wt%) (WL%) (wt %)
Al whole soil  5.19 9.8 0.34 0.47 67.7 3.52 5.03 1.06 1.27

A2 whole soil ~ 3.62 6.85 0.16 0.23 53.9 10.12 14.47 0.72 0.87
B21  wholesoil  8.62 16.3 0.15 0.21 95.4 9.22 13.18 1 1.2

B22  wholesoil 8.06 15.24 0.13 0.18 136.6 10.39 14.85 0.99 1.19

C whole soill ~ 7.99 15.1 0.41 0.57 355.4 4.62 6.6 1.72 2.07
R whole soill ~ 7.32 13.83 0.03 0.05 65.6 34 4.86 2.74 33
Al 63-125 . 2.04 3.85 0.25 0.34 27.2 1.12 1.6 0.45 0.54

A2 63-125pmr  1.51 2.86 0.16 0.22 15.6 0.71 1.01 0.37 0.44
B21  63-125px  1.24 2.34 0.11 0.15 16.5 0.55 0.78 0.31 0.38
B22 63-125ur  1.56 2.94 0.09 0.12 38.1 1.28 1.83 0.39 0.47

C 63-125 pr 2.27 4.29 0.06 0.08 443 1.59 227 1 1.21

Al 20-63 ym  3.42 6.46 0.31 0.44 51.1 1.83 2.61 1.01 1.22
A2 20-63 ym 2.8 5.29 0.21 0.29 68.4 1.48 2.12 0.81 0.98
B21  20-63pum 2.7 5.09 0.18 0.26 76.8 1.19 1.7 0.81 0.97
B22  20-63um 3.04 5.75 0.18 0.25 91.6 2.25 3.22 1.06 1.28

C 20-63 um  4.89 9.25 0.1 0.14 81.5 4.75 6.79 2.66 3.21




Table 15: Element and oxide concentrations from the Keyneton profile. ‘X’ indicates a

concentration below the detection limit of the instrument.
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Horizon Siz.e Mg MgO Mn MnO Na Na,O Nb Nd
fraction  (wt. %)  (Wt. %) (Wt.%) (Wt.%) (Wt.%) (wt.%) (ppm) (ppm)
Al wholesoil  0.38 0.64 0.02 0.03 0.39 0.53 11.2 30.8
A2 whole soil  0.19 0.32 0.02 0.03 0.34 0.46 9.4 23.2
B21  wholesoil 0.5 0.83 0.01 X 0.25 0.33 12.3 51.7
B22  wholesoil  0.53 0.88 0.02 0.03 0.22 0.3 9.5 72.4
C whole soil  1.14 1.88 0.04 0.05 0.14 0.19 18 200.1
R whole soil 0.8 1.33 0.04 0.05 0.13 0.17 222 38.8
Al 63-125pr  0.13 0.22 X X 0.43 0.58 X 11.8
A2 63-125pur 0.1 0.16 X X 0.45 0.6 X 6.8
B21  63-125ur  0.08 0.13 X X 0.33 0.44 X 7.5
B22  63-125ur 0.08 0.13 0.01 X 0.37 0.5 X 14.8
C 63-125ux 04 0.66 0.01 X 0.07 0.1 6.8 27.8
Al 20-63pum 022 0.37 0.02 0.03 0.9 1.21 8.2 22.3
A2 20-63pum 0.13 0.21 0.02 0.03 0.73 0.98 11.6 29.1
B21  20-63um 0.1 0.17 0.02 0.03 0.72 0.97 11.6 334
B22  20-63um 0.19 0.32 0.02 0.03 0.68 0.92 13.4 35
C 20-63 ym  1.28 2.13 0.07 0.09 0.12 0.17 39.8 55.5




Table 16: Element and oxide concentrations from the Keyneton profile. ‘X’ indicates a
concentration below the detection limit of the instrument.

59

Hotmon S P P,0s Si Si0, Th Ti TiO, Y Zr
fracton  (wt. %) (wt.%) (Wt %) (wt.%) (ppm) (Wt %) (wt. %) (ppm)  (ppm)

Al wholesoil  0.04 0.08 3087  66.05  13.12 0.3 0.5 27 382
A2 wholesoil  0.02 0.04 3318 7098 20.5 0.28 0.47 24.8 454
B21  wholesoil  0.01 0.03 26.64 5699 2832 0.4 0.67 38 338
B22  wholesoil  0.01 0.03 2686  57.46  27.49 0.37 0.62 53.5 356
C  wholesoil 0.03 0.07 2943 6296  39.88 0.54 0.9 197.5 868
R wholesoil X X 3265  69.85  32.06 0.61 1.02 53.5 939
Al 63-125um  0.03 0.06 38.9 83.21 5.18 0.12 0.2 12.1 225
A2 63-125mr X X 4406  94.27 3.09 0.11 0.18 11.6 298
B21  63-125ur X X 4486 9597 2.78 0.09 0.16 9.5 180
B2 63-125ur X X 4366 9339 497 0.14 0.23 14.9 401
C  63-125ur 0.0l 0.03 4224 9035 9.63 0.27 0.45 25 315
Al 20-63um  0.02 0.05 3731 79.83  10.87 0.35 0.58 29.7 652
A2 20-63um  0.02 0.05 4079 8727 1351 0.46 0.76 46 1324
B21  20-63um  0.03 0.06 4163  89.06  13.03 0.43 0.72 472 1425
B22  20-63um  0.02 0.05 40.13 8585  14.05 0.47 0.79 51.8 1635
C  20-63um X X 3371 7211 2675 1.23 2.05 106 4091




APPENDIX E: ASSESSING UNIFORMITY OF THE PARENT MATERIAL

Elemental ratios

Ratios of concentrations of elements known to be found in minerals resistant to
weathering were calculated with depth for the Keyneton profile.

Table 17: Elemental ratios from the 20-125 pm fraction of the Keyneton profile
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Horizon Zr20-125um/Ti20-125pm Nd20-125um/Zr20-125um Y20-125um/zr20-125um
Al 0.187 0.039 0.048
A2 0.285 0.022 0.036
B21 0.309 0.025 0.035
B22 0.334 0.024 0.033
C 0.294 0.019 0.030

Table 18: Elemental ratio from the whole soil (i.e. all particle sizes) fraction of the Keyneton profile.

Horizon NbBhole soil/ Zrwhoe soil
Al 0.029
A2 0.021
B21 0.036
B22 0.027
C 0.021
R 0.024




APPENDIX F: EXTENT OF WEATHERING

Weathering indices

To quantify the degree of weathering throughout the Keyneton profile, two weathering

indices were applied:

The chemical index of alteration (CIA) developed by Nesbitt & Young (1982):
CIA = [ALLO3/(Al,O3 + CaO + Na,O + K,0)]*100
The chemical index of weathering (CIW) developed by Harnois (1988):
CIW = [AL,05/(Al,05 + CaO + Na,0)]*100

In calculating these indices, molecular proportions of the oxides were used.

Table 19: Weathering indices for each horizon of the Keyneton profile.

Horizon CIA CIwW
Al 75.96 85.02
A2 76.39 85.36
B21 88.00 94.63
B22 87.84 94.89
C 80.79 91.80
R 77.82 97.39
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APPENDIX G: BULK DENSITY

Intact clod method

Bulk density measurements of each horizon from the Keyneton soil profile were
obtained with use of the clod method outlined by Grossman & Reinsch (2002). Given
the high gravel content of some samples, the correction for coarse fragments provided
by Carter (2003) was incorporated.

The A1 horizon of the Keyneton profile had very weak structure; therefore, no clod
samples or measurements were obtained for that horizon.

Apparatus:

Top-weighing laboratory balance
Wax bath

Retort stand & clamp

Cotton thread

Beaker (1L)

Thermometer

Oven

Materials:

Intact clods (three from each soil horizon)
Paraffin wax

Water

Procedure:

1. The wax bath was heated to a temperature just above the melting point of paraftin
wax (~60°C).

2. A small subsample of the clod (~15 g) was taken and the weight recorded (W,). The
subsample was oven-dried and re-weighed (W5).

3. Cotton thread was attached around the clod to form a cradle and the weight of this
sample was recorded (W5).

4. The clod was dipped quickly into the paraffin wax bath once and withdrawn to

avoid wax penetration. The wax coating was examined and, if required, the clod was

again dipped into the wax to ensure an entirely sealed coating.

The wax-coated clod was cooled to room temperature and weighed (I/2).

6. A 1L beaker filled with enough water to allow total clod immersion was placed onto
the top-weighing balance. The balance was then re-zeroed.

7. The wax-coated clod was suspended from the retort stand and totally immersed in
the water. The weight of the wax-coated clod in water was recorded (I/3).

8. The above procedure was followed for three intact clods from each horizon
(excluding the A1 horizon due to the soil being too loose to obtain intact clods),
resulting in a total of 15 clods.

N

Calculations:

Density of wax (pwax): =0.92 Mg.m™

p wax



Density of water (p_ . ):

Weight of wax (W,,y):

Volume of wax (V__):

Water content of clod (8,):

Dry weight of original clod (My):
Volume of original clod (Voq):
Bulk density of original clod (p, ):

p water

=1.00 Mg.m™3

Wwax = W2 'Wl

Vwax = Wwax/ p

wax

eg =(W4'W5)/W5
M= W, /(1 + Gg)

Veod =(W3/p

pb= Ms/Vclod

Vwax

water) -
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Table 20: Bulk density measurements, corrected for coarse fragments, for three intact clod samples

from each horizon of the Keyneton profile.

Horizon Sample Bulk dens3ity, P
(g/em’)
A2 a 1.29
A2 b 1.24
A2 C 1.25
B21 a 1.51
B21 b 1.70
B21 C 1.69
B22 a 1.77
B22 b 1.87
B22 C 1.52
C a 1.38
C b 1.35
C C 1.57
R a 2.05
R b 1.95
R C 1.98




Table 21: Average bulk density for each horizon from the Keyneton profile.

Average
Horizon bulk denstity, py,
(glem’)
A2 1.26
B21 1.63
B22 1.72
C 1.43

R 1.99
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APPENDIX H: THE MASS BALANCE MODEL

The derivation of the equations used for the calculation volume and chemical
constituent fluxes from the Keyneton profile is provided by Brimhall ez al. (1987, 1988
1991, 1992) and Chadwick et al. (1990). The calculation for mass gain/loss has largely
been derived from Brewer (1976).

Strain

Strain (&) represents the volume change in a soil profile and is calculated with respect
to an immobile index element.

giw = [ (P,Cip)/ (P, Ciw)] - 1

Where: p, is the bulk density of the parent material, py, is the bulk density of the
weathered soil horizon, C;, is the concentration of the immobile index element in the
parent material, and C;, is the concentration of the immobile index element in the
weathered soil horizon (Chadwick et al. 1990).

The value for strain is has no units; however, it represents the percentage of volume
gain or loss from a soil profile (e.g. a strain value of +1.3 represents a 130% increase in
volume resulting from soil formation).

Transported mass fraction

The transported mass fraction (7;.), or open-system mass transport function, is used to
quantify the gains of chemical constituents from a soil profile (Brimhall ez al. 1988;
Chadwick et al. 1990).

bow™ [(pWCj,w)/(ppCj,p)] x (Si,w+l) -1

Where: p,, is the bulk density of the weathered soil horizon, C;,, is the concentration of
the element under investigation in the weathered soil horizon, p, is the bulk density of
the parent material, C;, is the concentration of the element under investigation in the
parent material, and &, is the strain of the weathered soil horizon with respect to the
immobile index element (Chadwick et al. 1990).

The transported mass fraction Tj, has no units, as it represents the percentage loss of the
mass of element j.
Mass gain or loss

The equation used to calculate the mass gained or lost during soil formation has been
derived from Brewer (1976). It allows the quantification of mass flux from a volume of
soil profile equal to 1cm® multiplied by the depth of the horizon or profile of interest.
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The mass of the present day soil horizon (my), in grams, is given by:
my=p_xVy

Where p,, is the bulk density of the soil horizon (g/cm’), and V,, is the volume of the
present day soil horizon given by:

V,=d x lecm?

Where d is the depth (height) of the present day soil horizon, in cm.
From the mass of the present day soil horizon (my,) it is possible to determine the mass
of the parent material (m,) from which it originated, with respect to an immobile index
element.

mp= (Ci,w/ci»p) X My,
Where C, 4, is the concentration of the immobile index element in the weathered soil
horizon, and C;, is the concentration of the immobile index element in the parent

material.

The change in mass (Am) is then given by the difference between the mass of the parent
material (mp) and the mass of the present day soil horizon (my,).

Am =m,- m,,
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APPENDIX I: X-RAY DIFFRACTION ANALYSIS

Subsamples of the clay suspensions attained during particle size distribution work were
taken to CSIRO Land & Water for x-ray diffraction analysis:

The CSIRO used the following method:

XRD patterns were recorded with a PANalytical X'Pert Pro Multi-purpose
Diffractometer using an automatic divergence slit, 2° anti-scatter slit and fast
X'Celerator Si strip detector. XRD data was collected with Fe-filtered CoKa radiation.
The diffraction patterns were recorded in steps of 0.017° 20 with a 2.0 second counting
time per step, and logged to data files for analysis.



