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ABSTRACT

Knowledge about the abundance and behaviour of elements in soils has important implications
in the fields of soil science, environmental health, botany and agriculture. This study
investigates the geochemistry of forty-one elements, many of which are relevant to plant,
animal or human health, in some common Western Cape soils (South Africa). The sampled
soils are underlain by granite, sands of granitic origin, argillaceous and arenaceous sediments
of the Malmesbury Group, ferruginized materials or coastal sands. Samples were taken from
different soil horizons and slope positions. For some of the underlying materials it was
impossible to find sampling sites which were characterised by uncultivated, common soil types
and samples had to be taken from cultivated soils.

The particle size distributions and the chemical compositions of the soil samples are
reported in detail. This includes data for Li, Be, F, Na, Mg, Al Si, P, S, C|, K, Ca, Ti, V, Cr,
Mn, Fe, Co, Ni, Cu, Zn, Ga, Ge, As, Se, Br, Rb, Sr, Y, Zr, Nb, Mo, Cd, Sn, Sb, I, W, Pb, Bi,
Th and U. A Principal Component Analysis was successfully applied to reduce the number
of particle size classes, while minimising the loss of variance. Other parameters determined
were the NH,NNO, extractable concentrations of numerous elements, pH(KCIl) values,
proportions of organic matter and conductivities of the water-suspended soils. Mineralogical
data are purely qualitative and were only determined for selected samples.

A comparison of several leaching techniques showed that extraction with 1 M NH,NO,
is suitable to (a) quantify the proportion of an element which is "readily mobilised" and (b)
assess the environmental risk associated with contaminated soils. The 1 M NH,NO, matrix,
however, results in relatively high detection limits if the analyses are performed using
Inductively Coupled Plasma Mass Spectrometry. Many of the investigated elements, therefore,
had extractable concentrations mainly below the detection limit.

The underlying geological material is the most important factor in determining the
chemical composition of the investigated soils. Fluvial and aeolian input of relatively fresh
detritus, hill slope processes and pedogenic processes such as eluviation, illuviation,
colluviation, formation of secondary soil minerals, accumulation of organic matter, leaching and
adsorption account for most of the chemical variance not explained by the underlying
materials.

Most trace metals have higher concentrations in soil horizons with higher proportions
of clay minerals. Phosphorus, S, V, Fe, As, Se and Cr are typically enriched in soils with high
proportions of Fe-oxides. The elements Mg, P, S, K, Ca and Mn and the NH,NO, extractable
fractions of P and Ca often show increasing concentrations from the subsoil to the relatively
organic-rich topsoil. The lateral change of the concentrations of Na, S, Cl, Br, I and NH,NO,
extractable Na, Mg, P, S, K, Ca, Zn and Tl in the landscape is commonly governed by (a) the
retention of water and dissolved solids by fines and organic matter, and (b) the evaporation
of water from the soils in the lower slope positions.

The results imply that the soil of a granite-derived toposequence was subjected to
gravitational transport (average gradient 75 %o). The continuous weathering, leaching and
eluviation of the soil during transport caused the concentrations of most major and trace
elements to decrease with increasing distance from the granite. The continuous loss of Na, Al,
K and Ca and relatively fine particles resulted in high concentrations of Si and high



i

proportions of coarse sand in the most leached soil at the lowermost slope position. Leachates
from the granite above the toposequence infiltrated the soil and adsorption and(or)
precipitation of dissolved elements resulted in high concentrations of S, V, As, Se, Br, Th
and U. It is hypothesised that the transportation of Fe-oxide concretions by gravity and their
subsequent breakdown due to reducing conditions at the footslope is a potential source of trace
elements for the underlying subsoil and the ground water. More research is required to
provide supporting evidence for this hypothesis. Chemical changes from the exposed granite
to the upper limit of the soil cover of the toposequence indicate a major loss of the more
soluble elements during the very early stages of weathering (losses in percent: Na: 72, Ca: 63,
K: 61, Si: 55 and Mn: 44).

The results for the soils associated with the sediments of the Malmesbury Group show
that the elements Li, Be, Mg, Al, S, K, Ca, Ti, Mn, Ni, Cu, Zn, Rb, Sr, Y, Nb, Sn, U and
1 M NH,NO, extractable K, Ca and Ba may have both increasing and decreasing
concentrations down a toposequence. It was suggested that colluviation down the
toposequence associated with schist resulted in admixture of weathering products from the
underlying rock into the topsoil and caused increasing concentrations down the slope. The
decrease of the concentrations of the same elements down the toposequence associated with
phyllite may be the result of continuous eluviation during gravitational transport. Many of the
elements listed above are important nutrients. More research should be directed in order to
investigate in more detail why eluviation of finer particles and removal of nutrients from the
topsoil predominates in the toposequence associated with phyllite while admixture of finer
particles and nutrients from the underlying material into the topsoil predominates in the
toposequence associated with schist.

The tendency of elements to become leached from the coastal sand-derived soil is Rb >
K > Na > P > Al > Mg > Sr = Ca. Itis concluded that large proportions of the Ca, Mg and
P released from their primary host minerals are retained by organic matter. Abrupt lateral
geochemical changes coincide with changing proportions of organic matter. The results for the
coastal sand-derived soils also indicate that the occurrence of shallow and reducing ground
waters can cause acidification of the overlying soil.

Basic statistics of the elemental concentrations are tabulated separately for soils
underlain by different geological materials. Most of the presented mean concentrations are
probably best possible estimates of the true background concentrations because only the results
for V, Cr, Sn and Cd gave reason to speculate about soil pollution.

Pedogenic processes alone adequately account for high concentrations of As and Se.
High concentrations F, Sb and 1 M NH,NO, extractable V are not indicative of soil pollution.
The natural maximum concentrations of F, As, Se, Sb and extractable V exceed recommended
maximum levels for the assessment of polluted soils. It is concluded that recommended
maximum concentrations can only be considered as guidelines, and not as absolute limits.

A comparison of the mean elemental concentrations with levels reported in the
literature indicates that the investigated soils generally have high As, Br and W concentrations.
The concentrations of Li, Na, Mg, Mn, Co, Ni, Cu and Zn are relatively low. Further research
is necessary to confirm these results and to investigate whether the anomalous concentrations
affect plant, animal or human health.

Hopefully this work will form the basis for more comprehensive knowledge about the
geochemistry of South African soils.
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DEFINITIONS OF TERMS AND ABBREVIATIONS AS USED IN THIS THESIS

Eluviation: Removal of soil material in suspension or solution from a part or from the whole of the soil
profile.

Extractable portion: The portion of an element which can be extracted with 1 M NH,NO,. The NH,NO,
extractable portion is regarded as being "readily mobilised" and is, therefore, of particular environmental
relevance (NAW, 1993). The steps that were involved in selecting an appropriate method for extraction are
discussed in section 2.5.1. The method for the extraction is given in Appendix-II. The units of the
concentrations given in the text are ppm or ppb in air-dried soil.

Fine clay: Particles smaller than 0.5 pm. The division of the particle size classes is based on the results
of a Principal Component Analysis (section 2.8).

Fines: This particle size fraction includes the finer part of the silt fraction and the coarser part of the clay
fraction. The unification into one particle size class is based on a Principal Component Analysis
(section 2.8).

ICP-MS: Inductively Coupled Plasma Mass Spectrometry.

ICP-AES: Inductively Coupled Plasma Atomic Emission Spectrometry.

Illuviation: The downward movement and deposition of material which has been removed from the upper
soil horizons by percolating water.

Kaolinite: All minerals of the kaolinite-group (d-spacing = 7 A). No distinction was made between dickite,
nacrite and metahalloysite.

LLD: Lower limit of detection; the lowest detectable concentration of an element for a specific analytical
method.

LOP: Loss on pretreatment. The sample preparation for the particle size analyses included the removal
of carbonates, soluble salts and organic matter. The corresponding weight loss is referred to as LOP. The
suitability of the LOP as a measure for the proportion of organic matter is discussed in section 2.7.
Mud: A particle size fraction that includes silt and clay (particles smaller than 53 pm).

Non-extractable portion: Difference between total concentration and extractable concentration. It is
assumed that the non-extractable portion of an element is hosted mostly by relatively insoluble minerals and
organic matter.

Real loss(gain): Changes in the concentration of a particular element from a less to a more weathered
sample may be due to loss(gain) of other elements, especially major elements. The real loss(gain) of an
element was calculated from concentrations which were corrected for this effect. The calculations involved
in this correction are discussed in Chapter 4.

Sesquioxides: Iron, aluminium and manganese oxides in soils.

Soii form: The soil classification system for South Africa is based on seventy-three soil forms, each of them
defined by a different sequence of horizons. The definition of individual soil forms is given in Soil
Classification: A Taxonomic System for South Africa (Soil Classification Working Group, 1991).

Subsoil: The lower soil horizons. In this thesis B-, C- and G-horizons.

Throughflow: Lateral subsurface soil-water movement (Kirkby, 1969).

Toposequence: A number of different soil types occurring down the length of a slope. Each soil type has
properties attributable to its slope position (Figure 2.1).

Topsoil: The upper soil horizons. In this thesis A- and E-horizons because these horizons were
occasionally sampled as a composite.

USGO: Unconsolidated sands north-east of Darling. It has been suggested (Van Niekerk, 1967) and is
confirmed in this thesis, that the sands are partly of granitic origin, hence USGO (Unconsolidated Sands
of Granitic Qrigin). Figure 5.1 shows the occurrence of the USGO.

XRD: X-Ray Diffractometry.

XRFS: X-Ray Fluorescence Spectrometry.
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CHAPTER 1.

INTRODUCTION

"Malmesbury and its wheatlands do not lure the tourist, or even the Cape Town
motorist, as do Paarl and Worcester and the towns among the trees and the mountains.
Yet this Malmesbury district is my favourite and there are parts where I could draw a
map of the farms from memory. Malmesbury has such contrasts within its boundaries."
That is how Lawrence G. Green (1949) describes the central part of the area studied
in this thesis, colloquially called the Swartland. "It was not the black soil that gave the
district its name", he goes on. "It was the dark, notorious and aggressive shrub, the
renosterbos."

Since his times the Swartland has been exposed to increasing agricultural
development. The area is witness to the rapid environmental change in South Africa
and very little of its original character and indigenous vegetation is left. However, with
careful observation of the landscape I discovered places still showing the beauty that
Lawrence G. Green wrote about.

11. AIMS OF THE STUDY

Importance of soils: The functions of soil are diverse and important. Soil is the habitat
of micro- and macro-organisms. These include agricultural and indigenous plants
covering the soil and organisms living in the soil. The ability of soil to retain water is
the reason why soil is an important factor in the cycling of water. More recently, the
importance of soils to function as a buffer for pollutants with regard to the ground water
and plants has received much attention (Blume, 1992). Also more recently, and
especially in the urban environment, functional soil was identified as being essential for
the development of recreational areas (e.g. forests, parks).

Present usage of the soils in the study area: The south-western Cape is South
- Africa’s most valuable producer of agricultural commodities, both in terms of Rand
output per person and in terms of total yield (Walton ef al, 1984). The flat terrain of
the field area between the Cape Fold Belt and the coastline forms a very productive
part of the Western Cape. The dominant agricultural product is cereal (Walton ef al.,
1984). Industrial developments are rare and restricted to the larger towns.

Future: The population of the Cape Town metropolitan area, including
Stellenbosch, Paarl, Somerset West and Atlantis, is at present 3.3 million and is
predicted to increase by 50 % within the next 15 years (Table 1.1; Bridgeman et al.
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1992). It can thus be predicted that  Table 1.1: Past and projected population
(a) the agricultural pressure on the growth of the metropolitan Cape Town

soil in the study area will further (including Stellenbosch, Paarl, Somerset

increase and (b) the southern part of West and Atlantis) after Bridgeman et al

the field area will be the location for (1992). -
future housing and(or) industrial Cape Town metropolitan population in
developments. millions
Lack of information on the 1980 1.92
geochemistry of Wester.n Cape soils: [ 1085 239
Knowledge about the soils in the study
area would generally help to identify, 1990 2.93
control and minimise the misuse and 1995 343
pollution of Western Cape soils. A 2000 3.06
definite need for more information on
the distribution of health-related 2005 433
elements in the soils of the study area 2010 4.80

was identified when consulting with
local soil and medical scientists. Existing information is difficult to gather because it is
restricted to unpublished theses and reports compiled for agricultural purposes. Two
M.Sc. theses submitted to the University of Stellenbosch deal with the soils of the study
area (Merryweather, 1965; Van Niekerk, 1967). The main aim of their work was to
classify and map the soils in the Wellington-Malmesbury and Darling areas. The
chemistry of the soils was only investigated to help with the soil classification and to
assess the agricultural potential of the soils. Hartmann (1969) investigated the chemical
heterogeneity of some soils in the Western Cape. Some of his results are discussed in
section 2.2. A number of honours theses, investigating the geochemistry of various
weathering profiles on sediments of the Malmesbury Group and granites close to the
study area, were submitted to the Department of Geological Sciences (University of
Cape Town). These include Martin (1973), Dent (1973), Brunke (1973), Smith (1972),
Lawless (1972) and Topping (1972). The aim of the projects was to determine and
understand the vertical change of the elemental concentrations from the rock to the soil.
Lateral changes of the concentrations were not determined. Apart from the major
elements only a few trace elements were investigated in these studies. It is clear that
the information available on trace elements in Western Cape soils is incomplete and
covers only a small proportion of the elements which are presently considered relevant
to health.
The aims of this study: Considering what is outlined above the following aims

were defined for this study.
i. To further the understanding of the factors and processes governing the spatial

distribution in soils of elements relevant to health. Elements less relevant to health
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(e.g. SiO, and Zr) were investigated in order to facilitate the interpretation of the
results for the health-relevant elements (e.g. Li and Sb). While most other studies
are restricted to the vertical changes of the concentrations in individual soil profiles
this study attempts to explain both_the vertical and the lateral chemical variation.
In addition to the total elemental concentrations the extractable concentrations of
the elements were determined because this fraction may be leached into the ground
water or taken up by plants, animals and humans.

ii. To provide background values for the different soil groups and elements under
investigation. Such background values are essential for the identification and
assessment of soil pollution. Most countries in the northern hemisphere encounter
great difficulty in obtaining true natural background values because of earlier
diffuse soil contamination (Bundesverband Deutscher Geologen, 1990; Nriagu and
Pacyna, 1988).

iii. To produce a geochemical data base for the study area for the use of scientists in
the fields of soil science, environmental health, agriculture and botany.

12. RATIONALE FOR THE STRUCTURE OF THIS THESIS

The discussion of the geochemical results is divided into two main parts. The first main
part consists of Chapters 4 to 8. Each of these chapters deals with a group of soils
associated with a particular underlying material (rock-type). These chapters are of
interest to the reader who needs geochemical information for a specific soil group. The
elements examined in Chapters 4 to 8 are grouped in order to facilitate their discussion.
The basis of the grouping is the lateral trend of the elemental concentrations, presuming
that elemental concentrations which have the same lateral trend are controlled chiefly
by the same factor(s). The lateral trends of the concentrations in the top- and the
subsoil are examined separately. The results show that the factor(s) which control the
distribution of a particular element in the topsoil may differ from the factor(s) which
control the distribution of the same element in the subsoil. One element can, therefore,
belong to more than one group and may be discussed in more than one section in each
chapter. The advantages of this structure are:

(a) repetition is avoided in the presentation of the results because the lateral
change of the concentrations can easily be summarised for the whole group of elements.

(b) less well understood elements (e.g. Li) appear together with better
understood elements (e.g. Fe) which show the same lateral trend. This makes it easier
to explain the results for the less well understood elements.

The second main part of the discussion consists of Chapter 9 which provides a
summary and extended discussion of most of the elements under investigation. This
chapter is helpful if the reader neéds specific information about individual elements.



13. LOCATION

The study area is situated in the south-west of South Africa and is depicted on sheet
Cape Town 3318 (1 : 250 000). Most of the area belongs to the administrative district
of Malmesbury and is bounded by the towns of Hopefield, Piketberg, Paarl and Cape
Town (Figure 1.1). . _

The territory ranges from the Cape Fold Belt orographic line in the east to the
Atlantic Ocean in the west and forms part of the Coastal Foreland as defined by
Wellington (1955). The Coastal Foreland is colloquially divided into "Swartland” and
"Sandveld" (Figure 1.1).

14. HISTORY

The region has possibly the longest record of human habitation of all Mediterranean
climate regions (Boucher, 1987). Human populations became established in the middle
Pleistocene and are referred to as the stone-age Acheulian culture. Animal husbandry
was practised at the Cape for more than a thousand years prior to the arrival of
Europeans in 1487 (Deacon, 1983). Sheep remains at Die Kelders near Hermanus date
to between 1500 and 2000 years ago (Schweitzer, 1974).

The earliest written record about the Cape is by the mariner, Bartholomew Diaz,
who in 1487 - 1488 landed at several points along the coast and recorded seeing people
with cattle who practised veld-burning (Axelson, 1973). In 1652 Jan van Riebeck
established the first formal settlement of Europeans in the Cape. The settlement served
as a refreshment station for the ships of the Dutch East India Company and was the
nucleus for the colonization of southern Africa. Jan van Riebeck estimated the number
of Khoi, a tribe of herders, living in the coastal foreland between Table Bay and Berg
River at 17000 - 18000 people (Boucher, 1987). In search of cattle he engaged Jan
Wintervogel in 1655 to lead the first expedition towards the lower Berg River (Walton
et al, 1984). Barrow (1806) remarked that by 1797 the Swartland was extensively
cultivated and he considered it to be the most populous part of the country. As a result
of these historic events the study area has been exposed to the longest period of
European farming on the sub-continent (Boucher, 1987).
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Figure 1.1: The location of the field area and its major features.




15. GEOLOGY

The major geological units in the area
of interest are the sediments of the
Malmesbury Group (Precambrian)
with greywackes, schists, phyllites and
quartzitic sandstones, the Cape
Granites (pre-Ordovician) and the
Klipheuwe! Formation (Cambrian)
with sandstones, conglomerates,
greywackes and shales.

The Tertiary and the
Quaternary are represented by locally
‘consolidated sands of marine origin
and aeolian/alluvial/colluvial deposits
(Theron, 1991). None of these have
any great thicknesses. They were,
however, of importance to the present
study because they overlie older
materials of different lithology and
formed the parent material to some of
the investigated soils. Large bodies of
sand, deposited on the outer margin of
the coastal platform by former high
sea levels, were partly reworked in

Figure 1.2: Simplified map of the major
rock types in the field area, modified after
Theron (1991).

subsequent times to form extensive coastal dune fields. Figure 1.2 shows the distribution
of the above described rocks and sediments in the field area.

1.6. SOILS AND GEOMORPHOLOGY

Lambrechts (1979) described the terrain as a smoothly undulating coastal plain with a
maximum elevation of less than 200 m. The surface is, however, broken by a number

of smooth, rounded granite batholiths.

A number of factors have contributed to the evolution of the soils found in the
field area. The most important being the climatic changes throughout the Cenozoic, the
geomorphological history and the different geological parent materials. Transgressions
and regressions during the Cenozoic caused changes of the stream erosion base level,
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The resulting dissection and stripping of older soils remodelled earlier erosion surfaces.
In this way new parent materials were provided(exposed) for the ongoing formation of
soils. Hence the soils of the region are both old and young and they are products of
dynamic changes (Lambrechts, 1983).

The controls of soil formation discussed above resulted in a coherent pattern of
soils in the landscape. Red apedal soils are found where the preweathered, ferruginized
materials were preserved and not covered by younger materials. Residual and duplex
soils are found on the planation surfaces. These soils are associated with granites,
sediments of the Malmesbury Group and unconsolidated sediments of younger age. The
soils of the lowest and youngest land forms in the landscape are podsolic or calcareous.
These soils derived from windblown sands and partly consolidated sediments of
Cenozoic age and various origins. A more complete review of the soils in the study area
is given by Lambrechts (1979 and 1983) and Schloms ef al (1983).

1.7. CLIMATE

The climate in the study area is mediterranean. Most of the area receives an average
annual precipitation of 300-400 mm. Depending mainly on the topography, values of
up to 1000 mm are possible (Weather Bureau, 1980). Most of the precipitation occurs
during winter. The Berg River and its tributaries form the most important drainage
system in the area. The Berg River’s estuary is the only one in the area which is
permanently open to the sea.

Due to the moderating effect of the sea, the temperatures vary least along the
coast. Further inland more extreme minimum and maximum temperatures are
encountered. In Darling the temperatures range from 11.1 to 37.6° C for February and
from 3.5 to 27.4° C for August. Walton ef al. (1984) give average temperatures of 20.1
to 22.5° C for January and 12.6 to 15° C for July. Frost is rare in the Coastal Foreland.
The area is known for its strong winds. The month with the strongest winds is January.
These winds come most commonly from southerly to south-easterly directions and
frequently reach velocities of 8-13.8 m/s. The most frequent wind direction in July is
northerly to north-westerly (Boucher, 1987).

1.8. INDIGENOUS VEGETATION

The distribution of the different plant communities is most closely related to the
geology. Other major controls of the vegetation are the soil types, the soil base status,
topography and precipitation. The latter factors are partly pre-determined by the
geology. The following classification of the indigenous vegetation is based on an east-
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west vegetation type transect through the field area (Cowling, 1992; Campbell, 1985).
The vegetation types can be divided into two major associations, the fynbos group and
the non-fynbos group. '

The eastern part of the field area is extensively used for agricultural purposes.
The remains of the indigenous vegetation were classified to be renoster shrubland and
belong to the non-fynbos group. The relatively high base status of the soils in this area
is inherited from the underlying sediments of the Malmesbury Group and is required
by the renoster shrubland.

Further west, in the Darling area, the soils are underlain by granite. The granitic
soils also have a high base status and support renoster shrublands and thicket (both non-
fynbos). The indigenous vegetation on the acid and calcareous sands east and west of
the granites belongs mainly to the restioid and proteoid fynbos series. A table with the
species and the genera associated with the above mentioned vegetation series is given
in Cowling (1992).

1.9. PREVIOUS WORK

Western Cape: A broad outline of the distribution and nature of the different soil types
occurring in the Western Cape and a discussion of the processes that affected their
formation is given in Lambrechts (1983), Schloms et al (1983) and Lambrechts (1979).
Some detailed soil mapping, covering parts of the field area, was conducted by Van
Niekerk (1967) and Merryweather (1965). The information available on the
geochemistry of Western Cape soils was reviewed in section 1.1. It was concluded that
the previous work is incomplete and covers only a small proportion of the elements
presently considered relevant to health. _

Information for individual elements: The number of significant international
publications dealing with the abundance, distribution and behaviour of the 41
investigated elements in soils is too high to be reviewed in detail here. The most
important information is summarised in high quality textbooks: Alloway (1993), Blume
(1992), Swaine (1990), Scheffer and Schachtschabel (1989), Fiedler and Raésler (1987),
Adriano (1986), Kabata-Pendias and Pendias (1985), Davies (1980), Wedepohl
(1969-1978) and Vinogradov (1959). The relevance of individual elements for plants,
animals and humans is discussed in Merian (1984) and Mertz (1981). Nriagu and
Pacyna (1988) quantify the worldwide emissions of trace metals into soils. A publication
by the German Association of Geologists (Bundesverband Deutscher Geologen, 1990)
reviews the highest acceptable concentrations of toxic elements in soils, as published and
used in different European countries. Important interactions between organic matter
and certain metal ions are discussed in Stevenson (1982). Sorption of metals by humic
acid was researched by Kerndorf and Schnitzer (1980).
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Best possible background concentrations and concentrations in soils exposed to
increased emissions of heavy metals: To establish best possible background
concentrations of trace elements in Western Cape soils is one of the aims of this study.
Similar studies were undertaken to determine such concentrations for European soils.
Ruppert (1987) summarised and published the concentrations of Cr, Mn, Fe, Co, Ni, Cu,
Zn, Cd and Pb in 3000 soil samples from Bavaria. Hoffmann et al. (1981) and Hini et
al. (1981) conducted similar research for other parts of Germany and Switzerland,
respectively. Briine and Ellinghaus (1982) and Van Driel and Smilde (1981) established
heavy metal concentrations in German and Dutch arable soils. They found that
concentrations were mostly below the recommended maximum concentrations. A
gradual pollution of Dutch river sediments, however, was proven by Van Driel and
Smilde. Lux (1981) investigated arable soils and plants in the close vicinity of industrial
areas and found high concentrations of heavy metals which greatly exceeded
recommended maximum concentrations. It was noted that concentrations can vary
substantially over short distances and time periods.

Weathering: Biihmann and Kirsten (1991) studied the mineralogy and the major
element geochemistry of five weathering profiles on South African granites. Gibbsite-
kaolinite-quartz-hematite associations were established for the highly weathered profiles
while feldspar-quartz-mica-kaolinite associations dominated the less weathered profiles.
Nesbitt and Young (1989) demonstrated that the changes of the bulk compositions of
weathering profiles follow simple trends that are largely unaffected by climatic
conditions: alkali and alkaline earth elements are leached from the profile in preference
to elements such as Ti, Fe’* and Al. Mineralogical changes were perceived to be much
more complex. Minarik et al. (1983) studied the weathering profile of a granite and
found that SiO,, ALO,, Fe,O, and H,O are relatively enriched in the residuum of the
weathered granite. The behaviour of the investigated trace elements was not uniform.
Kesel and Spicer (1985) investigated soils on alluvial fans in Costa Rica. The age of the
subsurfaces were determined to range from 100 to approximately 65000 years. The
results showed that with time ALO,; and Fe,O, concentrations increased while SiO,
decreased. Primary minerals were completely altered to clay minerals. In the oldest
soils kaolinite was altered to gibbsite.

Parent Material: Jenny (1941) stated that the parent material is one of five soil
forming factors. Stephen (1952) studied soils derived from different igneous parent
rocks and emphasised the importance of the parent rock in determining the
mineralogical composition of the overlying soils. Moura and Kroonenberg (1988)
investigated the geochemistry and mineralogy of soil profiles on four different parent
materials in Colombia. They concluded that, in spite of intensive weathering and soil
formation under tropical conditions, geochemical signatures of the parent materials can
survive. Litaor et al (1989) investigated a lithosequence in the northeastern Samaria
steppe (Israel). A Factor Analysis was used to show that different quantities of clay, salt
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and calcium carbonate were the main controls of the physical and chemical differences
between the soils. Different quantities of clay, salt and calcium carbonate were related
to different parent materials. The effect of parent material on soils derived from granite
and andesite in the Western Transvaal (South Africa) was studied by Bruce and Beukes
(1992). They found that soils derived from different parent materials have different
concentrations of extractable P, Ca and Mg. The importance of the parent material as
a soil forming factor in the field area was pointed out by Talbot (1947), Lambrechts
(1979) and Schloms et al. (1983).

Toposequences: Geochemical studies down toposequences are very scarce.
Glazovskaya (1968) suggested that lateral migration of elements links soils of elevations,
slopes and depressions into a single geochemical whole. The author described some
regularities of migration and differentiation of elements in essentially different climates.
Nyamapfene (1986), Purves (1976) and Conacher (1975) recognised throughflow and
sheet floods as important in transporting solubles and clay particles down toposequences.
A comparison of two slope sequences on moraines in Wyoming showed that the older
soils contain more clay minerals and free sesquioxides (Swanson, 1985). The author
suggested that the soil undergoes weathering throughout its slow movement down slope
as a result of creep. The close relationship between hillslope creep and soil morphology
was stressed. Munnik et al (1992) sampled 64 soil profiles along nine hillslopes in a
South African granite landscape. Soil creep and deposition of material at the footslope
was suggested. The proportions of coarse sand increase down the toposequences while
the proportions of clay decrease. The possibility of pedoturbation and admixture of
colluvium with materials weathered from the nearby saprolite was discussed.

Slope processes: Slope processes proved to be an important factor in
determining the geochemical changes down the toposequences sampled for this thesis.
Selby (1982) and Statham (1977) give a good understanding of the different forms of
slope processes occurring along a toposequence. Schumm (1967) and Williams (1974)
quantified rates of surficial rock creep. Ploey and Moeyersons (1975) showed that
relatively slow movement of particles induced by runoff is particularly effective on slopes
covered with granite gruss or sandy materials.



CHAPTER 2.

METHODS OF INVESTIGATION
L |

2.1. INTRODUCTION

Representative field sampling and the analyses of approximately 90 parameters per
sample formed a very time consuming and important part of this study. The methods
and techniques used are explained and discussed below.

2.2. FIELD SAMPLING

The number of soil types occurring in the study area is high and the distribution of the
soil types is typically non-contiguous (Schloms et al, 1983; Hartmann, 1969). This
variability is a function of time, climate, different geological parent materials,
topography and biotic factors, as well as different soil forming processes such as
ferrallization, plinthite formation, podzolisation, eluviation and illuviation (Lambrechts,
1983).

Ascertaining the chemical variance with a low number of samples: Only 106 soil
samples were collected because the analytical procedures required for this study were
time intensive and expensive. Chemically similar soils were grouped together. Samples
were taken from each soil group in an attempt to ensure that they are sufficiently
representative of the chemical variability within the study area. A decision had to be
made whether the grouping should be based on soil forms or the underlying geological
materials. Soil forms are defined in Soil Classification: A Taxonomic System For South
Africa (Soil Classification Working Group, 1991; see also page xi). The decision was
critical because one soil form can include soils from more than one parent material and
many soil forms may occur on the same underlying material. The following paragraphs
will clarify why preference was given to a sampling strategy based on the underlying
geological material.

Preliminary analyses for trace elements: Preliminary field trips were undertaken
in order to gather information needed to decide which sampling strategy was most
suitable for the present study. This included the collection of 25 preliminary samples
from different soil forms and underlying materials. The preliminary version of the Soil
Association Map of the Western Cape (Ellis ef al., 1979) was used to locate specific soil
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types. The samples were analysed for Ni, Cu, Zn, As, Se, Br, Rb, Sr, Zr, Nb, Mo, W,
Pb, Th, and U.

Distinct chemical differences between soils associated with different underlying
materials: The soil samples were grouped according to the underlying material: coastal
sands, unconsolidated sands of granitic origin, granite, sediments of the Malmesbury
Group and ferruginized materials. A Discriminant Function Analysis, a Principal
Component Analysis and a Cluster Analysis (SAS Institute Inc., 1988) demonstrated that
the underlying material is the dominating factor in determining the chemical
composition of the soils. This was substantiated by an Analysis of Variance (SAS
Institute Inc., 1988) which showed significant differences between some of the five soil
groups for 12 of the 15 trace elements under investigation (95 % confidence level).
These findings are in agreement with Moura and Kroonenberg (1988) who found that
the parent material is the most important criteria in determining the geochemical
differences between soils in the Araracuara area (Columbia).

Chemical differences between soil forms: Hartmann (1969) analysed 96 soil
samples (Ap-horizons) from three different, but closely related, soil forms of the
Stellenbosch area for extractable Na, K, Ca, Mg, N, P, Cu, Mn, B, Zn and Fe.
Additionally, he determined the particle size distribution, pH, moisture equivalents, bulk |
densities, organic matter and the electrical resistance of the soil pastes. An Analysis of
Variance was applied to examine the data set. Only two of the 11 elements (free iron
and nitrogen), the particle size distribution and the bulk density were significantly
different (95 % confidence level) between some of the three soil forms. It is, therefore,
assumed that the chemical differences between the soil forms under investigation were
not highly significant, indicating that the criteria which define a soil form (particle size
distribution, colour, presence and succession of horizons, organic matter and others) can
only partly account for the geochemistry of the soils. ._

It was concluded that a sampling strategy based on the underlying material would
be more suitable for the present study than a sampling strategy based on soil forms.

Mr J.J.N. Lambrechts (Department of Soil Science, University of Stellenbosch;
pers. comm., 1990) suggested grouping the soils of the study area according to the
underlying material as listed below:

(a)  deep sandy soils, derived from recent coastal sands.

(b)  duplex soils of the flat terrains, associated with unconsolidated sands of (partly)
granitic origin. '

(¢) soils associated with ferruginized materials of Miocene to Pliocene age.

(d)  soils of the undulating, hilly terrain associated with granitic rocks.

(e)  soils of the rolling terrain associated with sediments of the Malmesbury Group.

Soil samples were taken from type localities representative for the listed soil groups.

Location and selection of sampling sites: Down-slope successions of distinctive
soil types formed on the different underlying materials (Schloms ef al, 1983). Such a
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succession includes a soil type occupying the highest topographic position, one or more
soil types covering the intermediate slope positions and a soil type occupying the lowest
topographic position. Each soil type has properties attributable to its slope position.
Soil sequences of that kind are referred to as toposequences (Figure 2.1). Extensive
field trips were undertaken to locate toposequences which are representative of all soils
underlain by the same geological material. Preference was given to toposequences
which were sited in areas covered with indigenous vegetation and not subjected to
fertilisation or other anthropogenic activities. This was done to obtain the best possible
background values for the elements under investigation. The realisation that it was
generally difficult, and for some underlying materials impossible, to find such sampling
sites was an important result of the field sampling. Record was kept of where the above
listed conditions were not met (Appendix-I). For most soil groups it was possible to
collect at least a few samples which are probably almost unspoiled by contamination.
This allowed the comparison of cultivated and uncultivated soils (section 6.5.2.).
Figure 2.2 depicts the approximate positions of the sampling sites in the field area. The
coordinates of each individual pit are given in Appendix-I.
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Figure 2.1: Simplified profile through a toposequence.
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Sample collection and labelling: An auger was used to verify the expected vertical
succession of soil horizons before the pits were dug. Spades, shovels and picks were
used to excavate the soil. The depth of the pits varied between 50 and 300 cm. This
variation was due to the depth of rock and the thicknesses of the different soil horizons.
The photograph of Pit 36 exemplifies a typical pit and the nature of the field work
(Figure 2.3). Several pits were dug along the selected toposequences and all
recognisable horizons down to and including the B or G-horizon were sampled (e.g.
samples 2, 3 and 4 in Figure 2.4). Due to the possibly uneven distribution of elements
within a horizon, soil from the whole vertical range of a horizon was, where possible,
included when collecting the samples. However, only the top of lowest horizon was
sampled (sample 4 or S in Figure 2.4). If the A-horizon was thicker than 30 cm, an
additional sample was taken from the top 15 cm of the A-horizon (sample 1 in
Figure 2.4). Where possible, C-horizons (sample 5 in Figure 2.4), saprolites and
underlying rocks were sampled. The samples were labelled as follows: the pit number,
followed by one or two letters indicating the soil horizon and, if applicable, followed by
a number indicating the subhorizon. "AE" refers to a composite sample of A- and the
E- horizon. "Top" refers to a sample of the top 15 cm of a soil profile. The names and
the origin of the samples are given in Appendix-1.
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Figure 2.3: A photograph of Pit 36 exemplifies a typical pit and the nature of the field
work.
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Figure 2.4: Schematic soil profile illustrating the major soil horizons (master horizons)
that were sampled (after Soil Classification Working Group, 1991). The numbered
brackets indicate the vertical range of a soil horizon which was sampled.
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E =
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The horizon adjacent to the soil surface and consisting of mineral particles mixed
with organic matter.

A leached horizon (if present) having a lower content of organic matter and(or)
clay and(or) sesquioxides than the underlying horizon. This is usually reflected
by a relative accumulation of quartz and(or) other resistant minerals as well as
lighter colours.

This horizon is characterised by a concentration of clay, sesquioxides and(or)
organic matter.

A grey, green or blue horizon that has been or is subject to intense reduction as
a result of prolonged saturation with water (gleying).

A horizon consisting of unconsolidated material (including weathered rock) which
does not show the properties of the other horizons.

Bedrock.
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To avoid contamination, samples were, where possible, taken with plastic spades and
stored in three-litre plastic containers. The possibility of contamination from digging
implements when the soil was too hard to be sampled with plastic spades is discussed
in section 6.5.2. Prior to the sampling two plastic containers were leached with
hydrochloric acid to test for possible contaminants. The leachate was analysed for Mn,
Co, Ni, Cu, Zn, Cd and Pb. None of the mentioned elements showed values higher than
10 ppb. Hence no significant contamination was to be expected from the sample
containers.

In total 106 samples were collected from 44 pits. This included 6 soil samples
that were taken from the field but not analysed. Each sample was split into two
subsamples, one to be the sample for analysis and the other a sample for reference
purposes. Each subsample consisted of approximately 2.5 kg soil.

23. SOIL DESCRIPTION AND CLASSIFICATION

The sampled soil profiles were described and classified by Mr AB Oosthuizen (Institute
for Soil, Climate and Water, Elsenburg) and the author using Soil Classification: A
Taxonomic System For South Africa (Soil Classification Working Group, 1991). Soil
profile description forms, compiled by the Institute for Soil, Climate and Water
(Elsenburg), were used to collect the information needed for the classification of the soil
profiles. The forms hold the following information: date, pit number, land-use,
underlying material, slope position, horizons and their thicknesses, soil structure,
consistence of soil, soil texture, soil colour, description of coarse fragments,
effervescence with hydrochloric acid, transition between horizons, etc. The soil colours
were described using a Munsell Soil Colour Chart (1992). This information and the
resulting classification for each profile is given in Appendix-I. Reference to existing
photographs of the pits, the type of vegetation surrounding the pits, and the distances
to public roads and cultivated lands is also provided. Additionally, note was taken if
agro-chemicals had been applied to the soil.

24, WHOLE-SOIL ANALYSIS

The whole-soil analyses were performed using X-Ray Fluorescence Spectrometry
(XRFS) and Inductively Coupled Plasma Mass Spectrometry (ICP-MS). The major and
minor elements Na, Mg, Al, Si, P, K, Ca, Ti, Fe and the trace elements F, S, Cl, V, Cr,
Mn, Co, Ni, Cu, Zn, Ga, Ge, As, Se, Br, Rb, Sr, Y, Zr, Nb, Mo, Sn, I, W, Pb, Bi, Th,
and U were determined using XRFS. The aim of the ICP-MS analysis was to achieve
lower detection limits for the elements Co, As, Se, Mo, Sn and 1, and to determine the
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concentrations of elements which could not be determined using XRFS (Li, Be, Cd, Sb).
As a result of financial restrictions, only 44 soil samples were selected for the ICP-MS
analysis. For the elements of which the concentrations were available from both
instruments (Co, As, Se, Mo, Sn and I), a decision had to be made whether ICP-MS or
XREFS results should be used to compile the final data set. The criteria for decision
making and the results are given in Table 2.1.

Table 2.1: Analyses of trace elements. Tabulation of the criteria used when deciding if
XRFS or ICP-MS results should be used for the data set. The deviations of the
duplicates reflect not only the reproducibility of the instrumental measurements, but also
the reproducibility of the dissolution procedure for the ICP-MS analysis. LLDs are
given in ppm in air-dried soil.

Criterion Co As Se Mo Sn I
generally
A le but
greement reasonable bu ICP-MS
between XRFS poor for poor <LLD good good poor
and ICP-MS concentrations
lower than 4 ppm
LLD ICP-M
,CP ) S 0.24 215 150 08 0.19 0.14
(ppm in soil)
LLD XRFS
.. 17 0.8 0.8 05 1.2 25
(ppm in soil)
Comparison of
duplicates good modest < LLD good good modest
(ICP-MS)
results not
Reference
related to
material, error <25% . unknown | unknown | unknown | unknown
ven
(ICP-MS) & .
concentrations
Check solutions,
eek s hom 510 % 510% | >50% | 510% | <5% | 510%
error (ICP-MS)
Wavelength confirmed | confirmed confirmed | confirmed
scans (XRF) ’ XRFS XRFS XRFS XRFS
Data used ICP-MS XRFS XRFS Both XRFS XRFS
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2.4.1. X-Ray Fluorescence Spectrometry

The spectrometers of the Department of Geological Sciences (University of Cape
Town), namely a Siemens-303AS and a Philips PW1400 XRF spectrometer, were used
to determine the whole-soil geochemistry. The soil samples were analysed for nine
major and minor elements and 28 trace elements. A Hewlett-Packard 9000 computer
and the in-house programs NAVAL, MAJOR, AVERG, and the program TRACE
(Duncan, 1975) were used to convert the intensity data into elemental concentrations.

The basic principle of this conversion is summarised by Equation 1 (Willis, 1991):

I,  F(MCT),

C. = X X (Equ. 1)
s STD
Ism F ( MCT )sm
Where: C = element concentration
I = net peak intensity
MCT = matrix correction term: mass absorption coefficient

for a specific wavelength for trace element analysis
and influence coefficients for major element

analysis
F(MCT) = some function of a matrix correction term.
STD = standard
S = sample
24.1.1 Sample preparation for the analysis of major and minor elements

A carbon-steel swingmill was used to grind the air-dried soil samples to a particle size
of approximately —300 mesh (approx. —40 um). Subsequently the samples were dried
for four hours at 110°C. The loss of water (H,O™) was determined as the mass
difference between air-dried soil powder and oven dried (110°C) soil powder. To
determine the combined water, CO, and organic material present in the samples, the
temperature was increased to 950°C for a further four hours. The loss of ignition (LOI)
was determined from the corresponding loss in mass. The ashed samples were then
quantitatively mixed with a Lithium Tetraborate flux with La as a heavy absorber
(Johnson Matthey Spectroflux 105), fused according to the method of Norrish and
Hutton (1969) and cast into 30 mm diameter glass discs, suitable for the sample holders
of the two XRF spectrometers. The fusion discs were used to determine the
concentrations of the major and minor elements SiO,, Al,O,, TiO,, Fe,O,, MgO, CaO,
K,O, and P,0,. Na,O was determined separately on undiluted powder briquettes.
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24.1.2 Sample preparation for the analysis of trace elements

The trace elements F, S, Cl, V, Cr, Mn, Co, Ni, Cu, Zn, Ga, Ge, As, Se, Br, Rb, Sr, Y,
Zr, Nb, Mo, Sn, I, W, Pb, Bi, Th, and U were determined on undiluted powder
briquettes. Six grams of air-dried and ~40 pm ground soil powder were pressed into
briquettes of 30 mm diameter with boric acid backing, using 5-8 tons of pressure on the
ram. Samples with little clay and a high proportion of quartz were mixed with six drops
of Mowiol solution (2 % Hoechst Mowiol N 70-88 in distilled water) because their
natural cohesion was not sufficient to make stable briquettes. |

24.1.3. Mass absorption coefficients

The analyte spectral lines used for the elements F, S, Cl, V, Cr, Mn and Co have a
longer wavelength than the absorption edge of iron, the major element with the shortest
wavelength absorption edge. The absorption of these spectral lines is strongly related
to both their position relative to major element absorption edges and the concentrations
of the corresponding major elements. The specific wavelength of the analyte element
and the concentrations of individual major elements are, therefore, critical for the
determination of the mass absorption coefficients for these elements. Consequently, the
mass absorption coefficients (MACs) for S, Cl, V, Cr, Mn and Co were calculated
individually for each wavelength from major element concentrations, using the in-house
program XRMAC.

The analyte lines of the remaining trace elements are on the short wavelength
side of the shortest wavelength major element absorption edge (Fe K,,). For these
elements the MAC was determined at the Mo K, wavelength using Rh K, Compton
peak intensities. This single determination of the MAC at the Mo K, wavelength could
be used for all the elements whose wavelengths are shorter than the Fe K,,, edge,
because there are no major or minor element absorption edges between the Rh K,
Compton peak and the Fe K, wavelengths (Willis, 1991). The program TRACE
(Duncan, 1975) was used to perform the necessary calculations. For sodium and
fluorine differences in MACs between samples and standards were small. It was
assumed that errors caused by ignoring differences in mass absorption between samples
and standards were insignificant compared with errors caused by particle size,
mineralogical and surface effects (Prof. J.P. Willis, Department of Geological Sciences,
University of Cape Town; pers. comm., 1993). Accordingly no corrections were made
for differences in MACs.

24.14. Lower limit of detection and errors

True and determined concentration of trace elements for some of the standards used
to set up the calibration curves are given in Table 2.2. The results are generally of high
quality. The concentrations determined for F and Sn, however, deviate to some degree
from the true concentrations.
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Table 2.2: Quality control for XRFS analyses. Certified and determined concentrations

of trace elements for some of the standards used to set up the calibration curves.
] L] '

Name of Concentration in ppm i Name of Concentration in ppm

. .

Elementg Standard  Certified Determined; Standard  Certified Determined
F | W-1 220 274 ' BCR-1 490 536
S i only one standard used i
Cl i  only one standard used i
vV I G2 36 28 | BCR- 365 368
G i G2 8.0 82 | GSP 12 114
Mo { G2 263 256 { GSP-1 310 313
Co i IG1 4.0 38 1 Wi 50 49
Ni i G 6.0 50t NIM-N 120 117
Cu | GSP 33 37 | MRG1 129 128
Zn | PGl 32 32 i GSP1 105 103
Ga | NBSI36S5 9 9 ISARMI9 11 11
Ge | NBSI6R2A 21 16 | SARM19 104 9.8
As | SARM20 38 37 INBSI6RA 74 6.6
Se | SESPPM 8.0 88  ISE4OPPM 40 40
Br | BR2/7/A 70 45 IBR23/A 19 18
Rb | MRG-1 8.0 78 i M38 208 211
Sr | SARMIS 35 32 | SARM20 264 266
Y | SARM18 9.6 8.8 i SARM19 16 16
Zr i Wl 95 % | G2 320 319
Nb i Wl 6.8 72§ M3g 18 20
Mo | W-1 6 | 1.0 i AGV-1 32 2.1
Sn i SN-11 900 88 i SN-10 1350 1391
I | BRY/7/A 10 105 {BR2/3/B 47 46
W 1 W30PPM 30 21 | W62PPM 62 64
Pb | M38 27 21 i PG 57 57
Bi i BI11PPM 11 10 i BI47PPM 47 48

Th i M-38 17 18 PG 63 62
u | IG1 33 46 } PGl 13 13
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The lower limit of detection (LLD) was calculated by the program TRACE
(Duncan, 1975) for each trace element in each individual sample. The equation used
to calculate the LLD is given below (Equation 2). The random ¢ounting error is caused
by the counting chain and by the nature of X-ray emissions from a sample. By
definition, the counting error is the standard deviation of the net peak intensity (Bertin,
1975). For trace elements, the counting error normally forms the major part of the total
error. The program TRACE (Duncan, 1975), therefore, calculates counting errors for
each trace element concentration in each sample. The determined elemental
concentrations should be within + two standard deviations of the true concentrations
if other errors are insignificant (95 % confidence level). Table 2.3 shows estimated
averages for both the LLDs and counting errors for all elements determined with XRFS.
The equations for the calculation of the LLD and the counting error are given below.

LLD = 6 ﬁ (Equ. 2)
cpslppm \\ T :
Where:
LID = lower limit of detection
cps = net counts per second for analyte peak
ppm = concentration in parts per million (in % for major elements)
T = total counting time (peak + background)
R, = background count rate in cps
SD. = l f_’; + 5_’2 (Equ. 3)
T, T,
Where:
SD. = counting error, defined as the standard deviation of the net peak intensity
and expressed in ppm
T, = counting time on peak
T, = counting time on background
R, = background count rate (including spectral overlap and tube peaks)
R, = gross peak count rate

For the major elements the counting error causes only a minor fraction of the total
error. The average error was calculated for each major element as the average relative
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difference between true and determined concentrations of standards. The results are
expressed in percent and given in the left column of Table 2.3.

Table 2.3: Lower limits of detection (LLD) and estimate of errors for XRFS analyses.
AE = average error for major elements (oxides) in percent of the true standard
concentration; S.D. = estimated average counting error for trace elements in ppm. The
unit for the LLD is percent for major elements and ppm for trace elements.

[] ] L] 1
Oxidle AE LLD|Element S.D. LLD}Element S.D. LLD|Element S.D. LLD!Element S.D. LLD
1 1 I

Na,0 .07 .02 i F 50 140 i Ni 8 23 E Br 3 9 E Sn 4 12
MgO .09 .02 g S 3 6 ! Cu 6 18 g Rb 3 7 g I** 8 25
ALO, 09 .01 ; cl 2 4 ! Zn S5 12 g Sr. 2 6 g W 10 26
Sio, 4 .02 ! \% 4 12 ! Ga 3 8 ! Y 3 7 ! Pb g 21
P,O; .03 005! Cr 6 13 g Ge 3 9 ! Zr 3 6 ! Bi 9 28
K, 0 .03 004! Mn 7 15 ! As 3 8 ! Nb 2 6 g 1.7
CaO 1 .005; Co 6 17 ; Se 3 8 ; Mo 2 5 g U S 13
TiO, .02 .007! ! ! !

Fe,0O, .09 .009 E ; ; E

* The LLD for sulfur is likely to be higher due to mineralogical effects.
** Natural sediment standards were used for the determination of iodine because the iodine salts in
artificial standards are unstable under X-ray radiation and vacuum conditions.

24.15. Analytical difficulties experienced

High total in a sample with abundant halite: The major element analysis of the sample
39Sap repeatedly gave a total of 108 percent. The XRF analysis of the powder
briquette of the same sample indicated high concentrations of chlorine (5.7 %) and
sodium (9.3 %). The XRD analysis of sample 39Sap showed that the sample contains
halite (section.3.2.). Assuming that most of the Na and the Cl is present in the form of
halite, it was concluded that the halite content of the sample is approximately
15 percent.

" When examining possible reasons for the high total it appeared likely that most
of the chlorine and the sodium present in the sample was lost when preparing the glass
discs for the analysis of major elements. The loss took place when the sample was
ignited at 950°C. The melting point of halite is 801°C, and the boiling point 1413°C
(Weast, 1975-1976). Vaporisation of NaCl at 950°C should thus be limited. However,
it was experimentally shown that approximately two thirds of 1 g (pure) NaCl can be lost
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from a platinum crucible when heating to 950°C for eight hours. This loss is probably
due to vaporisation of NaCl. The loss of NaCl from the sample took place before the
weighing of an aliquot of the roasted sample for the preparation of the fusion discs and
thus increased the magnitude of the LOI. The concentration of sodium was determined
separately on a briquette of unheated powder. Adding the true concentration of Na,O,
as determined from the powder briquette, the too high LOI and the concentrations of
the other oxides resulted in the high total.

Fluorine in fertilisers: The fluorine concentration of one of the sampled
fertilisers was analysed several times over a period of one month. - The concentrations
showed a variation that was higher than the calculated counting error (section 2.4.1.4.).
- Ageneral trend towards lower concentrations with progressing time indicated a possible
loss of fluorine from the sample. However, the fact that the reference counts obtained
from a CaF, briquette also decreased over the same period of time indicated a possible
equipment error or a loss of F from both the CaF, briquette and the fertiliser. The data
reduction was performed using standard intensities that were measured immediately
before and after the samples were run in order to minimise the errors corresponding to
a possible equipment error. Nevertheless the quality of the fluorine data for the
fertilisers remains uncertain.

2.4.2. Inductively Coupled Plasma Mass Spectrometry

The whole-soil analysis for the elements Li, Be, Co, As, Se, Mo, Cd, Sn, Sb and I was
performed using Inductively Coupled Plasma Mass Spectrometry (ICP-MS). Cobalt, As,
Se, Mo, Sn and I were also determined using XRFS. Table 2.1 shows which results were
chosen to compile the final data set.

Instrument: The analysis was pgrformed utilizing a VG ISOTOPES Plasma
Quad PQ2+ Inductively Coupled Plasma Mass Spectrometer at MINTEK,
Johannesburg. A detailed description of the chosen instrumental settings and the
analytical procedure is given in section 2.5.2.1.

Sample preparation: An aliquot (approximately 0.5 g) of the powder used to
make the briquettes for the XRFS analyses (section 2.4.1.2.) was weighed into a teflon
beaker, and 10 ml HNO, and § ml HCIO, were added. The covered beaker was placed
on a hot plate and the sample was allowed to reflux for two hours. The lid was
removed and the sample was evaporated to incipient dryness. Five ml HF and S ml
HCIO, were added and the sample was evaporated to dryness. Ten ml distilled water
and 10 ml nitric acid were added to dissolve the residue and the sample was made up
to volume with distilled water in a 100 ml volumetric flask. The sample was diluted a
further 2.5 times because samples can only be analysed with MINTEK’s ICP-MS if the
dissolved solids do not exceed 0.2 percent. The oxidising, acidic conditions during the
sample preparation could result in vaporisation of I because I may be oxidised to L.
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The quality of the results for I (ICP-MS) is thus doubtful and preference was given to
the results from the XRFS analyses (Table 2.1).

Calculation of LLD: The LLD was calculated in accordance with Equation 4.
The results of the calculations are tabulated in Table 2.4. More information on these
calculations and procedures to achieve relatively low LLDs are given in section 2.5.2.1.

LLD = 3 x 8§.D. x 500 (Equ. 4)
Where:
LID = Lower Limit of Detection at the 99 % confidence level.
SD. = Relative standard deviation of blanks (outliers were excluded; n = 12).
500 = Approximate dilution factor.

Table 2.4: Lower limits of detection (LLD) and the estimate of errors for the analyses
of trace elements using ICP-MS. The LLD is given in ppb in air-dried soil. Relative
deviation of the duplicates (Dupl.): + = small; = = small for higher concentrations, but
large close to the LLD. Check solution error: estimated average difference between
determined and true check solution concentration. Reference material error: relative
difference between recommended and determined concentration in reference material
(marine sediment, MESS 1, NRC-Canada).

LLD Dupl. [Check solution error| Reference material error

Li 220 + 10-15 % no rec. value
Be 270 + 5-10 % <5 %
Co 240 + 5-10 % <25 %
Mo 800 + 5-10 % no rec. value
Cd 690 <LLD <5% <10 %

Sn 190 + <5% no rec. value

Sb 310 & <5 % 20-40 %

I 140 = 5-10 % no rec. value
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Quality of analyses: The comparison of the duplicates, the analysis of solutions with
known concentrations (check solutions) and the concentrations determined for the
reference material (marine sediment: MESS 1, NRC-Canada) showed that the results
were reliable for most elements (Table 2.4). The LLDs for As and Se were too high
for the purpose of the present study (Table 2.1). The As concentration determined for
_ the reference material showed that results for As were generally not reliable. The large
differences between the true and the determined Se concentrations of the check
solutions suggest that the Se results were also not reliable.

Analyses of Se and As using the hydride generation method: The analytical
problems encountered with Se and As are presumably due to peak overlapping with
ArCl. The analysis of Se is particularly difficult because the individual isotopes only
account for relatively small fractions of the element (Mr R. Robert, MINTEK,
Johannesburg; pers. comm., 1993). Some selected samples were analysed for Se and As
using the hydride generation method. This resulted in lower background counts and,
therefore, data of better quality and lower limits of detection. The achieved LLDs in
air-dried soil were 0.3 ppm for Se and 1.5 ppm for As. More information on the
hydride generation method is given in section 2.5.2.1.

2.5. ANALYSIS OF EXTRACTABLE ELEMENT PORTIONS

The determination and interpretation of the concentrations of the extractable element
fractions form an important part of this study. Experiments to assess the suitability for
this study of leaching techniques used by other authors are discussed in the following
sections. Problems which were encountered when analysing the soil leachates using an
Inductively Coupled Plasma Mass Spectrometer and an Inductively Coupled Plasma
Atomic Emission Spectrometer are also discussed.

2.5.1. Selection of an appropriate leaching method

Extractable element concentrations in soils are normally determined to establish the
availability of elements to ground water, plants, animals and humans. For the present
study, it was of particular interest to determine the extractable concentrations in a way
which enables comparison of the results with the whole-soil analysis data and the data
given in the literature. Since an international standard leaching procedure for soils for
environmental purposes is not established yet (Hortensius and Nortcliff, 1991), one of
the numerous leaching methods described in the literature had to be selected for the
present study.
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25.1.1. Finding a suitable way of preparation of samples for the extraction

Errors introduced by air-drying of soil samples: Methods for extraction of elements
given in the literature without exception include drying of the soil because the results
are to be based on soil dry weight. It is important to note that drying of soil causes
immediate changes by altering chemical properties of the soil (Bartlett and James,
1980). Changes include increased surface acidity and increased solubilities of organic
matter and Mn. The proportion of exchangeable K may be increased or decreased.
Bartlett and Jones (1980) also showed that drying of the soil greatly lowers the ability
of a soil sample to oxidise Cr. They suggested that the Cr oxidation test is a useful tool
to exemplify the redox changes that occur in soils as a result of drying and storing. A
remoistened sample may require a fairly long period of time (more than 16 days) before
it regains properties similar to those of continuously moist soil. It can be summarised
that drying of the soil may irreversibly change extractable proportions and speciations
of elements. The speciation of elements was not determined in this thesis. The possible
effect of drying on the size of the extractable portions of certain elements can not be
quantified and has to be accepted.

Description of potential methods: The standard approach of soil scientists to
prepare a sample for extraction is to sieve the air-dried soil sample through a 2 mm
nylon mesh sieve after gentle crushing. The fraction coarser than 2 mm is discarded and
the fraction smaller than 2 mm is used for the leaching procedure. This method will be
referred to as Method-I. No corrections are made for the discarded coarse fraction,
because the total surface area of the coarse fraction is very small compared to the total
surface area of the fine fraction. The Non-Affiliated Soil Analysis Working Committee
(1990) recommends crushing the material coarser than 2 mm until all the soil passes the
2 mm sieve. This is referred to as Method-II. The elimination of particles coarser than
2 mm, as in Methods I and II, makes it feasible to obtain representative subsamples in
quantities small enough for the leaching procedure. Leaching the entire soil is referred
to as Method-III. Using the subsamples that were powdered when preparing the
samples for the whole-soil analyses is referred to as Method-IV. The powder is
representative of the whole sample and was ground to a particle size finer than S0
microns.

Experiment: Experiments were carried out to compare Method-I with
Method-IV. Two soil samples from the same pit, one sample with a major gravel
fraction and one with a minor gravel fraction, were selected from most soil groups.
Only one sample was selected from the coastal sand-derived soils because all soils
derived from this material have only a minor gravel fraction. Two subsamples were
taken from each selected sample, one from the ground powder (Method-IV) which
represents the whole soil and one from the -2 mm sieved soil (Method-I). Each
subsample was leached with 1 M NH,NO, and the leachate was analysed for Ca, Mg,
Na, Zn, Mn, Fe, B and K. A complete description of the leaching procedure is given
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in Appendix-II. For each sample, a ratio of [elemental concentration in leachate
obtained from powdered sample] over {elemental concentration in leachate obtained
from sieved sample] was calculated (Table 2.5). V

Conclusions: Observations and conclusions from the results presented in Table 2.5:

(a) samples with a major gravel component generally have lower ratios than
samples with a minor gravel component. This is particularly apparent for Ca, Mg, Na,
K and B. Sample treatment according to Method-I includes the removal of the gravel
fraction (> 2 mm) and results in an increased percentage of the finer fraction. It is,
therefore, assumed that the leachable fractions of Ca, Mg, Na, K and B are mainly
associated with particles smaller than 2 mm. '

(b) manganese, and in one case iron, show the opposite trend, indicating that -
leachable Mn(Fe) is enriched in the coarse soil fraction. The coarse fraction of the
selected samples consists mainly of sesquioxide concretions. It appears that sesquioxide
concretions account for a higher concentration of extractable Mn and Fe.

(c) overall it can be concluded that the results from the differently pretreated
samples show profound differences. It is thus inappropriate to compare data sets
obtained using differently pretreated samples. Consequently, the choice of the most
appropriate method is very important. Table 2.6 shows a comparison of the different
methods for soil pretreatment. From the table it becomes clear that Method-I is the
most suitable compromise for the present study. It is important to note that all methods |
have disadvantages. The disadvantage of the chosen method is that the exclusion of the
coarse fraction makes it difficult to compare the results with the whole-soil analyses.
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Table 2.5: Experiments to find a suitable method for sample preparation prior to
leaching. Powdered (Method-IV) and < 2 mm sieved (Method-I) soil samples were
leached with 1 M NH,NO,. The ratios of [concentration in extract of powdered soil]
over [concentration in extract of sieved soil] are tabulated.

J Ca Mg Na Zn Mn Fe B K

DERIVED FROM COASTAL SANDS

Sample 17A, gravel: 0 % II 11 12 13 1.6 6.5 17 15 21

ASSOCIATED WITH UNCONSOLIDATED
SANDS OF GRANITIC ORIGIN

Sample 25A, gravel: 6 % 12 23 16 0.8 1.6 88 09 6.5

Sample 25G, gravel: 24 % 03 0.1 03 0.7 10 08 03 13

DERIVED FROM GRANITE

Sample 31AE, gravel: 5 % 33 8.8 5.8 14 0.7 22 37 70

Sample 31B, gravel: 52 % 0.8 0.8 10 0.4 25 0.8 0.5 34

ASSOCIATED WITH THE SEDIMENTS
OF THE MALMESBURY GROUP

Sample 43Top, gravel: 46 % || 0.9 13 1.0 0.8 11 13 11 51

Sample 43E, gravel: 81 % 0.6 0.7 0.7 0.5 13 1.5 09 35

ASSOCIATED WITH THE
FERRUGINIZED MATERIALS

Sample 46A, gravel: 8 % 1.0 17 13 0.6 20 42 10 1.6

Sample 46B2, gravel: 57 % 0.5 0.6 11 0.7 0.9 37 10 | 15
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Table 2.6: Comparison of possible soil treatments prior to leaching, The row "worst case
strategy” indicates whether the corresponding method is suitable to quantify the
maximum leachability. The row "simulation of present in situ conditions" indicates
whether the corresponding method is suitable to quantify the present availability of the
elements.

METHOD-1 METHOD-I1 METHOD-III METHOD-IV
Sieved soil, coarse | Sieved soil, coarse | Untreated soil Powdered soil
fraction discarded | fraction crushed to
pass 2 mm sieve
Comparison with
om}) " good reasonable impossible impossible
literature
Co ison with ) '
P arfson . limited good good good
whole-soil analysis
Time needed for . none for the present
little long none
pretreatments study
Possibility of
osst . ty.o small large no yes
contamination
Re tative ) . . difficult to
presen Z,‘ possible difficult to possible | | : ) easy
subsampling impossible
yes, possible
no, exclusion of | disaggregation or yes, disaggregation of
Worst case strategy . . - no )
coarse fraction solution of concretions
concretions
limited, elements limited, elements
. . . ) reasonable to : . .
Simulation of |associated with fine limited, due t . associated with coarse
ue to
present in situ fraction ) reasonable fraction considerably
. increase of surface
conditions over-represented ) over-represented due to
of coarse fraction .
(see Table 2.5) increased surface area
2.5.1.2. Selection of a suitable extraction method

Several leaching techniques were evaluated and tested on soil samples to establish their
suitability for the present study. The methods which seemed most relevant are listed
below:

(a)  Toxicity characteristic leaching procedure (EPA US, 1990). CH,CH,O0H and
NaOH (pH = 4.9) or CH,CH,O0H only (pH = 2.9), 1 part solids to 20 parts
extractant, 18 hours.

(b)  Astandard leaching test for combustion residues (maximum leachability; Van der
Sloot et al, 1984). First step: HNO, (pH = 4), 1 part solids to 20 parts
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(d)

(e)

®
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extractant, 24 hours. Second step: HNO, (pH = 4), 1 part of the previously
leached solids to 80 parts extractant, 24 hours.

HNO, leaching test (suggested by the author; unpublished). HNO, (pH = 4), 1
part soil to 10 parts extractant, 4 hours.

Citric acid leaching test for agricultural purposes (Mr G.R. Thompson,
Department of Agriculture and Water Supply, Elsenburg; pers. comm., 1993).
Citric acid (pH = 2.7), 1 part soil to 10 parts extractant, 4 hours.

Extraction of heavy metals from soils to establish their availability to plants, and
the risk of ground water pollution as first used by Symeonides and McRae (1977)
and modified by Zeien and Briimmer (1992) and PriieB et al (1991).
1 M NH,NO, (pH = 4.7), 4 parts soil to 10 parts extractant, 2 hours. A full
description of this method is given in Appendix-IL

H,O extraction to establish the contamination potential of contaminated
materials with respect to ground water (Dr. A. Ruck, Umweltbundesamt Berlin,
Germany; pers. comm., 1993). H,O, 1 part solids to 100 parts extractant,
4 hours.

A comparison of most of the leaching methods listed above led to the following

conclusions:

(a)

(b)

(c)

(@

(e)

In agreement with Hortensius and Nortcliff (1991) it was found that

concentrations determined using different leaching methods were very different.

Comparison of data obtained using different leaching techniques is thus not

possible.

The concentrations of the elements in the leachates were generally in the order:

citric acid (Method d) > NHNO, (Method ¢) > HNO,; (Method ¢) > HNO,

(Method b) > H,0 (Method f).

For HNO, (Method b) and H,O (Method f) more than half of the elements had

concentrations close to or below the LLD of ICP-AES (Department of

Agriculture and Water Supply, Elsenburg). The LLDs were 10 ppm for Mg,

25 ppm for Ca, 0.08 ppm for Zn, 0.5 ppm for Mn, 0.05 ppm for Cu, 0.5 ppm for

Fe, 2 ppm for Al, 0.5 ppm for K, 0.5 ppm for Na, 0.5 ppm for P and 0.025 for

B (Mr G.R. Thompson, Department of Agriculture and Water Supply, Elsenburg;

pers. comm., 1993).

The contamination from filter papers and from chemicals used for the extraction

can be significant and has to be monitored by means of analysing blanks.

The method given in PriieB et al (1991; Method e) was found to be the most

suitable for the present study for the following reasons:

1. The method was an established one and soon to be a legislatory leaching
method in Germany. It was proposed as an internationally recognised soil
leaching method for environmental purposes.
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2. The concentrations of most elements were generally higher than the LLD®.

3. Most other leaching techniques were devised primarily for municipal land-
fill wastes, combustion residues and agricultural purposes.

4. Opposingly to some of the other methods the pH of the leachate usually
stabilised within the acid range which ensured that leached elements stayed
in solution.

5. The procedure was relatively simple and rapid.

6. PriieB et al (1991) determined and published acceptable maximum
concentrations in the NH,NO, leachates for the assessment of polluted soils
(Table 9.2). Using this method it was thus possible to quantify the risk
associated with contaminated soils. The highest acceptable concentrations
were based on correlations between elemental concentrations in soil-
leachates and elemental concentrations in plants that were grown on the
corresponding soils. The publication demonstrated that the correlation
between total plant and soil leachate concentration may be poor if the
concentration of the extractable fraction is lower than 20 ppb in air-dried
soil. The method is, therefore, less suitable for the assessment of minimal
concentrations needed for the growth of plants.  However, for
concentrations higher than approximately 20 ppb, a good correlation
between total plant concentrations and soil leachate concentrations was
found. Hence, this leaching method was found to be suitable for assessment
of contaminated soils.

PriieB e al. (1991) also indicated which soil function is most jeopardised
if a particular element exceeds the recommend maximum concentration
(Table 9.2). The following soil functions were considered:

a) Substrate for the growth of plants used in human and

b) animal consumption.

c) Substrate for the growth plants not to be used for

consumption.

d) Habitat for the soil-fauna.

e) Pollution buffer for ground water.

7. Aiming to justify the extraction with 1 M NH,NO; as described above, Priie8
(1992) summarised the results of the experiments which were conducted to
determine the optimal method for extraction. This included arguments for
the chosen extractant, molarity, extractant/solid ratio and extraction time.
It is beyond the scope of this study to discuss these arguments.

During the later use of this method it was found that the 1 M NH,NO, matrix causes relatively
high LLDs if the leachates are analysed using ICP-MS. The concentrations of many elements
were, therefore, below the LLD.
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8. The results obtained with the method were shown to be reproducible.
Laboratory-internal, repetitive extractions of one soil sample showed
variability coefficients between 1 % for Zn and 50 % for V (PriieB, 1992).
A test that was performed using 10 different laboratories and three soil
samples showed variability coefficients between 6 % for Zn and 46 % for
T1 (Priie8, 1992).

2.5.2. Analysis of leachates

Eighty eight soil leachates were analysed using Inductively Coupled Plasma Atomic
Emission Spectrometry (ICP-AES) and Inductively Coupled Plasma Mass Spectrometry
(ICP-MS). The elements Na, Mg, Al, P, S, K, Ca, Fe, Co, Ni, Cr, Cu, Zn and V were
analysed using ICP-AES, and the elements Be, B, Al, V, Cr, Co, Ni, Cu, Zn, As, Se, Mo,
Cd, Sb, Ba, Tl, Pb, Bi and U were analysed using ICP-MS; i.e. results for V, Co, Cu, Zn,
Al Cr and Ni were available from both techniques. The comparative data showed a
high degree of dissimilarity between the MS and AES results for these elements. As a
result of generally higher concentrations of the elements under investigation and using
the same extraction technique, Faure (1993) observed reasonable agreement for the
elements V, Co, Cu and Zn, but poor agreement for the elements Al, Cr and Ni. The
recommendations of MINTEK’s analytical staff, the LLDs and the results of the
duplicates were considered when deciding which results should be used to compile the
final data set. For some of the elements the number of samples with concentrations
above the LLD was used as a supplementary criterion (Table 2.7). With the exception
of Se and As, all analyses were performed within 20 days of the leaching of the samples.
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Table 2.7: Determination of 1 M NH,NO, extractable element concentrations. Tabulation of
the criteria used when deciding if ICP-AES or ICP-MS results should be used for the data set.
The table is based on both the results of the present study and the results of Faure (1993).
It is important to note that the results for the duplicates reflect not only the reproducibility of
the instrumental measurements, but also the reproducibility of the leaching procedure. LLDs
are given in ppb in air-dried soil.

Agreement LLD LLD Duplicates Duplicates | MINTEK's | Number of values | Data
AES/MS ICP-MS | ICP-AES ICP-MS ICP-AES advice® above LLD used
inppb { inppb
good for hi
modest for higher or‘ igher
trations, but ve r concentrations, but not a criterion | ICP
v [eoneen ! T Poo 9 25 poor for good - mio §
for concentrations lower than . for V** MS
concentrations lower
500 ppb
than 30 ppb
modest for concentrations MS: 40 ICP-
Co . 13 125 modest to good good -
higher than 500 ppb AES: 3 MS
generally good in Faure
(1993) (concentrations modest for higher
ranging from 100 to concentrations, but
MS: 17 ICP-
Cu | 4000 ppb), but very poor for 103 50 poor for good - 2 AES
the samples of the present concentrations lower )
study where all concentrations than 200 ppb
were lower than 500 ppb
modcsi for concentrations
Za higher than 4000 ppb, but S 125 poor use not a criterion ICP-
very poor for lower ICP-AES for Zn** AES
concentrations
use not a criterion ICP-
Al r 110 500
very poo poor 20d | 1cp-AES for Al AES
MS: 4 ICP-
C r 65 50 vel -
T very pool poor ry good 25 AES
use not a criterion ICP-
Ni 70 250 ve
' Very poor poor Y84 | 1 cp.AES for Ni AES
25.2.1 Inductively Coupled Plasma Mass Spectrometry

Instrumentation: The analysis was performed utilizing a VG ISOTOPES Plasma Quad
PQ2+ Inductively Coupled Plasma Mass Spectrometer, at MINTEK, Johannesburg. A
general introduction to ICP-MS technology is given in Houk (1986) and Date and Gray
(1989). '

A polypropylene V-groove de Galan type nebuliser, manufactured at MINTEK,
was used. The sample solution was pumped into the nebuliser using a Gilson Miniplus

* Mr R. Robert, MINTEK, Johannesburg; pers. comm., 1993.

v Numerous samples have concentrations above the LLD.
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3 peristaltic pump. Data were  Table 2.8: ICP-MS instrumental settings.
acquired in pulse counting mode using

F dP .
the peak scanning option. Table 2.8 orware —owe 135 kW
lists the instrumental settings that Reflected Power <10W
were chosen to analyse the soil Auxiliary Gas Flow (Ar)  0.30 1/min.
leachates. Carrier Gas Flow (Ar)  0.80 /min.
Dilution of samples and use of -

internal standards: The interface Nebuliser Pressure 2 bar
cones and the ICP torch injector tube Solution Uptake Rate 0.8 ml/min.
have small orifices through which the Sampler Cone Aperture 1 mm

sample solution must pass. These
orifices become easily blocked. The
amount of dissolved solids in the Peristaltic pump setting 40.0
sample, therefore, needs to be kept ICP Plasma Argon

lower than 0.2 percent. Accordingly,
the ammonium nitrate leachates had
to be diluted by a factor of 50. Two
millilitres of the obtained leachates were made up to a volume of 100 ml. This
included the addition of 10 ml nitric acid (10 %) containing 1 ppm In, 1 ppm Sc and
1 ppm Re as internal standards to correct for possible drift and matrix effects. Since
a correction for possible matrix effects was ensured for samples and standards it was
acceptable to use standard solutions that were not made up with 1 M NH,NO,, i.e. not

Skimmer Cone Aperture 0.7 mm

Coolant Flow (Ar) 16 1/min.

matrix matched.

Calculation of the LLDs: The LLD is mainly dependant on the variability of the
blank readings because the calculated elemental concentrations are blank-subtracted.
The standard deviation of the blank readings is therefore the most important parameter
for the calculation of the LLDs (Equation 5). The calculated LLDs indicate whether
a specific sample count rate is significantly higher than the corresponding average blank
count rate.

A high proportion of the concentrations were below or near to the achieved
LLDs. In order to retain more data values above the LLD it was decided to calculate
the LLD at the 95 % confidence level rather than the 99 % confidence level. The usage
of LLDs calculated at the 95 % confidence levels is in agreement with the
recommendations of the International Union of Pure and Applied Chemists.
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LLD =2 x S.D. x 2.5 (Equ. 5)
Where:
LID = Lower Limit of Detection (95 % confidence level).
SD. = Relative standard deviation of blanks (n = 32; outliers were excluded).
25 = Dilution factor (soil in extractant).

Lowering the LLDs: The 1 M NH,NO, solution used for the leaching of the samples
resulted in relatively high and variable blank readings, leading to relatively high LLDs.
Another reason for relatively high LI Ds is the large number and variety of samples that
are normally analysed with MINTEK’s ICP-MS. This results in significant
contamination of the instrument and causes high background counts and LLDs for many
of the elements below mass 80. In an attempt to lower the LLDs, the instrument was
specially stripped and thoroughly cleaned.

Comparison of achieved LLDs with recommended maximum LLDs for
assessment of polluted soils: Table 2.9 compares the achieved LLDs with the highest
acceptable LLDs for the assessment of polluted soils, as recommended by the NAW
(1993). The purpose of the recommended maximum LLDs is to ensure that elemental
concentrations usually encountered in leachates from uncontaminated soil samples can
be determined with confidence. It is interesting to note that a high proportion of the
elements analysed for have concentrations mainly below the LLD, although the achieved
LLDs are generally acceptable (Table 2.9). The LLDs for Be, Se, Cd and U are too
high.

Quality control: For each element, check solutions of known concentration were
analysed. The average difference between the true concentrations and the determined
concentrations was generally lower than 20 percent (Table 2.9). An evaluation of the
results for the duplicates showed that the quality of the analyses was generally
satisfactory (Table 2.9).

The precision of the ICP-MS equipment is checked on a weekly basis. The
average degree of instrumental variation over 10 measurements of the same sample was
determined to be less than 2 percent. Calibration is performed on a daily basis (Mr R.
Robert, MINTEK, Johannesburg; pers. comm., 1993).

Analyses of As and Se: The LLDs for As and Se were too high for the purpose
of the present study. Selected samples (1E, 4A, 32G, 46B2) were, therefore, analysed
for Se and As by ICP-MS using the hydride generation method as described by Price
(1979). In this method, the Se and As present in the sample solution are converted to
gaseous hydrides. Only the gaseous phase is used for the analysis, whereas the
ammonium nitrate solution is not. This method resulted in lower background counts
and, therefore, lower detection limits. The achieved LLDs were 12 ppb for Se and
7 ppb for As (NH,NO, extractable in air-dried soil).
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Table 2.9: Determination of 1 M NH,NNO, extractable element concentrations using
ICP-MS. The achieved LLDs are compared with the highest acceptable LLDs for the
assessment of polluted soils, as recommended by the NAW (1993). The relative
deviation of the duplicates and the estimated average differences between the true and
the determined check solution concentrations are listed in order to demonstrate the
quality of the analyses [Abbreviations for the deviation of duplicates: + = small;
~ = small for higher concentrations, but high close to the LLD; | = large]. Both, the
deviations of the duplicates of the present study and the results of Faure (1993) were
considered when compiling this table. LLDs in brackets were obtained using the
hydride generation method.

LLD in ppb (air-dried soil)
| Highest Duplicates Deviation.of check

Achieved Acceptable solutions

(NAW, 1993)
Be 67 25 + <10 %
362 - ' 10-20 %
\% 9 25 & <15 %
Co 13 50 + <15 %
Cu 103 250 = <15 %
As 71(7) 50 ~ 10-20 %
Se 877(12) - <LLD 10-30 %
Mo 49 25 ~ 20-30 %
Cd 17 5 ~ <15 %
Sb 23 25 2 10-20 %
Ba 61 - + 10-20 %
Tl 2.7 12.5 + 10-20 %
Pb 54 50 + 10-20 %
B | 32 - + 15-35 %
U 30 2.5 + 10-20 %
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25.22 Inductively Coupled Plasma Atomic Emission Spectrometry

The analysis of the leachates was  Table 2.10: ICP-AES instrumental settings.
performed utilizing a Spectroflame Torch Power Setting 12 KW
Inductively Coupled Plasma Atomic

Emission Spectrometer, at MINTEK, All Ar Coolant 14 1/min
Johannesburg. The routine operating Auxiliary Gas (Ar) 11/min
conditions used for the analysis are Carrier Gas Flow (Ar) 1 1/min

listed in Table 2.10.

Prior to the analysis, 15 ml of Observation Height
the soil leachates were transferred to
20 ml volumetric flasks. Three ml
HCl and 1 ml of a 0.2 g1 Sc standard solution were added. The solutions were
subsequently made up to volume with distilled water (dilution factor 1.33). Assuming
that no Sc was present in the leachates, this resulted in a concentration of 10 ppm Sc

10 mm above
the coil

in all sample solutions®*. The added scandium was used as an internal standard in
order to correct for possible matrix effects; i.e. the intensity of each element was divided
by the intensity of Sc and the ratios were used to set up the calibration lines and to
calculate the concentration of each element. A further dilution by a factor of 5-10 was
performed if one or more of the elemental concentrations were not within the
calibration range (Table 2.11). The calibration standards were prepared in the same
manner as the samples. The equation to calculate the theoretical LLDs is given below
(Equation 6):

_3[0S,mlxC

LLD (Equ. 6)
In|Ib
Where: LLD = lower limit of detection
Ib = background intensity at peak position
Sem) = standard deviation of background signal
In = net intensity of elemental signal
C = elemental concentration

The scandium contents of the soil samples under investigation are not known. Vinogradov (1959)
determined an average content of 7 ppm Sc for the soils of Europe and North America. Only a
small fraction of Sc is likely to be extractable using NH,NO,.
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Table 2.11: Tabulation of theoretical LLDs and calibration ranges for the determination
of the 1 M NH,NO,; extractable element concentrations using ICP-AES. It is important
to note that the realistic LLD (= 10 times the theoretical LLD) is close to the elemental
concentration in the lower calibration standard, as given in the right column of the table
(see text). Concentrations which were below the calibration range were, therefore,
reported to be below the LLD.

Element Theoretical lower limit of detection Calibration range
in 1 M NH,NO, [mg 1"! or ppm] in 1 M NH,NO, [mg I'! or ppm]

Co 0.006 0.05-5
Zn 0.004 0.05-5
Mg 0.0004 0.01 - 20
\% 0.001 0.01-5
Ca 0.002 0.02 - 50
Cr 0.002 0.02-5
Cu 0.0015 0.02-5
Fe 0.0015 0.02-5
Ni 0.0082 0.1-5
Al 0.016 0.2 - 50
K 0.039 0.5 - 20
Na 0.026 0.5-50
P 0.011 02 - 20
S 0.015 0.2 - 25

Meaningful, reproducible results can only be obtained at approximately ten times
the theoretical LLD (Mrs G. Russell, MINTEK, Johannesburg; pers. comm., 1993). This
value is referred to as the real LILD. The concentrations of the lowest calibration
standards were chosen close to the real LLD (Table 2.11). Concentrations lower than
the lowest calibration standards were, therefore, reported to be below the LLD. The
spectral lines used were free of any spectral overlap. It was, therefore, not necessary
to perform any interference corrections (Mrs G. Russell, MINTEC, Johannesburg; pers.
comm., 1993).
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2.6. MINERALOGICAL ANALYSIS

Instrumentation: Twenty-four samples were selected for a qualitative mineralogical
analysis using a Philips PW 1130/90 X-Ray Diffractometer equipped with a graphite
Harshaw/Filtrol Monochromator and a Nal Scintillation Detector (PLN 1964/60). The
Cu X-ray tube was run at 40 kV and 30 mA. No filter was used. Each sample was
scanned from three to sixty five degrees 26 in steps of 0,05 degrees per second. From
three to seventeen degrees, a 0.5° divergence slit, a 0.5° receiving slit and a 1° antiscatter
slit were used. From seventeen to sixty five degrees, a 1° divergence slit, a 1° receiving
slit and no antiscatter slit were used.

Sample preparation: The powder used to make the briquettes for the XRFS
analyses (section 2.4.1.2.) was loaded in an aluminium sample holder and levelled off
with a glass slide.

Collection and interpretation of XRD data: The data collection and the
conversion to 26 versus intensity plots were performed using the computer programmes
COLLECT, XCONV (in-house programs), XPLOT (Raven, 1990) and GRAFIT
(Graphicus, Inc.). Peaks were identified using the software package JCPDS PDF-2 Data
Base Retrieval/Display System (International Centre for Diffraction Data; Swarthmore,
PA 19081, US).

2.7. PARTICLE SIZE DISTRIBUTION, pH(KCl), ORGANIC MATTER AND
CONDUCTIVITY OF WATER-SUSPENDED SOIL

The parameters listed above were determined utilizing the equipment of the Marine
Geoscience Unit (Department of Geological Sciences, University of Cape Town). The
Handbook of Standard Soil Testing Methods for Advisory Purposes (Non-Affiliated Soil
Analysis Working Committee, 1990) was used for guidance through the laboratory work.
However, some of the methods suggested in this handbook were adapted to the facilities
of the Marine Geoscience Unit. The steps which were involved in the determination
of the parameters listed above are outlined in key-words:

GENERAL PREPARATION

(1)  Air drying of soil.

(2) Mixing of soil in sampling container using a "Turbula” mixer (5-15 minutes).

(3)  Representative subsampling of soil samples: The method of subsampling and the
size of the subsample were adapted to the physical appearance of individual soils.
Relatively well sorted and fine textured soils were spooned (40 to 100 g sample).
Poorly sorted and coarser textured soils which contained considerable amounts
of gravel were subsampled using a riffle splitter (up to 500 g sample). Soil
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samples which were too coarse textured for the riffle splitter were subsampled
by means of the cone-and-quartering technique.
(4)  Drying of subsample at 60°C overnight.

DRY SIEVING
(5)  The soil was sieved through 63, 31.5, 16, 8, 4 and 2 mm sieves. Organic matter

was, regardless of its size, added to the fraction < 2 mm. The dry-mass of the
various soil fractions was recorded.

CONDUCTIVITY AND pH
(6) Twenty five ml of a 1 M KCl solution were mixed with 10 g of -2 mm sieved soil.

The pH value of the supernatant was measured using a M90 pH/Conductivity
Meter (Electronic Scientific Instrumentation, cc) and is referred to as the
pH(KCI) of the soil*. A pH(KCI) between 5.3 and 6 is regarded to be neutral
(Mr G.R. Thompson, Department of Agriculture and Water Supply, Elsenburg;
pers. comm., 1991).

(7)  Conductivity of water-suspended soil: Ten grams of the soil fraction < 2 mm
were mixed with 25 ml distilled water. The conductivity of the supernatant was
measured using a M90 pH/Conductivity Meter (Electronic Scientific
Instrumentation, cc) and is referred to as the conductivity of the water-suspended
soil.

PREPARATION OF FRA N _< 2 mm FOR SEDIGRAPH AND SETTLIN

COLUMN

(8) The -2 mm sieved soil was dried at 60°C and subsampled. The weight of the
subsample was recorded. Steps 9 to 13 describe the preparation of the
subsamples for the more detailed particle size analyses using the sedigraph and
the settling column.

(9) Removal of organic matter: The subsamples were treated with H,0O, in order to
remove organic matter*.

(10) Removal of carbonates: Only four samples showed effervescence with HCI
(10 : 1), indicating the presence of carbonates (Appendix-I). The corresponding
subsamples were treated with HCI in order to remove the carbonates®.

(11) Removal of soluble salts: The subsamples were washed with distilled water until
the conductivity of the supernatant was lower than 3333 uS cm™.

(12) Loss on pretreatment: Subsequent to steps 9, 10 and 11 the subsamples were
dried at 60°C. The weight difference, expressed in percent, between the

* Details of the method are given in Non-Affiliated Soil Analysis Working
Committee (1990).
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untreated and treated subsamples is referred to as the loss on pretreatment
(LOP). '

(13)  Separation of sand from silt and clay: The pretreated subsamples were wet-sieved
through a 53 um sieve. :

USE OF SETTLING COLUMN AND SEDIGRAPH

(14) The particle size distribution of the sand fraction (< 2 mm and > 53 pm) was
analysed using a settling column, designed and built by staff members of the
Marine Geoscience Unit. '

(15) The particle size distribution of the mud fraction (< 53 um) was analysed using
a Micrometrics Sedigraph (Model 5000 D). |

(16) The computer programs SIZE, PHI, NORMAL (in-house programs) and
GRAFIT (Graphicus, Inc.) were used to help with the collection, presentation
and interpretation of the particle size data.

Suitability of the LOP as a measure for the proportion of organic matter: The ratios
of [LOP] over [| 100 - sum of all soil fractions in %]|] demonstrate that the LOP is
generally much higher than the deviation of the sum of all determined soil fractions
from 100 percent (Table 2.12), indicating that the accuracy of the pretreatment (steps
8 to 12) was sufficient to make quantitative use of the LOP.

It is explained above that the LOP of a sample is the difference in weight after
and before treatment with H,0O, H,O, and HCl. The weight difference could be due to
the loss of carbonates, soluble salts or organic matter. Only 4 samples showed
effervescence with HCI, indicating the presence of carbonates. The data in Table 2.12
show that the sum of total Cl and 1 M NH,/NO, extractable Ca, K, Mg and Na is
generally much less than the LOP. Presuming that the proportion of soluble salts is not
. significantly higher than the sum of total Cl and 1 M NH,NO, extractable Ca, K, Mg
and Na it is deduced that the loss of soluble salts generally accounts only for a minor
proportion of the LOP. It is concluded that the loss of organic matter accounts for most
of LOP. The LOP was, therefore, used as a measure of the proportion of organic
matter.
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Table 2.12: Suitability of the loss on pretreatment (LOP) as a measure for the proportion of
organic matter. The ratios of [LOP] over [| 100 - sum of all soil fractions in %/ ] demonstrate
that the LOP is generally much higher than the deviation of the sum of all determined soil
fractions from 100 percent. The ratio of [LOP] over [sum of total Cl and 1 M NHNO,
extractable Ca, K, Mg and Na] (% extractable) demonstrates that the LOP is generally much
larger than the proportion of extractable elements.

Sample %Gravel %Sand %Mud %LOP Sum |100-sum| LOP/|100-sum| | Sample %LOP %Extractable LOP/Extract.
4A 1.9 85.1 1.7 113 1000 <0.1 >113 26B 8.1 0.16 49
20Top 0.1 90.7 24 6.8 100.0 <0.1 >68 4A 113 023 49
30Top 56 748 175 21 100.0 <0.1 >21 20Top 6.8 0.16 43
37A 144 4.6 492 18 100.0 <0.1 >18 19A 09 0.02 43
3B 45 26.6 478 1.1 100.0 <0.1 >11 30Top 21 0.05 40
33Top 45 89.7 4.8 1.0 100.0 <0.1 >10 25G 6.6 0.17 38
17A 02 982 09 0.7 100.0 <0.1 >7 10A 19 0.06 2
45BA 0.7 0.5 28.1 0.7 100.0 <0.1 >7 17A 0.7 0.02 30
21Top 0.1 983 1.0 0.6 100.0 <0.1 >6 2ATop 0.7 0.02 30
40E 482 328 184 0.6 100.0 <0.1 >6 25A 0.6 002 28
25Top 53 511 430 0.6 100.0 <0.1 >6 MA 0.7 0.03 28
25A 6.1 86.6 6.7 0.6 100.0 <0.1 >6 18Top 0s 0.02 23
6AE 215 678 10.1 05 100.0 <0.1 >S5 32A 0s 0.02 23
41Top 525 S 125 0.5 100.0 <0.1 >5 36Top 10 0.04 3
18Top 0.1 98.7 0.7 05 100.0 <01 >S5 46C 13 0.06 23
29E 03 922 70 05 100.0 <0.1 >5 46A 1.0 0.05 22
33AE 37 90.8 5.0 05 100.0 <0.1 >S5 32Top 09 0.04 2
26AE 38 88.1 17 05 100.0 <0.1 >S5 16A 0.6 0.03 21
SA 8.6 80.8 102 04 100.0 <0.1 >4 36B 1.6 0.08 21
36E 64.1 174 18.1 04 100.0 <0.1 >4 33Top 10 0.05 21
29G 0.1 83.7 15.9 03 100.0 <0.1 >3 37A 18 0.09 20
9A 74 84.6 78 03 100.0 <0.1 >3 30A 0.7 0.03 20
43Top 458 41.1 128 03 100.0 <0.1 >3 A 03 0.01 20
28E 76.4 19.0 44 0.2 100.0 <0.1 >2 32G 24 0.12 19
43AE 50.0 388 111 0.1 100.0 <0.1 >1 21Top 0.6 0.03 19
26B 6.0 59.1 268 8.1 99.9 0.1 81 45BA 0.7 0.04 19
332G 0.6 385 8.7 24 100.1 0.1 b 45A 09 0.05 19
10A 29 914 38 1.9 100.1 0.1 19 33AE 0.5 0.03 18
38A 119 322 4.1 19 100.1 0.1 19 SA 04 0.02 18
38BC 32 216 ns 3.7 1002 02 18 31AE 08 0.04 18
36B 0.1 132 85.2 1.6 100.1 0.1 16 31Top 1.2 0.07 17
45B 1.3 38.0 59.7 1.1 100.1 0.1 11 6AE 0.5 0.03 16
28B 66.4 174 139 21 99.8 0.2 11 38A 19 0.12 16
46A 79 69.6 214 1.0 99.9 0.1 10 46B1 0.6 0.04 15
47A2 3.0 624 3.7 1.0 100.1 0.1 10 25Top 0.6 0.04 15
33G 54 46.9 4.7 09 99.9 0.1 9 16E 0.2 0.01 14
19A 0.2 98.1 09 09 100.1 01 9 45B 1.1 0.08 13
45A 0.4 76.4 24 0.9 100.1 0.1 9 26AE 0.5 0.04 13
40Top 424 377 19.1 09 100.1 0.1 9 47A1 0.6 0.04 13
32Top 54 872 65 09 99.9 0.1 9 9A 03 0.02 12
46B2 56.9 16.1 263 08 100.1 0.1 8 47B1 0.6 0.05 12
31AE 5.1 78.4 15.6 08 99.9 0.1 8 46B2 08 0.07 12
MA 12.7 n2 153 0.7 99.9 0.1 7 40Top 0.9 0.08 11
24Top 1.2 94.7 35 0.7 100.1 0.1 7 38BC 3.7 033 11
46C 28 35.6 60.6 1.3 100.2 02 6 36E 04 0.03 11
46B1 214 522 259 0.6 100.1 0.1 6 29E 0S5 0.05 11
38B 120 204 66.6 1.2 100.2 02 6 44Top 0.7 0.07 99
16A 0.1 98.1 13 0.6 100.1 0.1 6 7B 1.1 0.12 9.7
47A1 54 67.6 265 0.6 100.1 0.1 6 41Top 0.5 0.06 87
36Top 364 378 24.6 1.0 99.8 0.2 5 47B2 08 0.09 8.6
25G 223 20.2 495 6.6 98.6 14 5 40B 08 0.09 84
31Top 40 80.6 139 1.2 99.7 0.3 4 47C 11 0.15 73
40B 280 2.1 49.3 08 100.2 0.2 4 40E 0.6 0.09 64
4782 404 336 254 08 100.2 02 4 32GB 0.1 0.02 59
44Top 278 459 25.7 0.7 100.2 0.2 4 38B 1.2 025 49
4G 13.0 558 30.7 0.3 99.9 0.1 3 31B 0.6 0.14 4.6
30A 45 762 185 0.7 99.8 0.2 3 33G 09 024 39
31B 513 33.0 14.9 0.6 99.8 0.2 3 4C 04 o1 37
U4A 28 91.0 6.0 0.3 100.1 0.1 3 43Top 03 0.08 36
32A 38 879 76 05 9.8 0.2 2 4G 03 0.11 33
47B1 8.6 576 335 0.6 1003 03 2 44A2 02 0.06 26
16E 0.1 985 13 0.2 100.1 0.1 2 44B 04 0.15 26
47C 24 29 742 1.1 100.6 0.6 2 43AE 0.1 0.08 12
44A2 58.9 25.0 16.0 0.2 100.1 0.1 2 29G 03 032 09
44B 27 193 78.0 04 100.3 03 1 43E 0.04 0.07 06
44C 32 40.1 56.6 04 100.3 03 1 41E 0.04 0.11 04
32GB 45 83.7 116 0.1 99.9 0.1 1 41B1 0.1 0.17 03
28A 24 82.0 15.8 1.2 1014 14 1 41B2 0.2 021 - 09
43E 81.1 13.0 6.2 004 1004 04 0.1
41E A 99 11.6 004 1010 1.0 <0.1
41B1 410 80 513 01 1002 0.2 0.3
41B2 74 129 80.2 0.2 1003 03 0.6
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2.8. APPLYING THE RESULTS OF A PRINCIPAL COMPONENT ANALYSIS TO
DEFINE THE PARTICLE SIZE CLASSES USED IN THIS THESIS

Introduction: A rotated Principal Component Analysis (PCA; SAS Institute Inc., 1988)
was applied to the data on the particle size distributions to reduce the total number of
variables. This made it possible to display the results of the particle size analyses more
simply.

The data set used for the analysis contained information on 46 soil samples from
four underlying materials and different soil horizons. Soils derived from coastal sands
had to be excluded from the PCA, because of incomplete data. The particle size classes
used for the PCA and their loadings on the different principal components are shown
in Table 2.13. Fine clay did not correlate with any of the principal components of a
preliminary PCA and was, therefore, excluded from the final PCA analysis presented
here.

Results and combination of particle size classes: The first five components of
the PCA explained 94 % of the total variance of the data set (Table 2.13). By definition
particle size classes strongly loaded on the same principal component have good
correlation. It was, therefore, possible, in a way that minimised the loss of variance, to
combine the initial Wentworth size classes into wider ones, by grouping classes that were
strongly loaded onto the same principal component. This reduced the number of
particle size classes from 13 to 6. The initial particle size classes and those resulting
from the PCA are shown in Table 2.14.

The results of the PCA suggested that very coarse sand and coarse sand could
be combined into a single particle size class which is referred to as ’coarse sand’.
Furthermore fine sand and very fine sand were combined and are referred to as 'fine
sand’. Very coarse silt and coarse silt were combined and are referred to as 'coarse silt’.
All particle size fractions finer than coarse silt and coarser than fine clay were also
combined. The resulting particle size fraction is referred to as ’fines’ (particles
> 0.5 pm and < 16 pm). Fine clay was kept as an individual particle size class because
it did not correlate with any of the other size classes (see above).
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Implication for future particle size analyses: The reduction in the overall
number of particle size classes could also be useful for future particle size analyses of
soils. Firstly, the number of phi-sieves could be reduced with a minimal loss of
information (variance). Secondly, the time taken for an analytical run using the
sedigraph could be reduced by finishing the run at 16 um instead of 0.5 um. All
particles smaller than 16 pm could be reported as one particle size class, because the
resulting loss of information is likely to be relatively small. In the case of the
Department of Geological Sciences sedigraph (University of Cape Town), this would
save more than 30 minutes of the 35 minutes per sample needed to analyse down to a
particle size of 0.5 uym.

Table 2.13: Variables (size classes) used for the Principal Component Analysis of the
particle size distributions and their loadings on the different principal components. The
highest loading of each size class is illustrated in bold. The variance accounted for by
a principal component is given below its name. The total variance accounted for by the
first five principal components equals 93.9 percent.

F—;ZE CLASS PC1 PC2 PC3 PC4 PCS5
Variance (%) 373 178 174 149 6.5
very fine silt 937 -233 171 -.081 -122
coarse clay 921 -250 124 . -.084 -115
fine silt 879 -244 270 -092 -176
medium silt 801 -248 408 -.088 -175
medium clay 784 -321 001 -159 -110
very coarse sand -312 927 -023 -130 -029
coarse sand -369 877 023 -082 261
very coarse silt 075 .076 974 119 035
coarse silt 409 -.096 878 010 -.118
very fine sand -011 -010 247 946 -019 |
fine sand -.265 -250 -159 815 306
medium sand -.496 311 -.060 372 .708
fine clay Excluded from final PCA (see text). |
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Table 2.14: Combination of particle size classes according to the results of a Principal
Component Analysis (PCA). The principal components on which individual size classes
have their highest loading are tabulated. The combined size fractions are given in the
right column. Fine clay was excluded from the final PCA because it did not show
significant loadings on any of the initially calculated principal components.

Wentworth size | Range of sizes within the class in mm, pm | PC with highest Name of the
class and in values of phi loading combined fraction
very coarse sand 2mm (-1.0 phi) - 1mm (0.0 phi) PC 2: 093
coarse sand
coarse sand imm (0.0 phi) - 0.5mm (1.0 phi) PC 2: 088
medium sand 0.5mm (1.0 phi) - 0.25mm (2.0 phi) PC 5 0.70 medium sand
fine sand 0.25mm (2.0 phi) - 0.125mm (3.0 phi) PC 4: 0.81
fine sand
very fine sand 0.125mm (3.0 phi) - 0.053mm (4.3 phi) PC4: 095
very coarse silt 53pm (4.3 phi) - 31pm (5.0 phi) PC 3: 097
‘ coarse silt
coarse silt 31pm (5.0 phi) - 16pm (6.0 phi) PC 3: 0.88
medium silt 16pm (6.0 phi) - 8ym (7.0 phi) PC 1: 080
fine silt 8um (7.0 phi) - 4pm (8.0 phi) PC1: 088
very fine silt 4pm (8.0 phi) - 2pm (9.0 phi) PC 1: 094 fines
coarse clay 2pm (9.0 phi) - 1pm (10.0 phi) PC1: 092
medium clay 1pm (10.0 phi) - 0.5pm (11.0 phi) PC 1: 0.78
luded from final
fine clay <0.5pm (>11.0 phi) CXCP::A ax::ll;e;n fine clay




CHAPTER 3.

MINERALOGY

3.1. INTRODUCTION

Time and financial constraints did not allow for a comprehensive mineralogical analysis.
The analysis was purely qualitative with no attempt at detailed study of clay minerals.
The clay fraction was not separated prior to analysis and no other pretreatments were
implemented. The main object was to aid the interpretation of the geochemical results
in the following chapters.

X-ray diffractometry (XRD) was used to determine the mineralogy of 24 samples.
This included the analysis of top- and subsoils associated with the different underlying
materials as well as the parent rocks. Soil samples with particularly high proportions
of clay, sesquioxides, feldspars or quartz were selected to ensure that most of the
encountered mineralogical variance was represented by them. The analytical techniques
were described in section 2.6. Figure 2.2 depicts the sampling localities. Sections of the
sampled soil sequences are given in Figures 4.1, 5.2, 6.1, 7.1 and 8.1.

32, RESULTS

The XRD patterns and their interpretations are given in Figures 3.1 to 3.5. The results
can be summarised as follows: |

(a) Coastal sand-derived soils: Only quartz is present in detectable
concentrations (Figure 3.1; samples 20Top and 21Top).

(b) Soils associated with unconsolidated sands of granitic origin (USGO): Only

~two samples were analysed. Sample 28E was taken from the E-horizon of Pit 28. The

| only minerals identified from the diffractogram of this sample are quartz and goethite
(Figure 3.1). Sample 25G was taken from the G-horizon of Pit 25. The presence of a
74 peak (12.3° 28) without a corresponding 14 A peak (chlorite) indicates that this
sample contains additionally a mineral of the kaolinite-group. For reasons explained
above, no distinction was made between dickite, nacrite and metahalloysite. The
mineral(s) associated with a 7 A peak will be referred to as kaolinite.
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Figure 3.1: Stacked XRD patterns of a subset of samples taken from the soils
associated with the coastal sands (20Top and 21Top) and the unconsolidated sands of
granitic origin (28E and 25G). Symbol classification: q = quartz, g = goethite,
k = kaolinite. The change of the intensity of sample 28E at 17° 26 is due to the
changing of divergence slits from 0.5° to 1.0°.

(c) Granite-derived Soils: Four soil samples and the granite that formed their
parent material were analysed. Orthoclase, plagioclase and quartz are the only minerals
that could be identified from the diffractogram of the granite (Figure 3.2).

The granite-derived soil samples contain generally less feldspar than their parent
material. The proportion of feldspars decreases with increasing distance from the
granite (sample 30Top to 32G). Sample 32G, a sample from a heavy-textured subsoil
at the bottom of the toposequence, contains only traces of feldspar. This sample is the
only one that contains kaolinite. The diffractograms of sample 32G and sample 31B
exhibit minor amounts of goethite. The results for the granite-derived soils are in
agreement with Bithmann and Kirsten (1991) who showed kaolinite, metahalloysite,
gibbsite, goethite and hematite to occur as weathering products in South African granite-
derived soils.

(d) Soils associated with schist of the Malmesbury Group: Four soil samples
and the strongly weathered underlying material (saprolite: sample 35Sap) were analysed
(Figure 3.3). All samples contain quartz, goethite and plagioclase. Only the saprolite
and the subsoil (samples 38BC and 37B) contain orthoclase. The proportions of
feldspar and kaolinite decrease from the saprolite to the subsoil and further to the
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topsoil (samples 36E and 37A). The sample that was taken from the E-horizon of Pit
36 (36E) is the only one that contains hematite.

appppdp P - q

Intensity Scales Equal
Increasing Weathering
&
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o
A
.

)
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Figure 3.2: Stacked XRD patterns of a subset of granite-derived soils. Symbol
classification: q = quartz, o = orthoclase, p = plagioclase, f(feldspar) = o + p,
g = goethite, k = kaolinite. Dotted guidelines are drawn to facilitate the interpretation.
The change of the intensity at 17° 26 is due to the changing of divergence slits from 0.5°
to 1.0°

The diffractograms of the saprolite and the subsoil of Pit 37 (sample 37B) exhibit
10 A peaks (9° 28). It is suggested that the 10 A peak is either due to illite, halloysite,
muscovite, biotite, or a combination of them. The relatively broad shape of the 10 A
peak indicates the presence of a 10 A clay mineral such as illite. The presence of
biotite is less likely because of its instability in the weathering environment (Rosler,
1981). The minerals associated with a 10 A peak. will be referred to as
IOA-phyllosilicates. The saprolite contains a high proportion of IOA-phyllosilicates while
the soil samples contain either little or none.

(e) Soil associated with feldspathic sandstone of the Malmesbury Group: All
samples analysed were taken from Pit 44 (Figure 3.4). This included one sample of the
B-horizon (44B), one of the C-horizon (44C) and one of the feldspathic sandstone that
underlies the soils (44Rock). All samples contain quartz, plagioclase, orthoclase,
goethite and 10A-phyllosilicates. The feldspathic sandstone also contains hematite.
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Figure 3.3: Stacked XRD patterns of a subset of samples taken from the soils
associated with the schists of the Malmesbury Group. Symbol classification:
q = quartz, o = orthoclase, p = plagioclase, f(feldspar) = 0 + p, g = goethite,
k = kaolinite,i = IOA-phyllosilicates,h = hematite, * = p+o0+k+g. Dotted guidelines
are drawn to facilitate the interpretation. The change of the intensity at 17° 26 is due
to the changing of divergence slits from 0.5° to 1.0°.

The proportion of 10A-phyllosilicates and feldspars decreases from the underlying
material to the C-horizon and the B-horizon. Kaolinite occurs only in the soil samples
and its proportion increases from the C- to the B-horizon.

The diffractogram of the feldspathic sandstone is the only one that exhibits a
14 A peak (6.25° 26). The presence of a 14 A peak without a corresponding 7 A peak
(chlorite) indicates the presence of either montmorillonite or vermiculite.

(D) Soil associated with phyllite of the Malmesbury Group: Two soil samples and
one saprolite were analysed (Figure 3.4). All samples contain 10A-phyllosilicates,
kaolinite, quartz, goethite and plagioclase. Only sample 41B2 does not contain
orthoclase. The proportions of IOA-phyllosilicates, kaolinite and feldspar decrease from
the saprolite to the soils. The identification of halite in sample 39Sap was confirmed
by both the XRF-analyses of sodium and chlorine and the determination of the
conductivity of the water-suspended soil (Chapter 6).
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Figure 3.4: Stacked XRD patterns of a subset of samples taken from the soils associated
with the feldspathic sandstone and phyllite of the Malmesbury Group. Symbol
classification: q = quartz, o = orthoclase, p = plagioclase, f(feldspar) = o + p,
g = goethite,k = kaolinite,i = 10A-phyllosilicates,m = 14A-montmorillonite and(or)
vermiculite, h = hematite, a = halite, * = p+o+k+g. Dotted guidelines are drawn to
facilitate the interpretation. The change of the intensity at 17° 26 is due to the changing
of divergence slits from 0.5° to 1.0°. | |

(g) Soil associated with ferruginized materials: The samples of the B- and
C-horizons (samples 46B2, 46C and 47C; Figure 3.5) contain detectable amounts of
quartz, goethite, kaolinite, feldspar and hematite. '

Sample 47A2 was taken from a burrow between the B1- and the C-horizon of Pit
47 at the top of the toposequence (Figure 7.1). The burrow was filled with material
from the A-horizon (section 7.3.). The mineralogy of sample 47A2 differs in three
aspects from the mineralogy of the samples taken from the B- and C- horizons; it
contains more feldspars, less kaolinite and little or no hematite.
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Figure 3.5: Stacked XRD patterns of a subset of samples taken from the soils
associated with the ferruginized materials. Symbol classification: q = quartz,
o = orthoclase, p = plagioclase, f(feldspar) = o + p, g = goethite, k = kaolinite,
h = hematite, * = p+o+k+g. Vertical guidelines are drawn to facilitate the
interpretation. The change of the intensity at 17° 26 is due to the changing of
divergence slits from 0.5° to 1.0°.

33. DISCUSSION

Mineralogical differences between soils associated with different underlying materials:
The soils derived from coastal sand contain only quartz while the soils associated with
the USGO may contain also goethite and kaolinite. The granite-derived soils contain
additionally feldspars. Phyllosilicates with a d-spacing of 10 A, probably illite, halloysite
or muscovite, occur exclusively in the sediments of the Malmesbury Group and the
associated soils. Small proportions of feldspars and relatively large proportions of
hematite and goethite are characteristic for the soils associated with the ferruginized
materials. v

Alteration of feldspars during weathering: The proportion of feldspars generally
decreased from the underlying material to the soil. This trend reflects the alteration of
feldspars during weathering. In the soils associated with granites (Figure 3.2) and
feldspathic sandstones of the Malmesbury Group (Figure 3.4) the proportion of kaolinite
increases with progressive weathering of feldspars. It is apparent that in these soils the
product of feldspar alteration is kaolinite.

It is important to note that the soils associated with the sands of granitic origin
do not contain feldspars. A sample of a G-horizon derived from USGO (25G;
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Figure 3.1), however, showed that the subsoil may contain a large proportion of
kaolinite. It is thus likely that the underlying material originally contained feldspars
which were altered to kaolinite. Subsequent eluviation of the kaolinite from the topsoil
resulted in its accumulation in the subsoil.

Pedogenic formation of kaolinite: Neither the sample of the feldspathic
sandstone (Malmesbury Group) nor the one of the granite contained kaolinite (Figures
3.2 and 3.4). The associated soils do contain kaolinite and its proportion increases with
progressing weathering from the C- to the B-horizon (Figure 3.4). It is concluded that
the kaolinite in these soils is pedogenic.

Kaolinite inherited from the underlying material: The proportions of kaolinite
in the soils associated with schist, phyllite and ferruginized material increase from the
A- and B-horizons to the underlying material (saprolites and C-horizons). It is,
therefore, probable that the fresh rock also contains kaolinite. The kaolinite in these
soils can thus be both pedogenic and inherited from the underlying rock.

Alteration of 10A-phyllosilicates during weathering: The proportion of
10A-phyllosilicates decreases from the underlying material (sample 35Sap in Figure 3.3;
samples 39Sap and 44Rock in Figure 3.4) to the soil. This trend is probably a result of
weathering of 10A-phyllosilicates. It can be assumed that the alteration of
10A-phyllosilicates results in kaolinite because no other clay minerals are present in the
soils. This hypothesis is in agreement with Smith (1972) who observed the alteration
of illite, muscovite and feldspar to kaolinite in three weathering profiles in rocks of the
Malmesbury Group.

The decreasing proportion of 10A-phyllosilicates from the underlying material
to the soil may also reflect the dehydration of halloysite to metahalloysite or could be
the result of processes other than weathering. Possible processes are (a) the dilution
of in situ material with colluvial quartz gravel and (b) the loss of 10A-phyllosilicates
from a soil horizon by means of eluviation. The latter may only be applicable to the
samples from the A- and E-horizons (37A and 36E). Pedogenic formation of
10A-phyllosilicates was not evident from the samples studied in this work.



CHAPTER 4.

GRANITE-DERIVED SOILS

41. INTRODUCTION

Occurrence and topography of the granites: Three major occurrences of granite are in
the field area (Figure 1.2). The two larger ones are of elongated shape, approximately
40 km long and follow a north-north-west south-south-east strike. One occurrence is
centred on Darling while the other one is centred on Malmesbury. The third major
occurrence of grdﬂte is just west of Paarl.

The Cape granites intruded into the older Malmesbury Group and are more
resistant to the processes of degradation than the Malmesbury material. As a result the
granites became more prominent with time and formed a number of smooth, rounded
granite batholith exposures. These exposures are up to 729 m high (Paarlberg) and
form the highest hills in the coastal plain. :

Sampling locations: The samples discussed in this chapter were taken from the
granite-derived soils in the Darling area. Two locations were sampled: |

(a) Most of the samples were taken from a toposequence down the southern
slope of the granite hill Klipberg, approximately 5 km north-west of Darling (location 4
in Figure 2.2). The hill has an altitude of 271 m amsl and lies within the north-eastern
periphery of the Darling granite exposures, directly at the geological border to the
unconsolidated, quaternary sands of the Groenrivier depression (Figure 1.2).

(b) Samples were also taken from different slope positions of two grahite-derived :
toposequences, approximately 12 km south-east of Darling (location 5 in Figure 2.2).

The coordinates of all pits sampled are given in Appendix-I. A simplified section
through the Klipberg toposequence (location 4) and the pits at location 5 is depicted in
Figure 4.1.
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Figure 4.1: Simplified section through the granite-derived toposequence. Figure 2.4 can
be used as a key to the abbreviations for the different soil horizons. Features other than
the topography are not to scale. The vertical scale is exaggerated. The toposequence
is situated on the northern slope of Klipberg and has an average gradient of 75 %o
(location 4 in Figure 2.2). A slightly weathered sample of the granite was taken from
an exposure at the top of the toposequence. Pits 5, 6 and 34 are approximately
20 km SE of the Klipberg toposequence (location S in Figure 2.2).

42, ANALYTICAL RESULTS - AN OVERVIEW

Tabulated summary of results: A summary of the analytical results is given in
Tables 4.1 to 4.4. The lower limit of detection (LLD), the total number of analysed
samples and the number of samples that had values above the LLD are presented for
each element. The range of concentrations is given if at least one sample had a
concentration above the LLD. The mean, standard deviation and coefficient of
variation were only calculated if the majority of the samples had concentrations above
the LLD. The means calculated for the elements which occasionally have
concentrations below the LLD are biased towards higher concentrations because only
values above the LLD were included to derive the statistics. Table 4.5 summarises the
affinity of elements for Fe-oxides, organic matter and kaolinite in the Klipberg
toposequence. The major and trace element composition of the slightly weathered
granite which forms the parent material of the Klipberg toposequence is given in
Table 4.6. A full listing of the results is given in Appendix-IIL
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Table 4.1: Basic statistics of the major elements in the granite-derived soils. Only values
above the lower limit of detection (n>LLD) were included to derive the statistics. The
analyses were performed using XRFS and all concentrations are given in percent in

dried soil (LLD = lower limit of detection; S.D. = standard deviation;
C.V. = coefficient of variation).
Oxide |n{ n> Approx. Mean | S.D. | CV. Min. in % Max. in %
LLD| LLD (%) (%) (%) | (%) (sample) (sample)
Na,0 [15] 15 0.02 13 12 | % 0.09 (32G) 3.6 (30Top)
Mgo |15| 13 0.02 013 | 013 ] 107 <LLD 0.46 (33G)
ALO, |15] 15 0.01 8.0 47 | 59 1.5 (33Top) 17.7 (32G)
sio, |15} 15 0.02 82.9 8.8 1 | 672(32G6) 94.9 (33Top)
PO, |15 15 0.005 004 | 002| 53 0.01 (33AE) 0.08 (31B)
KO0 (15| 15 0.004 25 14 | 57 0.66 (33AE) 4.6 (30A)
caO |15] 15 0.005 0.1 01 | 109 0.01 (32GB) 035 (5A)
Tio, |15] 15 0.007 014 | o006 | 43 0.07 (33Top) 0.27 (33G)
Fe,0, |15| 15 0.009 2.1 14 | 69 0.77 (33AE) 55 (31B)

Table 4.2: Basic statistics summarising the pH(KCI) values, the conductivities of the
water-suspended soil samples and the percentages of various particle size fractions and

organic matter for the granite-derived soils (S.D. = standard deviation;
C.V. = coefficient of variation).
Parameter n | Mean | S.D. C.V. (%) Min. (sample) Max. (sample)
pH (KCh) |15 48| 04 8 43  (30A) 58 (31Top)
Conductivity |15 145 182 126 30 (6AE) 610 (31B)
(#S cm™)
% Organic Matter| 15| 09| 06 70 01 (32GB) 24 (32G)
% Gravel |15 9] 13 133 06 (32G6) 51  (31B)
% Sand 15 721 18 25 33 (31B) 91  (33AE)
% Mud 15 17 15 89 5 (33Top) 59 (32G)
% Fine Clay |14 7 12 166 0.01 (32Top) 40 (33G)
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Table 4.3: Basic statistics of the trace elements in the granite-derived soils. Only values
above the lower limit of detection (n > LLD) were included to derive the statistics. Li,
Be, Co, Cd and Sb were analysed using ICP-MS, all other elements were analysed using
XRFS. The concentrations are given in ppm in dried soil (LLD = lower limit of
detection;S.D. = standarddev.;C.V. = coefficientofvariation; * = pollutionsuspected
[2 samples]; ** = one outlier excluded [426 ppm]).

Elem. |n]| n> | Approx. Mean S.D. C.V. | Min. in ppm Max. in ppm
LLD| LLDinppm | inppm | inppm | (%) (sample) (sample)
Li |8]| 8 02 20 27 | 131 53 (34A) | &  (326)
Be |8] 7 03 19 17| 87 | <LLD 51 (30Top)
F |16] 15 140 517 587 | 13 | <LLD 1927  (33G)
s [15] 15 6 60 | 78 48 | 59 (lAE)| 340 (31B)
a 15| 15 4 148 120 81 | 52 (6AE)| 540  (31B)
v 15| 15 12 19 11 61 76 (32a)| 36 (31B)
cr 18] 15 13 25 79| 31| 16 @GlAE)| 49  (33G)
Mn [15] 15 15 90 28 31 | 57 (31B)] 135 (31Top)
Co |8 6 0.2 05 0.2 4 | <LLD 09 (34A)
Ni [16] 16 23 78 51| 66 46 (32G)| 26  (6B)
Cu |16] 15 1.8 43 22 S0 | <LLD 83 (6B)
Zn |16] 16 12 12 14 | 124 15 (32GB)| 63  (6B)
Ga |3]| 3 08 12 82| 68 61 (SA) | 21 (6B)
Ge (16} 12 0.9 < LLD 14 (32G)
As |16] 16 0.8 83 188 | 226 19 (5A) | 7143 (32G)
Se J16] 6 08 < LLD 53 (31B)
Br [16] 15 09 54 50| 92 { <LLD 15  (31B)
Rb [16] 16 07 194 114 59 | st (33Top)| 373 (31B)
sr |16 16 0.6 2% 25 97 57 (32A)| 77 (6AE)
Y |16] 16 0.7 20 79 | 40 94 (33Top)| 35 (30Top)
Zr 16| 16 0.6 383 131 34 | 174 (33G) | 58 (30Top)
Nb 16| 16 0.6 127 87 68 46 (5A) | 24 (30Top)
Mo [16] 16 05 3.0 22| 75 11 (GAE)| 10 (31B)
Cd |8 0 0.7
so* |16| 16 12 14 17 | 127 22 (34A) | 65 (33AE)
sb |8| s 03 < LLD 80 (32G)
1 {16] 9 25 < LLD 12 (RG)
w** 115] 16 26 19 102 231 9.8 (32GB) 35 (31B)
Pb |16] 15 2.1 16 10 66 | <LLD 43 (32G)
Bi [16{ 5 28 < LLD 64 (31B)
Th [16] 16 1.7 27 38 140 52 (33AE)| 165 (32G)
U |16] 16 13 45 27 60 22 (33AE) 13 (32G)
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Table 4.4: Basic statistics of the extractable element concentrations for the
granite-derived soils. Only values above the lower limit of detection (n > LLD) were
included to derive the statistics. The results in the first part of the table are given in
ppm in dried soil (fraction < 2 mm) and were obtained using ICP-AES. The results in
the second part of the table are given in ppb in dried soil (fraction < 2 mm) and were
obtained using ICP-MS (LLD = lower limit of detection; S.D. = standard deviation;

C.V. = coefficient of variation).

Part 1
[ Elem. {n| n> | Approx. LLD Mean S.D. C.V.| Min. in ppm Max. in ppm
LLD in ppm in ppm | in ppm | (%) (sample) (sample)
Na |15] 15 12 111 202 182 13 (32A) | 725 (33G)
Mg |15] 15 0.03 133 227 170 16 (5A) | 810 (33G)
15| 1 0.5 < LLD 9  (30A)
P (15 6 05 < LLD 2.1 (31Top)
15y 7 05 < LLD 70 (31B)
K |(15] 15 12 30 19 61 42 (32GB) | 80 (30Top)
Ca |15 15 0.05 196 153 78 | 25 (32GB) | 575 (33G)
c 15| 2 0.05 | < LLD 02 (33G)
Fe |15 4 0.05 < LLD 0.7 (33G)
Ni J15| 2 0.2 < LLD 0.7 (33G)
cu 15| 1 0.05 <LLD 0.08 (33G)
Zn |15 7 0.1 <LLD 07 (33G)
Part 2
Elem. |n| n> | Approx. LLD | Mean S.D. C.V. Min. in ppb Max. in ppb
LLD in ppb in ppb | in ppb (%) (sample) (sample)
Be |15 O 67
B 14 2 362 < LLD 510 (32A)
vV |15] 3 9 < LLD 24 (31B)
Co [15] 3 13 <LLD 65 (5A)
As |15] O 7
Se |15 O 877
Mo |15] O 49
cd J15) 1 17 < LLD 22 (6AE)
sb |15 0 3
Ba {15 15 61 2079 1856 893 473 (32GB) | 7334 (33G)
f T |i5{ 4 3 < LLD 21 (33G)
[ e [is] 2 54 < LLD 314 (31B)
I B Jis| o 3 -
I u Jis| o 30
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Table 4.5: Enrichment factors from (a) the granite to the subsoil with abundant
Fe-oxide concretions [calculated as: concentration in Fe-oxide-rich soil over
concentration in granite; based on one pit], (b) the composite samples of the topsoil to
the samples of the organic-rich top 15 cm of the topsoil [calculated as: concentration in
organic-rich soil over concentration in composite sample; based on four pits] and (c) the
topsoil to the fine textured subsoil at the bottom of the toposequence [calculated as:
concentration in fine textured subsoil over concentration in topsoil; based on two pits].
Blank cells indicate that the corresponding concentrations were not determined, below
the LLD or ambiguous. Abbreviations: OM = organic matter, KAOL = kaolinite,
FEOX = iron oxides. It is important to note that the enrichment factors reflect not
only the affinity of the elements to clay, Fe-oxides and organic matter but also the
quantity of elements released from their primary hosts and available for accumulation.

Enrichment Factors
Element (a) ®) (©) Interpretation
FE-OXIDES | TOP 15 | CLAY
GROUP-I
Li 9.7* Associated with KAOL.
P,O; 3 1-21 1-2 | Associated with FEOX, OM and KAOL.
TiO, 19 £1 1.3 -3 | Confirms eluviation from topsoil.
A" 14 1-2 43 Associated with OM, FEOX and KAOL.
Fe,0, 75 1-18 | 2.7-4.7 | Associated with OM, FEOX and KAOL.
Zn +1 *1 5 Associated with KAOL.
Zr S | *1 0.6 -1 | Not illuviated into the G-horizon.
Sn *1 *1 2.4* Associated with KAOL.
GROUP-II
Cr 1.7 1-15 | 1.2-25 | Associated with FEOX, OM and KAOL.
Mn *1 1-17 1 Associated with OM.
Co 2* Associated with KAOL.
Ni *1 09-14{05-14
Cu 2.7 09-19 2-5 Associated with FEOX, OM and KAOL.
Sr 1 +1 19 - 3.8 | Association with KAOL.
Mo 5 1-14 | 13-25 | Associated with FEOX, OM and KAOL.
w 2.5%* 1-14 | 13- 15 | Association with FEOX, OM and KAOL.
GROUP-I
F 1.7 8.8 - 10 | Associated with FEOX and KAOL.
i Na,0 03 +1
| Ao, 08 s1 | 5-75 | Associated with KAOL.
| xo 08 s1 | 05-1

continued ...

Based on only one pit because the concentrations in the samples from the other pits were (a)
below the LLD, (b) not determined or (c) affected by pollution (Sn).

The enrichment factor from the fopsoil to subsoil rather than from granite to the subsoil is given
because the interpretation of the latter would be misleading. See section 4.5.3. for explanation.
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Enrichment Factors

Element Interpretation
FE-OXIDES TOP 15 CLAY
GROUP-III “
CaO 0.6 14-25 3-56 Associated with OM and KAOL.
Rb *1 +1 16 - 27 | Associated with KAOL.
Y 0.5 +1 22 Associated with KAOL,
Pb 14 1-5 6-12 Associated with FEOX, OM and KAOL. |
Th 15 *1 46-16 | Associated with FEOX and KAOL.
U +1 1-13 23-43 | Associated with OM and KAOL.
GROUP-IV
S 9 15-26 1.7 -25 | Association with FEOX, OM and KAOL.
As 188 1-43 5-42 Association with FEOX, OM and KAOL.
Se >7 2.5 Association with FEOX and KAOL.
Br 15 +1 4-6 Association with FEOX and KAOL.

GROUP-V (LEACHABLE ELEMENT FRACTIONS)

Na 11** 05-24 17 -27 Associated with FEOX, OM and KAOL.
Mg 15 1-22 23-31 | Associated with FEOX, OM and KAOL.
Al > 2.7 Associated with FEOX.

P 2->4 1->2 | Associated with OM and KAOL.

S 17 5- > 28 | Associated with FEOX and KAOL.

K 13 15-26 18-4 Associated with OM and KAOL.

Ca 1.7-23 4-8 Associated with OM and KAOL.

\'% 1->4 | Associated with KAOL.

Cr 2->4 | Associated with KAOL.

Ni 1- > 27 | Associated with KAOL.
Cu > 16* Associated with KAOL.
Zn > 32 > 6* Associated with OM and KAOL.

Ba 13 1-15 44 -96 | Associated with FEOX, OM and KAOL.
Tl 29 - > 78 | Associated with KAOL.

Pb >6 Associated with FEOX.

ELEMENTS WHICH WERE NOT ASSIGNED TO GROUPS

MgO 3.7 03->38 ] 135-23 | Associated with FEOX and KAOL.
Cl 53 14-18 1.7 -23 | Associated with FEOX, OM and KAOL.
I 2 26 - 41 | Associated with FEOX and KAOL.

Based on only one pit because the concentrations in the samples from the other pits were (a)
below the LLD, (b) not determined or (c) affected by pollution (Sn).
The enrichment factor from the {opsoil to subsoil rather than from granite to the subsoil is given

because the interpretation of the latter would be misleading. See section 4.5.3. for explanation.
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Table 4.6: Whole-rock analyses of the slightly weathered granite which forms the parent
material of the Klipberg toposequence. Concentrations in percent for major elements
and ppm for trace elements. '

Sio, 740 Li 16 Zn 5.0 Mo 2.0
TiO, 0.06 Be 74 Ge 0.9 Cd <0.7
ALO, 143 F 404 As 13 Sn © 13
Fe,O, 0.74 S 38  Se <0.7 Sb <03
MgO 0.02 cl 101 Br 10 I 2.5
CaO 0.08 vV 25 Rb 357 | W 52
Na,O 5.6 Cr 15 Sr 1.7 Pb 11
K,O 5.2 Mn 62 Y 34 Bi 18
P,0, 0.03 Co 020 | Zr 343 Th 31
H,0™ 020 Ni 52 | Nb 208 U 4.9
LOI 0.18 Cu 25

TOTAL 1004

43. PARTICLE SIZE DISTRIBUTIONS AND FIELD OBSERVATIONS

A photograph from the pit in the uppermost slope position (Pit 30) shows the sampling
line down the Klipberg toposequence (Figure 4.2). Abundant granite exposures occur
just above the pit from which the photograph was taken. The exposed granite showed
signs of chemical and physical weathering. Granite detritus on the rock surfaces was
probably subjected to surface wash towards the upper limit of the soil cover.

Soil horizons and classification (summarised from Appendix-I): Orthic
A-horizons, E-horizons, soft plinthic and lithocutanic B-horizons and G-horizons were
encountered in the field. The soil profiles along the toposequence down Klipberg were
classified as belonging to the following soil forms: Pit 30, Mispah; Pit 31, Longlands;
Pit 32, Westleigh; Pit 33, Kroonstad. The browr; colour of the soil at the top of the
toposequence indicates the presence of goethite and well drained conditions. The soil
in middle and lower slope position has dominantly grey colours, indicating imperfectly
and poorly drained conditions (Figure 2.1). The soil in the upper slope position is
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Figure 4.3: Particle size distributions of the samples taken from the granitic
toposequence at Klipberg. The full size of each bar represents 100 weight % of the
inorganic soil fraction. AE refers to a composite sample of the A- and the E-horizons.
The particle size distribution of the top 15 cm of the soil profiles are not shown because
they are similar to those of the corresponding A-horizons. The data for the top 15 cm
are given in Appendix-III

Lateral eluviation by means of throughflow: The particle size distribution of the
soil at the upper limit of the soil cover (Pit 30) probably reflects the particle size
distribution of the material available from the weathering granite above the soil cover.
In contrast to this particle size distribution the subsoil in the steepest slope position
consists mainly of sesquioxide gravel (sample 31B in Figure 4.3). The high gravel
content, the steep gradient of the slope at Pit 31 and the underlying impermeable
granite are strong indications for lateral eluviation being a major soil forming factor for
this horizon. Eluviation probably depleted all particles smaller than gravel and,
therefore, relatively enriched the horizon in gravel. In spite of the strong eluviation of
this horizon, and due to the presence of coarse Fe-oxide concretions, it was decided to
classify this horizon as a soft plinthic B-horizon (Figure 4.8: text box 3).

Illuvial character of the subsoil at Pit 32: The gravel fraction of the G-horizon
at Pit 32 at the footslope of the toposequence (sample 32G) is very small and consists
of rounded, and thus most likely transported, quartz grains. An in situ formation of this
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horizon is, therefore, unlikely. It is thus proposed that the subsoil of Pit 32 is primarily
the result of the deposition of material that was eluviated further up the toposequence
(Figure 4.8: text box 4). The illuvial subsoil at Pit 32 has higher proportions of fines,
coarse silt, medium sand and fine sand than the subsoil which is more distant from the
steeper slope (Pit 33), probably indicating that the illuviation at Pit 32 resulted mainly
in the accumulation of these particle size classes.

In situ character of the subsoil at Pit 33: The differences between the particle
size distributions of the subsoils at Pit 33 and Pit 32 suggest that the physical processes
that were involved in their formation differ substantially (Figure 4.3). Sample 33G
contains more gravel, coarse sand and fine clay than sample 32G. The smaller
proportions of fines, coarse silt, medium sand and fine sand probably indicate that the
proposed transport of particles eluviated from the upper part of the toposequence and
deposited in the subsoil of Pit 32, does not reach as far as Pit 33. Gravel, coarse sand
and fine clay are, therefore, relatively enriched.

Comparison with other authors: Munnik et al (1992) investigated soils on
hillslopes in a South African granite landscape and found sequences of soils which are
similar to the Klipberg toposequence. Well drained soils were found in the higher slope
positions and plinthic subsoils occurred in the midslope. The downslope profiles showed
signs of wetness. The gradient of the investigated hillslopes was similar to the gradient
of the Klipberg toposequence (average 75 %o) and lateral flow of water was postulated.
Nyamapfene (1986) investigated toposequences in Zimbabwe associated with gneiss and
granite and postulated that throughflow causes the eluviation, transport and deposition
of clay. Purves (1976) concluded from his field work and laboratory experiments that
dispersed clay is transported by means of throughflow. He found that clay can be
dispersed at exchangeable sodium percentages (ESP) lower than four and that dispersed
clay is especially mobile in a coarse sand matrix.

Conclusion: It was demonstrated that lateral transport of particles in
toposequences by means of throughflow, as proposed for the Klipberg toposequence, is
a process also described elsewhere. It is, however, not described in the literature that
particles as coarse as medium sand were subjected to lateral eluviation, transportation
and illuviation. The lateral dislocation of medium sand in the Klipberg toposequence
would suggest a very rapid flow of water through the very permeable, soft plinthic
B-horizon in the steepest part of the toposequence (Pit 31). The geochemical results
substantiated the important role of throughflow in the Klipberg toposequence

(section 4.5.5.).
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44. MAJOR SOIL COMPONENTS

Mineralogy: XRD analyses showed that quartz is the most abundant mineral
component. Plagioclase and orthoclase are abundant mineral components at the top of
the toposequence. The soil further down the toposequence contains only small
proportions of feldspars. The very fine-textured G-horizon at the bottom of the
toposequence additionally contains detectable amounts of kaolinite (Chapter 3).

Elemental composition and organic matter;: SiO, is the most abundant
component. Its concentration varies between 67 and 95 percent. ALO, is generally the
second most abundant constituent, ranging between 1.5 and 18 percent. Other abundant
constituents are K,O, Fe,O, and Na,0. The mean concentrations of the remaining |
elements are lower than 0.2 percent. The proportion of organic matter ranges between
0.1 and 2.4 percent (Table 4.1).

A- and E-horizon: The proportion of SiO, within the topsoil increases from the
top to the bottom of the toposequence while the concentrations of the other major
elements decrease. The topsoil contains 74 % SiO, at the top of the toposequence (Pit
30) and 95 % SiO, at the bottom of the toposequence (Pit 33). The concentrations of
K,O and Na,O decrease from approximately 4 to less than 1 percent. The concentration
of ALO, decreases from 13 to 1.5 % and the concentration of Fe,O, decreases from
1.8 to 0.8 % (Figure 4.4).

High concentrations of Fe,0, and Al,O, in the subsoil: The subsoil of Pit 31 was
observed in the field to contain many sesquioxide concretions. This accumulation of
sesquioxides in the subsoil resulted in the highest Fe,O, concentration found (5.5 %).
The highest concentration of Al,O; coincides with high proportions of mud and kaolinite
in the subsoil at the bottom of the toposequence (samples 32G and 33G).
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Figure 4.4: Change of the Al,0,, SiO, and Zr concentrations from the exposed granite
down the topsoil (samples GR1, 30A, 31AE, 32A and 33AE). The increase of the Zr
concentration from the granite to the topsoil and its decreasing concentration down the
toposequence is typical for all elements in Group-I. The rather small variation of SiO,
is typical for all elements in Group-II. The continuously decreasing concentration of
Al O, is typical for all elements in Group-IIL

4.5. FACTORS WHICH DETERMINE THE LATERAL AND VERTICAL CHANGES
OF THE CONCENTRATIONS

Discussion of elements in groups: The elements were allocated to groups in order to
facilitate their discussion. The manner in which the elements were grouped is explained
in section 1.2. The elements were allocated to four groups:

(Group-I) Elements with increasing concentrations from the granite to the
uppermost part of the toposequence and decreasing concentrations towards the
footslope (Figure 4.4; section 4.5.2.). '
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(Group-II) Elements with relatively constant concentrations. Some of the
elements in this group have slightly increasing or decreasing concentrations from the
granite to the footslope. The enrichment factors, however, are < 1.4 and > 0.8
(Figure 4.4, section 4.5.3.). _

(Group-III) Elements with continuously decreasing concentrations from the
granite to the footslope (Figure 4.4; section 4.5.4.).

(Group-1V) Elements which have strongly increasing concentrations from the
granite to the soil (Figure 4.5; section 4.5.5.).

The leachable portions of the elements and the elements which could not be
assigned to groups are discussed in sections 4.5.6. and 4.5.7., respectively. It is important
to note that not all elements are in perfect agreement with the patterns described for
their groups.
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Figure 4.5: The concentrations of As, S, Br and Se (Group-IV) from the granite to the
topsoil of Pit 30 and further to the subsoils of Pits 31, 32 and 33 in ppm (samples GR1,
30A, 31B, 32G and 33G). The graphs show the strong accumulation of Group-IV
elements in the soil.
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4.5.1. Loss and gain of elements during soil formation

Real loss(gain) of an element: Changes in the concentration of a particular element
from a less to a more weathered sample may be due to loss(gain) of other elements,
especially major elements. An attempt was made to calculate the real loss(gain) of an
element from concentrations which were corrected for this effect.

Suitability of TiO, concentrations for calculating the real loss(gain) of elements
during weathering: Titanium occurs in soils chiefly in the form of insoluble, rock-
derived minerals (Vinogradov, 1959; Scheffer and Schachtschabel, 1989). Common Ti
minerals in soils are ilmenite, anatase and rutile. The portion of Ti which is released
by minerals which are less resistant to weathering (e.g. biotite and amphibole)
precipitates as TiO, (Scheffer and Schachtschabel, 1989). Loss and gain of Ti during
weathering is, therefore, minimal. Titanium concentrations are thus suitable to correct
the difference between concentrations in more and less weathered samples for loss and
gain of other elements, provided no other mechanism for removing(adding) Ti is
operating. The corrected difference is referred to as the real loss(gain) of a particular
element during soil formation. An equation was formulated to calculate the real
loss(gain) of an element (Equation 7). The suggested calculations are similar to the
procedure given in Krauskopf (1979).

Elc, Tic
Ele, Tic,

Loss (Gain) = -11]-100 (Equ. 7)

Where:
Real Loss (Gain)

real loss (gain) of a particular element from a less
to a more weathered sample in %

Elc, = elemental concentration in the more weathered
sample

El c, = elemental concentration in the less weathered
sample

Tic, = titanium concentration in the more weathered
sample

Tic, = titanium concentration in the less weathered sample

Limitations and possible sources of error: The distribution of TiO, in the granite-
derived toposequence at Klipberg indicates depletion and accumulation of TiO, as a
result of eluviation from the topsoil and illuviation into the subsoil (section 4.5.2.). It
may be assumed that the effect of this process is minimal in the uppermost part of the
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toposequence (Pit 30) because the soil in this part of the toposequence consists of one
(uniform) soil horizon (Figure 4.1). Conclusions with respect to real loss and gain of
elements using TiO, concentrations as a reference concentration are thus restricted to
the changes from the granite to the uppermost part of the toposequence.

Possible sources of error are (a) dissolution and loss of minor quantities of Ti
from weathering resistant Ti minerals (Ajmone Marsan et al, 1988), (b) the slightly
weathered state of the sampled granite and (c) the possible lateral eluviation of
relatively fine particles from the soil at the top of the toposequence due to throughflow,
as described by Purves (1976). Error (a) would result in underestimation of the loss of
all elements. Error (b) would result in underestimation of the loss of soluble elements.
Error (¢) would result in overestimation of the loss of those elements which are
enriched in the finer soil fraction.

Calculation of the real loss(gain) of elements from the exposed granite to the
uppermost part of the soil cover: The uppermost part of the toposequence has a steep
gradient and consists of a coarse-textured A-horizon (Figure 4.1; section 4.3). It is
assumed that the material contained in the A-horizon at the upper limit of the soil cover
(Pit 30) originates from the granite exposed above the toposequence. The real
loss(gain) of elements from the granite to the uppermost part of the soil cover was
calculated according to Equation 7 and is presented in Figure 4.6.

The gained portion of an element probably originates from percolating rock
leachates (e.g. As and S). Elements supplied by rock leachates may be become
adsorbed or incorporated into organic matter and secondary soil minerals. High losses
are best explained by soil leaching (e.g. Ca and Na). Both processes, precipitation and
leaching, indicate a certain solubility of the corresponding elements. Elements of which
only minor portions were lost(gained) are probably hosted by less soluble compounds
(e.g. P and Zr). Alternatively, such elements may be released from their primary hosts
but fully retained by other soil components such as clay, Fe-oxides and organic matter.
This will be discussed for individual elements in sections 4.5.2. to 4.5.5. and in
Chapter 9.
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Figure 4.6: Real loss and gain of elements from the granite (sample Grl) to the
uppermost part of the toposequence (sample 30A) in percent. Titanium concentrations
were used to correct for the relative changes in concentration due to loss(gain) of other
elements, especially major elements, in order to calculate the real loss(gain) of elements
(Equation 7).

4.52. Group-I Li, P,0, TiO,, V, Fe,0;, Zn, Zr and Sn

Observations: Figure 4.6 shows that the real loss(gain) of the elements in Group-I from
the granite to the uppermost part of the toposequence is relatively small. The
concentrations of the elements in Group-I increase from the granite (sample Gr1) to the
uppermost part of the topsoil (sample 30A; Figure 4.4). The concentrations in the
topsoil generally decrease from the top to the bottom of the toposequence (samples 30A
to 33AE). The concentrations of the Group-I elements generally increase from the
topsoil to the fine-textured and(or) Fe-oxide-enriched subsoils (Table 4.5).

} Relative accumulation of Group-I elements from the granite to the uppermost
part of the toposequence: Titanium and Zr are chiefly hosted by insoluble minerals
(Vinogradov, 1959). The increasing concentrations of these elements from the granite
to the uppermost part of the toposequence are, therefore, best explained by loss of
major elements. Figure 4.6 shows a small loss of Zr from the granite to the uppermost
part of the toposequence. This loss could be the result of (a) preferential eluviation of
Zr-hosts from the soil at the top of the toposequence due to throughflow (section 4.5.1.;
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possible sources of error) or (b) partial dissolution of zircon. Partly weathered zircons
in granitic soil were observed by Purves (1976).

Iron, Zn, Sn and Li can be hosted by minerals that may or may not be resistant
to weathering. The similar behaviour of these elements and the other Group-I elements
indicates that Fe, Zn, Sn and Li ions were not leached from the soil, even if they were
released during the weathering of the detritus in the uppermost part of the
toposequence. The Fe needed to form the abundant Fe-oxide concretions in the subsoil
further down the toposequence (Pit 31) may originate from (a) deeper leaching of the
granite above the toposequence and (b) leaching of the topsoil above Pit 31 (Figure 4.8:
text boxes 2 and 7).

The most common inorganic host of P in rocks and soils is apatite (Scheffer and
Schachtschabel, 1989). It may thus be presumed that the Klipberg granite supplies P
to the toposequence mainly in the form of apatite. Apatite is unstable if the pH of the
soil is lower than 7 (Scheffer and Schachtschabel, 1989). The pH of the uppermost part
of the toposequence is in the acidic range (pH(KCI) = 4.3), suggesting that P ions may
be released from weathering apatite. However, the correlation of P,0O; with the
insoluble Group-I elements suggests that any P ions which were released during the
weathering of apatite were fixed by other soil compounds such as organic matter and
Fe-oxides. Association of P with Fe-oxides is also demonstrated in Table 4.5 and was
reported by various authors which are reviewed by Torrent (1994).

Vanadium: Vanadium in granites may be hosted by minerals susceptible to
weathering (e.g. mica and sulfides) or resistant to weathering (e.g. titanite; Landergren,
1974). A comparison with the literature showed that the weathered sample of the
granite which formed the parent material of the granite-derived toposequence has a very
low V concentration (2.5 ppm; Table 9.1). The subsoils with high proportions of
secondary soil minerals (Fe-oxides and kaolinite) have relatively high V concentrations
(32 to 36 ppm). It is open to speculation whether (a) the fresh granite has a normal V
concentration (44 to 88 ppm; Table 9.1) and the low concentration in the weathered
sample of the granite reflects the loss of V during the early stages of weathering or (b)
the fresh granite has a low V concentration.

The conspicuous accumulation of V with secondary soil minerals indicates that
the primary host of V did release V and, therefore, favours hypothesis (a). The
hypothesis that the primary host of V released V during early weathering could also
explain the (real) gain of V from the granite to the uppermost part of the derived
toposequence, because V leached from the granite above the toposequence could be
retained by secondary soil minerals and soil organic matter at the top of the
toposequence (Figure 4.6). This process would be in agreement with the solubility of
vanadium in the oxidised state and its affinity with Fe-oxides and organic matter, as
proposed by other authors (section 9.13.). '
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The results obtained for the Group-IV elements (S, As and Se; section 4.5.5.) are
best explained by postulating the early oxidation of sulfides during the weathering of the
granite and leaching of the associated trace elements. Pyrites and other sulfides were
shown to host considerable portions of V in sediments, particularly shales (Landergren,
1974). It may, therefore, be speculated that sulfides are an important host of V in
Klipberg granite, and that their oxidation resulted in release of soluble V.

It conclusion it is suggested that (a) minerals susceptible to weathering are an
important host of V in the granite and (b) the oxidation these minerals results in water-
soluble forms of V. Mobilised V was fixed by secondary soil minerals and organic
matter or leached into the ground water.

Loss of Group-I elements from the topsoil as a result of eluviation of detritus
with a particle size smaller than 0.5 mm: The results discussed in section 4.5.4.
indicated that (a) the whole topsoil is subjected to gravitational transport and (b) any
particles smaller than 0.5 mm are continuously eluviated from the topsoil during its
gravitational transport to the bottom of the toposequence. The increasing loss of finer
particles coincides with the decrease of the concentrations of the elements in Group-I
described above. This correlation is best explained by proposing that the hosting
minerals of the Group-1 elements occur mainly in particles smaller than 0.5 mm and are
thus continuously eluviated from the topsoil. This hypothesis is in agreement with (a)
Vinogradov (1959) who observed that Ti may be present to a larger extent in the colloid
fractions than in the coarser fraction and (b) the fact that the concentrations of the
Group-I elements normally increase from the top- to the subsoil. Leaching of the
Group-I elements from the topsoil is less likely because they are mainly hosted by
insoluble substances.

Tin pollution by means of agro-chemicals: The concentration of Sn in the topsoil
increases from Pit 32 (5 ppm) to Pit 33 (65 ppm) while the concentrations of the other
Group-I elements decrease. The high Sn concentration in the topsoil of Pit 33 is
possibly a result of soil treatment with agro-chemicals (Chapter 9).

Particle size of zirconium minerals: The eluviation of Zr from the topsoil did
not result in higher Zr concentrations in the fine-textured subsoil (Table 4.5). The
sample of the relatively coarse-textured GB-horizon of Pit 32 (sample 32GB) is the only
one which contains more Zr than the topsoil and the granite. The high Zr
concentration in sample 32GB coincides with the highest proportion of medium and fine
sand observed in the Klipberg toposequence (60 % particles < 0.5 mm and
> 0.053 mm). It was suggested above that medium and fine sand was eluviated from
the upper part of the toposequence and accumulated in the vicinity of Pit 32
(section 4.3). The similar behaviour of medium sand, fine sand and Zr suggests that
most of the zircons and(or) other zirconium minerals in the Klipberg toposequence have
a particle size ranging between 0.053 mm and 0.5 mm. The almost exclusive occurrence
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of Zr in the form of sand-sized zircons was also observed by Moura and Kroonenberg
(1988).

4.53. Group-II: SiO,, Cr, Mn, Co, Ni, Cu, Sr, Mo and W

Observations: Figure 4.6 shows significant losses of all Group-II elements, except for
Sr, Co and W, from the granite to the uppermost part of the toposequence. The loss
ranges between 40 % for Mo and 61 % for Ni. A loss of 55 % was calculated for SiO,.

The variation of the concentrations of the Group-II elements down the topsoil
is generally small. The concentration of SiO, increases from the top to the bottom of
the toposequence while the concentration of Mn decreases slightly (Figure 4.4). Many
of the elements in Group-II have relatively high concentrations in the organic-rich
top 15 cm of the soil profiles and in the fine-textured and(or) Fe-oxide-enriched subsoil
(Table 4.5). | |

Loss of Group-II elements and solubility of hosting minerals: The losses from
the granite to the uppermost part of the toposequence are best explained by leaching,
‘The leaching of elements may have occurred (a) during the weathering of the granite,
(b) during the gravitational transport of the detritus from the granite above the
toposequence to the soil or (c) in the soil. The losses of most elements in Group-II are
smaller than the loss of SiO,, indicating that the hosting minerals were less soluble than
SiO, but more soluble than TiO,.

Even distribution of Group-II trace elements in the topsoil: The increasing
concentration of SiO, in the topsoil from top to the bottom of the toposequence is due
to the loss of most of the other major elements (section 4.4.). The concentrations of the
trace elements of Group-II in the topsoil vary only within a relatively small range,
indicating that the hosting minerals are neither enriched nor depleted relatively to SiO,.
‘This confirms that the hosts of most Group-II elements have solubilities similar to SiO,.

Strontium: Strontium should be susceptible to weathering because it commonly
substitutes Ca in the relatively soluble plagioclase. The association of Sr with the other
Group-II elements may indicate that Sr is hosted mainly by minerals more resistant to
weathering. Alternatively it could be speculated that Sr ions released from their primary
hosts (e.g. plagioclase) are retained to become a constituent of secondary soil minerals
or organic matter. :

Separation of Fe and Mn: The formation of Fe-oxide concretions in the subsoil
of Pit 31 did not result in higher Mn concentrations, suggesting that the Mn which was
leached with the Fe at higher elevation did not precipitate with Fe but was removed in
the ground water. This is in agreement with Scheffer and Schachtschabel (1989) who
state that Mn is commonly more easily leached than Fe.

Tungsten: The concentrations of W in the granite and the derived soil are much
higher than W levels recorded in the literature (Table 9.1). The concentration increases
from 52 ppm in the granite to 426 ppm in the top 15 cm of the soil profile at Pit 30.
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The composite sample of the topsoil at Pit 30 has a much lower W concentration
(18 ppm), indicating a sharp decrease of the W concentration from the top 15 c¢m of the
soil profile to the lower topsoil. The W concentrations further down the toposequence
range between 10 and 35 ppm. High W concentrations and wolframite mineralisations
associated with Western Cape granites are also reported in Robson (1980) and Scott
(1969). In these studies it was observed that high W concentrations normally coincide
with high Sn concentrations. The Sn concentration in the sample of the Klipberg
granite, however, is only slightly higher than the background concentration, as reported
by other authors (Table 9.1). A possible mechanism for the observed concentration of
W in the top 15 cm of the soil profile is discussed in the following paragraph.

The results presented in section 4.5.5. (S, As, Se and Br) are best explained by
assuming that the granite above the toposequence contains sulfides which are oxidised
during the early stages of weathering. It was suggested that this oxidation would lower
the pH of the rock leachates. Krauskopf (1970) reports that W minerals are slowly
attacked by acid surface waters, especially by the strongly acid waters of weathering
. sulfide deposits. Tungsten released by acid attack is probably partly dissolved as
HWO,™. Movement of W in near-surface solutions is shown by the existence of "haloes"
in soils around ore deposits. It is thus reasonable to postulate that acidic leachates from
the granite above the toposequence supply the soil with W. The surface run-off from
the exposed granite infiltrates the toposequence through the topsoil at Pit 30
(Figure 4.8). The chemical interaction between the run-off and the soil could result in
instant changes of the Eh(pH)-conditions and may thus cause precipitation of W.
Adsorption of W by Fe-oxides, clay minerals and organic matter may also cause the
observed accumulation (Swaine, 1990; Krauskopf, 1970). Further research is needed
to substantiate this hypothesis. This should include a confirmation of the analytical
results and the identification of the tungsten-hosting components in rock and soil.

4.54. Group-I1I: Depletion of Be, F, Na,0, ALO;, K,0, CaO, Rb, Y, Nb, Pb, Th and

U during soil formation
Observations: Figure 4.6 shows major losses of the elements in Group-1II from the
granite to Pit 30. The losses range between 43 % for U and 72 % for Na,O.

The concentrations of the Group-III elements decrease from the granite to the
soil in the uppermost part of the toposequence and further to the topsoil in the lower
slope positions (Figure 4.4). Except for Na,0O, K,O and Be, all elements have higher
concentrations in the fine-textured subsoil than in the granite and the topsoil
(Table 4.5). The decrease of the concentrations from the top to the bottom of the
toposequence coincides with (a) decreasing proportions of feldspars (section 4.4.), (b)
increasing proportions of coarse sand and decreasing proportions of all other particle
size classes (Figure 4.3), (c) decreasing concentrations of Group-I elements and (d)
increasing SiO, concentrations (section 4.5.3.).
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Hypothesising gravitational transport and continuous weathering and leaching
of the topsoil down the slope: The loss of feldspars, Na,0, Al,O,, K,O and CaO down
the toposequence implies that the degree of weathering increases down-slope. It was
suggested that the exposed granite continuously supplies relatively fresh mineral detritus
to the soil at the top of the toposequence (section 4.3.). As discussed below, the soil is
probably subjected to gravitational transport. Weathering, leaching and eluviation
results in depletion of (a) feldspars, (b) Group-I elements, (c¢) Group-III elements and
(d) particles finer than coarse sand. This depletion causes relative accumulation of
coarse sand and SiO, as the soil moves down the slope.

Sheet wash as an alternative hypothesis to explain observed lateral trends: It
may be argued that transport of particles by overland and(or) shallow flow of water
during rain storms, referred to as sheet wash (Selby, 1982), caused the lateral trends
described above. Gerrard (1992) quotes Webster (1965) who describes a complex
situation in Zambia where erosion by sheet wash is greatest on the lower steeper parts
of the slope leading to preferential removal of fine particles and leaving a coarse
grained soil at the base of the slope. A similar process could explain the continuous
coarsening of the topsoil down the Klipberg toposequence if the energy of the sheet
wash would be sufficient to transport particles as coarse as medium sand beyond the
lowermost pit (Pit 33). It is, however, suggested that sheet wash was not a process of
major importance for the Klipberg toposequence because (a) the coarse texture of the
topsoil facilitates fast infiltration and limits overland flow and (b) the almost level
~ terrain in the lowermost slope position would probably not allow for overland flow, if
it existed to be, turbulent enough to transport particles as coarse as medium sand. The
possibility of predominantly vertical leaching and eluviation of the topsoil during
gravitational transport was thus investigated in greater detail.

Rates and importance of gravitational transport as reported by other authors:
Various other authors report gravitational transport as an important process in
toposequences. The average slope of the Klipberg toposequence is 75 permille. The
steepest part of the toposequence between Pits 30 and 32 is 124 %o or 7°. Scheffer and
Schachtschabel (1989) reported that toposequences which have gradients steeper than
20 %o are commonly subjected to gravitational transport. Schumm (1967) showed that
surficial rock creep on a slope approximately equivalent to the steepest part of the
Klipberg toposequence may range between 10 and 20 mm per year. Williams (1974)
found that the mean rate of surficial rock creep ranges between 1 cm per year on a 3°
(50 9%o) slope and 3 cm per year on a 18° (320 %o) slope. A comparative study suggésted
that these mean rates were not affected by contrasting climates. It is, however,
important to note that the rate of surficial rock creep would overestimate the rate of soil
movement. Buol et al. (1980) quotes Troeh (1975) who reported 11.5 mm soil
movement at 15 ¢cm depth and 1.2 mm movement at 105 cm depth in two years on a
40 %o slope.
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Purves (1976) found evidence for colluvial action in granite-derived
toposequences in Zimbabwe. In contrast to the Klipberg toposequence, the investigated
toposequences showed a decreasing degree of weathering down the slope. Purves
concluded that any soil added was at a similar stage of weathering to the recipient soil.
Munnik et al (1992) investigated granite-derived toposequences in South Africa and
found signs of substantial mass movements. The gradients of the investigated
toposequences are similar to the gradient of the Klipberg toposequence. They reported
an average increase of the coarse sand fraction and a decrease of the clay fraction down
the topsoil of the toposequence, similar to this study. Swanson (1985) investigated
toposequences on moraines and found that soils are transported by creep. From his
observations he concluded that the soil material undergoes weathering throughout its
movement down the slope. The soils on the shoulder are thus less developed than the
soils in footslope position.

Conclusion: The reviewed literature demonstrated that the slope of the Klipberg
toposequence (average 75 %eo) is steep enough to experience gravitational transport. The
coarse texture (gravel) and the loose consistency (lack of a cohesive clay matrix) of the
soil in the upper parts of the toposequence would facilitate such transport.

It was further shown that gravitational transport of soil down toposequences was
reported by other authors and resulted in lateral changes of the soil properties similar
to those observed in this study. It is thus suggested that continuous weathering and
eluviation during gravitational transport is an acceptable explanation for the results
stated above. The hypothesis must be regarded as provisional until gravitational
transport can be confirmed by direct field evidence (e.g. disturbed horizonation).

Type and extent of gravitational transport: Accepting the hypothesis of
gravitational transport it may be asked which form of gravitational transport takes place,
which soil horizons are affected by the transport and at what slope position the transport
terminates. No definitive answers can be offered because of the lack of data from more
observation points. Some aspects of the problem, however, are discussed below. The
transport of the soil may be due to creep or runoff creep, the latter being defined as
relatively slow movement of coarse material induced by runoff (Ploey and Moeyersons,
1975). Ploey and Moeyersons showed runoff creep to be particularly effective in moving
sandy materials and granite gruss. In the upper slope positions coarse textured
(gravelly) and loose soil that lacks a cohesive clay matrix directly overlies granite. It
could, therefore, be speculated that in the upper slope positions all soil horizons are
subjected to transport.

Eluviation of Pb, Nb, Th, Y and U in form of detritus: Figure 4.6 suggests that
the hosts of Pb, Nb, Th, Y and U have solubilities slightly lower than SiO, while the
hosts of the remaining elements in Group-III have higher solubilities than SiO,. The
decreasing concentrations of the Group-III elements down the topsoil, however, suggest
that all Group-III elements are depleted relative to the most abundant soil component
SiO,. It may thus be speculated that the loss of Pb, Nb, Th, Y and U from the topsoil
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is partly due to eluviation of these elements in form of detritus rather than in a
dissolved form.

4.5.5. Group-IV: Accumulation of S, As, Se and Br in the soil

Observations: Figure 4.6 shows that the elements As, S and Br were added to the soil
at the top of the toposequence. The concentrations of all Group-IV elements increase
markedly from the granite to the uppermost part of the toposequence (Pit 30) and
further to the subsoil of Pit 31 (Figure 4.5). Arsenic reaches its maximum concentration
in the fine-textured subsoil at Pit 32 (743 ppm) while all other Group-IV elements reach
their maximum concentration in the Fe-oxide-rich subsoil at Pit 31. The concentrations
of As and Se decrease with increasing distance from the footslope (Pit 32 to 33).

Possible sources of Group-IV elements: The large increase in the concentrations
from the granite to the soil suggests the accumulation of Group-IV elements from soil
water. The Br, Se, As and S in the soil water may originate from the atmosphere
and(or) deeper leaching of the granite above the toposequence (Vinogradov, 1959;
Sposito, 1989; Scheffer and Schachtschabel, 1989). Bromine is more likely to originate
from the atmosphere while Se and As are more likely to originate from the granite.
This is discussed in more detail in Chapter 9. In the granite the elements As, Se, and
S may occur together in primary sulfides (Vinogradov, 1959; Chapter 9).

Possible concept for the accumulation of Group-IV elements in the soil:

(a) Sulfides are common constituents of granites and are easily oxidised in the
weathering environment (Rdsler, 1981). It may thus be assumed that the primary
sulfides present in the granite are oxidised during the early stages of weathering. This
process may take place well below the present rock-surface. The oxidation lowers the
pH of the weathering solution and results in formation of soluble selenites, arsenates
and sulfates (Vinogradov, 1959). The lowering of the pH could permit the dissolution
- of Fe, even in the proposed oxidising conditions. The soluble compounds of the
Group-IV elements are leached from the granite (Figure 4.8: text box 7). This is in
agreement with the very low S concentration in the sample of the slightly weathered
granite (Table 9.1). In order to test the proposed leaching of S, As, Se and Fe from the
granite it would be interesting to test whether the concentrations of these elements in
the granite increase with increasing depth (see also section 9.20.).

(b) The rock leachates infiltrate into the soil and cause the observed eluviation
of the subsoil in the steeper section of the toposequence (Pit 31). The reaction of the
leachates with weathering soil minerals causes higher pH values (Scheffer and
Schachtschabel, 1989). Increasing pH values may form a geochemical barrier which
could initiate the precipitation of the Fe-oxide concretions observed in the B-horizon
at Pit 31 (Kasimov and Perel'man, 1994). Arsenic, Se and S were reported by
Vinogradov (1959) to coprecipitate readily with secondary Fe(OH),. It is proposed that
this process caused the high concentrations of Group-IV elements in subsoil at Pit 31
(Figure 4.8: text box 3).
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(c) The throughflow water reaches the footslope and percolates through the fine
textured G-horizon at Pit 32 when the relief flattens out. The element load which
remained in the throughflow water becomes partially adsorbed onto the clay minerals
present in the G-horizon. It is interesting to speculate about the Fe-oxide concretions
as an additional source of trace elements. The gravitational transport proposed in
section 4.5.4. may also include the Fe-oxide concretions and their trace metal load,
contributing to the gravel fraction in the B-horizon at the footslope (Pit 32). The high
supply of throughflow water during winter probably causes longer periods of water
saturation and a lack of oxygen at the footslope. This is reflected by the presence of a
G-horizon, which by definition forms if reducing conditions prevail. Schwertmann and
Taylor (1989) state that iron oxides can easily be remobilised through a reductive
reaction. This takes place wherever and whenever O, becomes deficient. It could thus
be speculated that the Fe-oxide concretions breakdown when they reach the footslope.
The decomposition could be a source of trace elements for the underlying G-horizon.
The brown and grey mottles in the G-horizon could be possible remnants of the
Fe-oxide concretions. The soft Fe-oxide concretions in the transitional GB-horizon
could represent decomposing Fe-oxide concretions. This hypothesis, however, is
speculative and more work needs to be carried out in order to determine whether (a)
the Fe-oxide concretions are included in the gravitational transport and (b) the vertical
succession from hard Fe-oxide concretions to soft concretions and further to mottles at
the footslope (Pit 32) reflects the formation or the breakdown of the Fe-oxide
concretions.

(d) The distinct decrease of the As and Se concentrations in the subsoil from
Pit 32 to Pit 33 may indicate that the throughflow does not reach Pit 33. This is
manifested in the disappearance of the eluviated, Fe-oxide-rich B-horizon between
Pit 32 and Pit 33.

4.5.6. Group-V: 1 M NH,NO, extractable element fractions
The 1 M NH NO, extractable concentrations of the elements were often below the LLD
(Table 4.4). The values which were above the LLD indicated whether the extractable
fraction of an element was associated mainly with Fe-oxides, kaolinite and(or) organic
matter (Table 4.5). Magnesium, Ca, Al, K, Na and Ba are the only elements with
extractable concentrations mostly above the LLLD. The trends of their concentrations
from the granite to the bottom of the toposequence (topsoil) are shown in Figure 4.7.

Sodium and potassium: The concentration of extractable Na and K is very high
in the (pulverised) granite and declines rapidly towards the topsoil. This is in agreement
with Matthes (1983) who states that the Na* and K* of feldspars is relatively easily
soluble and Scheffer and Schachtschabel (1989) who state that the affinity of these
cations for exchange sites in soils is relatively small.

Calcium and magnesium: The concentrations of extractable Ca and Mg increase
from the (pulverised) granite to the topsoil. Krauskopf (1979) states that Ca and Mg
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in rocks dissolve in larger amounts than other cations (e.g. Na and K). Pye (1986) found
calcic plagioclase to be less stable in the weathering environment than K-feldspar. The
affinity of Ca** and Mg** for exchange sites in soils is relatively large (Scheffer and
Schachtschabel, 1989). In conclusion it is suggested that the increase of the
concentrations from granite to soil reflects the leached state of the slightly weathered
sample of the granite and the retention of extractable Ca and Mg in the soil. The
relatively high concentrations of extractable Ca and Mg in the topsoil of Pit 31 coincide
with the highest pH values of the Klipberg toposequence (pH(KCI) of top 15 cm = 5.8;
PH(KCI) of sample 31AE = 5.2). The relatively high pH value may have caused a
~ higher cation exchange capacity of the soil and could thus be the reason for the
relatively high concentration of extractable Mg and Ca in the soil at this pit.
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Figure 4.7: The concentrations of the 1 M NH,NO, extractable portions of K, Na, Mg,
Ca, Ba and Al from the granite down the topsoil of the toposequence in ppm. The
numbers in the pits refer to the pH(KCI) values of the topsoil.

Barium: The concentration of 1 M NH,NNO, extractable Ba decreases
continuously with increasing distance from the granite. A more detailed discussion of
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extractable Ba is given in section 9.27. In this section it is suggested that K-feldspars
are an important source of extractable Ba.

Aluminium: The concentration of extractable Al in the (pulverised) granite is
small, indicating that Al is not easily released from its hosting minerals. The
distribution of extractable Al in the topsoil seems to be determined by the soil pH.
Samples with higher pH values have lower extractable concentrations than samples with
low pH values (Figure 4.7). This observation is in agreement with Scheffer and
Schachtschabel (1989) who state that a lowering of the pH results in release of Al**
~ from oxides and silicates. |

Increase of 1 M NH,NO, extractable element concentrations in the G-horizon
with increasing distance from the steeper slope of the toposequence: The concentrations
of the extractable element concentrations generally increase from the top- to the subsoil.
All elements which had extractable concentrations above the LLD in the G-horizon
showed increasing concentrations from Pit 32 to Pit 33 (Zn, Mg, V, Ca, Cr, Cu, Fe, Ni,
Al, K, Na, P, S, Ba and TI). This increase coincides with an increasing proportion of
particles smaller than 0.5 um (Figure 4.3) and may, therefore, be linked to an increasing
retention ability of the soil. The increase could also be the result of the strong leaching
of the G-horizon near to the footslope (Pit 32; text boxes S and 6 in Figure 4.8).

4.5.7. Elements which were not assigned to groups: Mg, Cl, Ge, I and Bi

Chlorine and iodine: The concentrations of Cl and I show little variation within the
topsoil. Association with kaolinite and Fe-oxides in the subsoil was demonstrated
(Table 4.5).

Magnesium: The concentration of MgO is generally close to the LLD and
increases from the granite to the uppermost part of the toposequence. Its concentration
in the topsoil ranges from < 0.013 to 0.071 percent. Association of Mg with Fe-oxides
and kaolinite in the subsoil is demonstrated in Table 4.5.

Germanium: Twenty five percent of the Ge concentrations are below the LLD
(0.9 ppm). Even the highest Ge concentration (1.4 ppm) is close to the LLD.

Bismuth: The Bi concentration in the granite which forms the parent material
of the toposequence is unusually high. Ahrens and Erlank (1969) report Bi
concentrations ranging between 0.02 and 2 ppm for granitic rocks. The concentration
in the investigated granite (sample GR1) is 18 ppm. Most of the samples taken from
the derived soils have Bi concentrations below the LLD (= 2.8 ppm). Samples which
have concentrations above the LLD originate from (a) the soil just below the granite
exposures at the top of the toposequence, (b) the subsoil with high proportions of
Fe-oxide-concretions and (c) the fine textured subsoil at the bottom of the
toposequence. It is concluded that Bi was leached and depleted during soil formation.
This is consistent with the fact that Bi is commonly hosted by sulfide minerals (Ahrens
and Erlank, 1969) because these are easily attacked during rock weathering and soil
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formation (Résler, 1981). Some of the dissolved Bi was retained by Fe-oxides and
kaolinite.

4.6. SUMMARY

The sampled soils derived from the granites of the Darling area. Soil samples from
seven pits and different soil horizons were analysed for major and trace elements,
1 M NH,NO, extractable element concentrations, particle size distribution and various
other properties. Pits 30, 31, 32 and 33 were positioned down a toposequence
(Figures 2.1 and 4.1). A graphical summary of the physical and chemical soil forming
processes is given in Figure 4.8. The numbers in brackets [ ] below refer to the text
boxes in Figure 4.8.

Transport of matter between pits: The following transport mechanisms were
postulated as being important in determining the observed geochemical trends:
(a) gravitational transport, (b) lateral and vertical eluviation and illuviation of particles
and (c) dissolved transport in throughflow water.

Accumulation of elements hosted by minerals resistant to weathering [1]:
Physical weathering of the granite eprsed above the toposequence continuously
~ supplies detritus to the toposequence. The leaching of some of the major elements
during the transportation of the detritus results in relative accumulation of Group-I
elements® in the uppermost part of the toposequence (Pit 30).

Gravitational transport, eluviation and leaching of upper soil horizons [2]: The
data were best explained by proposing that gravity caused the soil to move down the
toposequence. Continuous eluviation and leaching of the topsoil during gravitational
transport resulted in depletion of (a) particles smaller than 0.5 mm, (b) feldspars, (c)
Group-I* elements and (d) Group-III elements**.

Eluviation and illuviation by means of throughflow [3, 4]: Particles smaller than
gravel were laterally eluviated from the subsoil in the steeper part of the toposequence
(Pit 31) and deposited at the footslope of the toposequence by means of throughflow
(Pit 32). The illuviation resulted in accumulation of fines, coarse silt, medium sand and
fine sand in the subsoil of the footslope near to the steeper part of the toposequence.
The G-horizon in the vicinity of Pit 33 has the highest proportion of particles smaller
than 0.5 pm because the illuviation of coarser particles was restricted to the footslope
in closest proximity to the steeper part of the toposequence.

* Li, P,0;, TiO,, V, Fe,0,, Zn, Zr and Sn.
**  Be, F, Na,0, ALO,, K,0, CaO, Rb, Y, Nb, Pb, Th and U
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Changes of the particle size distribution and leaching as cause for lower
concentrations of extractable element fractions [5, 6]: The dilution of kaolinite with
illuviated, coarse particles at Pit 32 presumably resulted in a lower retention ability of
the soil. The relatively low retention ability and the strong leaching of the G-horizon
near to Pit 32 resulted in relatively small amounts of 1 M NH,NO, extractable elements.
The G-horizon at Pit 33 was less affected by leaching and illuviation and thus has higher
extractable element concentrations.

Accumulation of elements in the subsoil: The depletion of elements in the
topsoil coincided with an accumulation of most trace elements in the Fe-oxide and(or)
kaolinite-rich subsoil (B- and G-horizon). It was suggested that higher pH values
initiated the coprecipitation and accumulation of Fe-oxide concretions and trace
elements from throughflow water in the subsoil at Pit 31. The Fe-oxide-rich subsoil,
therefore, has generally high trace element concentrations [3]. The trace elements
accumulated in the fine-textured G-horizon at the footslope (Pit 32) originate partly
from the throughflow water [S]. The importance of throughflow as supplier of trace
elements decreases towards Pit 33, suggesting that eluviation and leaching of the topsoil
was the most important source of the elements accumulated in the subsoil at
Pit 33 [S, 6].

Particularly strong accumulation of As, Se, S and Br: Mass balance calculations
and the particularly strong increase of the As, Se, S and Br concentrations from the
granite to the uppermost part of the toposequence (Pit 30) suggested that these
elements were added to the soil (Figures 4.5 and 4.6). Aerial deposition is the most
likely source of Br (sea-derived aerosols) while the oxidation of sulfides in the granite
exposed above the toposequence is a possible source of As and Se [7]. Sulfur may
originate from both the granite and the sea. The oxidised ions had higher solubilities
and their transportation by throughflow water and subsequent precipitation in the soil
resulted in very high concentrations of As and Se (Chapter 9). It is important to keep
in mind that the high concentrations of As and Se in the soil may also result from aerial
deposition of these elements (Chapter 9).



CHAPTER 3.

SOILS ASSOCIATED WITH UNCONSOLIDATED

SANDS OF GRANITIC ORIGIN
-

5.1. INTRODUCTION

Occurrence (Figure 5.1): Both Van Niekerk (1967) and the results of this thesis suggest
that the unconsolidated sands north-east of the Darling granite complex are partly of
granitic origin. The unconsolidated sands between the granites and the course of the
Groenrivier are thus referred to as unconsolidated sands of granitic origin (USGO).
The unconsolidated sands which occur close to the outcrops of the Malmesbury Group
were not sampled. These sands may originate partly from the Malmesbury sediments
and are, therefore, not included when the abbreviation USGO is used.

Underlying material and topography: The geological map suggests that most of
the area covered by USGO is underlain by sediments of the Malmesbury Group, mainly
consisting of greywackes and phyllites. Only close to the granite exposures are the
USGO underlain by granites (Theron, 1991; Van Niekerk, 1967). The area is drained
by usually dry, slightly meandering streams. -The relief is low and slightly undulating.

Formation of the USGO: The depression in which the sands were deposited
formed during the Quaternary when a lowering of the erosion base, probably linked to
the abstraction of water to the Pleistocene ice caps, resulted in active incision to a level
lower than the present sea level. The rising sea level during the late Pleistocene
resulted in the deposition of the unconsolidated sands east and west of the present
Groenrivier (Van Niekerk, 1967).

Sampling locations: Figure 5.1 shows the position of the sampled pits. A
simplified section through the sampling sites is given in Figure 5.2. Pits 26, 24 and 25
were, according to the map of Van Niekerk (1967), positioned along a common
sequence of soils from the lower-lying areas towards the slightly higher-lying areas
nearer the granite. The soil at Pit 26 is adjacent to the floodplain while the soils at
Pits 24 and 25 occupy the slightly higher-lying areas closer to the granite. Downslope
transport of matter from Pit 25 towards Pit 26 and further towards the floodplain is
probably negligible because the average slope of soil sequence is only 3 permille. Pit 29
was positioned in the floodplain of the sporadically flowing Groenrivier, relatively
distant from Pits 25, 24 and 26. Van Niekerk’s (1967) soil map, however, shows that the
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soil in the floodplain close to Pit 26 is very similar to the soil in the ﬂdodplain at Pit 29,
Chemical and physical changes from Pit 29 to Pit 26 and further to Pits 24 and 25 are
thus reported as changes with in ing distance from the fl lain and towards th

granite.

18015 18°35°

3PS

18 km

33°25°

Figure 5.1: Simplified map of the sampling sites in the soils associated with the
unconsolidated sands of granitic origin (USGO). The numbered points refer to the
sampled pits. Pits 25, 24 and 26 are joined with a line because they are positioned down
a common sequence of soils, as mapped by Van Niekerk (1967).

Pit 28 is in the same area, but the encountered soil type is not characteristic for
the soils associated with the USGO because the soil developed on a small occurrence
of Malmesbury quartzites within the USGO. The data for the pits not mentioned above
but shown in Figure 5.1 are not discussed in greater detail because of incomplete
chemical analyses. The coordinates and a full pedological description of all pits sampled
are given in Appendix-I.

Soil horizons and classification (summarised from Appendix-I): Orthic
A-horizons, E-horizons, prismacutanic B-horizons and G-horizons were encountered in

‘the field. Pits 9, 13 and 26 are members of the Escourt soil form, Pits 10 and 29 are
members of the Kroonstad soil form and Pits 24 and 25 are members of the Katspruit
soil form.
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Figure 5.2: Simplified section through the sampling sites in the soils associated with the
~ unconsolidated sands of granitic origin (locations 2 and 3 in Figure 2.2). Figure 2.4 can
be used as a key to the abbreviations for the different soil horizons. Features other than
the topography are not to scale. The vertical scale is exaggerated. Pits 13, 24, 25 and
28 are situated in the slightly higher-lying areas. The average gradient of the slope
between Pit 25 and Pit 26 is 3 permille. Pits 9, 10, 11, 26 and 29 are situated in or close
to the floodplain.

52. ANALYTICAL RESULTS - AN OVERVIEW

A summary of the analytical results is given in tabulated form (Tables 5.1 to 5.4). The
manner in which the statistics were calculated is discussed in section 4.2. A graphical
display of the geochemical trends from the floodplain (Pit 29) towards the granite
(Pit 25) is presented in Figures 5.5 and 5.6. A complete listing of the results is given
in Appendix-IIL
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Table 5.1: Basic statistics of the major elements in the soils associated with the
unconsolidated sands of granitic origin. All values were above the lower limit of
detection. The analyses were performed using XRFS and all concentrations are given
in percent in dried soil (LLD = lower limit of detection; S.D. = standard deviation;
C.V. = coefficient of variation).

Oxide | n Approx. Mean SD. C.V. Min. in % Max. in %
LLD (%) (%) (%) (%) (sample) (sample)
Na,0 | 14 0.02 0.15 0.14 88 0.03 (9A) 0.56 (29G)
MgO | 14 0.02 0.13 0.11 82 0.03 (26AE) 033 (25G)
AlLO, |14 0.01 38 44 118 0.78 (10A) 16.6 (25G)
Si0, |14 0.02 89 10 11 59.5 (25G) 96.1 (9A)
P,O; | 14 0.005 0.05 0.02 47 0.01 (29G) 0.09 (25G)
KO |14 0.004 04 0.15 38 0.14 (10A) 0.68 (26B)
CaO |14 0.005 0.06 0.02 37 0.03 (9A) 0.1 (29Top,)
TiO, | 14 0.007 0.3 0.12 50 0.11 (24Top)| 055 (25G)
Fe,O, | 14 0.009 26 21 83 1.1 (10A) 8.9 (25G)

Table 5.2: Basic statistics summarising the pH(KCI) values, the conductivities of the
water-suspended soil samples, and the percentages of various particle size fractions and
organic matter for the soils associated with the unconsolidated sands of granitic origin

(S.D. = standard deviation; C.V. = coefficient of variation).

Parameter n Mean | S.D. C.V. (%) Min. (sample) Max. (sample)

pH (KCI) 13 - 53 0.5 9 46 (24A) 6.5 (29G)
Conductivity (pS cm™)| 13 283 528 186 32 (25A) | 2000 (29G)
% Organic Matter 13 1.7 26 151 03 (%A) 81 (26B)
% Gravel 13 55 6.2 113 0.0 (29Top) 2 (25G)
% Sand 13 76 2 30 20 (25G) 95 (24Top)

% Mud 13 17 16 93 3.5 (24Top) 49 (25G)

% Fine Clay 13 94 12 132 08 (10A) 40 (25G)
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Table 5.3: Basic statistics of the trace elements in the soils associated with the
unconsolidated sands of granitic origin. Only values above the lower limit of detection
(n>LLD) were included to derive the statistics. Li, Be, Co, Cd and Sb were analysed
using ICP-MS, all other elements were analysed using XRFS. The concentrations are
given in ppm in dried soil (LLD = lower limit of detection; S.D. = standard deviation;
C.V. = coefficient of variation).

Elem.| n | n> Approx. Mean S.D. C.V. Min. in ppm Max. in ppm
LLD| LLD in ppm | in ppm | inppm | (%) (sample) (sample)
Li {7] 7 0.2 9.4 8.0 85 45 (26AE) 26 (24G)
Be {7} 3 03 < LLD 09 (24G)
17| 5 140 < LLD 362 (26B)
s [14] 14 6.0 228 105 46 8 (MA) | 464  (10A)
Cl 113] 13 40 239 385 161 45 (24A) 1459 (29G)
vV |14] 14 1.2 55 45 82 20 (29E) 182 (25G)
Ccr |14] 14 13 41 20 49 27 (4Top)| 100  (25G)
Mn |14] 14 15 86 28 32 55 (24G) 137  (29Top)
Co |7} 7 0.2 1.0 0.5 55 04 (24Top) 18 (29G)
Ni {17} 17 23 88 36 41 56 (13AE) 22 (25G)
Cu |17} 17 18 40 0.8 20 26 (13AE) 60 (25G)
Za |17} 17 12 571 35 62 17 (11E) 16 (25G)
Ga | 5 4 0.8 19 14 n < LLD 39 (13AE)
Ge [17] 2 0.9 < LLD 08 (104)
As {17 17 0.8 95 96 | 101 1.6 (29Top) 38 (25G)
Se {171 3 0.8 < LLD 18 (25G)
Br [17| 17 09 36 25 70 08 (11E) 10 (26B)
Rb |17} 17 0.7 21 17 80 47 (11E) 65 (25G)
Sr 117} 17 0.6 15 74 51 52  (9A) 30 (26B)
Y |17 17 0.7 13 56 | 42 54 (10A) 25  (25G)
Zr |117] 17 0.6 281 75 27 162 (25G) 443 (25A)
Nb |17 17 0.6 89 7.0 80 27 (11E) 28 (25Top)
Mo 17| 17 0.5 22 0.5 24 1.0 (11A) 29 (25G)
Cd |7] 0 0.7
Sn |16] 14 12 52 s8 | 111 | <LLD 24 (25Top)
sb |7] 4 03 < LLD 42 (4A)
1 |16] 10 2.5 < LLD 16  (26B)
W |17} 16 26 17 35 20 < LLD 22 (29G)
" Pb [17| 17 21 87 8.1 94 22 (11E) 35 (25G)
Bi [17] 2 2.8 < LLD 3.1 (25Top)
Th |17] 16 17 6.2 50 81 | <LLD 21 (25G)
L__U 17] 13 13 | < LLD _ 34 (24G)
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Table 5.4: Basic statistics of the extractable element concentrations for the soils
associated with the unconsolidated sands of granitic origin. Only values above the lower
limit of detection (n>LLD) were included to derive the statistics. The results in the
first part of the table are given in ppm in dried soil (fraction < 2 mm) and were
obtained using ICP-AES. The results in the second part of the table are given in ppb
in dried soil (fraction < 2mm) and were obtained using ICP-MS (LLD = lower limit
of detection; S.D. = standard deviation; C.V. = coefficient of variation).

Part 1 _ . _
Elem. | n { n> | Approx. LLD | Mean S.l-). C.V. I-Vlm. in ppm Max. in ppm ]
LLD in ppm in ppm | in ppm | (%) (sample) (sample)
Na |14| 14 12 21 | 336 | 146 85 (24A) | 1210  (29G)
Mg |14] 14 0.03 151 174 | 15| 12 (25A) | 492 (25G)
141 S 0.5 < LLD 32 (24A)
P [14] 5 0.5 < LLD 22 (24Top)
14| 9 05 < LLD 45  (29G)
K 14| 14 12 39 40 | 104 12 (25A) 155 (26B)
Ca |14] 14 0.05 206 137 67 52 9A) | 527 (25G)
Cr |14} 4 0.05 < LLD 0.15 (26B)
Fe |14]| 2 0.05 < LLD 18 (10A)
Ni |14] 3 0.2 < LLD 038 (26B)
Cu {14] O 0.05
Zn |14] 9 0.1 < LLD 075 (10A)
Part 2
Elem. | n | n> | Approx. LLD | Mean | S.D. | C.V. Min. in ppb Max. in ppb
LLD in ppb in ppb | in ppb | (%) (sample) (sample)
Be |14] O 67
B 14] S 362 < LLD 1509 (25G)
v 14 3 9 < LLD 102 (29G)
Co |14] 8 13 < LLD 47 (29Top)
As |14} O n
Se 141 O 877
Mo |14]| O 49
Cd 14 0 17
sb |14] 1 3 < LLD 35  (29Top)
I Ba 14| 14 61 1503| 1327] 88 19 (9A) | 4783 (25G)
I n [14] 4 3 < LLD 10 (25G)
Pb |14 7 54 < LLD 169  (26B)
Bi 14| 0 3
u |14 1 30 < LLD 57  (26B)
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5.3. PARTICLE SIZE DISTRIBUTIONS AND FIELD OBSERVATIONS

Results for the subsoil: The subsoils (here G- and B-horizons) have a decreasing
proportion of medium and fine sand with increasing distance from the floodplain
(Figure 5.3). The proportions of gravel and fine clay increase from the floodplain
(Pit 29) towards the granite (Pit 25).

-- 3.3%
. Medium &
Fine Sand
Medium &
Fine Sand
‘ pit 29
“—-‘-—.
G e N |A+E N A
¢ ‘ Co e
Unconsolidated Sands of Granitic Origin G
f - Floodplain
o 5500m
B Gravel XA Coarse Sand Medlum & Fine Sand

Coarse Siit Fines I Fine Clay

Figure 5.3: Particle size distributions of the top- and subsoils from the slightly higher
lying areas near the Darling granite exposure (Pit 25) towards the floodplain (Pit 29).
The full size of the bars represents 100 weight % of the inorganic soil fraction. "Top"
refers to a sample which was taken from the top 15 cm of the A-horizon. The
percentages of fine clay in the A-horizons are given to the left of the bars.

Results for the topsoil: The topsoil has higher proportions of coarse, medium
and fine sand than the subsoil. The lateral trends are very similar to those of the
subsoil: the proportions of medium and fine sand decrease with increasing distance
from the floodplain towards the granite and the proportions of coarse sand and gravel
increase towards the granite. The proportion of fine clay, however, decreases slightly
with increasing distance from the floodplain (Figure 5.3).

Constituents of individual particle size classes: The particles contained in the
gravel fraction are mainly concretions which consist of quartz grains cemented by
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sesquioxides. The coarse sand fraction consists mainly of sesquioxide coated and
irregular quartz grains. Well rounded and bleached quartz grains are the major
component of the medium and fine sand fractions. The fine clay fraction probably
consists mainly of pedogenic kaolinite (Chapter 3).

Interpretation: It is proposed that the observed trends are the function of three
factors:

(a) The particle size distribution of the underlying material. Van Niekerk (1967)
implied that the USGO consist of acolian and fluvially transported sands and colluvium.
The results of the present study suggest that the colluvial component consists mainly of
irregular, coarse quartz sand because the proportion of this material increases towards
a potential source of colluvium, the Darling granite complex, south-east of the USGO
(Figure 5.7). With increasing distance from the granites and towards the floodplain, well
rounded, moderately well sorted (standard deviation = 0.65 ¢ to 0.72 ¢), medium and
fine grained quartz sand becomes more dominant. The highest proportion of medium
and fine quartz sand occurs in the present floodplain, indicating that this size fraction
is the major component of the local river deposits. The well rounded medium and fine
sand may, however, also be of aeolian origin and is thus referred to as ﬂuvial(aeoliah)
sand.

The lateral changes within the underlying material were inherited by the soils and
resulted in increasing proportions of coarse sand (topsoil) and decreasing proportions
of medium and fine sand (topsoil and subsoil) with increasing distance from the
floodplain and towards the granite (Pit 29 to Pit 25 in Figure 5.3).

The importance of colluvial input of coarse sand from the granite and
aeolian(fluvial) input of medium and fine sand is also reflected by the bimodal particle
size distribution of the sand fraction (Figure 5.4). The figure shows that the proportion
of colluvial, coarse sand (-1 phi to 1 phi) is maximal nearest to the granites (Pit 25) and
decreases towards the floodplain (Pit 29).

(b) The mineralogy of the underlying material. The geochemistry of the soils
suggests that the granite-derived, colluvial detritus initially contained minerals such as
feldspars and mica (section 5.5.5.). It is proposed that these minerals were altered to
pedogenic clay minerals and oxides, causing the observed higher proportions of fine clay
and Fe-oxide gravel in the subsoils closer to the granite (Pit 25).

(c) The time available for soil forming processes. The study of weathering
profiles and chronosequences associated with river terraces showed that time is an
important factor for the formation of clay minerals and Fe-oxides. Older soils often
have higher proportions of clay minerals, ferruginized zones and sesquioxides than
younger equivalents (Gerrard, 1992; Swanson, 1985; Buol et al., 1980).
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Figure 5.4: Particle size frequency curves of the sand fraction (class intervals = 0.1 phi
units; lines = topsoil; dotted lines = subsoil). The soil sample from Pit 21 derived from
coastal sands and exhibits a frequency curve that is typical for soils which derived from
a wind-deposited underlying material. The soil sample from Pit 33 derived from granite
and shows a frequency curve that is characteristic for soils which derived from granitic
colluvium. The soils associated with the unconsolidated sands of granitic origin (Pits 25,

24, 26 and 29) show a shift from a bimodal to a unimodal particle size distribution. This

shift demonstrates the change from a partly colluvial and partly fluvial(aeolian)
underlying material near to the granite (Pit 25) to an exclusively fluvial(aeolian)
underlying material in the floodplain (Pit 29).

Emergence of the land during the Holocene caused the Groenrivier and its
tributaries to gradually expose the slopes of the Groenrivier depression; i.e. the sampled
soil sequenée (Van Niekerk, 1967). It is, therefore, possible that the time period, that
* was available for the formation and accumulation of sesquioxides and clay minerals,
increases with increasing distance from the floodplain and towards the slightly higher-
lying areas closer to the granite (Pit 29 to Pit 25). The decreasing proportion of fluvial
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medium and fine sand in the subsoil towards the granite may thus also be the result of
increasing dilution with pedogenic clay minerals (fine clay) and sesquioxide concretions
(gravel) with progressing time (Figure 5.3). This hypothesis is in agreement with the
increase of the concentrations of Ti and Zr (section 5.5.) towards the granite because
these elements are commonly hosted by minerals resistant to weathering and would thus
be concentrated in the older soils. Absolute age determinations and(or) more detailed
field mapping are required to ascertain the increasing age of the soils from the
floodplain towards the granite.

Fine clay in the topsoil: It was stated above that the lateral trends of fine clay
in top- and subsoil are inverse. The proportion of fine clay in the topsoil decreases from
3.3 % in the floodplain to 1.1 % at Pit 25 nearer to the granite (Figure 5.3). If the
input of feldspars and micas and the time period available for their alteration to clay
minerals was maximal for the soil near to the granite the opposite trend could the
expected. It could be speculated that the relatively low concentration of fine clay in the
soil near to the granite reflects that the eluviation of clay from the topsoil nullified the
positive effect of primary minerals and time available for the formation of clay minerals.

54. MAJOR SOIL COMPONENTS

Mineralogy: The mineralogical composition of samples 25G and 28E was determined
using XRD analyses (Chapter 3). The analyses showed that quartz is the major mineral
component of the soils associated with the USGO. Other detected minerals are
kaolinite and goethite. Feldspar is not present in detectable proportions. The
occurrence of kaolinite in the subsoil, however, suggests that feldspar and(or) mica were
initially constituents of the underlying material.

Elemental composition (Table 5.1): The most abundant compound is SiO,. The
topsoils have the highest concentrations of SiO, (92 to 96 %). The concentration of
SiO, in the subsoil increases from the soils nearer to the granite (Pit 25G; 59 %) to the
floodplain (Pit 29G; 90 %). This is in agreement with the decreasing proportion of
AlLO; and fine clay towards Pit 29.

Other abundant components are AL,O, (0.8 to 17 %) and Fe,O; (1.1 to 9 %).
The means for K,O and TiO, are 0.4 % and 0.2 %, respectively. All other elements and
oxides have means lower than 0.2 percent.

Organic matter: The proportion of organic matter varies between 0.3 % and
8.1 % (Table 5.2). The highest proportions of organic matter occur in the subsoils
(sample 25G: 6.6 %; sample 26B: 8.1 %).
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5.5. FACTORS WHICH DETERMINE THE LATERAL CHANGES OF THE
CONCENTRATIONS

Discussion of elements in groups: The elements were grouped in order to facilitate
their discussion. The manner in which the elements were grouped is explained in
section 1.2. A discussion of the individual groups follows in sections 5.5.1. to 5.5.7.
Elements which were excluded from the discussion: The total concentrations of
Be, Ge, Cd and the concentrations of the 1 M NH,NO, extractable fractions of Be, B,
Al, P, Fe, Cu, V, As, Se, Mo, Cd, Sb and Bi were mainly below the LLD and are not
discussed. The elements Sb and Ga were excluded from the discussion because the
number of samples analysed was too low to recognise horizontal and vertical trends.

5.5.1. Group-I (topsoil): Detrital input of Na,0, MgO, Al,O,, K,0, CaO, TiO,, Mn¥*,

Co*, Zn*, Rb, Sr, Th*, U* and 1 M NH,NO, extractable Co* and Ba
Observations: The concentrations of the elements in Group-I in the topsoil increase
towards both the floodplain (Pit 29) and the granite (Pit 25 in Figure 5.5). The
concentrations at Pits 24 and 26 are relatively low.

Input of granite-derived colluvium as controlling factor: The elements in
Group-I may be hosted by traces of feldspar, mica, biotite and heavy minerals. Pit 25
is relatively close to the outcropping granites and is possibly underlain by granite
(Figure 5.7). It is, therefore, proposed that the increase of the concentrations towards
Pit 25 is caused by input of detritus from the nearby granite. This is in good agreement
with the results of the particle size distribution which suggested that the soil near to the
granite contains considerable proportions of granite-derived colluvium (coarse sand;
section 5.3.). The concentration of extractable Co may be determined by its total
concentration. The concentration of extractable Ba could be controlled by the input of
K-feldspar from the granite (section 9.27.). '

Input of fluvial detritus: The increase of the concentrations towards the
floodplain (Pit 29) suggest that the recent river deposits contain more feldspars, mica
and heavy minerals than the soil in the slightly higher-lying areas.

5.52. Group-II (topsoil): Detrital input of Y, Zr, Nb and Sn

The concentrations of the Group-II elements in the topsoil are at a maximum near to
the granite (Pit 25; Figure 5.5). The increase towards the granite suggests that the
granitic colluvium also contains minerals which host Group-II elements (e.g. zircon and
cassiterite). The concentrations of the Group-II elements in the floodplain are not
increased, as in Group-L.

The allocation of this element to the group is debatable because the agreement between the
variation of its concentration and the group pattern is poor.
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Figure 5.5: Horizontal changes of the concentrations of selected elements in the topsoils
associated with the USGO. The increase of the Al,O, concentration towards Pit 25 and the
floodplain is characteristic for all elements in Group-I (Na,O, MgO, Al,O,, K,0, CaO, TiO,,
- Mn, Co, Zn, Rb, Sr, Th, U and extractable Co and Ba). The high concentration of Zr at Pit 25
is typical for all elements in Group-II (Y, Zr, Nb and Sn). The similar behaviour of Fe,O, and
gravel demonstrates the lateral variation of the Group-IIlI elements (P,O;, V, Fe,O,, As, and
Pb). The concentrations of the elements in Group-1V (S, Cl, Br, I and extractable Na, Mg, S,
K, Ca and Zn) increase with the proportions of organic matter, fines and fine clay towards the
floodplain. This trend was demonstrated using Cl as an example.
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5.5.3. Group-III (topsoil): Association of P,0;, V, Fe,0,, As, and Pb* with Fe-oxides
Observations: The concentrations of the Group-III elements in the topsoil are at a
maximum in samples which also have the highest proportions of gravel (samples 25A
and 26AE; Figure 5.5). It was observed in the field that the gravel fraction consists
partly of Fe-oxides. _

Association of Group-III elements and Fe-oxide gravel: The results discussed
earlier for the granite-derived soils (Table 4.5) showed that the elements in Group-HI,
except for Pb, may be strongly associated with Fe-oxides. It is, therefore, suggested that
the elements in Group-III are accumulated in Fe-oxides. The Fe-oxides preferentially
form gravel-sized concretions.

5.5.4. Group-IV (topsoil): Retention of S, Cl, Br, I and 1 M NH,NO, extractable Na,

Mg, S, K, Ca and Zn
The concentrations of the Group-IV elements in the topsoil increase from the granite
(Pit 25) towards the floodplain. The proportions of fines, fine clay and organic matter
and the conductivity of the water-suspended soil also increase towards the floodplain
(Pit 29; Figure 5.5). It is, therefore, suggested that the retention ability of the topsoil
for water and dissolved salts is the most important factor in determining the
concentrations of the Group-IV elements. The increasing concentration of S could
reflect both the fact that this element is a common constituent of organic matter and the
retention of SO

It could also be speculated that the ground water table in the lower slope
positions is relatively shallow (Figure 2.1). Capillary elevation and evaporation of
ground water can result in the accumulation of salts in the soil (Buol et al; 1980). This
process could supply the soil with Group-IV elements and cause the increased
concentrations at the footslope. '

5.5.5. Group-V (subsoil): Detrital input of Al,O,, P,O,, TiO,, V, Cr, Fe,0,, Ni*, Zn, As,

Rb, Y, Nb, Sn, Pb, Th, U* and 1 M NH,NO, extractable Ba and Tl
Observations: The concentrations of the Group-V elements in the subsoil increase from
the floodplain towards the granite (Pit 29 to Pit 25 in Figure 5.6). This trend follows
the increasing proportions of gravel and fine clay.

* The allocation of this element to the group is debatable because the agreement between the variation of

its concentration and the group pattern is poor.
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Figure 5.6: Horizontal changes of the concentrations of selected parameters in the
subsoils associated with the USGO. The increasing proportion of fine clay and Al,O,
towards Pit 25 is characteristic for all elements in Group-V (Al,O,, P,O,, TiO,, V, Cr,
Fe,O,, Ni, Zn, As, Rb, Y, Nb, Sn, Pb, Th, U and extractable Ba and Tl). The relatively
high concentrations of K,O and organic matter in samples 25G and 26B is typical for
all elements in Group-VI (F, MgO, S, K,O, CaO, Br, Sr and extractable B, Mg, K, Ca,
Cr, Ni and Pb). The concentrations of the elements in Group-VII (Na,0, Cl, Mn, W
and extractable Na, S and Zn) increase with the conductivity of the water-suspended soil
towards the floodplain. The concentration Mn was used as an example for the lateral
variation of the Group-VII elements. The numbers in the pits refer to the pH(KCl)
values of the subsoil.
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Input of colluvium and age of soil as controlling factors: It was suggested that
the Darling granite complex supplied the USGO with colluvium in the upper slope
positions (section 5.3.). The relatively high concentrations of the Group-V elements
near to the granite suggests that this detritus was an important source of Group-V
elements. Some of the Group-V elements were probably hosted by minerals such as
feldspar and mica, even if such minerals could not be detected in the corresponding
samples (XRD-analyses; Chapter 3). It is possible that the age of the soil increases
from the floodplain towards the slightly higher-lying areas near the granite (Pit 25;
section 5.3). The older age of the soil near to the granite may have facilitated the
complete alteration of feldspars and(or) micas into secondary clay minerals and oxides.
More soluble constituents which could not be retained by the soil (e.g. Ca, K and Na)
became leached while the elements in Group-V became relatively enriched as the
alteration of primary minerals to pedogenic clay minerals and Fe-oxide gravel
progressed. This would be in agreement with various other authors who studied the
geochemical changes in soils with time. Kesel and Spicer (1985) investigated soils on
alluvial fans in Costa Rica and found that the older soils in the upper slope positions
have higher Al,O; and Fe,O, concentrations and lower SiO, concentrations. They also
found that in the older soils primary minerals were completely altered to secondary soil
minerals. Young et al. (1987) investigated 40000 year old soils in Australia and found
that Fe accumulated to high concentrations. Nesbitt and Young (1989) showed that the
concentrations of Fe and Al commonly increase with the degree of weathering.

The increasing concentrations of extractable Ba and Tl towards the granite are
probably linked to the increasing proportion of fine clay because finer textured soils can
retain more extractable Ba and Tl (sections 9.27. and 9.29.).

5.5.6. Group-VI (subsoil): Similar behaviour of F, MgO, S, K,0, CaO, Br*, Sr and
1 M NH/NO, extractable B, Mg, K, Ca, Cr*, Ni, Pb and organic matter
Observations: Samples 25G (Pit 25) and 26B (Pit 26) contain between 6 % and 8 %
organic matter whereas the subsoils of Pits 24 and 29 contain less than 0.5 %
(Figure 5.6). The concentrations of the Group-VI elements in the subsoil are slightly

higher in samples with high proportions of organic matter.

Control of organic matter on Group-VI elements: The similar behaviour of the
elements in Group-VI and organic matter could indicate that (a) Group-VI elements
were introduced to the soil as a constituent of organic matter or (b) Group-VI elements
have an affinity for organic matter and are thus retained in the organic-rich subsoils.
The correlation of organic matter and Group-VI elements can be weak (e.g. K,O in
Figure 5.6) and it is important to note that the association or introduction with organic

* The allocation of this element to the group is debatable because the agreement between the
variation of its concentration and the group pattern is poor.
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matter is probably restricted to only a certain portion of an element. The mode of
occurrence may be different for individual Group-VI elements. Elements may be
associated with clay minerals, adsorbed by organic matter or incorporated into organic
matter. Accumulation of Group-VI elements in the form of soluble salts is less likely
because the conductivity of the water-suspended soil does not follow the same
enrichment pattern (Figure 5.6).

5.5.7. Group-VII (subsoil): Na,O, Cl, Mn, W and 1 M NH,NO; extractable Na, S* and

Zn
Observations: The concentrations of the elements in Group-VII in the subsoil increase
from the soils near to the granite (Pit 25) towards the floodplain (Pit 29). This increase
coincides with higher conductivities of the water-suspended soil and higher
pH(KC]I) values (Figure 5.6).

Exclusion of soil retention ability as controlling factor: The trend of the
elements in Group-VII is inverse to the trend of fine clay (Figure 5.3). Also the high
proportion of organic matter in the subsoils at Pits 25 and 26 does not affect the
concentrations of the Group-VII elements. It is concluded that the retention ability of
the soil does not control the concentrations of the elements in Group-VIL

Depth of ground water table as controlling factor: The distance between soil and
ground water table would normally decrease towards the floodplain (Figure 2.1). The
conductivity of the water-suspended soil reaches 2000 4S cm™ in the floodplain
(Figure 5.6), indicating high proportions of soluble salts. Capillary elevation and
evaporation of ground water can result in the accumulation of salts in the soil (Buoi et
al., 1980). This process could supply the soil with all Group-VII elements, except for W,
and cause the increased concentrations. The high pH of the subsoil in the floodplain
(Pit 29) is probably linked to the alkaline reaction of exchangeable Na®.

Tungsten: The increase of the concentrations of the elements in Group-VII does
coincide with higher proportions of fine and medium sand (Figure 5.3). The similar
behaviour of W and fine and medium sand is also evident in soils associated with other
underlying materials. It is thus suggested that considerable portions of W are hosted by
(medium and fine) sand-sized, weathering resistant mineral particles, likely to be
scheelite or wolframite (section 10.27). The results discussed in section 5.3. indicated
that the medium and fine sand is of fluvial and(or) aeolian origin.

* The allocation of this element to the group is debatable because the agreement between the
variation of its concentration and the group pattern is poor.
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5.6. VERTICAL CHANGES OF THE CONCENTRATIONS

Pits 24, 25, 26, 28 and 29 were sampled at different soil depths. Where possible, the
top 15 cm, the A-horizon, the E-horizon and the subsoil (here B- and G-horizons) were
sampled. The results can be summarised as follows:

Results (a): The concentrations of Al,O;, Fe,O,, MgO, Na,0, Se®*, Cr, Sn, Li, Be,
Co* and 1 M NH/NO, extractable Mg, Ca, Cr, Ni*, Na, S and B increase downwards
in all pits sampled.

Interpretation: The mineralogical and the particle size analyses, as well as the
field observations, suggest that the proportion of clay minerals and sesquioxides
increases from the topsoil to the subsoil (Chapter 3, section 5.3 and Appendix-I). This
is in agreement with the downwards increasing concentrations of AlL,O, and Fe,0,. It
is proposed that elements which have downwards increasing concentrations in all pits
are typically associated with clay minerals and oxides. Organic matter may also be
considered to be a possible host of the elements listed above because some of the
subsoils are organic-rich (section 5.5.6.). Some of the elements (e.g. Sn) may be hosted
by weathering resistant minerals such as sphene and cassiterite.

Results (b): The concentrations of TiO,, K;O, Th, Pb, Br, As, Zn, Ni, Cu, Y, Sr,
U, Rb, V, §, F, I and extractable Zn, K, Ba and T1 increase downwards only in the soil
near to the granite (Pit 25).

Interpretation: The results of this chapter gave reason to speculate that the age
of the soil increases from the floodplain towards the granite (sections 5.3. and 5.5.5.).
The accumulation of elements which are exclusively enriched in the subsoil near to the
granite could thus be a function of (a) their association with clay minerals and oxides
and (b) the time period available for the processes that facilitate this association. Such
processes are eluviation, illuviation, leaching and alteration of minerals. Some of the
elements listed above (e.g. TiO, and U) are probably hosted by weathering resistant

(heavy) minerals.

Results (c): The concentrations of SiO,, Zr, Mn and the extractable P and Co
decrease downwards.

Interpretation: The concentration of SiO, decreases downwards because the
secondary minerals which characterise the subsoil (clay minerals and oxides) contain less
SiQ, than the major soil component quartz.

The results presented in section 4.5.2. implied that zirconium minerals which
derived from the Darling granite complex have mostly a particle size between 0.053 mm
and 0.5 mm (fine and medium sand). The proportion of fine and medium sand in the
USGO-derived soils decreases, like the Zr concentration, with soil depth. It is,

* The allocation of this element to the group is debatable because the agreement between the
variation of its concentration and the group pattern is poor.
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therefore, possible that the relative accumulation of fine and medium sand in the topsoil
resulted also in accumulation of similar sized Zr minerals. The vertical distribution of
Mn and extractable P and Co is discussed in Chapter 9.

Results (d): TiO,, Al,O;, Fe, 0, MgO, CaO, N2,0, K;0O, Br, Zn, Rb, V, §, Cl,
I and extractable Mg, Ca, K, Na and S are dgmdmm_zgm of Pit 29, while
SiQ, is relatively enriched in this horizon.

Interpretation: The low concentrations in the E-horizon are due to leaching and
eluviation and confirmed the classification of this horizon as an E(luviated)-horizon.
The relatively high concentration of SiO, is due to removal of other soil components.

Results (e): MgO*, CaO, P,O,, Zn*, CI* and extractable Zn*, Mg, Ca and P are
enriched in the top 15 ¢m of the soil. This trend coincides in two out of three pits with
higher proportions of organic matter in the top 15 cm.

Interpretation: The elements may be associated with organic matter.

5.7. SUMMARY

Introduction: The sampled soils are associated with uncdnsolidated, granitic,
Pleistocene sands (USGO) north-east of the Darling granite complex. Soil samples from
nine pits and different soil horizons were analysed for major and trace elements,
1 M NH,NO, extractable element concentrations, particle size distribution and various
other parameters. The soils at Pits 29, 26, 24 and 25 exemplify a common sequence of
soils from the floodplain of the Groenrivier to the granite. The trends of the physical
and chemical properties of the soil from the floodplain towards the granite were
discussed in detail.

Major soil components: The soil consists mainly of SiO, (59 to 96 %). Other
important components are Al,O, (0.78 to 16 %), Fe,O; (1.1 to 9 %) and organic matter
(0.3 to 8.1 %).

Input of colluvial and fluvial(aeolian) detritus: The proportion of coarse sand
generally increases towards the granite complex while the proportions of medium and
fine sand increase towards the floodplain. It was suggested that the higher proportion
of coarse sand near to the granite is due to input of granite-derived colluvium. The high
proportion of medium and fine sand in the floodplain is the result of deposition of these
particles during flood events (text boxes 1, 2 and 3 in Figure 5.7).

Alteration of feldspars and(or) mica to kaolinite and oxides: It was proposed
that the granite-derived colluvium contained initially feldspars and(or) mica. The
~ alteration of these minerals to kaolinite and oxides resulted in relatively high
proportions of fine clay and gravel in the subsoil near to the granite (text boxes 1 and
3 in Figure 5.7). |

* The allocation of this element to the group is debatable because the agreement between the
variation of its concentration and the group pattern is poor.
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Factors that determine the lateral geochemical variations in the USGO-derived
soils: The lateral variation of the elemental concentrations from the floodplain towards
the granite indicated which factors are most important in determining the elemental
concentrations. These factors are explained below and illustrated in Figure 5.7.

(a) Colluvial input of feldspars, mica and heavy minerals from the granite to the
soils which are relatively close to the granite caused relatively high concentrations of
Na, O, MgO, Al 0,, P,O,, K,0O, CaO, TiO,, V, Cr, Fezog, Zn, As, Rb, Sr, Y, Zr, Nb, Sn,
Pb, Th and 1 M NH,\NO, extractable Ba and Tl [topsoil and(or) subsoil; text box 1 in
Figure 5.7).

(b) Time period available for soil forming processes. The topography, particle
size distributions, geochemical results and a comparison with the results of other authors
together may have indicated that the age of the soil increases from the floodplain
towards the slightly higher-lying areas near the granite complex. The older age of the
soil near to the granite may have facilitated the complete alteration of feldspars and(or)
micas into secondary clay minerals and oxides. More soluble constituents which could
not be retained by the soil (e.g. Ca, K and Na) became leached while Al,O,, P,O;,, TiO,,
V, Cr, Fe,0; Zn, As, Rb, Y, Nb, Sn, Pb, Th and extractable Ba and Tl became
relatively enriched as soil formation progressed (subsoil; text box 4 in Figure 5.7).
Absolute age determinations are required to confirm this hypothesis.

(c) Fluvial deposition of feldspars, mica and heavy minerals during flood events
probably caused relatively high concentrations of Na,O, MgO, Al,O,, K,O, CaO, TiO,,
Rb, Sr and extractable Ba in the fopsoil of the floodplain (text box 2 in Figure 5.7).

(d) Accumulation of P,O;, V, Fe,O, and As in Fe-oxides probably resulted in
higher concentrations of these elements in the topsoil at Pits 25 and 26. It was observed
in the field that the Fe-oxides occur partly in the form of gravel-sized concretions.

(e) High proportions of organic matter in the subsoil coincided with high
concentrations of F, MgO, S, K,O, Ca0, Sr and extractable B, Mg, K, Ca, Ni and Pb.

(f) It was suggested that an increased retention ability, as determined by higher
proportions of fine clay, fines and organic matter, caused the relatively high
concentrations of S, Cl, Br, I and extractable Na, Mg, S, K, Ca and Zn in the topsoil of
the floodplain (text box 3 in Figure 5.7).

(g) Distance of soil to ground water table. The relatively high concentrations of
Na,O, Cl, Mn and extractable Na and Zn in the subsoil of the floodplain may be the
result of capillary elevation and evaporation of ground water (text box S in Figure 5.7).

Vertical distribution of elements: Most elements have increasing concentrations
from the topsoil to the kaolinite-, goethite- and sometimes organic matter-enriched
subsoil. The magnitude of this increase reaches its maximum in possibly the oldest soil
profile, nearest to the granite. Only the elements SiO,, Zr, Mn and 1 M NH,NO,
extractable P and Co have higher concentrations in the topsoil. The elements CaO,
P,O, and extractable Mg, Ca and P have higher concentrations in the organic-rich
top 15 cm of the soil profiles.
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Figure 6.1: Simplified sections through the sampling sites in the soils associated with the
sediments of the Malmesbury Group (MG). Figure 2.4 can be used as a key to the
abbreviations for the different soil horizons. Features other than the topography are not
to scale. The vertical scale is exaggerated. The average gradients of the slopes are
approximately 100 %o for both toposequences.
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Table 6.1: Basic statistics of the major elements in the soils associated with the
sediments of the Malmesbury Group. All values were above the lower limit of
detection. The analyses were performed using XRFS and all concentrations are given
in percent in dried soil (LLD = lower limit of detection; S.D. = standard deviation;
C.V. = coefficient of variation).

ﬂ Oxide { n Approx. Mean S.D. C.V. Min. in % Max. in %
LLD (%) (%) (%) | (%) (sample) (sample)
Na,0 | 23 0.02 0.11 0.08 72 | 003 (36E) 032 (43G)
MgO | 23 0.02 0.46 034 74 | 009 (43Top)| 11  (38BC)
ALO;, | 23 0.01 1 6.8 62 | 23 (43AE)| 23 (41B2)
Sio, | 23 0.02 ! 129 18 | S0 (41B2) | 92 (43AE)
POs | 23 0.005 0.08 0.05 58 003 (43G) 0.19 (40Top)
KO | 23 0.004 13 0.82 63 028 (43Top)| 29 (44B)
CaiO | 23 0.005 o012 0.16 | 135 002 (43E) 084 (38BC)
TiO, | 23 0.007 0.52 02 38 017 (43E) 098  (36B)
L Fe,0, | 23 0.009 8.7 41 47 38 (43AE)| 21 (36E)

Table 6.2: Basic statistics summarising the pH(KCI) values, the conductivities of the
water-suspended soil samples and the percentages of various particle size fractions and
organic matter for the soils associated with the sediments of the Malmesbury Group
(S.D. = standard deviation; C.V. = coefficient of variation).

Parameter n | Mean S.D. C.V. (%) Min. (sample) Max. (sample)
pH(KCI) 23 55 0.9 17 40 (36B) 72 (38BC)
Conductivity (pS cm™)| 23 | 347 355 102 47 (44A2) | 1470 (43G)
.% Organic Matter | 23 0.8 0.9 116 00 (41B2) 37 (38BC)
% Gravel 23 32 25 i 01 (36B) 81 (43E)
% Sand Bl 2 12 46 8 (41Bl) | 46 (44Top)
% Mud 3 41 27 66 6 (43E) 85 (36B)
% Fine Clay 13 34 21 61 6  (36E) 63  (41B2)
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Table 6.3: Basic statistics of the trace elements in the soils associated with the sediments
of the Malmesbury Group. Only values above the lower limit of detection (n>LLD)
were included to derive the statistics. Li, Be, Co, Cd and Sb were analysed using
ICP-MS, all other elements were analysed using XRFS. The concentrations are given
in ppm in dried soil (LLD = lower limit of detection; S.D. = standard deviation;
C.V. = coefficient of variation).

Elem. | n| n> Approx. Mean SD. C.V. Min. in ppm Max. in ppmj
LLD |LLD in ppm| in ppm | in ppm | (%) (sample) (sample)
L |uf| n 02 14 1B | e | 31 @rop)| 40 (#B)
Be [11| 1 03 19 14] 75| 06 (@3Top)| 43 (44B)
F {25 14 | 140 < LLD 70 (43G)
3| 2 6.0 21 | m 8 | 165 (AE)| 669 (41B2)
a || 2 40 25 | 28 | 2| 42 (@B | 806 (436)
v |5| 2 12 120 ss | 46 | 48 (43AE)| 258  (36E)
o |5l » 13 97 20 | 30| 54 (1Top)| 165 (44A2)
Ma |23]| 23 15 157 97 | 62| 8 (E)| 31 (34)
co [u| n 02 48 43| o 11 (4Top)|] 15  (44B)
Ni |25] 25 23 17 2 | 2 45 (36Top)| 57 ° (w4B)
lr cu |25] 25 18 19 14 | | 67 (42Top)| 6 (440
Zn |25| 25 12 2% 2 | @ 92 (E) | 55  (4B)
Ge [25] 2 09 < LLD 09 (42B)
As 25| 25 08 16 86| 55| 54 (38BO)| 40 (4A2
| se [2s5] 18 08 19 08| 45 | <LLD 32 (36E)
'F Br {25 25 09 3 99 | 75 17 @E)| 29 (41B2)
Rb [25] 25 07 79 s | 68| 17 @rop)| 10  (@3G)
I se [25] 25 06 23 18 | 60 77 (43AE)| 64  (38BC)
Y |[25] 25 07 20 15 | 74 75 @E)| B (40
zr |25 25 06 217 %0 | a1 | 74 (@E)| 3B  (44Top)
Nb 25| 25 06 10 39| 39 31 (4E)| 20 (36B)
Mo |25| 25 05 17 05| 26 07 (38BC)| 26 (44A2)
| cd |u| o 0.7
[ s |2s] 2 12 49| 24| 48| <up 10 (43G)
[ s [u] n 03 43 6| ® 16 (43Top)| 13  (44Top)
1 25| 20 25 48 s6 | 17 | <LLD 209 (41B2)
w |25] 25 26 11 33| 31 64 (6E) | 18 (43AE)
Pb |25| 25 21 2 727{ 35 89 (42Top)| 40 (44A2)
Bi (25| 0 28
Th |25) 25 17 13 53| 4| 33 AE)| 20 (%E)
U [25] 25 | 13 38 15| 39 21 (43AE)| 71 (40B)
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Table 6.4: Basic statistics of the extractable element concentrations for the soils
associated with the sediments of the Malmesbury Group. Only values above the lower
limit of detection (n>LLD) were included to derive the statistics. The results in the
first part of the table are given in ppm in dried soil (fraction < 2 mm) and were
obtained using ICP-AES. The results in the second part of the table are given in ppb
in dried soil (fraction < 2 mm) and were obtained using ICP-MS (LLD = lower limit
of detection; S.D. = standard deviation; C.V. = coefficient of variation; * see section

6.2.).
Part 1 - - -
Elem. _n—F n> | Approx. LLD Mea:x S.D. C.V. Min, in ppm Max. in ppm 1
- |LLD in ppm inppm | inppm | (%) (sample) (sample)
Na [25] 25 12 2 412 148 | 21 E) | 1825 (43G)
" Mg [25{ 25 | * 003 | 26 271 102 | 24 (4E) | 982 (42B)
I ar f2s] 16 05 <LLD 21 (36B)
P |2s] 18 0.5 <LLD 58 (44Top)
“ s |2s5] 25 05 30 36 117 45 (#4A2) | 132 (41B2)
t x [as] 2 12 38 18 46 | 85 (3AE)| &  (42B)
'1 Ca |25] 25 0.05 466 267 57 110 (43E) | 1102 (38BC)
cr l2s| 1 0.05 <LLD 02 (38BC)
Fe |25 17 0.05 <LLD 78 (41B1)
Ni [25] 16 02 < LLD 09 (38BC)
Cu |25| 3 0.05 < LLD 01 (38BC)
Zn |25) 23 0.1 0.46 0.2 4 |<LLD 10 (38BC)
Part 2
——
Elem.{ n| n> | Approx. LLD | Mean | S.D. | C.V. Min. in ppb Max. in ppb
LLD in ppb in ppb | in ppb | (%) (sample) (sample)
Be |25 0 67 < LLD < LLD
B {25{ 8 362 < LLD 1894  (41B2)
Il v |25] 14 9 < LLD 112 (41Bl)
Co |25| 15 13 < LLD 8  (42Top)
As |25] 3 7 < LLD 0 (44A2)
Se |25 4 877 < LLD 24000* (41B2)
Mo |25] 3 49 <LLD 61  (40E)
cd [25] 8 17 < LLD 43  (41B2)
| sb |25] 5 23 < LLD 72 (42Top)
Ba |25] 2§ 61 10274 | 7326 71| 2273 (36E) 32646 (440)
T [25] 15 3 < LLD 16  (41B1)
Pb |25] 5 54 < LLD 297 (42B)
Bi |25| 4 3 < LLD 6 (4A2)
U |25] 1 30 < LLD 66 (33B) |
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63. PARTICLE ‘SIZE DISTRIBUTIONS AND FIELD OBSERVATIONS

The particle size distributions of 22 soil samples were determined. The initial
Wentworth size classes were grouped into wider ones in order to reduce the number of
variables (section 2.8.). The results are summarised in Figure 6.4.

6.3.1. Soil associated with schist -

Pit 36: The soil profile at Pit 36 formed at the border of the pediment and the slope
of the incision. The A- and the E-horizons derived from the colluvial coverage and
consist mainly of sesquioxide, quartz and granite gravel. The B-horizon derived
probably directly from schist of the Malmesbury Group. The soil horizons have
distinctly different particle size distributions (Figure 6.4). The B-horizon contains very
high proportions of fines and fine clay while the A- (not illustrated) and the E-horizon
contain very high proportions of gravel. The transition between the E- and the
B-horizon is abrupt.

Source of gravel: Neither the B-horizon at Pit 36 nor the saprolite of the schist
at Pit 35 contain gravel, probably indicating that the schist which underlies the
toposequence contains no or very little gravel. The colluvial deposit at the top of the
toposequence is the only possible source of granite and quartz gravel.

Colluviation of the soils at Pits 37 and 38: The literature discussed in
section 4.5.4. demonstrated that the gradient between Pits 37 and 38 (approximately
100 %o) is steep enough to expect gravitational transport of the soil. This was confirmed
by the occurrence of quartz and granite gravel in the top- and subsoil of the lower slope
positions.

Mixing during colluviation: The change of the particle size distribution from the
top- and subsoil at Pits 37 and 38 is, in contrast to the soil profile at Pit 36, indistinct.
Neither the finer particle size classes nor gravel occur in very large proportions. This
is best explained by hypothesising that colluviation resulted in mixing of the coarse
material from the top of the toposequence and the finer weathering products of the
underlying schist. This would be in agreement with Munnik et al. (1992) who studied
the hillslope properties of a granitic landscape in South Africa and considered that
gravitational transport could be important.-in determining observed particle size
distributions and resulted in admixture of colluvium and materials weathered from a
nearby saprolite. Removal of relatively fine particles from the top of the toposequence
and their deposition in the lower slope positions by means of sheet floods and
throughflow water, as observed by Purves (1976), may have contributed to the mixing
of coarse and fine materials.
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Figure 6.4 Particle size distributions of the soils associated with the sediments of the
Malmesbury Group (MG). The full size of the bars represents 100 weight % of the
inorganic soil fraction.

The particle size distribution of sample 36Top was not
determined in detail and is, therefore, not displayed. For some samples the proportions

of coarse silt, fines and fine clay were not determined and are reported together as
"mud" (white areas).
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6.3.2. Soil associated with phyllite

The proportion of gravel is generally high (Figure 6.4). Quartz gravel is not restricted
to the soil and occurs also in the underlying phyllite (sample 39Sap; Appendix-I). The
proportion of relatively fine particles increases from the top- to the subsoil and within
the subsoil from the top to the bottom of the toposequence, possibly indicating that finer
particles are eluviated from the topsoil and partly illuviated into the subsoil near to the
bottom of the toposequence. Suspension in throughflow water may be an important
mechanism for the transportation of the clay particles (Purves, 1976). A very gravelly
E-horizon probably acting as permeable pathway for the throughflow was recognised in
all pits.

6.3.3. Soil associated with sandstone

Figure 6.4 shows the particle size distribution of Pit 44, The distinct increase in the
proportion of fine clay from the C- to the B-horizon probably reflects both the alteration
of relatively coarse grained minerals (e.g. feldspars) to clay minerals and the illuviation
of fine clay from the topsoil into the subsoil. The upper horizons are relatively enriched
in coarse sand and gravel. The particles in the coarse sand and gravel fractions consist
chiefly of sesquioxide concretions and quartz.

64. MAJOR SOIL COMPONENTS

Mineralogy (summarised from Chapter 3): The mineralogical composition was
determined from 8 soil samples and the three (weathered) underlying materials. The
XRD scans showed that quartz is the most abundant mineral component in all samples
analysed. Feldspars and goethite also occur in all samples but in smaller proportions.
The proportion of feldspars was shown to decrease generally from the underlying
material to the subsoil and further to the topsoil. The samples of the schist and the
phyllite contain kaolinite while the sample of the sandstone does not. It was thus
concluded that the kaolinite present in the soil on sandstone is pedogenic while the
kaolinite present in the soil on schist and phyllite may be both inherited from the
underlying material and pedogenic. The proportions of 10A-phyllosilicates (illite,
halloysite and(or) muscovite) decrease from the underlying material to the soil.
Alteration of these minerals to kaolinite during soil formation was, therefore, suggested.
The sandstone and the E-horizon of Pit 36 contain hematite in detectable amounts.

The phyllite which underlies the toposequence at Location 8 (sample 39Sap) was
taken from a road embankment. The high proportion of halite in sample 39Sap
(approximately 15 %; section 2.4.1.5.) is probably the result of surface evaporation of
ground water.
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Elemental composition (Table 6.1): SiO, is the most abundant compound. Its
concentration ranges between 50 and 92 percent. The proportions of AlLO, vary
between 2.3 and 22.6 percent. The mean of the Fe,O; concentration is 8.7 percent.
K,O, TiO, and MgO have means between 1.3 and 0.5 percent. All other compounds
have means lower than 0.5 percent.

6.S. FACTORS WHICH DETERMINE THE SOIL CHEMISTRY

Effect of different underlying rock, fertilisation and sampling technique on the
analytical results: Average concentrations were calculated separately for soils
associated with schist, phyllite and sandstone of the Malmesbury Group. The chemical
differences between these soil groups are discussed in section 6.5.1. A discussion of the
possible effects of fertilisation and sampling technique is given in section 6.5.2.

Lateral change of concentrations: The lateral change of the concentrations down
the toposequences is discussed in sections 6.5.3. to 6.5.5. Elements which are not
discussed in these sections were excluded because (a) their concentrations are mainly
below the LLD, (b) the number of samples analysed for these elements was too low to
recognise lateral trends (Tables 6.1 to 64), or (c) the lateral change in the
concentrations was insignificant.

6.5.1. Effect of underlying rock-type on soil chemistry
Introduction: Average concentrations were calculated for all elements. This was
accomplished separately for the soils on schist, phyllite and feldspathic sandstone and
included the calculation of separate average concentrations for top- and subsoil. The .
data were examined using a (non-parametric) Kruskal-Wallis Test (95 % confidence
level; Statgraphics, 1993) to determine the significance of the differences between the
average concentrations.
The average concentrations are based on the following numbers of samples and pits:
(a) Soil associated with schist of the Malmesbury Group.

Topsoil group: 4 samples from 3 pits.

Subsoil group: 4 samples from 3 pits.
(b) Soil associated with phyllite of the Malmesbury Group.

Topsoil group: 7 samples from 3 pits.

Subsoil group: 4 samples from 3 pits.
(c) Soils associated with feldspathic sandstone of the Malmesbury Group.

Topsoil group: 2 samples from 1 pit.

Subsoil group: 2 samples from 1 pit.
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Meaning of the #-symbol in the presentation of the results: The differences
between the soil groups were compared with the differences between the underlying
rocks. A # was used if the differences between the underlying materials could be
controlling the differences between the soil groups; i.e. if a higher concentration in a
particular soil group corresponded with a higher concentration in its underlying material.

Results for the topsoil

Comparison of soil on schist with soil on phyllite:

The concentrations of Th, Br, Nb#, Zr#, Mn#, Cr#, V# and S are higher in the soil
on schist. The concentrations of SiO,# and W# are higher in the soil on phyllite.
Comparison of soil on schist with soil on feldspathic sandstone:

The concentration of P,O,# is higher in the soil on feldspathic sandstone.
Comparison of soil on feldspathic sandstone with soil on phyllite:

The concentrations of SiO, and extractable S# are higher in the soil on phyllite. The
concentrations of TiO,#, Fe,O,#, MgO#, Na,0, K,O, Th, Pb#, As, Zn#, Ni#, Cu, Nb,
Zr#, Y#, Sr#, Rb, Mn#, Cr and V are higher in the soil on feldspathic sandstone.

Results for the subsoil

Comparison of soil on schist with soil on phyllite:

The concentrations of TiO,#, Nb#, Zr#, Sr and Mn# are higher in the soil on schist.
The concentrations of Fe,O;, K,O#, As#, Ni, Rb#, Cr and Sn are higher in the soil on
phyllite. '

Comparison of soil on schist with soil on feldspathic sandstone:

None of the calculated average concentrations are significantly different at the 95 %
confidence level. '
Comparison of soil on feldspathic sandstone with soil on phyllite:

None of the calculated average concentrations are significantly different at the 95 %
confidence level.

Conclusions: The differences between the soils associated with different rock-
types are generally small, although significant for some of the investigated elements.
The similarity of the soil groups could be the result of (a) the small chemical differences
between the underlying rocks and (b) the similar chemical differentiation of the
underlying rock during soil formation. Trying to explain the described differences for
individual elements would be too speculative and was thus not attempted. It is,
however, interesting to note that some of the differences between the soil groups cannot
be linked to the differences between the underlying materials and must be due to soil
forming processes (elements without #).
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6.52. Effect of agro-chemicals and sampling procedure on the analytical results
Introduction: The results of soil samples from two pits (41 and 42) were compared to
determine the possible effects of agro-chemicals and sampling technique on the
analytical results. Top- and subsoil were compared separately. Pits 41 and 42 are in a
similar slope position and only 50 m apart from each other. The phenotype of the two
soil profiles is almost identical (Appendix-I). It is thus proposed that the chemical
composition of the soil exposed in the two pits was initially very similar. The recent
history of the soil at the two pits differs in three points: |

(a) the soil at Pit 41 is under recent cultivation and was treated with agro-
chemicals while the soil at Pit 42 is not cultivated. The cultivation of the soil at Pit 41
may have caused chemical differences between the soil samples from the two pits.

(b) Pit 41 was dug shortly before the sampling was performed while Pit 42 was
an old erosion gully. The longer exposure of the soil profile in the erosion gully (Pit 42)
may have resulted in chemical alterations.

(c) Pit 42 was sampled using plastic tools while Pit 41 was sampled using metal
tools. The sampling with metal tools may have resulted in contamination of the soil
samples taken from Pit 41.

Method of comparison: The elemental concentrations determined from the
samples of the two pits are considered different if the ratio [concentration in sample
from Pit 41] over [concentration in sample from Pit 42]is > 1.3 or < 0.7. The LLD was
used to substitute for the concentration if the concentration was below the LLD.

Results for the topsoil
The concentrations of Br and 1 M NH,NO, extractable Ca and B are higher in the

sample from Pit 41. The concentrations of extractable Zn, Sb, Fe, Co, Al, Ba and Mg
are higher in the sample from Pit 42.

Results for the subsoil

The concentrations of I and 1 M NH,NO, extractable Se, Fe, Cd, Bi, B and S are higher
in the sample from Pit 41. The concentrations of extractable Ba, P, K, Ca and Co are
higher in the sample from Pit 42.

Conclusions: The chemical differences between the two pits are limited to relatively
soluble elements and the concentrations of the extractable element fractions. It is not
possible to resolve whether the differences are natural or due to the dissimilar recent
history of the two pits (see above; points a to c). It is, however, possible to conclude
that the concentrations of the elements which are not listed above are hardly affected
by (a) the cultivation (e.g. agro-chemicals and ploughing), (b) the time period between
first exposure of soil profile and sampling and (c) the usage of metal tools for the
sampling procedure.
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6.5.3. Lateral change of the concentrations down the topsoil

Allocation of elements to groups: The elements were allocated to groups in order to
facilitate their discussion. The manner in which the elements were grouped was
explained in section 1.2. Elements which are allocated to Group-I and Group-III are
illustrated in bold.

Group-I:  (based on toposequence associated with schist) Li, Be, Na,0, MgO, Al,O,,
S, K,0, Ca0, TiO,, Mn, Co, Ni, Cu, Zn, Br, Rb, Sr, Y, Nb, Sn*, I, U* and
1 M NH/NO; extractable Na, Mg, P*, K*, Ca, Ni, Zn, Ba and TI.

Group-II:  (based on toposequence associated with schist) V, Fe,O,, As, Se, Mo, Sb
and 1 M NH,NO, extractable Co.

Group-III:  (based on toposequence associated with phyllite) Li®*, Be*, MgO, AlL,O;,
P,O;,, S*, K,0, Ca0, TiO,, V, Cr, Mn, Fe,0, Ni, Cu, Zn, Rb, Sr, Y, Nb,
Sn, Sb*, Pb, Th, U and 1 M NH,NO, extractable K, Ca and Ba.

Group-IV: (based on toposequence associated with phyllite) Na,O, SiO,, Cl, Co* and
1 M NH_NO, extractable Na and Co.

Results for toposequence associated with schist (Figure 6.5): The concentrations
of the elements in Group-I increase down the toposequence. The concentrations of the
elements in Group-II are at a maximum at the top of the toposequence (Pit 36).

Results for toposequence associated with phyllite (Figure 6.5): The
concentrations of the elements in Group-IIl decrease down the toposequence. The
concentrations of the elements in Group-IV are at a maximum at the bottom of the
toposequence (Pit 43).

Input of Group-I elements from the underlying material and the top of the
toposequeﬁce toposequence associated with schist): It was suggested in section 6.3.1.
that the colluviation down the toposequence associated with schist resulted in mixing of
the coarse material from the top of the toposequence and the finer grained weathering
products of the underlying schist. An examination of the vertical elemental distribution
showed that most of the elements in Group-I have higher concentrations in the subsoil
and in the underlying saprolite than in the topsoil (section 6.5.6.). It is thus proposed
that the increasing concentrations of the Group-I elements down the toposequence
reflect the mixing of the topsoil with the underlying material.

Lateral transport of relatively fine particles and dissolved solids from the top of
the toposequence towards the lower slope positions (Pits 37 and 38) by means of
throughflow or sheet wash (section 6.3.1.) may be an additional source of Group-I
elements. This would be in agreement with Selby (1982) who described a case where
this mechanism resulted in an increase of the soil fertility at the footslope.

* Allocation of the element to the group is debatable because (a) some of the samples have
concentrations below the LLD, (b) some of the samples were not analysed for this particular
element and (c) the agreement between the lateral variation of the elemental concentration and
the group pattern is poor.
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Increasing retention ability down the toposequence associated with schist as
secondary control for some of the Group-I elements: The underlying schist is fine
grainéd and contains clay minerals such as illite and kaolinite (section 6.4). The
admixture of clay minerals from the underlying material and the top of the
toposequence to the topsoil at Pits 37 and 38 explains the increasing proportions of mud
down the toposequence (Figure 6.4). A resulting increase of the retention ability for
water and dissolved solids may be a secondary cause for the increasing concentrations
of Br, I and the extractable element fractions (Na, Mg, P, K, Ca, Ni, Zn, Ba and T1).
The alkaline reaction of exchangeable Na* could explain the relatively high pH value
at the bottom of the toposequence. Retained salts increased the conductivity of the
(water-suspended) topsoil at the bottom of the toposequence.

Accumulation Group-II elements in Fe-oxides at the top of the toposequence
associated with schist: The similar behaviour of Fe,0, and Group-II elements indicates
association of Group-II elements with Fe-oxides. Higher concentrations of the Group-II
elements occur in the top part of the toposequence (Pit 36). The decrease of the
concentrations towards the lower slope positions may be due to the dilution with

Group-I elements.

Eluviation of Group-III elements from the topsoil down the toposequence
associated with phyllite: The literature discussed in section 4.5.4. demonstrated that the
gradient of the toposequence associated with phyllite (approximately 100 %o) is steep
enough to expect gravitational transport of the soil. The very high proportion of gravel
in the A- and E-horizons of the toposequence associated with phyllite (section 6.3.2.)
presumably results in a high permeability for water and descending clay particles
(Blume, 1992). The mean percentage of exchangeable sodium (ESP) is relatively high
(29 %) and would thus favour the dispersion and eluviation of clay particles (Purves,
1976). It could thus be speculated that the topsoil is continuously leached and eluviated
during its transport towards the footslope. The continuous loss of finer particles and
dissolved solids from the topsoil could explain the decrease of the Group-III element
concentrations and the decrease of the proportion of organic matter towards the lower
slope positions. The loss of Group-III elements results in relative accumulation of SiO,.
The eluviated particles may be both illuviated into the subsoil or removed from the
toposequence into the drainage line by means of throughflow in the very gravelly and
permeable E-horizon (section 6.3.2.). The hypothesis presented in this paragraph would
be in agreement with the results for the granite-derived toposequence which suggested
eluviation and depletion of elements during the gravitational transport of the soil and
with increasing distance from the top of the toposequence (section 4.5.4).

Possible precipitation of NaCl in the lowest slope position of the toposequence
associated with phyllite: The relatively high concentrations of Cl and extractable Na in
the lowest slope position (Figure 6.5; sample 43Top) are probably due to evaporation
of throughflow water and capillary uplifted ground water, as described in Buol et al.
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(1980) and Conacher (1975). The precipitation of NaCl could account for the observed
increase of the total Na concentration (Na,0). The increased concentrations of Na and
Cl correspond with higher conductivities of the water-suspended soil.

Comparison of the toposequences associated with schist and phyllite: The two
toposequences are similar with respect to aspect, gradient and shape of the slope and
climate. Both toposequences are underlain by a clay-rich metamorphosed sediment.
In spite of these similarities the elements demonstrated in bold (see above) have
increasing concentration down the toposequence associated schist and decreasing
concentration down the toposequence associated phyllite. It was suggested that the
colluviation down the toposequence associated with schist results in admixture of
weathering products from the underlying rock into the topsoil and causes increasing
elemental concentrations down the slope. The decrease of the elemental concentrations
down the toposequence associated with phyllite may be the result of continuous
eluviation during gravitational transport. The higher percentage of gravel and the
accompanied increase of the permeability as well as higher ESP values (see above)
probably favour the eluviation of clay in the toposequence associated with phyllite. The
higher percentage of gravel could also increase the proportion of the precipitation which
infiltrates into the soil (Poesen and Lavee, 1994; Brakensiek and Rawls, 1994; Vélentin,
1994) and in this way increase the quantity of water available for eluviation. Statham
(1977) concluded from laboratory experiments that the quantity of water available for
eluviation is by far the most important factor in determining vertical clay displacement.

Many of the elements illustrated in bold are important nutrients. More research
should be directed in order to investigate in more detail why eluviation of finer particles
~ and removal of nutrients from the topsoil predominates in the toposequence associated
with phyllite while admixture of finer particles and nutrients from the underlying
material into the topsoil predominates in the toposequence associated with schist. The
clay mineralogy and the structure of the soil are important determinants of the
permeability and should be investigated in greater detail. The toposequence associated
with phyllite is used for crop production while the toposequence associated with schist
is vegetated with shrubveld. The possible effects of cultivation and vegetation type with
regard to eluviation and colluviation should be considered when examining the possible
reasons for the differences between the toposequences.
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6.5.4. Lateral change of the concentrations down the subsoil of the toposequence on
schist

Results for F, Na,o, MgO, P,0,, Cl, K,0, Cr*, Ni*, Cu, Rb and 1 M NH,NO,

extractable Na and V (Group-V elements; Figure 6.6): The concentrations of the

elements in Group-V, the conductivity of the water-suspended soil and the pH values

increase down the toposequence. The highest concentrations occur in the underlying

material (saprolite; sample 35Sap).

Assimilation of Group-V elements from the underlying material: The results
discussed above suggested that colluviation resulted in mixing of the soil and weathering
products of the schist. It is suggested that the mixing also resulted in the assimilation
of Group-V elements from the underlying material and caused the observed increase
of the concentrations down the toposequence.

Uptake of salts (e.g. NaCl) from the underlying material could best explain the
increasing conductivity of the (water-suspended) soil down the toposequence. The
increase of the pH towards the lower slope poSitions may be due to the alkaline reaction
of exchangeable Na*.

Results for AlL,O, and 1 M NH,NO, extractable B, Mg, Al, S, K, Cr, Fe and Zn
(Group-VI elements; Figure 6.6): High concentrations of the elements in Group-VI at
the top and the bottom of the toposequence coincide with higher proportions of finer
particles (fine clay and fines; samples 36B and 38B in Figure 6.4). The similar
behaviour of Al,O;, mud, fine clay and the Group-VI elements suggests that the
retention ability of clay minerals for water and dissolved solids is an important control
for the concentrations of the elements in Group-VI.

Results for S, CaO, Mn, Sr, I and 1 M NH,NO, extractable P, Ca, Ni and Ba
(Group-VII elements; Figure 6.6): The concentrations of the elements in Group-VII are
relatively low in the underlying material and increase from the top to the bottom of the
toposequence.

Evaporation of soil water and pH as controlling factors: Continuous evaporation
of water from the soil could result in accumulation of most Group-VII elements. The
distance between soil and ground water table would normally decrease towards the
footslope (Figure 2.1). Possible sources of soil water available for evaporation are,
therefore, capillary elevation of ground water as well as overland flow and throughflow
from the upper part of the toposequence. The importance of throughflow in the
salinisation of soils in the footslope position was demonstrated by Conacher (1975).

* Allocation of this element to the group is debatable because the agreement
between the lateral trend of its concentration and the group pattern is poor.
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. The lower part of the B-horizon in footslope position (sample 38BC) contains
carbonate in detectable proportions (Appendix-I). Association of Gfoup-VII elements
with carbonates is, therefore, possible.

The increase of the concentrations towards the bottom of the toposequence
coincides with higher pH values (Figure 6.6). The ability of soils to adsorb cations
increases with increasing pH values. It is, therefore, suggested that the soil pH may be
a secondary factor in controlling the increase of the concentrations (e.g. extractable Ni).

Gravel, SiO, and Zr (Figure 6.7; text box 5): The concentrations of SiO,, Zr and
the proportion of gravel are at a maximum in midslope position (subsoil). The subsoil
in the footslope and the uppermost slope position as well as the underlying material
have lower concentrations. The highest proportions of gravel and Zr overall occur in
the partly granite-derived topsoil at the top of the toposequence. Admixture of material
from the colluvial deposit at the top of the toposequence by means of colluviation may
thus be the reason for the increased concentrations in the subsoil at midslope position
(see above).

Bromine and Pb: The concentrations of Br and Pb are at a maximum in the fine
textured subsoil at the top of the toposequence, indicating the association of Br and Pb
with clay minerals.

6.5.5. Lateral change of the concentrations down the subsoil of the toposequence on
phyllite

The variation of most elemental concentrations is small. Only elements which showed

meaningful changes in concentration are discussed in this section.

Accumulation of Na and Cl at the bottom of the toposequence: The
concentrations of Cl, extractable Na and total Na as well as the conductivity of the
water-suspended soil and the pH value increase towards the lowest slope position
(sample 43G; Figure 6.6; Table 6.5). This increase coincides with higher proportions
of finer particles (mud and fine clay; Figure 6.4). It is suggested that the increasing
salinisation of the soil down the toposequence is controlled by the evaporation of water
from the soil. The salinisation reaches its maximum in the lowest slope position because
(a) the finer textured soil can retain more water and solubles and (b) the distance
between soil and ground water table presumably decreases down the toposequence
(Figure 2.1). Evaporation of throughflow water at the bottom of the toposequence may
also result in higher concentrations of Na and Cl (Conacher, 1975). The alkaline
reaction of exchangeable Na* probably caused the increased pH values [pH(KCI) in
subsoil at footslope = 6.8].
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Table 6.5: High concentrations of S, I and some NH,NO, extractable element fractions
in the subsoil at the midslope position of the toposequence associated with the phyllite
of the Malmesbury Group. The concentrations of extractable Na, the pH(KCI) values,
the conductivity of the water-suspended soil and the total concentrations of the
anomalous elements are listed in the lower part of the table.

i
SLOPE POSITION AND SAMPLE

]
E Top Middle Middle Middle Bottom
Parameter  Units ! 40B 41B1 41B2 42B 43G

Extr. B ppb i <362 1799 1893 1025 <362
Extr. Al ppm i 15 17 6 8 0.8
Extr. S ppm i 23 62 132 92 52
Total S ppm ‘ i 279 445 669 213
Extr. V ppb i 10 111 64 8 37
Extr. Cr ppm i 0.05 0.13 0.13 0.18 0.10
Extr. Fe ppm i 0.55 1.1 20 0.78 0.45
Extr. Co ppb i <13 29 19 31 <13
Extr. Se# ppb i <875 23000 24000 <875 <875
Total I ppm i 85 98 208 55 49
Extr. Pb ppb i <52 219 210 297 <52
Extr. Bi , ppb i <3 6 6 <3 <3

[}
Extr. Na ppm E 45 425 597 880 1825
Na,O % ; 0.04 0.11 0.13 ' 0.32
ALO, % | 143 200 26 22
Total Cl ppm : i 59 mn 506 806
Total V ppm ; 123 156 158 175
Total Cr ppm ; 101 123 126 138
Fe,0, % » i - 82 9.7 9.9 9.8
Total Se ppm i 28 32 28 24 14
Total Pb ppm . i 29 25 19 2 2
Total Bi ppm i <28 <29 <29 <29 <29
pH(KCI) 448 42 42 6.8
Conductivity uS em™ o134 600 783 1470
# The quality of the analyses of extractable Se is discussed in section 6.2.

High concentrations of 1 M NH,NO, extractable B, Al, S, V, Cr, Fe, Co, Se¥*,
Pb, Bi and total S and I in midslope position: The concentrations of extractable B, Al,
S, V, Cr, Fe, Co, Se, Pb, Bi and total S and I are particularly high in the subsoil in

* See section 6.2.
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midslope position (samples 41B1, 41B2 and 42B; Figure 6.6; Table 6.5). The total
concentrations of the corresponding elements are not anomalous (Table 6.5). There is
no obvious explanation for the concentration of the listed elements in midslope position.

6.5.6. Vertical changes of the concentrations

Results (a): The concentrations of SiO,, P,O,, Mn, Zr and 1 M NH_,NO, extractable P*
and Co decrease from the top- to the subsoil. This is in agreement with the results from
soil profiles which are underlain by different rock-types (e.g. section 5.6.). A discussion
of the accumulation of P, Mn and Co in the topsoil is given in Chapter 9.

Results (b): The concentrations of Li*, Be*, F, Na,0, MgO, Al,0,, K,0, TiO,,
Co*, Ni, Zn, Se?*, Br, Rb, Sr, Y, Nb, Mo?, Sm I, W, Th, U and extractable B*, Na, Mg,
Al S, Cr, Ni and Ba* increase from the top- to the subsoil.

Interpretation: The increasing concentrations towards the subsoil coincide with
higher proportions of clay minerals, feldspar and goethite (Chapter 3; sections 6.3 and
6.4). Association of the above listed elements with these minerals is, therefore, likely.
Some of the elements (e.g. TiO,, W, Nb and U) may be hosted by heavy minerals and
could thus indicate accumulation of heavy minerals in the subsoil. :

Results (¢): The elements Na,O, TiO,, Mn, Y, Zr and extractable Na, S, K, Ca
and Zn are partly depleted in the E-horizons while the elements V, Cr, Fe,0,, Cu, As,
Se and extractable Fe as well as gravel are enriched in some of the E-horizons.

Interpretation: The low elemental concentrations in the E-horizon are due to
leaching and eluviation. The elements which have relatively high concentrations in the
E-horizon are likely to be accumulated in the partly gravel-sized Fe-oxide concretions.

Other elements: Elements which are not mentioned in this section were not
discussed because (a) they have mainly concentrations below the LLD, (b) the number
of samples analysed for these elements was too low to recognise vertical trends, (c) they
have relatively constant concentrations with increasing soil depth or (d) they showed
dissimilar vertical trends. The vertical distribution of individual elements is discussed
in Chapter 9.

6.6. SUMMARY

Introduction: The sampled soils are associated with the sediments of the Malmesbury
Group. Soil samples from 10 pits and different soil horizons were analysed for major
and trace elements, 1 M NHNO; extractable element concentrations, particle size
distribution and various other parameters. The toposequence at location 8 is underlain

: Allocation of element to group is not definite. This could be because (a) some of the samples have
concentrations below the LLD, (b) some of the samples were not analysed for this particular
clement and (c) the vertical increase or decrease of the concentration was not observed in all pits.
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by phyllite while the toposequence at location 10 is underlain by schist (Figure 2.2).
The soil at Pit 44 is underlain by sandstone (location 9 in Figure 2.2).

Major soil components: All samples contain quartz, feldspars and goethite in
detectable proportions. The proportions of feldspar and 10A-phyllosilicates (illite,
halloysite and(or) muscovite) decrease from the underlying material to the subsoil and
in some pits further to the topsoil. Kaolinite was shown to be partly of pedogenic
origin. The concentration of SiO, ranges between 50 and 92 percent. Other major
components are Al,O,, Fe,0,, K,O, TiO, and MgO (Table 6.1).

Differences between the soils associated with different rock-types of the
Malmesbury Group: The averages of the elemental concentrations in the soils
associated with sandstone, schist and phyllite were compared. The differences are
generally small and thus difficult to interpret.

Effect of agro-chemicals and sampling technique on analytical results: The data
for soil samples from two pits were compared to establish the possible effects of (a)
agro-chemicals, (b) sampling with metal in contrast to plastic tools and (c) the time
period between exposure of soil profile and sampling. Chemical differences between
the samples were limited to soluble elements and extractable element concentrations.
It was concluded that the total elemental concentrations were not significantly affected
by a), b) and c¢).

Toposequence associated with schist: Colluviation probably resulted in admixture
of minerals and their associated elements from the underlying material into the topsoil.
The concentrations of most elements* increase consequently from the top to the
bottom of the toposequence. The uptake of finer particles from the underlying material
into the topsoil could result in an increase of the retention ability and may thus be a
secondary cause for the increasing concentrations of Br and I and the extractable
element fractions down the toposequence (text box 1 in Figure 6.7).

Toposequence associated with phyllite:  Continuous eluviation during
gravitational transport may have caused the depletion of most elements**, mud and
organic matter and relative accumulation of SiO, down the toposequence (text box 2 in
Figure 6.7).

Critical differences between the two toposequences: The set of elements in
Group-I and Group-IlI is similar, meaning that many elements which have increasing
concentrations down the toposequence associated with schist have decreasing
concentrations down the toposequence associated with phyllite. Possible reasons for the
strong eluviation and the depletion of Group-IIl elements down the toposequence
associated with phyllite are higher exchangeable sodium percentages (ESP) and very

* Group-I elements: Li, Be, Na,0, MgO, Al,0,, §, K,0, Ca0O, TiO,, Mn, Co, Ni, Cu, Zn, Br, Rb,
Sr, Y, Nb, Sn, I, U and 1 M NH,NO, extractable Na, Mg, P, K, Ca, Ni, Zn, Ba and TL

b Group-IH elements: Li, Be, MgO, Al,0,, P,0q, S, K,0, CaO, TiO,, V, Cr, Mn, Fe,0,, Ni, Cu, Zn,
Rb, Sr, Y, Nb, Sn, Sb, Pb, Th, U and 1 M NH,NO, extractable K, Ca and Ba.
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much higher proportions of gravel (text box 3 in Figure 6.7). Higher ESP values
facilitate the dispersion and eluviation of clay and higher proportions of gravel increase
the permeability of the soil. Higher proportions of gravel could also increase the
infiltration rate and thus increase the quantity of water available for eluviation. It was
suggested that the reasons for the very different geochemical development of the soil
down the two toposequences be investigated in more detail because, mahy of the
elements which showed reversed behaviour are important nutrients.

Association of elements with Fe-oxides: Higher concentrations of Group-II*
elements coincided with higher concentrations of Fe,O;. Association with Fe-oxides was
thus suggested. Highest concentrations of Fe,O, and Group-II elements occur in the top
part of the toposequence associated with schist (Pit 36). The decrease of the
concentrations towards the lower slope positions of this toposequence may result from
dilution with admixed (Group-I) major elements (text box 4 in Figure 6.7).

Factors which determine the lateral change of the concentrations down the subsoil of
the toposequence on' schist:

(a) Increasing concentrations of Group-V elements** down the toposequence
suggested that admixture of these elements from the underlying material during
colluviation of the slope was an important factor in determining their concentrations
(text box 1 in Figure 6.7). |

(b) The retention ability, as determined by the proportion of finer particles,
seems to be most important in determining the concentrations of 1 M NH,NNO,
extractable B, Mg, Al S, K, Cr, Fe and Zn (text box 6 in Figure 6.7).

(c) Relatively high concentrations of S, CaO, Mn, Sr, Y, I and 1 M NH,NO,
extractable P, Ca, Ni and Ba at the footslope suggested that these elements originate
partly from evaporated water. Association of some of the above listed elements with
carbonates is possible (text box 7 in Figure 6.7). Increased concentrations of carbonates
and(or) exchangeable Na* in the lowest slope position could explain relatively high soil
pH values. High conductivities of the water-suspended soil coincided with higher
concentrations of Na and Cl.

Vertical distribution: Many elements have increasing concentrations with
increasing soil depth while SiO,, P,Os, Mn, Zr and 1 M NH,NO, extractable P and Co
have decreasing concentrations. Depletion as well as accumulation of certain elements
in the E-horizons was evident.

* Group-1II elements: V, Fe,0;, As, Se, Mo, Sb and 1 M NH,NO, extractable Co.

b Group-V elements: F, Na,0, MgO, P,0;, Cl, K,0, Cr, Ni, Cu, Rb and 1 M NH,NO; extractable
Na and V.



CHAPTER 7.

SOILS ASSOCIATED WITH

FERRUGINIZED MATERIALS
L ]

71. INTRODUCTION

Ferruginization of the underlying material: The tropical climate during the earlier
Cenozoic resulted in deep and intense weathering of soil and underlying rock in the
field area (Lambrechts, 1983). Those minerals which are susceptible to weathering (e.g.
feldspars) were mainly altered to form Fe-oxides, Al-oxides and kaolinite. This process
is referred to as ferruginization (Scheffer and Schachtschabel, 1989). The soils
associated with the ferruginized materials are typically red in colour, suggesting that
hematite is one of the products of the ferruginization (Torrent, 1994).

Ferruginization can nullify the chemical differences between different rock-types.
A Principal Component Analysis of the analytical results presented in this study showed
that the soils associated with (a) ferruginized granites and (b) ferruginized sediments of
the Malmesbury Group have very similar chemical properties (Schloemann, 1992).

Occurrence of ferruginized materials (summarised from Lambrechts, 1983):
Similar ferruginized materials may derive from different rock-types. Due to the age of
the ferralitic weathering profiles, the original landscapes in which they developed were
subsequently modified by incision and stripping. In addition, younger transported
material such as marine clays, acolian sands and colluvium may overlie the older
ferruginized materials. The result is that the distribution of the ferruginized materials
in the landscape is irregular and that a considerable variety of soils may be found on
erosional surfaces in areas characterised by ferralitic preweathering. Ferruginized
materials are widespread on high-lying pediments and footslopes adjacent to the Cape
Fold Belt east of the field area because these areas were less affected by subsequent
erosion and sedimentation. In the field area the ferruginized materials are less
abundant and derived from granite and sediments of the Malmesbury Group.
Colluviation of high-lying ferruginized materials in the Darling granite hills has resulted
in the occurrence of red soils adjacent to fresh granite in the lower-lying areas.
Occurrences of ferruginized materials in the west of the field area are irregular and
mainly underlain by sediments of the Malmesbury Group.
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Sampling locations: Samples were taken from six pits (Figure 7.1). Pits 7, 8 and
12 are at different locations in the Darling area (Location 6 in Figure 2.2). The
underlying material of these pits consists of ferruginized granite (Theron, 1991).

Pits 47, 46 and 45 were dug down a toposequence, approximately 3500 m
north-west of Malmesbury (Location 7 in Figure 2.2). The toposequence strikes
south-west north-east, is approximately 1500 m long and has an average gradient of
44 permille. Figure 7.2 shows the view from the pit in the lowermost slope position
(Pit 45) towards the top of the toposequence. The geological map shows that the
contact between the granite and the sediments of the Malmesbury Group runs through
the sampled toposequence (Figure 7.1; Theron, 1991). The relatively large scale of the
map (1 : 250000) and a lack of outcrop made it difficult to locate the exact position of
the contact. The coordinates and a full pedological description of all pits sampled are

given in Appendix-1L
pts Pt7 :
(165m) pit 12
(130m) (105m)

: Pits 7, 8and 12 are on Ferruginized Granite
Sw NE

Malmesbury-Darling Rood

m amsl pit 47
210- . pit 46 »
190- ' :
| JARRN
170- . 2_ c ¢ samd lens, sample 4742

Railwgy  pit 45

150~ I Ferruginized
Ferruginized Sediments H Granite (?)
130- of the Malmesbury Growp ~ /
f T T T T l
0 500 1000 1500 2000 2150m

Figure 7.1: Simplified sections through the sampling sites in the soils associated with the
ferruginized materials. Pits 7, 8, and 12 are at location 6 and Pits 45, 46 and 47 are at
location 7 in Figure 2.2. Figure 2.4 can be used as a key to the abbreviations for the
different soil horizons. Features other than the topography are not to scale. The
vertical scale is exaggerated. The average gradient of the slope from Pit 47 to Pit 45
is 44 permille.
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Table 7.1: Basic statistics of the major elements in the soils associated with the
ferruginized materials. Only values above the lower limit of detection (n>LLD) were
included to derive the statistics. The analyses were performed using XRFS and all
concentrations are given in percent in dried soil (LLD = lower limit of detection;
S.D. = standard deviation; C.V. = coefficient of !_ariation).

Oxide |n| n> Approx. Mean | S.D. C.v. Min. in % Max. in % ]
LLD | LLD (%) (%) | (%) | (%) (sample) (sample)
Na,0 |18]| 17 0.02 0.10 0.06 64 < LLD 0.28 (7A)
MgO (18] 18 0.02 0.18 0.09 52 0.08 (12A) 0.47 (8A)
ALO;, |18] 18 0.01 1 6.2 58 4.1 (45A) 22.8 (47C)
SiO, |18] 18 0.02 74 15 20 | 47.6 (46B2) 90.0 (45A)
P,O; |18] 18 0.005 0.07 0.03 42 0.04 (47A2) 0.15 (47B2)
K,0 (18] 18 0.004 0.71 036 51 0.22 (46B2) 1.6 (7TA)
CaO |18 18 0.005 0.14 0.2 151 0.03 (12B) 0.77 (8A)
TiO, 18| 18 0.007 0.59 0.20 34 0.28 (7A) 1.1 (47C)
Fe,0, |18 18 0.009 7.8 59 75 1.8 (7A) 22.7 (46B2)

Table 7.2: Basic statistics summarising the pH(KCI) values, the conductivities of the
water-suspended soil samples and the percentages of various particle size fractions and

organic matter for the soils associated with the ferruginized materials (S.D. = standard

deviation; C.V. = coefficient of variation).

Parameter n | Mean | SD. | CV. (%) Min. (sample) Max. (sample)
pH(KCI) 12 55 0.8 15 47 (45BA) 78 (47C)
Conductivity 12| 138 77 56 49 (47B1) 291 (45A)

(BS ecm™)

% Organic Matter { 12 09 0.2 25 06 (47A1) 13 (46C)
% Gravel 2| 13 18 144 04  (45A) 57  (46B2)
% Sand 12 50 20 40 16 (46B2) 76 (45A)
% Mud 12 36 18 49 21 (46A) 74 (47C)
% Fine Clay 7 25 13 53 11 (45BA) 40 (47C)
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Table 7.3: Basic statistics of the trace elements in the soils associated with the
ferruginized materials. Only values above the lower limit of detection (n>LLD) were
included to derive the statistics. Li, Be, Co, Cd and Sb were analysed using ICP-MS,
all other elements were analysed using XRFS. The concentrations are given in ppm in
dried soil (LLD = lower limit of detection; S.D. = standard deviation;
C.V. = coefficient of variation).

Elem.| n| n> Approx. Mean S.D. C.v. Min. in ppm Max. in ppm
LLD | LLD in ppm | inppm | inppm | (%) (sample) (sample)
Li |8] 8 0.2 10 59 56 56 (47Top) 23 (45B)
Be | 8] 7 03 0.9 0S5 $5 | <LLD 18 (45B)
F 18] 1 140 < LLD 124 (45BA)
S |18} 18 6.0 222 102 46 | 110 (45BA)| 477 (8B)
Cl 18] 18 40 64 14 22 40 (47B1) 88 (45B)
vV |18| 18 1.2 127 98 i K| (7A) 371 (46B2)
Cr |18| 18 13 81 55 638 30 (47Top)| 205 (46B2)
Mn |18]| 18 15 127 70 55 4“4 (8B) 315 (47A2)
I Co |8] 8 0.2 29 12 43 1.6 (45A) 49 (45B)
Ni {18] 18 23 1 53 48 6.6 (4TTop) 25 (45B)
Cu {18} 18 18 7.8 39 50 36 (12A) 18 (45B)
Zn |18] 18 12 16 70 43 62 (12B) 31 (124)
Ga |5] S 08 12 88 ) 48 (7A) 26 (8B)
Ge |18] 5§ 0.9 < LLD 16 (12B)
As |18} 18 0.8 1 10 92 21 (7A) 41  (46B2)
Se |18] 13 0.8 27 24 91 | <LLD 89 (46B2)
Br {18] 18 09 58 37 63 1.6 (47B1) 14  (46C)
Rb [18] 18 0.7 41 13 32 24 (46A) 69 (7A)
Sr |18| 18 0.6 17 10 61 71 (8B) 4 47C)
I Y |18] 18 0.7 15 4.1 28 10 (8B) 24 (7A)
Zr |18]| 18 0.6 408 111 27 | 239 47C) 568  (46A)
Nb {18] 18 0.6 16 1 71 62 (7A) 50 (12A)
Mo [18]| 18 0.5 1.7 0.7 39 09 (47A2) 32 (12B)
Cd |[8] O 0.7
Sn |18] 16 12 49 24 49 | <LLD 96 (8B)
Sb | 8| 8 03 13 0.8 58 0.5 (46A) 30 (4B2)
I |18] 15 25 19 18 9% | <LLD 64 (470
W |18] 18 26 9.2 26 29 49 (47B1) 14 (12B)
Pb [18]| 18 21 17 10 60 87 (12A) 42 (4B
Bi |18 3 28 < LLD 39 (47B2)
Th |18]| 18 1.7 19 14 (L] 38 (45A) 52 (46B2)
U |18] 18 13 31 12 39 1.7 (7A) 55 (45B)
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Table 7.4: Basic statistics of the extractable element concentrations for the soils
associated with the ferruginized materials. Only values above the lower limit of
detection (n>LLD) were included to derive the statistics. The results in the first part
of the table are given in ppm in dried soil (fraction < 2 mm) and were obtained using
ICP-AES. The results in the second part of the table are given in ppb in dried soil
(fraction < 2 mm) and were obtained using ICP-MS (LLD = lower limit of detection;
S.D. = standard deviation; C.V. = coefficient of variation).

Part 1
Elem.| n | n> | Approx. LLD | Mean SD. C.V. Min. in ppm Max. in ppm
LLD in ppm in ppm | in ppm | (%) (sample) (sample)
Na |16] 16 12 28 12 | 4] 14 @A) S0 (47B2)
Mg |16] 16 0.03 98 73 75 20 (12A) 257  (47C)
Al |16 9 0.5 _ < LLD 11  (12B)
P |16] 8 0.5 < LLD 21 (45A)
s {16] 16 0.5 20 17 85 | 4 (4TTop)) 62 (45B)
K |16] 16 12 49 42 84 17 (47A1) 190  (45B)
Ca [16] 16 0.05 346 220 63 | 125 (12B) 1055  (47C)
I c [16] 2 0.05 < LLD 01 (47C)
Fe |16} 14 0.05 0.29 0.21 73 | < LLD 0.7 (12B)
Ni |16] 6 02 < LLD 0.7 (47C)
Cu {16] 2 0.05 < LLD 01 (8A)
Zn (16| 14 0.1 093 24 257 | < LLD 93 (12A)
Part 2
Elem.{ n|{ n> | Approx. LLD | Mean | S.D. | C.V. Min. in ppb Max. in ppb
LLD in ppb in ppb | in ppb | (%) (sample) (sample)
Be {16 3 67 < LLD 134 (45BA)
B |16] 2 362 < LLD 656  (47C)
A\’ 16 3 9 < LLD 18 (45A)
Co 16| 10 13 < LLD 37 (124)
As |16 3 n < LLD 109 (45BA)
Se |16 2 877 < LLD 1353  (45B)
Mo |16 O 49
cd (16| 2 17 < LLD 27 (45A)
I s [16] 1 3 < LLD 25 (45A)
Ba [16] 16 61 5410 | 4966 921 1159 (8A) | 18529 (47B2)
T |16] 6 3 < LLD 10  (45B)
Pb |16] 3 54 < LLD 59  (47A1)
Bi |16} O 3
U |16 1 30 < LLD 68 (47C)




135

7.3. PARTICLE SIZE DISTRIBUTIONS AND FIELD OBSERVATIONS

The particle size distributions of the samples taken from the toposequence associated
with the ferruginized materials are presented in Figure 7.3. Processes which could have
caused these particle size distributions are discussed in this section. Field observations
are discussed together with the particle size distributions.

Mud = Fine Clay + Fines + Coarse Siltl

it 4
. 3;3 A; Ferruginized Sediments i Ferruginiz;:-d
=154 g of the Malmesbury Group i.-’ Granite (?)
: 1
O | EHEAGrovel KXA Coarse Sand Y Medium & Fine Sand 2150m
] Coarse Silt Fines B Fine Clay

Figure 7.3: Particle size distributions of the toposequence associated with the
ferruginized materials. The full size of the bars represents 100 weight % of the
inorganic soil fraction. For some samples the proportions of coarse silt, fines and fine
clay were not determined and are reported together as "mud" (white areas). The
numbers in the pits refer to the pH(KCI) values. The sand lens (sample 47A2) was
located between the B1- and the C-horizon of Pit 47, and is probably a burrow filled
with material from the Al-horizon.

Eluviation of A- and B-horizon at Pits 46 and 47 and formation of Fe-oxide
concretions: The C-horizon contains high proportions of fine clay and fines and is,
therefore, relatively impermeable. The impermeable C-horizon could function as an
aquiclude and cause a lateral flow of soil water down the slope (throughflow). The
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overlying B-horizon contains much more gravel and less finer particles and is, therefore,
more permeable. The gravel fraction consists mainly of Fe-oxides. The higher
proportion of Fe-oxide gravel and the smaller proportion of finer particles are best
explained by (a) vertical eluviation, (b) lateral eluviation of the finer particles by means
of throughflow and (c) formation of coarse Fe-oxide concretions in the upper slope
positions. This would be in agreement with the results and the literature review
presented in Chapter 4. In this chapter it was suggested that processes (b) and (c) can
be important soil forming factors (sections 4.3. and 4.5.5.).

The A-horizon is relatively enriched in medium and fine sand because (a) the
formation of coarse Fe-oxide gravel was restricted to the B-horizons and (b) particles
finer than fine sand were eluviated from the topsoil.

Gravitational transport of Fe-oxide concretions: The literature review presented
in section 4.5.4. demonstrated that the average gradient between Pits 47 and 45 (44 %o)
is steep enough to expect gravitational transport of the soil. The absence of a cohesive
clay matrix in the B-horizon at Pits 46 and 47 implies that the relatively loose Fe-oxide
gravel in this horizon would be included in this transport. Fe-oxide concretions,
however, were not found in the soil at the footslope (Pit 45). Red mottles in the
B-horizon at Pit 45 are possible remnants of the Fe-oxide concretions. It could be
speculated that the Fe-oxide concretions breakdown when they reach the footslope
because longer periods of water saturation may cause a lack of oxygen in soils at the
footslope position (Scheffer and Schachtschabel, 1989) and could, therefore, initiate the
remobilisation of Fe-oxides (Schwertmann and Taylor, 1989). The possibility of
remobilisation of Fe-oxides in the footslope position was also investigated for the
Klipberg toposequence and is discussed in more detail in section 4.5.5. More research
needs to be carried out to determine whether (a) the Fe-oxide concretions are included
in the gravitational transport and (b) the lack of Fe-oxide concretions at the footslope
reflects their breakdown.

The burrow in the soil profile at Pit 47: The soil profile at Pit 47 exhibited a
sand lens between the B1 and the C-horizon (Figure 7.1.). The particle size distribution
and the chemical composition of the sand lens are very similar to those of the
Al-horizon (Figure 7.3; Appendix-III). The sand lens is thus probably a burrow which
was filled up with material from the A-horizon. The sample taken from the sand lens
is referred to as 47A2.

74. MAJOR SOIL COMPONENTS
Mineralogy (summarised from Chapter 3): The mineralogical composition was

determined from 4 soil samples (Figure 3.5). All samples analysed contain guartz,
goethite, kaolinite and traces of feldspar. The proportion of feldspar increases from the
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sub- to the topsoil. Hematite was detected by XRD only in the subsoil. The reddish
colour of the topsoil indicates traces of hematite which, however, were undetectable by
XRD. The samples of the top 15 cm and the C-horizon at Pit 47 were the only samples
which contain CaCO, (Appendix-I).

Elemental composition (Table 7.1): SiO, is the most abundant compound. Its
concentration ranges from 48 to 90 percent. The means of Al,O, and Fe,O, are 11 %
and 8 %, respectively. Organic matter, K,O and TiO, have means between 1 and
0.5 percent. The proportion of organic matter varies, compared to the soils associated
with other underlying materials, only within small limits (0.6 % to 1.3 %). All other
compounds have means lower than 0.5 percent.

7.5. FACTORS WHICH DETERMINE THE LATERAL CHANGES OF THE
CONCENTRATIONS

Discussion of elements in groups: The elements were allocated to groups in order to
facilitate their discussion. The manner in which the elements were grouped is explained
in section 1.2,

Elements excluded from the discussion: Elements which are not discussed in this
section were excluded because (a) their concentrations are mainly below the LLD, (b)
the number of samples analysed for these elements was too low to recognise horizontal
trends (Tables 7.1 to 7.4) or (c) the lateral change of the concentrations was

insignificant.

7.5.1. Group-I (top- and subsoil): Association of P,O;, V, Cr, Fe,0,, As, Se, Pb, Th and

1 M NH,NO, extractable Mg and Co* with Fe-oxide concretions
Results (Figure 7.4): The elements in Group-I have moderate to relatively high
concentrations in the middle and upper part of the toposequence. The soil at the
footslope (Pit 45) has the lowest concentrations. Underlined elements showed this trend
in top- and subsoil, the other elements only in the subsoil. Higher concentrations of the
Group-I elements coincide with high proportions of gravelly Fe-oxide concretions. The
similar behaviour of gravel, Fe,O, and the other Group-I elements implies the
accumulation of Group-I elements in Fe-oxide gravel.

* Allocation of the element to this group is debatable because the agreement between the lateral
variation of the elemental concentration and the group pattern is poor.
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7.52. Group-II (subsoil): Lateral eluviation of Na,0, MgO, K,0, CaO, Mn, Ni, Cu,

Zn, Rb, Sr, Y, W* and 1 M NH,NO, extractable Na, K and Ca
Results (Figure 7.4): The elements in Group-II have higher concentrations in the
subsoil at the top and the bottom of the toposequence. The subsoil in midslope position
(Pit 46) has the lowest concentrations.

Lateral eluviation as most important control: The relatively high gradient of the
toposequence at midslope position probably resulted in lateral eluviation of finer
particles from the B-horizon and thus in relative accumulation of gravel (section 7.3.).
It is proposed that the elements in Group-II are mainly hosted by minerals which have
a particle size smaller than gravel (e.g. remains of feldspars; section 7.6.: results d). The
lateral eluviation of these mineral-particles towards the footslope and the leaching of
Na, K and Ca could explain the low concentrations in midslope position. The relatively
high concentrations of extractable Na, K and Ca in the soil at the footslope may also be
controlled by evaporation of water from the soil (section 7.5.4.).

7.5.3. Group-III (topsoil): Be, Na,O, K,0, Mn, Cu, Zn, Rb, Sr, Sb and 1 M NH,NO,
extractable Mg

Results (Figure 7.4): The distribution of the Group-III elements in the topsoil is very

similar to the distribution of the Group-II elements in the subsoil. The topsoil in

midslope position (Pit 46) has slightly lower concentrations than the topsoil in the

uppermost and lowest slope position. Elements which show the same trend in the

subsoil are underlined (section 7.5.2.).

Mixing of A- and B-horizon as possible control of the lateral trend: There is no
obvious explanation for the lower concentrations of the Group-III elements in midslope
position and the explanation given here is very speculative. The gradient between
Pits 47 and 45 is steep enough to expect gravitational transport (section 7.3.). The
importance of soil mixing during gravitational transport in controlling lateral chemical
trends was demonstrated in section 6.5.3. It could be speculated that the steeper
gradient at midslope position results in faster gravitational transport and, therefore, in
mixing of the A- and the B-horizon. This would explain the low concentrations of the
Group-III elements in the A-horizon at Pit 46 because the underlying B-horizon has
particularly low Na,0O, K,O, Mn, Cu, Zn, Rb and Sr concentrations (section 7.5.2.). This
hypothesis would also explain the increase from 5 % gravel in the A-horizon at Pit 47
to 8 % gravel in the A-horizon at Pit 46 because the mixing of horizons could result in
assimilation of gravel from the B-horizon.

The concentrations of Be and Sb in the subsoil at midslope position were not
determined. It is thus not possible to resolve whether soil mixing can explain the lateral
trend of these elements in the topsoil. The lateral trend of extractable Mg is difficult
to explain.

* Allocation of the element to this group is debatable because the agreement between the lateral
variation of the elemental concentration and the group pattern is poor.
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7.5.4. Group-IV (subsoil): S*, Cl, Br, I and 1 M NH,/NO, extractable Al, S, Fe and Tl
concentrations controlled by retention and evaporation of soil water
Results (Figure 7.4): The concentrations of the elements in Group-IV increase down
the subsoil of the toposequence. The increase of the concentrations coincides with
higher proportions of mud and higher conductivities of the water-suspended soil.
Retention ability and evaporation of soil water as possible controls: The higher
proportion of mud in the subsoil at the footslope probably results in a higher retention
ability for water and dissolved solids. Increased retention of Group-IV elements is,
therefore, a possible reason for their relatively high concentrations at the footslope.
It could also be speculated that the ground water table in the lower slope
positions is relatively shallow (Figure 2.1). Evaporation of ground water, overland flow
and(or) throughflow water from the soil can result in the accumulation of salts (Buol
et al., 1980; Conacher, 1975). This process could supply the soil with Group-IV
elements and cause the increased concentrations at the footslope.

7.5.5. Group-V (topsoil): S, Cl, W and 1 M NH,NO, extractable Na, P, S, K, Co, Zn
and TI*

The elements in Group-V have increasing concentrations from the top to the bottom of

the toposequence (topsoil). The increase of the concentrations coincides with a higher

conductivity of the water-suspended soil. This trend is best explained by the evaporation

of water from the soil in the footslope position (see section above for more information;

tungsten excluded).

Tungsten: The increase of the concentrations of the elements in Group-V also
coincides with higher proportions of fine and medium sand (Figure 7.3). The similar
behaviour of W and fine and medium sand is also evident in soils associated with other
underlying materials. It is thus suggested that considerable portions of W are hosted by
(medium and fine) sand-sized, weathering resistant mineral particles, probably scheelite
or wolframite (section 9.28.).

7.5.6. Other elements (SiO,, Zr and 1 M NH/NO, extractable Fe, Ni, Zn and Ba)
Si0,: The concentration of SiO, in the subsoil increases from 51 % at the top of the
toposequence to 64 % at the bottom of the toposequence and is inversely proportional
to the concentrations of the elements in Group-I (section 7.5.1.). It is, therefore,
suggested that the formation of Fe-oxides in the upper slope positions resulted in
dilution of SiO, while the hypothesised illuviation of clay minerals and decomposition
of Fe-oxides at the footslope could have resulted in higher SiO, concentrations.
Effect of soil pH: Extractable Ni, Zn and Ba have decreasing concentrations
down the subsoil and extractable Ba and Fe have decreasing concentrations down the
topsoil of the toposequence. Different amounts of atmospheric deposition and plant

* Allocation of the element to this group is debatable because the agreement between the lateral
variation of the elemental concentration and the group pattern is poor.
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uptake are unlikely to be the cause for these trends because the sampled soils are only
1500 m apart and are very similarly utilised (crop production). The decrease of the
concentrations coincides with lower pH values (Figure 7.3). The ability of soils to
adsorb cations decreases with decreasing pH values. It is, therefore, suggested that the
soil pH controls the decrease of the concentrations. The observed trend may also
reflect the redistribution of extractable Fe, Ni, Zn and Ba by throughflow and(or)
overland flow.

7.6. VERTICAL CHANGES OF THE CONCENTRATIONS

Results (a): The concentrations of MgO, ALO,, TiO,, Zn, Br, Nb, Sn, I, U and
1 M NH,NO, extractable Na, Mg, Al, Fe, Ni and T1 generally increase with increasing
soil depth.

Interpretation: The increase of the concentrations from the A- to the Fe-oxide-
rich B-horizons at Pits 46 and 47 could indicate association with Fe-oxides. The highest
concentrations, however, occur in the fine-textured and kaolinite-rich C-horizons.
Association of certain elements with clay minerals has been discussed at length earlier.
For the above listed elements an association with clay minerals is an important
characteristic. Some of the elements (e.g. TiO,, Nb and U) may be hosted by heavy
minerals and could thus indicate accumulation of heavy minerals in the C- and the
B-horizons.

Results (b): The concentrations of Li, Be, S*, V, Cr, Fe,0,, Co, Ni, Cu, As, Se,
Mo, Pb, Th and extractable S* and Ba increase from the A- to the B-horizons and
decrease from the B- to the C-horizons.

Interpretation: The highest concentrations occur in the B-horizons of Pits 46 and
47 and coincide with very high proportions of Fe-oxide gravel. Association with
Fe-oxides seems thus an important characteristic of the above listed elements. The
lateral change of the concentrations substantiated the association with Fe-oxides for the
underlined elements (section 7.5.1.).

Results (¢): The concentration of SiO, decreases from the A- to the B-horizons
and increases from the B- to the C-horizons.

Interpretation: The vertical changes of the SiO, concentrations are inversely
proportional to the concentrations(proportions) of Fe,O, and gravel (see above). Lower
SiO, concentrations are the consequence of dilution with Fe-oxide gravel.

* Allocation of the element to this group is debatable because the described vertical change of the
concentration was not observed in all pits.
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Results (d): The concentrations of Na,O, K,;O, Mn, Zr and extractable Co*
generally decrease with increasing soil depth. A discussion of the vertical distribution
of Mn and extractable Co is given in Chapter 9.

Interpretation (Na,0, K,0): Na,O and K,O are possibly hosted by remains of
feldspars. This would be in agreement with the results of the mineralogical analyses
which indicated that the proportion of feldspars decreases slightly from the top- to the
subsoil (Chapter 3 and section 7.4.). The vertical decrease of the concentrations
coincides also with decreasing proportions of sand (Figure 7.5). It is, therefore,
suggested that the particle size of the Na,O- and K,O-hosting feldspars is chiefly in the
sand range (0.053 mm - 2 mm). The accumulation of sand in the topsoil (section 7.3.)
resulted in relatively high Na,O and K,O concentrations while the low proportion of
sand in the B- and the C-horizons resulted in lower concentrations.

Pit 46 Pit 47

100 3 100 3

] 68 ] 67

_ 52 5% _ 60 57 g =
103 16 10;

'3 4437 13 1.0

] 0.45  0.46 38 3 0.49 0.54
0.14 ON; 0.140.74 0.15 0.2

R 0.06 3 0.06 .05

' 0.03 : :
0.01 0.05 :

. . 0.01 . . . . :
46A 4681 46B2 46C 47A1 47A2 47B1 47B2 47C

Increasing Soil Depth Increasing Soil Depth

+%N020+%K20 —=— 7 Sand

Figure 7.5: The similar vertical change of the Na,O, K,O and sand percentages in Pits
46 and 47.

Other elements: Elements which are not mentioned in this section were not
discussed because (a) they have mainly concentrations below the LLD, (b) the number
of samples analysed for these elements was too low to recognise vertical trends [see
Tables 7.1 to 7.4], (c) they have relatively constant concentrations with increasing soil
depth [CI, Sr and Rb] or (d) they showed dissimilar vertical trends [P,O,, CaO, Y, W
and extractable P, K, Ca and Zn]. The vertical distribution of individual elements is
discussed in Chapter 9.

* Allocation of the element to this group is debatable because the described vertical change of the

concentration was not observed in all pits.
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7.7. SUMMARY ‘

Introduction (Figure 7.1): The sampled soils are associated with ferruginized sediments
of the Malmesbury Group or ferruginized granite (locations 6 and 7 in Figure 2.2). Soil
samples from 6 pits and different soil horizons were analysed for major and trace
elements, 1 M NH,NO, extractable element concentrations, particle size distribution and
various other parameters.

Major soil components: All samples analysed contain quartz, goethite, kaolinite
and traces of feldspar. Some of the samples contain detectable amounts of hematite
and CaCO,. The concentration of SiO, ranges between 48 and 90 percent. Other major
components are, in decreasing order of the means of their concentrations, Al,O,, Fe,0,,
organic matter, K,O and TiO, (Table 7.1).

The interpretation of the particle size distributions and the horizontal and
vertical changes of the concentrations in the toposequence at location 7 (Pits 47 to 45)
are summarised below. The numbers in brackets, for example [1], refer to more
explanations in the text boxes of Figure 7.6:

[1): The formation of Fe-oxide concretions resulted in higher concentrations

of elements with an affinity for Fe-oxides (Group-I').

[2): The preferential lateral eluviation of the hosts of Group-II* elements
from the B-horizon in midslope position is the best explanation for
relatively low concentrations.

[3): The transportation by gravity should supply the observed Fe-oxide
concretions to the footslope. The lack of concretions at the footslope
gave reason to speculate about their decomposition.

[4]: Increased evaporation of water from the soil at the footslope caused
higher concentrations of Group-IV® elements (subsoil) and Group-V*
elements (topsoil).

[5): The accumulation of sand-sized remains of feldspars in the topsoil
probably caused higher Na,O and K,O concentrations.

[6): Increasing concentrations of MgO, Al,O,, TiO,, Zn, Br, Nb, Sn, I, U and
1 M NH,NO, extractable Na, Mg, Al, Fe, Ni and Tl from the topsoil to
the fine-textured subsoil indicated (a) association of trace elements with
kaolinite [e.g. extractable element fractions] and (b) accumulation of
heavy minerals in the subsoil [e.g. possible hosts of TiO, and Nb].

1 P,0,, V, Cr, Fe,0,, As, Se, Pb and Th.

2 Na,0, MgO, K;0, CaO, Mn, Ni, Cu, Zn, Rb, Sr, Y, W and 1 M NH,NO, extractable Na, K and
Ca. ’

3 S, Cl, Br, I and 1 M NH,NO, extractable Al, S, Fe and Tl

‘ S, Cl and 1 M NH,NO, extractable Na, P, S, K, Co, Zn and TI.
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CHAPTER 8.

COASTAL SAND-DERIVED SOILS

8.1. INTRODUCTION

Sampling location: The location of the sampled soil sequence is approximately 10 km
south-west of Darling in close proximity to the west coast (Location 1 in Figure 2.2).
Most of the pits were dug along an approximately 6000 m long, south-west north-east
striking sampling line. A simplified section through the sampled soil sequence is given
in Figure 8.1. Figure 8.2 shows the view from the coastal dunes at Pit 4 inland towards
Rondeberg. The coordinates of individual pits are given in Appendix-I.

SW _ NE
. pit 1 pit 2
(w’" a:‘s ) pit 18 (70m amsi) (80m ams))
m
. (65m amsl) —LF
pit 22 A &
(10mamsi) | IA ‘Ll’,; _L—ré

pit 20
(10mamsl)

I |A+E+B+C Rondeberg 263m
200-
seq

1 00 - dunes
J pits

- A
.g A £ Coastal Sands

0 2000 4000 ' 6000m

Rood R27

Figure 8.1: Simplified section through the sampling sites in the soils derived from the
coastal sands (location 1 in Figure 2.2). Figure 2.4 can be used as a key to the
abbreviations for the different soil horizons. Features other than the topography are not
to scale. The vertical scale is exaggerated. Pits 1, 2 and 18 are approximately 3 km
north of the cross-section. Pits 3, 20 and 22 are in line with the cross-section. It was,
however, impossible to accommodate them in the drawing of the cross-section. The
average gradient along the sampling line is 22 permille.
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(Orthic A-horizon over E-horizon over Podzol B-horizon) or the Namib soil forms
(Orthic A-horizon over Regic Sand).

Particle size distribution: All soil samples taken from profiles that derived from
coastal sands showed similar particle size distributions. The samples consist mainly of
medium and fine sand (particle size between 1 and 3 phi). Slightly different proportions
of fine sand, medium sand and organic matter are the only variations. Figure 8.3 shows
three examples of typical particle size distributions.
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Figure 8.3: Particle size distributions of three A-horizons (samples 1A, 4A and 16A)
which derived from the wind-deposited coastal sands. The weight percentages were
calculated on a whole soil basis; i.e. organic matter was not excluded from the
calculations.

8.2. ANALYTICAL RESULTS - AN OVERVIEW

A summary of the analytical results is given in tabulated form (Tables 8.1 to 8.4). The
manner in which the statistics were calculated is discussed in section 4.2. A graphical
display of typical geochemical trends from the sea towards the north-eastern end of the
soil sequence (topsoil) is presented in Figures 8.4, 8.5 and 8.8. A complete listing of the
results is given in Appendix-IIL :
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Table 8.1: Basic statistics of the major elements in the coastal sand-derived soils. Only
values above the lower limit of detection (n>LLD) were included to derive the statistics.
The analyses were performed using XRFS and all concentrations are given in percent
in dried soil (LLD = lower limit of detection; S.D. = standard deviation;
C.V. = coefficient of variation).

Oxide {n| n> | Approx. LLD | Mean | S.D. | C.V. Min. in % Max. in %
LLD (%) (%) | (%) | (%) (sample) (sample)
Na,0 |14 11 0.02 005 | 004 | 76 < LLD 0.14 (23Top)
MgO {14] 14 0.02 006 | 004 | 69 0.01 (18Top) 0.19 (4A)
ALO, {14] 14 0.01 0.6 0.4 66 0.2 (18Top) 1.8 (23Top)
sio, [14] 14 0.02 9% 32 34 | 864 (4A) 982 (1E)
PO, (14| 14 0.005 004 | 005 135 0.01 (18Top) 0.19 (4A)
KO [14] 14 0.004 012 | 015 | 130 0.04 (17A) 0.64 (23Top)
CaO [14] 14 0.005 0.2 0.56 | 278 0.03 (17E) 2.1 (4A)
TiO, |14] 14 0.007 0.1 004 | 38 0.04 (18Top) 0.18 (23Top)
Fe,0; |14] 14 0.009 0.7 0.1 14 05 (1E) 0.87 (21Top)

Table 8.2: Basic statistics summarising the percentages of mud and organic matter,
pH(KCI) values and the conductivities of the water-suspended soil samples for the
coastal sand-derived soils (S.D. = standard deviation; C.V. = coefficient of variation).

Parameter n Mean S.D. CV. (%) Min. (sample) | Max. (sample)
% Mud 10 13 0.5 38 0.7 (18Top) | 2.4 (20Top)
pH(KCI) 10 51 0.9 17 | 41 (19A) 73 (4A)
Conductivity 10 22 122 : 132 | 22 (18Top) | 402 (20Top)
(uS em™)
% Organic Matter 10 23 3.7 159 0.2 (16E) 113 (4A)

Significance of the calculated standard deviations given in Tables 8.1 to 8.4: A
test for normality was performed for the distributions of all elements(oxides) presented
in Tables 8.1 to 8.4. The results showed for most parameters that it is unlikely that the
samples were taken from a normal distribution. The calculated standard deviations are,
therefore, only rough estimates of the variation of a parameter.

Chemical differences between A- and E-horizons: An Analysis of Variance was
performed for all elements using the program SAS/STAT (SAS Institute Inc., 1988).
This was to determine the significance of the chemical differences between A- and
E-horizons. For the purpose of this investigation the samples of the top 15 cm of the
soil profile and the composite samples of the A-horizon were grouped together to
represent the chemical composition of the A-horizon. None of the parameters showed
significant differences between A- and E-horizons (95 % confidence level). A visual
assessment of the vertical change of the elemental concentrations, however, showed that

the differences between the A- and E-horizons are consistent and meaningful for some
of the investigated parameters (section 8.5.).
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Table 8.3: Basic statistics of the trace elements in the coastal sand-derived soils. Only
values above the lower limit of detection (n> LLD) were included to derive the statistics.
Li, Be, Co, Cd and Sb were analysed using ICP-MS, all other elements were analysed
using XRFS. The concentrations are given in ppm in dried soil (LLD = lower limit of
detection; S.D. = standard deviation; C.V. = coefficient of variation).

Elem. | n | n> |Approx. LLD| Mean | SD. | CV. Min. in ppm Max. in ppm |
LLD in ppm in ppm |in ppm | (%) (sample) (sample)

Li 7 7 0.2 29 0.9 31 1.7 (19A) 42 (21Top)
Be 7 0 03
F 17 2 140 < LLD 281 (4A)
s 14| 14 6 210 [294 | 140 52 (1E) [1036  (4A)
Cl |14 14 4 100 102 101 42 (1IE) | 422  (20Top)
Vv 14 14 12 7.7 11 14 6 (1E) 9.4 (23Top)
Cr |14 14 13 28 40 15 22 (1E) 37 (19A)
Mn | M4 14 15 70 14 20 47 (1E) | 103 (4A)
Co 7 5 0.2 0.4 02| 51 < LLD 081 (4A)
Ni |17 17 23 8.6 15 18 49 (4A) 11 (17A)
Cu |17 17 18 39 059 | 15 28 (16E) 51 (16A)
Zn |17 17 12 25 16 65 11 (18Top) 81 (4A)
Ga 6 1 0.8 < LLD 0.76 (4A)
Ge |17 5 09 < LLD 10 (3A)
As |17 ]| 16 038 11 046 | 42 | <LLD 2.5 (23Top)
Se |17 0 038

Br |17 17 09 89 135 | 152 0.79 (2E) 46  (20Top)
Rb |17 16 0.7 4.5 61 | 136 < LLD 26  (23Top)
st ]17 17 0.6 25 26 105 55 (18Top)| 113 (4A)
Y 17 17 0.7 38 1.6 42 20 (18Top) 73  (4A)
Zr 17 17 0.6 258 164 64 95 (18Top)| 643  (23Top)
Nb |17 17 0.6 24 11 438 11 (1A) 55 (23Top)
Mo |17 17 0.5 22 05 24 1.0 (4A) 29 (17E)
Cd 7 0 0.7

Sn 17 14 1.2 22 04 18 < LLD 31 (1A)
Sb 7 7 03 26 25 9% 09 (20Top) 81 (16Top)
1 |17 3 2.5 < LLD 88 (4A)
w {17 17 26 22 46 21 11 (4A) 28 (19A)
Pb {17 8 21 < LLD 3.9 (23Top)
Bi |17 0 28

f Th |17 7 1.7 < LLD 20 (1E)
u 17 9 13 < LLD 20 (16A)




150

Table 8.4: Basic statistics of the extractable element concentrations for the coastal sand-
derived soils. Only values above the lower limit of detection (n>LLD) were included
to derive the statistics. The results in the first part of the table are given in ppm in
dried soil (fraction < 2 mm) and were obtained using ICP-AES. The results in the
second part of the table are given in ppb in dried soil (fraction < 2 mm) and were
obtained using ICP-MS (LLD = lower limit of detection; S.D. = standard deviation;
C.V. = coefficient of variation).

Part 1 _ _ _
Elem.] n | n> |Approx. LLD| Mean S.D. [ C.v. Min._in ppm Max. in ppm
LLD in ppm inppm |inppm | (%) (sample) (sample)
Na | 14 14 12 2 4 138 97 (1E)| 172 (20Top)
Mg | 14 14 0.03 64 91 143 16 (16E)] 305 (20Top)
Al | 14 10 0.5 < LLD 85 (4A)
P 14 8 0.5 < LLD 18 (4A)
S 14 14 0.5 6.8 80 | 118 25 (16E) 30 (20Top)
K | 14 14 1.2 63 48 76 14 (17E) 20 (4A)
Ca | 14 14 0.05 286 445 156 47 (16E)| 1740 (4A)
Cr | 14 2 0.05 < LLD 005 (4A)
Fe | 14 14 0.05 09 21| 225 0.13 (17E) 80 (4A)
Ni |14 ]| 2 02 < LLD 083 (4A)
Cu 14 0 0.05
Zn | 14 | 4 0.1 < LLD 088 (4A)
Part 2
Elem.{ n n> Approx. Mean | SD. | C.V. Min. in ppb Max. in ppb
LLD |LLD in ppb| in ppb |inppb | (%) (sample) (sample)
Be 14 0 67
B 14| 1 362 < LLD 1318  (4A)
Y 14 1 9 < LLD 16 (4A)
Co 14 1 13 < LLD 20  (4A)
As 14 0 )|
Se 14 0 877
Mo 14 0 49
cd 14 1 17 < LLD 24 (4A)
Sb 14 1 23 < LLD 82 (20Top)
Ba 14| 14 61 634 | 213 34 229 (19A) | 997  (20Top)
" Tl 14 0 3
Pb 14 7 54 < LLD 400 (17Top)
Bi 14 0 3
U 14 0 30
Be= = = =
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8.3. MAJOR SOIL COMPONENTS

Quartz: The soils consist mainly of medium and fine-grained sand, i.e. particles smaller
than 0.5 mm and greater than 0.125 mm (1-3 phi; Figure 8.3). The XRD analyses of
two soils derived from coastal sands showed quartz to be the only major mineral
component (Chapter 3). The SiO, concentrations, as determined by XRFS, indicate that
the proportion of quartz ranges approximately from 86 to 98 percent (Table 8.1).

Other components: Organic matter commonly is the second most abundant soil
component after quartz. The samples analysed for this study had proportions of organic
matter ranging from 0.2 to 11 percent (Table 8.2). The mean values of the Fe,O,,
Al,O,, CaO and K,O concentrations vary between 0.1 and 0.7 percent (Table 8.1.). All
other elements have means < 0.1 percent.

Calcium carbonate: Only the two samples taken from the topsoils at the pits
nearest to the coast (samples 4A and 22A; Figure 8.1.) contain carbonate (Appendix-I).
The concentration of calcium carbonate in sample 4A, calculated from the XRFS results
for CaO, is approximately 3.8 percent.

The occurrence of calcium carbonate as observed in this study is in agreement
with the geological map (Theron, 1991). The map shows that the occurrence of calcium
carbonate is generally restricted to the recent, 500-3000 m wide sand deposits of the
active dune fields in close proximity to the shoreline. The absence of calcium carbonate
in the soils further inland is presumably the result of carbonate leaching by percolating
rain water. At two localities, however, the windblown coastal sands formed substantial
calcareous deposits further inland, south-west of Atlantis and south-west of Hopefield.
The calcium carbonate in the coastal sands may be of biogenic origin (Theron, 1991).

84. FACTORS WHICH DETERMINE THE LATERAL CHANGES OF THE
CONCENTRATIONS

Lateral transport of matter between pits: A general understanding of possible transport
mechanisms for material between the sampled pits is important for the discussion of the
observed geochemical trends. As stated above, the soil consists almost exclusively of
medium and fine sand. Typical permeabilities of sandy soils range from 3 m per day to
300 m per day (Scheffer and Schachtschabel, 1989). The existence of laterally flowing,
perched ground water as a possible pathway for transport of material between the
relatively widely spaced pits is, therefore, unlikely.

The field sampling was performed during winter. The high rainfall during winter
resulted in high water tables in Pit 19 and Pit 20. Both pits are in close proximity to the
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sea (Figure 8.1) and showed a ground water table at approximately 1 m depth. Matter
could thus be transported between these pits via ground water flow. This transport
mechanism, however, is limited to localities and seasons with higher water tables. The
sparse vegetation cover of the loose sands and the presence of dunes suggest that
aeolian transport is the most important mechanism in transporting matter between pits.

Discussion of elements in groups: The elements were allocated to groups in
order to facilitate their discussion. The manner in which the elements were grouped is
explained in section 1.2. The elements were allocated to three groups:

(Group-I) Elements with increasing concentrations towards the granite batholiths
and the coast (section 8.4.1.).

(Group-II) Elements with generally constant concentrations but low
concentrations in samples with high proportions of organic matter (section 8.4.3.).

(Group-III) Elements and extractable fractions thereof which have high
concentrations in samples that have high proportions of organic matter and mud
(section 8.4.4.).

Elements which could not be assigned to groups are discussed in section 8.4.5.
The vertical distribution of the elements is discussed in section 8.5.

8.4.1. Group-I: Na,0, MgO, Al,O,, P,0,, K,0, CaO, Zn*, Rb, Sr, Y*, Nb* and Pb*
concentrations controlled by aeolian and colluvial input of detritus

Observed trends (Figure 8.4): The concentrations decrease from the coast towards

Pit 19 and increase from Pit 19 towards the sand covered slope of a granite outcrop

(Rondeberg; sample 23Top). The concentrations at Pit 17 are low while the

concentrations at the lower-most footslope of the granite complex at the north-east end

of the sampling line are relatively high (sample 16A).

Pits 1 and 18 are 3 km north of the main sampling line and a relatively long
distance from granite outcrops and coast. The elemental concentrations in Pits 1 and 18
are relatively low.

Input of detritus from different geological sources: The observed trends are best
explained by aeolian and(or) colluvial input of detritus from the coast and the granite
batholiths. Hosting minerals could be traces of feldspar, mica, apatite and heavy
minerals. It is assumed that granite-derived mineral detritus is the major source of
Group-I elements for the soils near to the two granite batholiths (Pits 16, 17, and 23)
while beach-derived mineral detritus is the major source of Group-I elements for the
soils near to the coast (Pits 4, 20, and 21).

* The lateral trend of the clemental concentrations is very similar to the trend of the other Group-I
elements. The assignment to Group-I, however, is debatable because the concentrations are usually
close to the LLD and do not exceed 10 ppm.
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Figure 8.4: Variation of the AL,O,, K,0 and Rb concentrations and the Rb/Al,O; ratios
in the topsoil along the sampling line. The Rb/Al,O, ratio was plotted as a measure for
the weathering state of the soils. The trends of the Al,O,, K,O and Rb concentrations
are typical for all elements in Group-I (Na,O, CaO, MgO, P,O;, Sr and less distinct Nb,

Pb, Y and Zn). o

Possible sources of the beach-derived detritus:  Presuming that the northerly
directed longshore drift is more important in transporting the beach sediments than the
wind, it is suggested that the beach detritus originates from outcrops which are south of
the sampling sites. These could be submarine, littoral or terrestrial. The closest
possible source of feldspars at the beach south of the sampling sites are outcrops of -
Malmesbury sediments. These outcrops are approximately 8 km distant from the
sampling sites (Theron, 1991). Genthe (1987; Appendix-I) described samples of
Malmesbury Group wackes dredged from the seafloor between Cape Town and the
Rondeberg area. In the majority of cases he reported presence of various feldspars.

Chemical index of alteration (CIA = AlL,0,/(Al,0; + CaO + Na,0 +
K,0) * 100): The CIA, as first used by Nesbitt and Young (1982), is an established
method to quantify the degree of weathering of geological materials. A plot of the CIA
‘values of the coastal sand-derived soils (not illustrated) was difficult to interpret and
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partly misleading because the variation of the CIA values was generally small (67-81)
and only samples with high proportions of organic matter appeared to be relatively fresh
(CIA values lower than 60). The results discussed in this thesis give reason to suggest
that Ca, Na and K which are released from their weathering host-minerals may be
retained by secondary soil minerals and organic matter (sections 8.4.2,, 8.4.4. and 9.11.).
This would cause the CIA values in organic-rich samples to be too low, especially since
the total concentrations of the elements involved are very low in the coastal sand-
derived soils (Table 8.1). For these reasons the CIA was not used for this study.

Suitability of the Rb/AlL, O, ratio to quantify the degree of weathering: Rubidium
is, similarly to Ca, Na and K, typically contained in minerals which, if present in
significant proportions, indicate relative freshness of geological materials (e.g. feldspars).
Rubidium, according to Billings (1970), is more rapidly depleted during weathering than
K, although the cation exchange capacity of Rb is relatively high (Scheffer and
Schachtschabel, 1989). Rb/ALO, ratios could thus be a suitable measure for the
different degrees of weathering of the coastal sand-derived soils. Organic-rich samples
(4A and 20Top in Figure 8.4) have Rb/Al,O; ratios which are within the range of
samples with lower proportions of organic matter and are not outliers as they are with
regard to their CIA values (see above). This may reflect that Rb is incorporated into
organic substances to a lesser degree than K, Ca and Na because it is not essential to
plants. The Rb/Al,O, ratio was, therefore, used in this study to quantify the degree of
weathering of the coastal sand-derived soils.

Lateral change of the Rb/Al,O, ratio and conclusion: Figure 8.4 shows that the
lateral trends of the Rb/AL O, ratio and the Rb and Al,O, concentrations are similar.
It is suggested that progressive weathering, leaching and eluviation of the mineral
detritus supplied from the coast and the granite causes (a) depletion of Group-I
elements, (b) preferred loss of Rb over Al,O, and (c) decreasing Rb/ALOQ, ratios with
increasing distance from its source.

8.4.2. Relative loss of Na, Mg, Al, P, K, Ca, Rb and Sr during soil weathering
An attempt was made to rank the elements in Group-I that are most commonly
associated with feldspars and(or) micas by their tendency to become depleted during soil
weathering. The tendency to become depleted was quantified for individual elements
using the ratio of [elemental concentration in a strongly weathered sample (sample
17A)] over [elemental concentration in the freshest sample (sample 23Top)] (Table 8.5).
The two samples were selected to fulfil the following criteria:
(a) As indicated by the Rb/AlLOQ; ratios shown in Figure 8.4, they have a high
contrast in their degree of weathering. This made it easier to interpret the results.
(b) They were taken from pits that are near to one another to ensure that the
colluvial detritus supplied to the pits derived from the same granite outcrop. This
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helped to minimise the errors resulting from possible input of detritus from other
sources.

(c) Both samples were selected from pits that are distant from the sea in order
to minimise errors that could be introduced by aeolian input of beach-derived mineral
detritus and sea spray.

The following ranking was established for the elements: the tendency of elements
to be leached from the soil by percolating water is Rb > K > Na > P > Al > Mg >
Sr = Ca (Table 8.5).

Table 8.5: The Rb/Al,O, ratios and the concentrations of CaO, Sr, MgO, Al,O,, P,O,,
Na,O, K;O and Rb in the freshest (sample 23Top) and in a strongly weathered sample
(sample 17A) of the coastal sand-derived soils. The ratios of [concentration in
weathered sample] over [concentration in fresh sample] were calculated to quantify the
tendency of a particular element to become depleted during soil weathering. Lower
ratios indicate higher rates of depletion.

_ﬂ
Ca0 Sr MgO | AlO, | P,Os | NaO | K,O Rb
17a
(weathered) 43 | 003|129 | 003 | o035| oon | o001 004 | 12
BTop 15 007 {302 | om | 176 008 | 014} 064 | 262
(fresh)
Ratio:
17A/23Top 04 | 04 | 03 02 | o1 007 | 006 | 005

Retention of Ca, Mg and P released from weathering minerals: Scheffer and
Schachtschabel (1989) state that Ca, Mg and phosphates are readily available from
weathering minerals while K containing minerals are more resistant to chemical
weathering. The results of this study, however, showed that Ca, Mg and P have a
smaller tendency to become leached from the coastal sand-derived soils than K. 1t is,
therefore, proposed that considerable proportions of the Ca, Mg and P which are
released during the weathering of minerals are retained by vegetation and soil organic
matter. This implies that most of the Ca, Mg and P present in the strongly weathered
samples is adsorbed onto and(or) incorporated into organic matter. The association of
Ca and organic matter is also demonstrated in Figure 9.7.

8.4.3. Group-II: Association of Fe,O;, Ni, Mo and W in Fe-oxides and heavy minerals
Observations: The lateral variation of the Group-II element concentrations is low.
Figure 8.5 shows that the Group-II elements are slightly depleted in the organic-rich
samples of the A-horizon at Pits 4 and 20 (Figure 8.5). The concentrations of the
elements in Group-II show covariance with the proportions of medium sand (particles
< 0.5 mm and > 0.25 mm; Figure 8.6).
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Hosts of Group-II elements: Samples, which have relatively low Fe,O,
concentrations (= 0.5 %), were noted in the field to have bleached sand grains, whereas
the samples with the highest Fe,O, concentrations (= 0.85 %) have brown coloured
grains. It is thus assumed that a substantial proportion of Fe is present in the form of
iron oxides which form sand grain coatings. Heavy minerals associated with the medium
sand fraction of the soil probably account for most of the remaining Fe (Figure 8.6).
Wilding et al. (1977) quote Frondel (1962) and Dennen (1966) who report that trace
amounts of Fe occur as occlusions in quartz, either interstitially or as isomorphous
replacements. It may thus be speculated that some of the Fe is hosted by quartz grains.
The similar behaviour of the elements in Group-II indicates the association of Ni, W
and Mo with the above suggested, iron-(hosting) minerals.
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Figure 8.5: Trends of the Fe,O,, W, Zr and Al,O, concentrations in the topsoil along
the sampling line. The variability of the Fe,O; and W concentrations is generally low.
Both elements have low concentrations in the organic-rich samples 4A and 20Top. This
distribution is typical for all elements in Group-II (Fe,0;, Ni, W and Mo). The Zr
concentration is at a maximum in samples which originate from pits close to the granite
batholites and can change over short distances. The Al,O, concentration was plotted
to facilitate the comparison of the trends of Group-I elements, Group-II elements and
Zr.
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Depletion of Group-II elements: Samples with higher concentrations of
1 M NH,NO, extractable Fe generally have lower total Fe concentrations and higher
proportions of organic matter (Figure 8.7). The highest concentrations of extractable
Fe and the lowest concentrations of total Fe and the other Group-II elements occur
together in samples with high proportions of organic matter (samples 4A and 20Top).
The presence of organic matter may result in complexation and reduction of Fe. Both
processes increase the solubility of Fe and can cause the decomposition of Fe-oxides
(Scheffer and Schachtschabel, 1989). It is, therefore, proposed that the proportion of
" organic matter controls the concentration of extractable Fe. High proportions of organic
matter result in higher concentrations of extractable Fe. Long-term leaching of
extractable Fe and the other Group-II elements may result in depletion of these

elements.
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Figure 8.6: The covariance of Fe,0,, Ni, Mo, W and medium sand in the coastal sand-
derived soils.
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Figure 8.7: The 1 M NH,\NO; extractable concentrations of Fe in the coastal sand-
derived topsoils versus the total Fe concentration and the proportion of organic matter.
Samples with higher concentrations of extractable Fe generally have lower total Fe
concentrations and higher proportions of organic matter. The number of data points
displayed in the two plots is not equal because the proportion of organic matter was not
determined in all samples.

8.4.4. Group-III: Total S, Cl, Br and 1 M NH,NO, extractable Na, Mg, Al, P, S, K, Ca,

Fe and Ba concentrations controlled by the retention ability
Observations (Figure 8.8): The lateral trends of total Br, Cl, S and the extractable
element portions, except for K, are similar to the trends of organic matter and mud in
the topsoil. The vertical distribution of many Group-III elements confirmed that the
proportion of organic matter is an important determinant of their concentrations,
because they often have decreasing concentrations with increasing soil depth and
decreasing proportions of organic matter (section 8.5.).

Proportion of organic matter as main determinant for the concentrations of the
The quantity of organic matter and mud can affect the
elemental concentrations in different ways:

(i) It is proposed that the Br and Cl concentrations and the elemental
concentrations in the NH,NO; extracts are at least partially a function of the retention
ability of soil organic matter and mud. Possible sources of the Group-III elements are

elements in Group-III:

in situ weathering of minerals and precipitation of sea spray and rain. The retained
elements (ions) can be (a) adsorbed onto or (b) incorporated into organic matter and
(c) present as salts. The important contribution of organic matter to the cation
exchange capacity of coastal soils was also demonstrated by Stevenson (1982).

(ii) The similar behaviour of total S and organic matter probably reflects that S
is a common constituent of organic matter (Orr, 1974).

(iii) The solubilities of Al and Fe under normal surface conditions are low. The
complexation of Al and Fe by organic acids as well as the lowering of the redox-

potential, caused by the oxygen demand of decaying of organic matter, can, however,
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increase their solubilities (Scheffer and Schachtschabel, 1989) and result in higher
concentrations of Fe and Al in the NH,NO, extracts of the samples which contain more
organic matter.
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Figure 8.8: Similar lateral trends of organic matter (OM), mud, conductivity of water-
suspended soil and extractable Ca and Fe in the topsoil. The proportions of organic
matter and mud and the conductivity of the soil at Pit 23 were not determined. The
lateral trend demonstrated by extractable Ca and Fe is typical for the Group-III
elements (total Br, Cl, S and extractable Mg, Ba, S, Na, P, Fe, Al, Ca; extractable K
excluded). The numbers in the pits refer to the pH(KCI) values.

Seasonal changes: The sampling of the coastal sand-derived soils was performed
during winter. It may be speculated that the absence of rainfall during summer allows
the accumulation of large amounts of precipitated sea spray in all soils, regardless of the
proportions of organic matter and mud. The distribution of Group-III elements during
summer could, therefore, differ from the distribution presented in this study. Only those
elements of Group-IIT which belong to the major, dissolved constituents of sea-water
would be affected by seasonal changes. These elements are Br, Cl, S, P, Mg, Na, K and
Ca (Henderson, 1986).
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Extractable portion of K: A comparison of Figures 8.4 and 8.8 shows that the
concentrations of K in the NH,NO, extracts correlates not only with the proportion of
organic matter but also with its total concentrations. It is, therefore, suggested that the
total concentration of K is an important control of its concentrations in the NH,NO,
extracts.

8.4.5. Elements which were not assigned to groups (Li, Ti, V, Cr, Mn, As, Zr, Sb

and U)

Antimony and Li: Only seven samples were analysed for Sb and Li. The concentration
of Sb ranges between 0.9 ppm and 8 ppm and the concentration of Li ranges between
1.7 ppm and 4.2 ppm. All concentrations were above the LLD but the number of
samples analysed was too low to draw conclusions about the lateral distribution of Sb
and Li. The increase of the Sb concentration from 1 ppm in the E-horizon to 8 ppm
in the top 15 cm of the soil profile at Pit 16 may be due to association of Sb and organic
matter, or to poor analysis (see also section 9.26.).

TiO,, Mn, V, Cr and U: The lateral variation of TiO,, Mn, V, Cr and U is very
small. It is suggested that the concentrations are mainly predetermined by the
underlying material.

Zirconium (Figure 8.5): The concentration of Zr increases slightly towards the
granite batholiths, as do the concentrations of the Group-I elements. In contrast to the
concentrations of the Group-I elements the concentration Zr does not increase towards
the coast.

It is suggested that the lateral distribution of Zr on the landward side of the
sampling line is determined mainly by input of granite-derived detritus. The Zr
concentration of the detritus supplied from the beach must be lower than or equal to
the concentrations in the sands underlying Pits 4, 20 and 21 because the Zr
concentrations do not increase from Pit 19 towards the beach (Figure 8.5).

Despite the short distance between Pits 20 and 21 (100 m), these pits have
considerably different Zr concentrations in their A-horizons (Pit 21 = 391 ppm,
Pit 20 = 245 ppm,; Figure 8.5). This is discussed together with the vertical change of
the concentrations in section 8.4.6.

Arsenic: The concentration of As is generally very close to its LLD (0.8 ppm).
The only sample which has a slightly higher As concentration originates from the sand-
covered slope of a granite outcrop (sample 23Top).

8.4.6. Particularly rapid lateral change of some soil properties

The content of this section is illustrated in Figure 8.9 (text boxes marked with A).
Comparison of two differently coloured soils: It was noted in the field that soil

colours can change over very short distances. A good example is the change from a

dark grey A-horizon in the vicinity of Pit 20 to brownish yellow A-horizon in the vicinity
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of Pit 21. The two pits are only 100 m apart and occupy identical slope positions. The
dark grey colour of the A-horizon at Pit 20 is the result of abundant organic matter in
a matrix of bleached sand grains. The brownish yellow colour of the A-horizon at pit
21 is due to iron oxide coated quartz grains and a lack of large amounts of organic
matter.

A2

Possibly only recently
deposited topsoil with low
proportion of organic matter

Input of Group-| (0.6%): brownish colour due to

elements Fe-oxide coated quartz grains,

(mineral detritus) well oxygenated, higher
proportions of fresh mineral
detritus (mica visible)and |
higher concentrations of
A1203, Fe203, K20 and P205
than soil at Pit 20

At

Established and dark, organic-rich
(Z??) toE)s)oiI: higher (a) retefnéi:s Pi 20 Distance Pi 21
ability, (b) concentrations o ~ZZZZ72773 227722772

and Group-lit elements and (¢ it 100m it N
conductivity than soit at Pit 21
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Figure 8.9: Conceptual diagram summarising the processes which caused the rapid
lateral change of some soil properties from Pit 20 to Pit 21 (text boxes marked with A)
and the low pH values in Pits 20 and 19 (text boxes marked with B).

Pit 20 was flooded with black-coloured ground water from a depth of 1 m. The
smell of H,S indicated that the ground water and possibly the soil air were reducing
(Scheffer and Schachtschabel, 1989). Pit 21, which was 0.5 m deep, did not reach the
ground water table.

The sample taken from the brownish yellow soil at Pit 21 has higher AlLO,,
Fe,0,, K;0, P,O; and Zr concentrations than the A-horizon at Pit 20 and is one of the
few which contains mica in visible amounts. The dark grey A-horizon at Pit 20 has
higher CaO, S, Br, Cl and I concentrations, a higher conductivity (water-suspended) and
higher concentrations of 1 M NH,NO, extractable Mg, Ca, Fe, Ni, Al, Na, P and S than
the A-horizon at Pit 21.

Organic matter as control of lateral chemical and colour changes: The
differences between the two differently coloured soils appear to be controlled by the
different quantities of organic matter. The high proportion of organic matter in the



162

A-horizon at Pit 20 probably enables the soil to retain higher quantities of precipitated
sea spray and elements such as I, Br, Cl as well as the extractable fractions of the
elements listed above. The relatively high concentration of CaO in the organic-rich soil
reflects the retention of Ca by organic matter (section 9.12). The concentration of S is
higher in the organic-rich soils because S is a common constituent of organic substances.

The decay of organic matter can cause lower redox-potentials, higher acidities
and complexation of Fe and Al. Such conditions would explain the relatively low
concentrations of Fe,O; and Al,O, in sample 20Top because they could cause higher
solubilities and consequently increased leaching of Fe and Al. In conclusion it is
suggested that the different proportions of organic matter can account for the observed
chemical differences.

Possible reasons for abrupt lateral change of the proportion of organic matter:
Three factors may determine the conspicuous decrease in the proportion of organic
matter from Pit 20 to Pit 21.

(a) The ground water table in the organic-rich soil at Pit 20 was shallow when
the field sampling was performed. Increased soil moisture could facilitate plant growth
and, therefore, cause an increased supply of plant material to the soil.

(b) The field observations indicated that the soil air at Pit 20 was reducing (see
above and section 8.4.7.). It may be speculated that the reducing conditions facilitated
the accumulation of organic matter because a lack of oxygen results in slower
decomposition of organics (Scheffer and Schachtschabel, 1989)

(c) It could also be speculated that the soil at Pit 21 consists mainly of recently
deposited and less weathered mineral detritus. The time period available for soil
forming processes was not long enough for (i) organic matter to accumulate in the soil,
(ii) K and P to be leached, (iii) Zr to be eluviated from the topsoil (section 8.5.) and
(d) mica to be altered.

Conclusion: Laterally changing proportions of organic matter cause abrupt
geochemical changes in the coastal sand-derived soils. This could have important
implications for the indigenous fynbos vegetation. More detailed research is required
to conclude the reasons for the laterally changing proportions of organic matter.

8.4.7. Control of ground water and calcium carbonate on soil pH

Observations: The pH(KCI) of the soil samples is shown in Figure 8.8. Samples taken
closer to the coast (Pits 4, 19, 20 and 21) were both acidic and alkaline [pH(KCI)
between 4.1 and 7.3]. The pH(KCI) values of the samples taken from the soils further
inland were less variable and slightly acidic to neutral®.

* A pH(KCI) between 5.3 and 6 is considered to be neutral (Mr G.R. Thompson, Department of
Agriculture and Water Supply, Elsenburg; pers. comm., 1993).
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Possible determinants of soil pH: The pH of a soil is dependant on various
factors. According to Scheffer and Schachtschabel (1989) these may be:

(a) Turnover of organic matter - the decay of organic matter results in organic
acids and CO,, causing the generation of carbonic acid.

(b) The type of vegetation - the decay of organic substances from different
vegetation types may contribute different quantities of H* ions.

(c) Input and weathering of minerals - the weathering of minerals can buffer the
acidity. For the coastal sand-derived soils it is particularly calcium carbonate that plays
an important role in determining the soil pH.

(d) Aerial deposition and retention of sea-derived Na - exchangeable Na* reacts
alkaline and is a common cause of high pH values in soil.

(e) Different redox-potentials of the soil water and air - the effect of different
redox-potentials is due to the use and release of H* ions in redox reactions. A more
detailed discussion of the effect of the redox-potential is given below.

The slightly acid to neutral pH values of the soils further inland are presumably
a result of an inter-play between factors a, b, ¢ and d. The more extreme pH values
closer to the coast depend strongly on one of the factors and are thus easier explained:

Alkaline effect of carbonate: The only sample that contains free carbonate (4A)
was the only one to have a pH(KCI) in the alkaline range (7.3). It is important to note
that the alkalinity of calcium carbonate buffered the H* ions that are likely to be
generated during the turnover of the abundant organic matter in this sample.

Acidification induced by reducing ground water (Figure 8.9; text boxes marked
with B): Black-coloured ground water, releasing gases smelling of H,S and low with pH
values (4.1 and 4.2), occur exclusively in Pit 20 and Pit 19 (Figure 8.8; Appendix-I).
Scheffer and Schachtschabel (1989) state that the presence of H,S indicates the activity
of anaerobic microorganisms and is thus a reflection of the strongly reducing character
of the ground water. The decomposition of organic substances in the ground water by
anaerobe microorganisms can also result in the formation of N,O and CH,. The
oxidation of these gases in the more oxygenated upper part of the soil profile can donate
H* ions (Scheffer and Schachtschabel, 1989). It is, therefore, proposed that the low
pH values of Pits 20 and 19 are induced by reducing ground water.

Seasonal changing of pH values: The soils in the vicinity of Pit 20 and Pit 19 are
probably most acidic during the winter season because the winter rainfall raises the
ground water table. The pH during the dry summer months may rise because a lower
ground water table would also result in a lowering of the zone of oxidation from the soil
into the underlying sands.

Anion exchange capacity and soil pH: Lower pH values could result in a higher
anion exchange capacity of the soil (Scheffer and Schachtschabel, 1989). The anion
exchange capacity of the coastal sand-derived soils is particularly important since, as
discussed by Cowling (1992), the availability of phosphates and nitrates is a limiting
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factor for the primary production of the fynbos ecosystem. However, it has to be
considered that a lowering of the pH also delays the decomposition of organic material
and the associated release of nutrients (Scheffer and Schachtschabel, 1989).

8.5. VERTICAL CHANGES OF THE CONCENTRATIONS

Observations (Table 8.6): The vertical chemical variation was only determined in pits 1,
16 and 17. The differences between the concentrations in the top 15 cm of a soil
profile, the A-horizons and E-horizons are generally small and the vertical trends are
non-uniform for some of the elements. Only elements which have meaningful vertical
changes in concentration are discussed in this section.

The concentrations of Al,O,, TiO, and Zr increase with soil depth (Table 8.6).
The increase of TiO, in Pits 1 and 16, however, is smaller than the analytical error. The
vertical increase of the concentrations in the most weathered soil at Pit 17* is generally
greater. The concentration of CaO, the proportion of organic matter and the
concentrations of the 1 M NH,NO, extractable portions of K, Ca, S, Na, P and Ba
decrease with increasing soil depth. The concentration of Br increases with soil depth;
i.e. against the general vertical trend of the other elements in Group-IIL

Association of CaO and extractable K, Ca, S, Na, P, Ba with organic matter:
The relatively high concentrations of extractable K, Ca, S, Na, P and Ba in the organic-
rich A-horizons confirm their association with organic matter (section 8.4.4.). The
decrease of the (total) CaO concentration with increasing soil depth and decreasing
proportions of organic matter suggests that the Ca hosted by organic matter may form
a major proportion of the total Ca content (section 9.12.).

Leaching of Al from the A-horizon: The higher proportion of organic matter in
the A-horizon may result in higher mobility of Al (Scheffer and Schachtschabel, 1989).
It is, therefore, proposed that the downwards increasing concentration of Al,O; is the
result of Al leaching from the A-horizon. Clay minerals are neither visible nor
- detectable in the coastal sand-derived soils and accumulation of Al in the lower soil
horizons in the form clay minerals is thus improbable.

Eluviation of TiO, and Zr from the topsoil: The particle size of Ti- and Zr-
hosting minerals may be smaller than sand (Vinogradov, 1959; Erlank et al, 1978). It
is, therefore, possible that the downwards increasing concentrations of TiO, and Zr are
due to eluviation of fine-grained Ti- and Zr-hosting mineral particles from the
A-horizon. Eluviation of Ti- and Zr-hosting minerals from the A-horizon was also
deduced from the results for the granite-derived toposequence (Chapter 4).

* The strong weathering of the soil at Pit 17 was demonstrated using Rb/AlO, ratios (section 8.4.1.).
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Table 8.6: Vertical changes of the concentrations in the coastal sand-derived soils. The
concentrations of Al,O,, Zr, TiO, and Br increase with soil depth. The increase of TiO,
in Pits 1 and 16 and Br in Pit 1, however, is smaller than the analytical error. The
concentrations of CaO, organic matter (OM) and the extractable element concentrations
decrease with soil depth. The proportion of organic matter was not determined for

samples 16Top, 17Top and 17E.

Pit 1 Pit 16 Pit 17
A E Top 15 A E Top 15 A E
% ALO, 0.30 038 0.56 0.63 0.95 038 035 102
% TiO, 0.07 0.08 0.09 0.10 0.11 0.06 0.07 0.12
Br (ppm) 24 2.7 14 27 35 2.8 36 110
Zr (ppm) 109 135 208 288 267 137 160 376
% CaO 0.05 0.03 0.06 0.05 0.03 0.05 0.03 003
% OM 14 03 0.6 0.2 0.7
EXTRACTABLE CONCENTRATIONS
K (ppm) 48 35 83 43 48 55 28 14
Ca (ppm) 185 83 200 148 48 250 140 8
S (ppm) 43 27 4 32 25 45 38 32
Na (ppm) 14 10 17 13 10 16 14 17
P (ppm) 0.5 0.3 1 03 03 0.7 03 03
Ba (ppm) 0.77 041 0.72 0.68 0.50 0.73 039 0.58
8.6. SUMMARY

The sampled soils derived from unconsolidated, aeolian sands near the coast. Soil
samples from nine pits were analysed for trace and major elements, 1 M NH,NNO,
extractable element concentrations, particle size distribution and various other
parameters. Most of the sampled pits were positioned along a 6 km long sampling line
which runs inland from the coast (Figure 8.1; location 1 in Figure 2.2).

Major soil components: The soil consists almost exclusively of fine and medium
sand (0.125 mm to 0.5 mm) and organic matter. The proportion of quartz ranges
approximately between 86 and 98 percent. Considerable proportions CaCO, occur only
near to the coast.

Input of beach- and granite-derived detritus (Figure 8.4): The concentrations
of AL,O,, K,0, Na,0O, CaO, MgO, P,0O,, Rb, Sr and possibly Nb, Pb, Y and Zn (Group-I)
increase towards the coast and the granite batholiths. It was suggested that aeolian and
colluvial input of beach- and granite-derived mineral detritus controls the concentrations
of the Group-I elements along the sampling line. The association of the elements in this
group implied that the supplied detritus may contain small amounts of feldspars, mica,
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apatite, carbonates and possibly hornblende, tourmaline and other heavy minerals.
Rb/ALO, ratios were used as a measure of the degree of weathering.

Retention of mineral-released elements by organic matter: The tendency of
elements to become leached from the coastal sand-derived soil is Rb > K > Na > P
> Al > Mg > Sr = Ca. The results suggested that large proportions of the Ca, Mg and
P released from their primary host minerals were retained by organic matter.

Fe,0,, Ni, W and Mo (Group-II; Figure 8.5): The variation of the concentrations
of the elements in Group-II is generally low. It was proposed that Ni, W and Mo occur
together with Fe-oxides which were observed in the field to form quartz grain coatings.
Higher proportions of organic matter increased the solubility of Fe and probably
resulted in leaching and depletion of Group-II elements. Heavy minerals associated
with the medium sand fraction probably account for the proportion of Group-II
elements which is not hosted by Fe-oxides.

Retention of elements by soil organic matter (Figure 8.8): The concentrations
of total Br, Cl and S and 1 M NH,NO, extractable Mg, Ba, S, Na, P, Fe, Al and Ca
(Group-III) were shown to correlate with the proportions of organic matter and mud.
It was thus suggested that the retention ability of organic matter and mud for water and
dissolved solids controls the distribution of the elements in Group-IIl. Possible sources
of the elements(ions) in Group-III are in situ weathering of minerals and precipitation
of sea spray and rain.

Vertical distribution (Table 8.6): The vertical variation of the concentrations is
generally small. The most important determinant of the observed vertical changes was
the downwards decreasing proportion of organic matter. The relatively high proportion
of organic matter in the A-horizons probably resulted in: -

(a) Increased retention of extractable K, Ca, S, Na, P and Ba.

(b) Higher Al solubilities and leaching of Al from the A-horizon, explaining the
increase of the Al,O; concentrations with soil depth.

The increase of the TiO, and Zr concentrations from the topsoils to the
E-horizons may be due to eluviation of their possibly fine-grained hosts from the
A-horizon.

Rapid, lateral geochemical changes near to the coast (Figure 8.9; text boxes
marked with A): The concentrations of Al,O,, Fe,O;, K,O, P,O,, CaO, §, Br, Cl, Zr and
1 M NH,NO, extractable Mg, Ca, Fe, Ni, Al, Na, P and S may change substantially over
short distances (e.g. within 100 m from Pit 20 to Pit 21). It was suggested that laterally
changing proportions of organic matter are most important in controlling the observed
changes. Several hypotheses were presented in order to explain the abrupt lateral
changes in the proportion of organic matter.

Ground water induced acidification of soils (Figure 8.9; text boxes marked with
B): The results indicated that the occurrence of shallow and reducing ground water can
lower the pH of the overlying soil. This acidity, however, is dependant on high ground
water tables. Lower ground water tables during summer could cause higher soil pH
values.



CHAPTER 9.

SUMMARY AND EXTENDED DISCUSSION OF
INDIVIDUAL ELEMENTS
AND SOIL FORMING FACTORS

9.1. INTRODUCTION

In this chapter individual elements are discussed in detail. This includes general
information on their relevance to the environment and behaviour during soil formation.
Elements will be discussed in order of ascending atomic number. Elements which
behaved similarly in the soil environment are discussed together. The results from the
preceding chapters are briefly summarised and compared with those of other authors
in order to identify anomalies such as high and low concentrations and unusual
distribution patterns. This comparison is partly provided in a tabulated form
(Table 9.1). The data used to compile Table 9.1 are summarised from this thesis,
Blume (1992), Scheffer and Schachtschabel (1989), Shacklette and Boerngen (1984) and
Bowen (1979) in Sposito (1989), Fiedler and Rdsler (1987), Merian (1984), Wedepohl
(1969-1978), Aubert and Pinta (1977), Shacklette et al. (1971), Turekian and Wedepohl
(1961), Vinogradov (1959) and Green (1959). The importance of the soil forming
factors time, parent material, topography, climate, biota and man is summarised in
sections 9.32. to 9.35.

92. LITHIUM

Essentiality and toxicity: Lithium is essential for certain biological processes and is also
known to be toxic if the concentration in the soil is too high (Heier and Billings, 1970a;
Vinogradov, 1959).

Primary host minerals: The relatively small size of the Li* ion (0.78 A) allows
Li* to substitute for Mg?* and Fe**. Pyroxene, amphibole and mica are often relatively
enriched in Li. The amount of Li in feldspars is restricted. Concentrations higher than
S ppm are exceptional for feldspars (Heier and Billings, 1970a; Vinogradov, 1959). The
similar behaviour of Li, Ti and Zr in the granite-derived soil suggested a Li host which
is resistant to weathering .
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Highest concentrations in fine textured subsoil: The eluviation of Li from the
topsoil and its concentration in the kaolinite-rich subsoil was shown in Chapters 4 to 7.
The enrichment factor from the top- to the subsoil may be as high as 9.7 (Table 4.5) and
the highest determined Li concentration was 84 ppm (subsoil at Pit 32). The
concentration in the subsoil is quite often higher than the concentration in the
underlying rock. Association of Li with clay was also observed by other authors (Heier
and Billings, 1970a; Vinogradov, 1959). Accumulation of illuviated mica may also be
considered to be a possible reason for high Li concentrations in the subsoil. Highest
acceptable concentrations for the assessment of Li polluted soils were not found in the
literature.

Other factors which determine the concentrations: Heier and Billings (1970a)
observed low Li concentrations in lateritic soils. This is in agreement with the general
decrease of the Li concentrations from the granite-derived soils to the soils associated
with the sediments of the Malmesbury Group and further to the soils associated with
the ferruginized materials (Table 9.1). It could be deduced that long periods of
weathering may result in depletion of Li. The accumulation of Li in strongly eluviated
soil horizons which contain abundant Fe-oxide concretions (Chapter 7) contradicts the
above suggested depletion of Li during weathering and suggests association of Li and
Fe-oxides. It is recommended that the Fe-oxide concretions be analysed for Li.

Comparison of underlying materials and soil groups (Table 9.1): The differences
between the Li concentrations in the underlying materials and the concentrations in the
corresponding soils are relatively small. It is, therefore, suggested that most of the Li
that was released during soil weathering was adsorbed onto or incorporated into
secondary soil minerals rather than removed from the soil.

Comparison with literature (Table 9.1): The samples of the rocks underlying the
investigated soils have relatively low Li concentrations. This could reflect the relatively
high degree of weathering of the sampled material. The Li concentrations in the
investigated soils are generally lower than the values reported by other authors.

9.3. BERYLLIUM

General: An important characteristic of Be is the small size of its cation (0.31 A). The
size of the Be?* ion allows it to substitute for Si (0.41 A) and results in a high ionic
potential (Merian, 1984; Hérmann, 1969). The mobility of the ion should thus be
relatively high (Scheffer and Schachtschabel, 1989).

The toxicity of Be is agreed on by various authors (e.g. Blume, 1992; Merian,
1984). Water-soluble forms of Be are particularly toxic to plants. The highest risk for
humans occurs if unusually high concentrations of Be are inhaled. Blume (1992) states
that Be is not essential to plants and animals.
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9.3.1. Total Be concentrations

Primary host minerals: Most of the world’s Be is hosted by plagioclase, hornblende,
pyroxene, mica and clay-minerals (Merian, 1984; Hérmann, 1969). Be-minerals (e.g.
Beryl) are less important. A comparison of data published by Hérmann (1969)
demonstrates that muscovite is the rock-forming mineral with the highest Be
concentrations (10 to 50 ppm). The results from the granite-derived soil indicated that
the host of Be is relatively susceptible to weathering.

Maximum concentrations close to the granite: The granite has the highest Be
concentration overall (sample Grl; 7 ppm). The soil sample with the highest Be
concentration (sample 30Top; 5 ppm) originates from the soil nearest to the granite
outcrops. The highest acceptable Be concentration for the assessment of polluted soils
is 10 ppm (Kloke, 1980) and was not exceeded.

Continuous depletion of Be during soil formation: The Be concentration in the
granite-derived soil decreases with increasing distance from the granite, indicating that
Be becomes continuously depleted during soil formation.

Accumulation of Be: The sample taken from a sandstone of the Malmesbury
Group has lower Be concentrations than the associated soil, indicating that formation
of soils may also result in accumulation of Be.

Other controls on concentration: Merian (1984) as well as Hormann (1969)
report that Be is commonly associated with clay. This is in agreement with the results
from the soils associated with the USGO and sediments of the Malmesbury Group,
because the Be concentrations in these soils increase from the topsoil to the clay-
enriched subsoil. The granite-derived soils, however, did not show an increase in the
Be concentrations from the top- to the subsoil.

Correlations of Fe,0,, Fe-oxide gravel' and Be in the toposequence associated
with the ferruginized materials indicated association of Be with Fe-oxides (Chapter 7).

Comparison with literature (Table 9.1): The Be concentrations of the underlying
rocks are within the normal range, as determined by other authors. The means of the
Be concentrations for the investigated soil groups compare well with the data published
by other authors. Only the soils associated with the USGO and the coastal sands have
relatively low Be concentrations.

9.32. 1 M NH/NO, extractable concentrations of Be

Only 8 % the 89 soil samples analysed for extractable Be have concentrations above the
LLD (67 ppb). The highest concentrations of extractable Be occur at the footslope of
the toposequence associated with the ferruginized material (Pit 45). The concentrations
of extractable Be in Pit 45 range from 70 ppb to 135 ppb and greatly exceed the highest
acceptable concentrations for the assessment of polluted soil (20 ppb; Table 9.2). It was
speculated that the footslope of the toposequence associated with the ferruginized
materials is characterised by decomposition of Fe-oxide concretions (Chapter 7).



Extractable Be may thus originate from decomposing Fe-oxide concretions.
conclusion it is suggested that Fe-oxide concretions be analysed for Be.
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Table 9.2: Concentrations of ammonium nitrate extractable element fractions that should
not be exceeded in the soil (PriieB ef al, 1991). A concentration that is higher than the
recommended maximum concentration can limit the functioning of the soil. It is
indicated which of the soil functions is most threatened by a pollutant in order to help
in deciding which countermeasures are most important. Abbreviations for the ranking
of concerns if the maximum concentrations are not excessively exceeded: PC = primary
concern, C = concern, INV = further investigations needed to assess risk. Limited soil
functioning only if the maximum concentrations are excessively exceeded: ®.

SoIL FUNCTIONS AND RANKING OF CONCERNS
Recommended
maximum d
extractab.lc Pollutant buffer | Pollutant buffer { Habitat | Habitat for | Pollutant filter
concentrations | with regard to | with regard to for soil with regard to
(ppb in soil plants for plants for plants | organisms | ground water
fraction < 2 mm) human animal
consumption consumption
I As 100 PC ® C ® C
Be 20 ® ® ® ® INV
Bi 100 ® INV ® ® ®
Cd 20 PC C ® C C
Co 500 ® C C ® ®
Cr 100 ® ® ® PC C
Cu 2000 ® C C PC C
Mo 1000 ® PC C ® ®
Ni 1000 ® ® C ® ®
Pb 2000 PC C ® C C
Sb 1000 ® ® ® ® C
T1 30 PC C C C INV
U 40 ® ® ® ® INV
\" 100 ® ® INV ® ®
Zn 10000 ® ® C ® ®

In
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94. FLUORINE

Relevance of F to health: Fluorine increases the resistance of teeth to caries if it is
included into the lattice of tooth-apatite. High intake of F can result in fluorosis and
other diseases (Fiedler and Rosler, 1987; Scheffer and Schachtschabel, 1989). Fluorosis
may arise if the concentration of F in soil is higher than 500 ppm or higher than 2 ppm
in drinking water (Brouwer et al, 1988; Vinogradov, 1959). Mertz (1981) states that
essentiality of F for animals was reported but not confirmed.

Primary host minerals and mobility: Topaz, fluorite and fluor-apatite are the
only rock-forming minerals that have F as an essential constituent. Fluorine is a
common replacement of the OH-groups in mica and hornblende. The F concentration
of feldspars is relatively low

(Vinogradov, 1959; Koritnig, 1972). 25 :

Major losses of F from the granite- 01 x x
derived topsoil suggested that the o 15, " <,

primary host of F is relatively soluble. g =t = e 5
Koritnig (1972) reported that the F * '°] e e

hosted by micas was leached out soon 51 ok

after onset of weathering. Mica could 0 . :o: R " 200
thus be an important host of F in the F (ppm)

granite-derived toposequence. It is 1 S Topsol * Subsoil ]
important to note that the Figure 9.1: Fluorine versus Al,O, in soil
complexation of F by Al can increase samples, showing that high F concentrations
the solubility of both elements  occur mainly in subsoils with high ALO,
(Scheffer and Schachtschabel, 1989). concentrations.

Maximum  concentrations:

The highest F concentrations occur in the G-horizon of the granite-derived
toposequence (= 1900 ppm). Highest acceptable F concentrations for the
redevelopment of contaminated land vary, depending on the author, from 200 ppm to
1000 ppm (Eidgendssisches Department des Inneren, 1986, Smith, 1980; Kloke, 1980).
It is, however, important to note that the use of the acceptable maximum concentrations
is problematic because the natural distribution of F in rocks and soils is very variable
and natural concentrations may well be higher than 1000 ppm (Scheffer and
Schachtschabel, 1989).

Important controls of the concentration: Subsoils and underlying rocks have
generally higher F concentrations than the topsoils, reflecting that the eluviation and
leaching of the topsoil results in depletion of F. The enrichment factor from the topsoil
to the clay-rich subsoil may be as high as 10 (Table 4.5). The accumulation of F in the
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subsoil reflects its strong affinity for clay minerals (Scheffer and Schachtschabel, 1989).
A plot of F versus Al,O, (Figure 9.1) shows that high F concentrations occur mainly in
subsoils with high ALO, concentrations. On the assumption that subsoils with high
AlLO; concentrations contain high proportions of clay minerals, the plot substantiates the
affinity for F to clay minerals.

In the soils associated with the USGO high F concentrations coincided with high
proportions of organic matter (6.6 to 8.1 %), suggesting an association of organic matter
and F. This association is difficult to explain because (a) F is generally not enriched in
organic substances and (b) the affinity of F~ ions for organic matter is small (Swaine,
1990; Scheffer and Schachtschabel, 1989; Koritnig, 1972).

Comparison with literature: Table 9.1 indicates that the F concentration in the
granite is relatively low. The slightly weathered state of the sample taken from the
granite is the best explanation for this anomaly. The means of the F concentrations in
the investigated soils compare well with values reported by other authors.

9.5. SODIUM

9.5.1. Total Na,O concentrations

Lateral change of the concentrations along the sampling lines: The lateral change of
the Na,O concentrations is controlled by the colluvial, fluvial or aeolian input of Na,O-
hosting minerals (e.g. feldspars) from near-by granites (sections 4.5.4., 5.5.1 and 8.4.1.),
and the evaporation of water and accumulation of soluble salts at the footslope of a
toposequence (sections 5.5.7. and 6.5.5.). The eluviation and depletion of Na-hosting
minerals particles is the best explanation for the lateral trend of the Na,O
concentrations observed in the toposequence associated with the ferruginized materials
(section 7.5.2.).

Early release during weathering: Mass balance calculations and leaching
experiments showed that Na is readily released during the early stages of granite
weathering. The real Na,O loss from the granite to the uppermost part of the granite-
derived toposequence is 72 % (sections 4.5.1. and 4.5.6.).

Comparison with literature (Table 9.1): Sposito (1989) reported a world average
of 1.61 % for Na,O in soils. The means of the investigated soils range from 0.1 to 1.3 %
Na,O.

9.52. 1 M NH/NO, extractable concentrations of Na

Variation of the concentrations in the coastal sand-derived soils: The
concentrations of extractable Na in the coastal sand-derived soils correlate mainly with
the organic matter contents. It was suggested that organic matter enables the soil to
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retain higher quantities of Na. The proportion of organic matter, and, therefore, also
the concentration of extractable Na, decreases with increasing soil depth (Chapter 8).

Aerial deposition of Na: Aerial deposition is an important source of Na for soils,
particularly in close proximity to the sea (Scheffer and Schachtschabel, 1989). It is
interesting to note that the concentration of extractable Na in the coastal sand-derived
soils does not increase towards the sea, probably indicating that Na deposited on the soil
is easily leached into the ground water. Only coastal sand-derived soils with higher
proportions of organic matter can retain and accumulate extractable Na to higher
concentrations. The distance to the sea is of secondary importance. This is
substantiated by the fact that the coastal sand-derived soils, being closest to the sea,
have extractable Na concentrations lower than or similar to the soils which occur further
inland (Table 9.1).

Comparison of underlying rock and soil groups (Table 9.1): The concentration
of extractable Na in the (pulverised) granite was lower than the concentration in the
(pulverised) pelites of the Malmesbury Group. This trend was inherited by the
associated soils.

The soils have generally much lower concentrations of extractable Na than the
underlying rocks. This substantiates the conclusion that Na is readily released by its
host minerals and easily leached into the ground water (see above).

9.6. MAGNESIUM

Highest concentrations: The highest MgO concentrations occur in the subsoils
associated with the sediments of the Malmesbury Group. These subsoils also have high
concentrations of 1 M NH,NO, extractable Mg. This in agreement with the relatively
high concentrations of total and extractable Mg in the underlying rock (Table 9.1). The
decrease of the Mg concentrations from the sediments of the Malmesbury Group and
the subsoils to the overlying topsoils reflects the loss of Mg due to leaching and
eluviation of the topsoils (Figure 9.2).

Possible atmospheric deposition of Mg: The concentrations of total and
extractable Mg increase from the granite to the derived soils. The increase coincides
with lower [non-extractable Mg] over [1 M NH,NO, extractable Mg] ratios (Figure 9.2),
reflecting the relatively large proportion of extractable Mg in the soil. It is stated in
Scheffer and Schachtschabel (1989) that the deposition of aerosols may contribute
considerable quantities of Mg to soils if the locality is relatively close to the sea. The
increase of the Mg concentration from the rock to the soil may, therefore, reflect
atmospheric input of Mg. This explanation, however, is conflicting with the results
obtained from the soils associated with the coastal sands and USGO which indicated
that aeolian and colluvial input of granitic detritus is an important source of Mg. It
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could be argued that the increase of the Mg concentrations from the granite to the soil
is the result of the accumulation of Mg from throughflow water. This explanation,
however, is conflicting with the fact that the highest Mg concentrations occur in the soil
which is most distant from the steeper part of the slope (Pit 33) and probably least
affected by throughflow. '

Vertical distribution: The concentration of total and extractable Mg increases
often from the top- to the subsoil. This was attributed to the association of Mg with
clay minerals and Fe-oxides (e.g. Table 4.5.). High Mg concentrations in the relatively
organic-rich top 15 ¢t of the soil profiles and in the organic-rich subsoils suggested the
association of Mg with organic matter (Chapter 5 and section 8.4.2.). E-horizons are
sometimes depleted in both total and extractable Mg.
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Figure 9.2: NH,NO,; extractable versus non-extractable Mg for the soils associated with
the sediments of the Malmesbury Group (A) and the granite (B). Diagonal lines were
drawn to indicate different ratios. The arrows demonstrate the chemical changes with
progressing soil formation.

Comparison with literature (Table 9.1): The MgO concentrations reported in
the literature indicate that the concentrations in the investigated soils and rocks are low.
The low concentrations in the sediments of the Malmesbury Group and the soils
possibly reflect the absence of Mg-enriched source rocks (parent materials) in the field
area (e.g. basic rock-types).
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9.7. ALUMINIUM

Highest concentrations: The Al,O, concentrations generally increase from the top- to
the subsoil. This is attributed to the accumulation of clay minerals in the subsoil
(Chapter 3). The highest Al,O, concentrations occur in the subsoils associated with the
sediments of the Malmesbury Group, reflecting the relatively high proportion of clay
minerals in this rock-type (Chapter 3).

Controlling factors: It was stated above, that the accumulation of clay minerals
in the subsoil causes a conspicuous increase of the Al,O, concentrations from the top-
to the subsoils. The horizontal variations of the concentration are smaller and were
attributed to the effects of colluvial, fluvial and(or) aeolian input of feldspathic detritus
(Chapters 4, S and 8). It was also shown that colluviation may cause uptake of clay
minerals from the underlying material into the soil and thereby affect the AlLO,
concentrations (Chapter 6). Some of the E(luviated)-horizons are particularly depleted
in ALOQ,.

The results from the coastal sand-derived soils showed that samples with high
proportions of organic matter have low Al,O, concentrations but high concentrations of
1 M NH,NO, extractable Al. It was proposed that the decay of organic matter results
in lower redox-potentials and higher acidities, causing complexation, solution, leaching
and finally depletion of Al. The Al,O; concentrations increase from the top- to the
subsoil because the proportion of organic matter normally decreases from the top- to
the subsoil (Chapter 8).

1 M NH,NO, extractable Al: 42 % of the 89 soil samples had extractable Al
concentrations below the LLD (0.5 ppm). Relatively high concentrations of extractable
Al occur in samples with high proportions of organic matter (see above), low pH values
(Chapter 4) and high proportions of clay (Chapters 6 and 7). A lowering of the soil-pH
may cause release of AP’* ions from oxides and silicates (Scheffer and Schachtschabel,
1989). Higher proportions of clay provide more exchange sites for extractable Al** ions.

9.8. PHOSPHORUS

Highest concentrations: The soils with the highest total P concentrations are associated
with the sediments of the Malmesbury Group. This is in agreement with the relatively
high P concentration in the underlying sediments (Table 9.1). It is, however, important
to note that the accumulation of organic matter in the soils derived from coastal sands
also resulted in high total P concentrations. ‘

Factors which control the concentrations of total P (P,0,): The distribution of
P,O, in the soil associated with USGO and coastal sand indicated that the fluvial,
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aeolian and colluvial input of detritus is an important determinant of the lateral change
of the P,O; concentration.

It was generally noted in the preceding chapters that P is not depleted during soil
formation. This was attributed to insoluble host-minerals (e.g. apatite) and fixing of
released P-compounds by soil constituents such as organic matter and Fe-oxides (e.g.
Table 4.5, section 8.4.2.). The differences between the P,O, concentrations in the
underlying rocks and the more and less weathered soil groups is relatively small
compared to other elements (Table 9.1; depletion factor 1-2). The tendency of P to
have similar concentrations in underlying rocks and different soil groups substantiates
the hypothesis that the investigated soils commonly retain P during soil formation.

1 M NH,NO, extractable concentration: 48 % of the 89 soil samples have
extractable P concentrations below the LLD (0.5 ppm). The concentration of
extractable P is higher in soils that have higher retention abilities for P-compounds; i.e.
higher proportions of clay minerals and organic matter (e.g. sections 6.5.3. and 8.4.4.).
Particularly, the accumulation of organic matter in the soils derived from the coastal
sands results in high concentrations of extractable P (section 8.4.4.; Table 9.1).

It was also observed that the concentration of extractable P increases down a
toposequence towards the footslope (sections 6.5.4. and 7.5.5.). It was suggested that
the evaporation of water from the soils at the footslopes caused the accumulation of
extractable or soluble P-compounds.

The (powdered) rocks have extractable P concentrations below the LLD
(Table 9.1), indicating that their P is hosted by insoluble minerals such as apatite.

Vertical distribution: The total and the extractable concentrations of P often
increase from the sub- to the topsoil. The highest concentrations commonly occur in
the organic-rich top 15 cm of the soil profiles.

Other authors: Accumulation of P in the topsoil and its association with organic
matter and Fe-oxides is also reported elsewhere (e.g. Torrent, 1994; Scheffer and
Schachtschabel, 1989; Division of Soils CSIRO, 1983). The concentrations in the soils
are within the normal range (Table 9.1).

Agro-chemical inputs: The distribution of total and extractable P in the sampled
soils gave no reason to suggest that agro-chemical inputs of P were important in
determining the observed concentrations (e.g. section 6.5.2.). All concentrations are
within the normal range as suggested by other authors (Table 9.1). This could indicate
that (a) no P was applied to the soils, (b) the quantity of P applied to the soils was
relatively small compared to the background concentration of P and (c) the P added to
the soil was not retained by the soil. It is important to note that the sampling strategy
was designed to avoid, as far as possible, the effects of the application of agro-chemicals
(section 2.2.).
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99. SULFUR

Factors which control the lateral and vertical change of the concentrations along the
sampling lines: It was shown in Chapters 4 to § that high concentrations of total and
1 M NH,NO, extractable S coincide with high proportions of organic matter, clay
minerals or Fe-oxides. The results
suggested that the affinity of S,
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and extractable S. The results also
suggested the accumulation of S due to the evaporation of water from the soil
(Chapters S, 6, 7).

Insolubility of S in the topsoil: Figure 9.3 shows that the subsoils may have both
high concentrations of non-extractable and extractable S. The topsoils are characterised
by a wide range of non-extractable S concentrations and generally low concentrations
of extractable S. Scheffer and Schachtschabel (1989) state that 60 to 98 % of the S
present in the topsoil is hosted by organic matter. In this study high S concentrations
in the topsoil coincided with high proportions of organic matter and(or) Fe-oxides (see
above). Association of S with these substances in the topsoil was thus suggested. In the
organic-rich topsoils S may also be present in the form of sulfides. Figure 9.3 shows that
these substances host S mainly in a non-extractable (insoluble) form.

9.10. CHLORINE

General: Chlorine is essential to plants, animals and humans. High concentrations of
Cl can be toxic. The chlorine concentration in magmatic rocks ranges commonly from
50 ppm to 500 ppm. Marine sediments and sedimentary rocks with high proportions of
clay may contain as much as 3 % Cl (Scheffer and Schachtschabel, 1989). The Cl
concentrations of the investigated rocks and soils are within the normal range, as
outlined above (Table 9.1).
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Apatite is a common host of Cl in igneous, metamorphic and sedimentary rocks.
The Cl ion can substitute for the hydroxyl ion in hydroxysilicate minerals, despite the
fairly large difference in the respective ionic radii (OH™ 1.40 A; CI" 1.81 A; Fuge, 1974).
Chloride ions released during
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for by atmospheric deposition of the water-suspended soil and the chlorine
(Scheffer and Schachtschabel, 1989). concentration.

Figure 9.4 shows the
correlation of the conductivity of the water-suspended soil and the Cl concentration,
indicating that Cl forms a major proportion of the total dissolved solids. The subsoils
show a higher degree of correlation than the topsoils, probably reflecting that a
considerable proportion of the Cl present in the topsoils is hosted by insoluble minerals.

Factors which control the vertical and lateral change of the concentrations along
the sampling lines: High Cl concentrations occur in soils which have high proportions
of organic matter and(or) fine particles. This was attributed to the retention ability of
clays and organic matter for water and dissolved solids. Evaporation of retained water
could contribute to the observed accumulation of Cl. The highest Cl concentrations
(650 ppm to 1459 ppm) occur in the fine textured subsoils at the bottom of the
toposequences, suggesting that the evaporation of uplifted shallow ground water,
throughflow water and overland flow resulted in high Cl concentrations (Chapters 5, 6
and 7). It is interesting to note that the Cl concentration in the coastal sand-derived
soils does not increase towards the sea, probably showing that aerial deposition of Cl
results in higher concentrations only if the soil has the ability to retain soluble salts.

The high Cl concentration in a leached, coarse-textured and Fe-oxide-enriched
E-horizon in midslope position of the granite-derived toposequence is unusual
(sample 31B: 540 ppm Cl). The accumulation of Cl in this soil horizon could suggest
an affinity of CI” ions for Fe-oxides (Table 4.5). Adsorption of Cl by Fe-oxides is
possible at pH values lower than S (Scheffer and Schachtschabel, 1989). The pH(KCI)
of sample 31B is 4.9 and Cl could thus be adsorbed to Fe-oxides in sample 31B. The
conductivity of the water-suspended soil, however, is also relatively high and could
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indicate that Cl is (a) present in the form of salts or (b) easily desorbed when the soil
is suspended in water.

9.11. POTASSIUM

Factors which determine the lateral and vertical change of the K,O concentrations:
The samples of the granite and the sediments of the Malmesbury Group have higher
K,O concentrations than most of the investigated soils (Table 9.1), indicating a general
loss of K during soil formation. Relatively high concentrations of K,0 were found in
soil horizons which contain high proportions of feldspars or fine particles (Chapters 4,
5, 6 and 8). The relatively high concentration of K in feldspars is well known and will
not be discussed further. The possible presence of clay minerals which can host and
accumulate relatively high proportions of K could explain why fine textured soil horizons
may have high K,O concentrations (e.g. fixation of K in illite; Scheffer and
Schachtschabel, 1989).

The results obtained from the soils associated with the USGO showed that
subsoils which have high proportions of organic matter also have slightly higher K,O
concentrations (section 5.5.6.). Heier and Billings (1970b) reported K concentrations
in dried tissue of plants which were often higher than 1 percent. Maximum
concentrations were as high as 11.5 percent. The average K concentration in the soils
associated with the USGO is lower than 1 percent. It is thus suggested that the
increased concentration of K in the organic-rich subsoils reflects that K was introduced
to the subsoil as a constituent of organic matter. A concentration of approximately
2.7 % K in the organic matter is required in order to account for the observed increase
of the K concentration in the soil. Potassium is easily released by organic substances
and may thus be associated with the clay minerals in the organic-rich soil horizons. Less
than ten percent of the gained K is exchangeable with NH,".

The lateral change of the K,O concentrations in the topsoils associated with
granite, USGO and coastal sand was explained by aeolian, fluvial and(or) colluvial input
of K,O-hosting minerals (Chapters 4, 5 and 8).

Source of 1 M NH,NO, extractable K: The quantity of K extractable from the
(powdered) granite is much larger than the quantity extractable from the associated
soils, indicating that a fraction of the K hosted by feldspars and other rock-forming
minerals is easily soluble (Figure 9.5). Long-term leaching of the granite-derived
topsoils resulted in continuous depletion of both total and extractable K (section 4.5.4.).
During this process the relatively organic-rich top 15 cm of the soil retained more
extractable K than the underlying topsoil, indicating the association of extractable K and
organic matter (Figure 9.5).
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and(or) finer particles (Chapters 5 to 8), indicating that the adsorption of K to organic
matter and clay is an important factor in determining the quantity of K extractable. The
covariance of extractable and total K, as demonstrated in Chapters 4 and 8, indicated
that the quantity of mineral-hosted K is the most important factor in determining the
concentration of extractable K if less or no potential K-adsorbents are present in the

therefore, a possible source of

soil.

Agro-chemical inputs: The distribution of total and extractable K in the sampled
soils gave no reason to suggest that agro-chemical inputs of K were important in
determining the observed concentrations (e.g. section 6.5.2.). All concentrations are
within the normal range as suggested by other authors (Table 9.1). This could indicate
that (a) no K was applied to the soils, (b) the quantity of K applied to the soils was
relatively small compared to the background concentration of K and (c) the K added
to the soil was not retained by the soil. It is important to note that the sampling
strategy was not designed to determine the effect of the application of agro-chemicals
(section 2.2.). On the contrary the sampling of cultivated soils was deliberately avoided.

9.12. CALCIUM

Changes from the underlying rock to the soils (Table 9.1): The CaO concentrations in
the samples taken from the granite and the sediments of the Malmesbury Group are
much lower than the means for similar rocks reported by other authors. This probably
reflects the weathering (leaching) of the sampled rocks, because it was shown by
Krauskopf (1979) that Ca?*, hosted by common rock-forming minerals, dissolves faster
in water than most other cations. The increasing concentration of 1 M NH,NO,
extractable Ca from the underlying rock to the associated soils (Table 9.1) may indicate
both the leaching and depletion of Ca during the weathering of the rocks and the
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minerals is an important source for extractable Ca and (b) soluble or exchangeable Ca
becomes incorporated into organic matter or secondary soil minerals and causes higher
non-extractable concentrations. The very low (total) CaO concentration in the
underlying sediments (see above), the (weak) covariance of CaO and organic matter in
the topsoils (Figure 9.7) and the relatively high affinity of Ca to adsorbents favour the

latter hypothesis.

Factors which determine the lateral and vertical change of the Ca concentrations
along the sampling lines: High total and extractable Ca concentrations coincided often
with high proportions of organic matter (e.g. Figure 9.7) and fine particles, or were

found in soils which were subjected to
input of relatively fresh mineral
detritus (Chapters 4 to 8). It was,
therefore, suggested that the colluvial,
fluvial and aeolian input of mineral
detritus and the accumulation of Ca
in soils with higher retention abilities
is important in determining the lateral
and vertical change of the Ca
concentrations.
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9.13. VANADIUM

General: The V** ion has an ionic radius (0.61 A) which is very similar to that of the
Fe** ion (0.73 A). Vanadium, therefore, tends to follow iron in mineral formation
during magmatic processes. Mica is known to be an important host of V in granites.
Pyrite and other sulfides were shown to host considerable portions of V in sediments,
particularly shales (Landergren, 1974).

Essentiality and toxicity: Vanadium is known to be essential to animals and its
essentiality for humans was suggested (Merian, 1984; Mertz, 1981). High concentrations
of V are toxic to plants, animals and humans (Blume, 1992; Merian, 1984; Mertz, 1981).

Behaviour during weathering: The behaviour of V during weathering is primarily
determined by the initial host of V. Vanadium is enriched in residual soils if hosted by
minerals resistant to weathering (e.g. in a study by Minarik et al., 1983). Vanadium
which is hosted by mica, sulfides and other minerals more susceptible to weathering may
become mobile during weathering. The mobility of V during weathering is dependant
on numerous factors. Important are the concentrations of other ions, the Eh- and
pH-conditions and the speciation of V. Common oxidation states of V in natural
systems are +III, +IV and +V. The chemistry which determines the solubility of these
species in natural waters is very complex and the subject of present research. A review
of the literature on this subject is given in Dodds (1994). Vinogradov (1959) reports
that the more oxidised species of V (+IV and +V) are very mobile in soils. The
mobility of the more oxidised V species is also mentioned in Landergren (1974). Wanty
and Goldhaber (1992) reported that ligands such as F~, CI” and perhaps SO, may form
complexes with Vanadium(+IV)-compounds. Mobile V may be fixed and accumulated
by organic matter, clay minerals and Fe-oxides (Swaine, 1990; Division of Soils CSIRO,
1983; Aubert and Pinta, 1977).

9.13.1. Total V concentrations
Factors which determine the lateral and vertical change of the V concentrations along
the sampling lines: High concentrations of V coincided with high proportions of organic
matter, clay minerals or Fe-oxides, confirming the affinity of V for these substances (see
above and Chapters 4 to 7). The enrichment of V in soil horizons which contain large
proportions of Fe-oxides concretions is most conspicuous (Figure 9.8). The enrichment
factor of V from the topsoil to the Fe-oxide-enriched subsoil may be as high as 14
(Table 4.5).

Highest concentrations: The highest V concentrations observed occur in the
subsoil of the toposequence associated with the ferruginized materials (Chapter 7). The
corresponding soil horizons contain abundant Fe-oxide-gravel and the V concentrations
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Kelly (1980) classified soils which have V concentrations between 100 ppm and
200 ppm to be "slightly contaminated” and soils which have V concentrations between
200 ppm and 500 ppm to be "contaminated”. These guidelines for the assessment of V
pollution are similar to the guidelines suggested by Kloke (1980). In terms of these
guidelines some of the soils associated with the ferruginized materials are to be
classified "contaminated".

Vanadium in the granite-derived toposequence: A comparison with the literature
shows that the sample of the granite which formed the parent material of the granite-
derived toposequence has a very low V concentration (2.5 ppm; Table 9.1). A
discussion of the possible reasons for the low concentration in the granite and the
distribution of V in the granite-derived toposequence is given in section 4.5.2. In this
section it was suggested that (a) minerals susceptible to weathering are probably an
important host of V in the granite (e.g. mica or sulfides) and (b) the oxidation of these
minerals results in water-soluble forms of V.

Comparison with literature (Table 9.1): The means of the V concentration for
the soils associated with the sediments of the Malmesbury Group and the ferruginized
materials are relatively high, probably reflecting both the relatively high concentration
of V in the underlying materials and the affinity of V for Fe-oxides.

9.13.2. 1 M NH,/NO, extractable concentrations of V

Only 30 % of the 89 soil samples analysed have extractable V concentrations above
LLD (9 ppb). The highest concentrations generally occur in the sediments of the
Malmesbury Group and in the associated subsoils (26 ppb to 213 ppb). Two subsoils
(samples 29G and 41B1) and the weathered phyllite of the Mahhesbury Group,
underlying the toposequence at Location 8 (sample 39Sap), have extractable V
concentrations which exceed the highest acceptable concentrations for the assessment
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of polluted soils (Table 9.2). A harmful effect on any of the soil functions listed in
Table 9.2 is unlikely because the recommended maximum concentration of 100 ppb is
only slightly exceeded. The weathered schist of the Malmesbury Group which underlies
the toposequence at Location 10 also has a relatively high extractable V concentration
(69 ppb), while the associated soils have generally lower concentrations (Table 9.1).

9.14, CHROMIUM

In rocks and during weathering: Igneous processes may result in accumulation of Cr
in minerals resistant (e.g. chromite) and relatively susceptible (e.g. biotite) to
weathering, Accumulation and depletion of Cr in residual soils is, therefore, possible.
Ruppert (1987) reports relatively high Cr concentrations for biotite, amphibole and
pyroxene. Chromium in soils occurs in the Cr(IIl) and Cr(VI) valence states. Both ions
may form compounds in soils which may be, dependant on the Eh-/pH-conditions,
soluble in the soil water (Scheffer and Schachtschabel, 1989). Compared to Cr(III),
chromate(VI) has a higher mobility in most soils at moderate or high pH because the
anion binding ability is high only at relatively low pH (Fischer and Cram, 1994).
Chromium is, despite its solubility, immobile in the soil environment because it has
strong affinities to Fe-oxides and clay minerals (Scheffer and Schachtschabel, 1989;
Shiraki, 1978). Shiraki (1978) refers to Cr as the element which is most effectively fixed
during soil formation. The affinity of Cr for humic acid, especially at higher pH values,
was demonstrated by Kerndorff and Schnitzer (1980). Nair and Narayanaswamy (1983)
investigated polluted soils associated with laterites and showed that major proportions
of the total Cr content may be hosted by the organic fraction of the soil.

Essentiality and toxicity: Chromium is probably essential to animals and humans
but is possibly dispensable for plants (Scheffer and Schachtschabel, 1989; Mertz, 1981).
Cr(VI)-compounds are toxic to plants, animals and humans. The toxicity of Cr(VI)-
compounds is 100 to 1000 times higher than the toxicity of Cr(III)-compounds (Merian,
1984).

9.14.1. Total Cr concentrations

Factors which determine the lateral and vertical change of the Cr concentrations along
the sampling lines: Higher Cr concentrations coincided with higher proportions of clay
minerals and Fe-oxide-concretions (Chapters 4 to 7), confirming the above stated affinity
of Cr for these substances. Overall, the affinity of Cr for Fe-oxides is the most
important factor in controlling the concentration of Cr in the investigated soils
(Figure 9.9). The results obtained from the soil sequence associated with the USGO
suggested that the lateral variation of the Cr concentration in this soil sequence is a
function of both the input of Cr in the form of colluvial detritus and the period of time
available for the accumulation of Cr during soil formation. Table 4.5 demonstrates the
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have Cr concentrations which exceed 100 ppm. One hundred ppm is the highest
acceptable concentration for the assessment of Cr polluted soils (Lolf, 1987, 1988;
Ministerie Vrom, 1983; Kelly, 1980; Kloke, 1980). Hoffmann et al (1981), however,
suggested that a value of 120 ppm should be used for the assessment of soils which
naturally have higher Cr concentrations. The subsoils with the three highest Cr
concentrations (165 ppm to 205 ppm Cr) have higher concentrations than the underlying
sediments of the Malmesbury Group (103 ppm and 134 ppm Cr) and are presently used
for crop production. The long-time application of fertilisers and other agro-chemicals
to these soils was confirmed by the farmers. There is reason to speculate about the
application of agro-chemicals being the reason for the high Cr concentrations in these
soils because:

(a) the accumulation of Cr in soils due to the application of fertilisers was also
suggested by Scheffer and Schachtschabel (1989) and Nriagu and Pacyna (1988).

(b) Cr is immobile in soils and may thus accumulate with time if continuously
added to the soil (see above). Scheffer and Schachtschabel (1989), however, observed
that the long-term application of high Cr sewage to soils did not result in higher Cr
concentrations in the subsoil because the immobility of Cr limits its accumulation to the
uppermost part of the soil profile.

The plot of Cr versus Fe,O; shows that high proportions of Fe could sufficiently
account for the observed high levels of Cr (Figure 9.9). More detailed research in the
areas with high Cr concentrations is required to establish the reason for the highest Cr

concentrations.

9.14.2. 1 M NH,/NO, extractable concentrations of Cr

The LLD for extractable Cr in this study is 0.05 ppm. 73 % of the 86 analysed soil
samples have concentrations below the LLD. Concentrations above the LLD are
normally restricted to fine textured subsoils. The results obtained from the soil
sequence associated with the USGO showed that high extractable Cr concentrations
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coincide with high proportions of organic matter. The highest acceptable extractable
Cr concentration for the assessment of polluted soil is 0.1 ppm (100 ppb; Table 9.2).
This concentration is exceeded in 8 soil samples. - The highest extractable Cr
concentrations overall (0.2 ppm) occur in two subsoils which, according to the farmers,
had not been treated with agro-chemicals for more than 20 years (samples 38BC and
33G).

9.15. MANGANESE

In rocks and during weathering: Biotite, hornblende and plagioclase are common
primary hosts of Mn in soils. Ruppert (1987) determined the concentration of Mn in
‘granite-derived biotites to be 1200 ppm to 8300 ppm. Low pH values and redox-
potentials increase the solubility of Mn in the soil water and, therefore, facilitate the
‘leaching of Mn from its hosts. Manganese which is released into the soil solution may
become (a) adsorbed, (b) fixed by plants or (¢) incorporated into secondary soil minerals
such as Mn-oxides, carbonates and clay minerals (Scheffer and Schachtschabel, 1989;
Aubert and Pinta, 1977; Wedepohl, 1978). The average concentration of Mn in
terrestrial vegetation is 400 ppm (Wedepohl, 1978). Trees extract Mn from the soil and
concentrate it in leaves and needles, in which it plays a biochemical role. When leaves
and needles fall, Mn accumulates in the humic topsoil. The concentration of Mn,
therefore, commonly decreases from the top- to the subsoil (Vinogradov, 1959).
Gorbanov (1994) investigated the distribution of Fe, Mn, Ti, Cu, Zn, Co, Ni and Cr in
soils and found that Mn is the element which is most accumulated in organic-rich
horizons.

Factors which determine the lateral and vertical change of the Mn
concentrations along the sampling lines: Many soil profiles have slightly decreasing Mn
concentrations from top- to the subsoil (Chapters 4 to 7), probably confirming the
concentration of Mn in fallen plant material (see above).

High Mn concentrations in the subsoils of the soil sequences associated with
USGO and schist of the Malmesbury Group are restricted to the lower-most slope
position (bottom land) and coincided with detectable proportions of carbonate and
higher conductivities of the water-suspended soil (sections 5.5. and 6.5.4). It was
suggested that Mn coprecipitated with the carbonates when soil water evaporated from
the soil. The lateral change of the Mn concentration in the topsoil of the soil sequence
associated with the USGO was best explained by colluvial and alluvial input of
Mn-containing mineral detritus (section 5.5).

It is interesting to note that the data gave no indication of the association of Mn
with Fe-oxides.
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Changes from the underlying rocks to the soils (Table 9.1): The Mn
concentration increases from the underlying rocks to the soils. The differences between
the Mn concentrations in the more and less weathered soil groups are relatively small.
It is thus suggested that the loss of Mn during soil formation is similar to or smaller than
the loss of major elements.

Comparison with literature (Table 9.1): The Mn concentration in the granite
which forms the parent material of the Klipberg toposequence is much lower than Mn
concentrations in granitic rocks reported by other authors.

The means of the Mn concentrations in the investigated soils are lower than the
average concentrations in soils, as suggested by other authors. This could reflect the
absence of parent materials with typically high Mn concentrations in the field area (e.g.
basic and ultrabasic rocks).

9.16. COBALT

In rocks and during weathering: Mafic minerals are typical host minerals of Co in
igneous rocks. The concentration of Co in biotites from granites investigated by
Ruppert (1987) varied between 3 ppm and 77 ppm. Cobalt may be easily mobilised
during weathering because many of its
common salts are extremely soluble 8
(e.g. cobalt chloride, sulfate and Sampke 448, ﬁr»f"ﬂ o
nitrate).  Cobalt phosphates and 61 o
carbonates are less soluble (Turekian, T
1978). Sposito (1989) reports that the %47
O

o o
average concentration of Co in soils is . o a

lower than its average concentration 2] oo ° ] o

in the crust (depletion factor 0.46), ;;:D ° %

suggesting that Co is generally % 4 . F§203 12 16
leache(.i and deplete.d. during - soil Figure 9.10: The correlation of Co and
formation. However, it is well known Fe,0, in the soil.

that Co may be accumulated in

pedogenic Fe-oxides (Figure 9.10; Scheffer and Schachtschabel, 1989; Division of Soils,
CSIRO 1983). The results of this study suggested that the accumulation of Co in
pedogenic Fe-oxides resulted in increasing Co concentrations from the underlying rock
to the soils (see below). Aubert and Pinta (1977) recorded high Co concentrations in
soils with high proportions of organic matter and(or) clay minerals. The accumulation
of Co in organic-rich soils was also observed by Vinogradov (1959). Alkaline soils can
adsorb more Co than acid soils and often have higher Co concentrations (Scheffer and
Schachtschabel, 1989).
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Essentiality and toxicity: Cobalt is essential for animals and humans. It is, for
example, a constituent of vitamin B,,. Its function in higher plants is not yet established
(Scheffer and Schachtschabel, 1989). Cobalt is carcinogenic and can cause damage to
skin, heart and lungs (Merian, 1984).

9.16.1. Total Co concentrations

Highest concentrations: The samples with the three highest Co concentrations originate
from Pit 44 (7.2 ppm to 15 ppm). Highest acceptable concentrations for the assessment
of Co polluted soils were not exceeded (25 ppm to 50 ppm; Eidgendssisches Department
des Inneren, 1986; Ministerie Vrom, 1983).

Factors which determine the lateral and vertical change of the Co concentrations
along the sampling lines: The reason for the relatively high Co concentrations in the
samples from Pit 44 is probably the relatively high Co level in the underlying sandstone
(Malmesbury Group). The Co concentration in the sandstone is 7.4 ppm while the
other underlying rocks have much lower concentrations (Table 9.1). Soils associated
with the sediments of the Malmesbury Group and the ferruginized materials have
generally higher Co concentrations than the soils underlain by other rock-types
(Table 9.1).

The Co concentration increases from the underlying rock to the soils (Table 9.1),
probably indicating that most of the Co mobilised during weathering was fixed by
Fe-oxides (Figure 9.10). The increase of the Co concentrations from the topsoils to the
fine textured subsoils demonstrated the association of Co and clay minerals (e.g.
Table 4.5). The lateral variation of the Co concentrations along the soil sequence
associated with the USGO indicated that colluvial and alluvial input of detritus can also
be an important factor in determining the concentration of Co in soils (Chapter §).

Comparison with literature (Table 9.1): The rocks and soils investigated in this
study have relatively low Co concentrations (Table 9.1). The low concentration in the
pelites and the soils may reflect the absence of source (parent) rocks which have
potentially high Co concentrations (e.g. basic and ultrabasic rocks).

9.16.2. 1 M NH/NO, extractable concentrations of Co

The LLD for extractable Co in this study is 13 ppb. 57 % of the 89 soil samples
analysed have concentrations below the LLD. The highest extractable Co concentration
occurs in the top 15 cm of the toposequence associated with the phyllites of the
Malmesbury Group (Pit 42; 82 ppb). Highest acceptable concentrations for the
assessment of Co polluted soils were not exceeded (500 ppb; Table 9.2). The
concentrations of extractable Co often decrease from the top- to the subsoil. This
decrease normally coincides with decreasing proportions of organic matter. Different
hypotheses to explain this observation are discussed below:
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(a) The decomposition of organic material in the upper part of the soil profiles
could be an important source of extractable Co. High concentrations of (total) Co in
organic-rich soils were observed by other authors (see above). This is in contradiction
to Scheffer and Schachtschabel (1989) who report that the range of Co concentrations
normally encountered in plants is 0.02 ppm to 0.5 ppm and lower than the concentration
encountered in most soils (Table 9.1).

(b) The affinity of dissolved Co ions for organic matter could be stronger than
their affinity for other adsorbents (e.g. Fe-oxides and clay minerals). Kerndorff and
Schnitzer (1980), however, demonstrated that the affinity of dissolved Co ions for humic
acid is lower than the affinities of most other metals which were investigated. Hg, Fe,
Pb, Al, Cr, Cu, Cd and Zn have higher affinities to humic acid than Mn and Co.

(c) Extractable Co may have been added to the topsoil in the form of fertilisers.
This, however, is unlikely because Co is normally only applied to pastures (Scheffer and
Schachtschabel, 1989) and such areas were not sampled.

(d) Ruppert (1987) observed the accumulation of Pb and Cd in organic-rich
topsoils and argued that their accumulation was the result of aerial deposition. He
stated further that the fraction of heavy metals which were introduced to the soil by
means of aerial deposition should be "easily available". It could, therefore, be
speculated that the accumulation of extractable Co in the topsoil reflects the aerial
deposition of Co. The relatively low affinity of Co for humic acid (see above) and the
absence of larger industries in the field area, however, contradict this hypothesis.

(e) Scheffer and Schachtschabel (1989) state that the complexation of Co by
organic substances is an important factor in determining the solubility of Co in soils.
At soil pH(CaCl,) values higher than six, 90 % of the Co dissolved in the soil solution
is complexed by organic substances. The decreasing concentration of extractable Co
with increasing soil depth could thus also reflect the complexation of Co by organic
substances in the topsoil. '

9.17. NICKEL, COPPER AND ZINC

Essentiality and toxicity: Particularly Zn and Cu, but also Ni, are essential to various
life processes. Uptake of high quantities of Zn, Cu or Ni can be damaging to plants,
animals and humans (Merian, 1984). Jackson et al. (1986) related higher frequencies
of cancers of the stomach and the oesophagus to low concentrations of Zn and Mo in
soils.

Literature: The distribution of the elements Ni, Cu and Zn in soil has been
widely studied because they are important micro-nutrients for plants (Zn and Cu) and
common pollutants (Zn, Cu and Ni). A summary of their role and distribution in soils
is given, among others, in Blume (1992), Scheffer and Schachtschabel (1989) and
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Division of Soils, CSIRO (1983). Current, normal levels and distribution patterns of Ni,
Cu and Zn in Swiss, Dutch and German soils were, among others, determined by
Hessischer Minister fiir Landwirtschaft und Forsten (1986), Driel and Smilde (1981) and
Hini et al. (1981). Excessive concentrations due to pollution are normally restricted to
the floodplain of polluted rivers and areas close to industrial developments. Soils
associated with ultrabasic rocks (e.g. basalt) naturally have high Ni concentrations which
often exceed acceptable maximum concentrations for the assessment of polluted soils
(50 ppm to 100 ppm).

Behaviour during soil formation: A large proportion of the Ni, Cu and Zn
present in igneous rocks is hosted by biotite and other mafic minerals (Ruppert, 1987;
Wedepohl, 1969-1978). The weathering of these minerals during soil formation results
in the release of Ni, Cu and Zn ions to the soil solution. Released ions are commonly
adsorbed by or incorporated into organic matter and secondary soil minerals such as
Fe-oxides and clay minerals. The adsorption of Ni, Cu and Zn is favoured by higher soil
pH values (Scheffer and Schachtschabel, 1989). The presence of organic matter can
facilitate and inhibit the transport of Cu(II) because complexes with organic matter may,
depending on the type of organic matter, the concentration of Cu and the pH, be more

. soluble or more adsorbable than Cu(II) alone (Oden et al., 1993).

9.17.1. Total Ni, Cu and Zn concentrations

Highest concentrations in the area of study: The concentrations of Ni, Cu and Zn
normally increase from the top- to the subsoil. This increase coincides with increasing
proportions of clay minerals and Fe-oxides. The highest concentrations of Ni, Cu and
Zn occur in the subsoils associated with the sediments of the Malmesbury Group (Table
9.1). Highest acceptable concentrations for the assessment of polluted soils were not
exceeded. _

Comparison with literature: A comparison with the values reported by other
authors indicates that the investigated rocks and soils have relatively low Ni, Cu and Zn
concentrations (Table 9.1). The relatively low concentrations in the pelites probably
indicate the absence of source rocks which potentially have high Ni, Cu and Zn
concentrations (ultrabasic and basaltic rocks). Low concentrations in the rocks were
inherited by the associated soils.

Covariance with other soil components: The correlations of Ni, Cu and Zn with
AlLO,, Fe,O;, mud and organic matter are generally weak, reflecting that the
concentrations of Ni, Cu and Zn are controlled by numerous factors. An exception is
the conspicuous covariance of Ni and Al,O, in Pit 44 (Figure 9.11). The concentrations
of Ni, ALO, and Fe,0, increase from the underlying sandstone to the C-horizon and
further to the B-horizon (samples 44R to 44B). The topsoil has low Ni and ALO,
concentrations but high Fe,O, concentrations (samples 44Top and 44A2). The increase
of the concentrations from the sandstone to the B-horizon is accompanied by increasing
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proportions of fine clay
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eluviation of particles finer

than gravel and the formation of Fe-oxide concretions. It is concluded that the Ni in
the soil at Pit 44 is mainly hosted by, and accumulated in, relatively fine mineral
particles. These could be pedogenic clay minerals and Fe-oxides. The formation and
accumulation of gravel-sized Fe-oxide concretions in the topsoil did not result in higher
Ni concentrations.

Coastal sand-derived soils: The results from the coastal sand-derived soils
showed that the concentration of Ni is particularly low in samples with high proportions
of organic matter. The association of Fe and Ni in Fe-oxides was suggested. Higher
proportions of organic matter increase the solubility of Fe and result in leaching and
depletion of elements associated with Fe-oxides. Heavy minerals associated with the
medium sized sand fraction probably account for the portion of Ni which is not
associated with Fe-oxides (section 8.4.3.).

9.17.2. 1 M NH,NO, extractable concentrations of Ni, Cu and Zn

The concentrations of extractable Ni, Cu and Zn normally increase with increasing soil
depth. Relatively high concentrations in the subsoils coincide with higher proportions
of clay minerals and Fe-oxides. High concentrations sometimes coincide with high
pH values (Ni and Zn) and high proportions of organic matter (Ni; Chapters 5, 6 and 7).
Highest acceptable concentrations for the assessment of polluted soils were not
exceeded (Table 9.2).
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9.18. GALLIUM

A biological function of Ga is not known (Mertz, 1981). Only 19 soil samples were
ahalysed for Ga. These included soils associated with granites, USGO, ferruginized
materials and coastal sands. Six samples have concentrations below the LLD (0.8 ppm).
The highest concentration determined is 26 ppm. The corresponding sample originates
from a B-horizon associated with ferruginized materials (sample 8B). The determined
range of concentrations (< 0.8 ppm to 26 ppm) is in agreement with the mean Ga
content of soils (17 ppm), as reported by Sposito (1989).

Gallium concentrations at different soil depth were obtained from two soil
profiles (Pits 8 and 12). The concentrations of Ga increase from the A- to the B-
horizon (enrichment factors 2.3 and 2.6). This increase coincides with higher
concentrations of Al,O; and Fe,O, as well as higher proportions of clay and Fe-oxides
(field observations; Appendix-I). Association of Ga with clay minerals and Fe-oxides
is, therefore, probable.

9.19. GERMANIUM

No biological function of Ge is known (Mertz, 1981). Seventy two of 100 analysed
samples had concentrations below the LLD (0.9 ppm). The remaining samples have
concentrations close to the LLD (maximum concentration = 1.6 ppm). This is in
agreement with the mean Ge content of soils (1.2 ppm), as reported by Sposito (1989).
Many of the soils which have concentrations above the LLD are associated with granites
and ferruginized materials.

9.20. . ARSENIC

In Rocks: The variability of As concentrations in common igneous rock-types is
relatively low. Concentrations range often from < 1 ppm to 3 ppm. Most rock-forming
minerals have low. As concentrations. Higher concentrations of As may occur in
magnetite and sulfides. Soils and sediments have higher As concentrations than igneous
rocks (Table 9.1; Onishi, 1969a).

Behaviour during weathering: The weathering of minerals during soil formation
is the source of oxidised and, therefore, soluble forms of As. Vinogradov (1959) reports
that the oxidation of arsenic sulfides is an important source of water-soluble As.
Coprecipitation of As with Fe-oxides as well as adsorption of As by Fe-oxides is
reported by Onishi (1969a) and Vinogradov (1959). The specific adsorption of arsenate



197

by clay minerals and Fe-oxides is explained in Scheffer and Schachtschabel (1989). The
affinity of As for Fe-oxides and clay minerals is the best explanation for the enrichment
of As in soils and sediments compared to igneous rocks.

The connection between arsenic content and organic material has attracted the
attention of many authors but could not be confirmed in an investigation of peat gleys
and humus-alluvial soils from northern Russia (Vinogradov, 1959).

Input of As from the atmosphere: Introduction of As from the atmosphere is an
important source for soil As. This process is the result of both the natural As content
of the atmosphere (e.g. volcanic exhalations) and emission of As from industries (Lux,
1981; Vinogradov, 1959; Onishi and Sandell, 1955a). Blume (1992) reports the ratio of
[total anthropogenic emission] over [total natural emission] to be 2786. Onishi (1969a)
reports As concentrations in rain water ranging from 0.01 ppb to 13.9 ppb. The annual
precipitation of As ranges between 0.03 ug m? (unpolluted atmosphere) and 2000 ug m?
in major cities (Blume, 1992). Another possible source of As in soils is the application
of insectofungicides (Merian, 1984; Vinogradov, 1959).

Essentiality and toxicity: It is reported by Mertz (1981) that As is essential to
certain life processes. The occurrence of natural As deficiencies is not described.
Higher concentrations of As are toxic to plants, animals and humans (Blume, 1992;
Merian, 1984). '

9.20.1. Total As concentrations

Granite-derived toposequence: Mass balance calculations and the particularly strong
increase of the As, Se, S and Br concentrations from the granite to the uppermost part
of the toposequence (Pit 30) suggested that these elements were added to the soil
(section 4.5.5.). The extra As may originate from (a) the atmosphere or (b) the
leachates of the granite outcropping above the toposequence. The latter would confirm
that the oxidation of sulfides in igneous rocks is an important source of water-soluble
As (see above). It is important to note that there is no obvious source of atmospheric
As in the region. Soil horizons which contain high proportions of Fe-oxides concretions
or kaolinite are most enriched in As. The enrichment factors from the granite and the
topsoil to the clay and Fe-oxide enriched subsoils are 42 and 188, respectively
(Table 4.5).

Toxic levels of As: Soils with As concentrations higher than 50 ppm are
considered to have toxic implications (Kelly, 1980). This concentration is greatly
exceeded in samples from the subsoil of the granite-derived toposequence [Pit 31:
244 ppm As; Pit 32: 743 ppm As). The critical concentration of 100 ppb NH,NO,
extractable As in dried soil, as recommended by Priie8 et al. (1991), was not exceeded
(Table 9.1). The best explanation for the immobility of As is the specific adsorption of
arsenates by Fe-oxides and clay minerals, as explained in Scheffer and Schachtschabel
(1989). The fixation of arsenates on the surface of growing Fe-oxides and clay minerals
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may also have resulted in the incorporation of As into these substances. Alternatively,
it could be argued that the extractable concentration is only low because the Fe-oxide
gravel was excluded from the leaching experiments (section 2.5.1.1.).

Other soil groups: The results discussed in Chapters S to 7 confirmed the
concentration of As in soil horizons with relatively high proportions of clay and
Fe-oxides (see above).

9.20.2. 1 M NH,NO, extractable concentrations of As

Only 10 % of the 88 samples analysed have extractable As concentrations above the
LLD (70 ppb). Soils with concentrations above the LLD belong exclusively to the soil
groups associated with the sediments of the Malmesbury Group and the ferruginized
materials. The determined concentrations range from the LLD to 109 ppb. The highest
acceptable concentration of extractable As for the assessment of polluted soils is
100 ppb (Table 9.1). This concentration was only (slightly) exceeded in one soil sample
(sample 45BA = 109 ppm As). The underlying sediments of the Malmesbury Group
have also concentrations above the LLD (72 ppb to 133 ppb). The high concentration
of extractable As in these sediments is the most plausible explanation for the relatively
high concentration in some of the associated soils.

9.21. SELENIUM

The concentration of Se in common rock and soil types is normally lower than 2 ppm
(Table 9.1). The narrow range between toxic and sub-optimal Se concentrations in
humans, however, resulted in a wide interest in Se. Davies (1980) provides a
comprehensive review of the different aspects of Se in soils.

Behaviour during weathering: Selenium probably accompanies the accessory
sulfide minerals in igneous rocks, reflecting its close relationship to S. Several analyses
reported in Leutwein (1972) showed that the concentration of Se in common sulfides
ranges normally between 5 ppm and 60 ppm. A very characteristic feature of selenium
is that under oxidising conditions selenium-bearing sulfides and selenides are rapidly
oxidised. The resulting selenite ions are very stable and can migrate until they are
adsorbed on Fe-oxides (Leutwein, 1972; Vinogradov, 1959). The ability of soils to
adsorb selinites increases with decreasing pH values (Scheffer and Schachtschabel,
1989). Aubert and Pinta (1977) report relatively high concentrations of Se in organic-
rich and fine textured soils. Lakin (1972) describes the cycling and chemistry of Se in
more detail. :

Input from the atmosphere: Selenium precipitation from the atmosphere
contributes significantly to the Se content of soils (Scheffer and Schachtschabel, 1989).
Emission into the atmosphere results from volcanic exhalations, sea water and
anthropogenic sources (Blume, 1992; Scheffer and Schachtschabel, 1989; Leutwein,
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1972). Blume (1992) reports that the ratio of [total anthropogenic emission of Se} over
[total natural emission of Se} is 3390.

Essentiality and toxicity: Selenium can increase the growth rate of plants and
is essential to animals and humans. High concentrations of Se are toxic to plants,
animals and humans. It was mentioned above, that the range between toxic and sub-
optimal Se concentrations in humans is narrow. The Se intake of humans in Central
Europe is regarded to be sub-optimal (Scheffer and Schachtschabel, 1989). Significant
inverse correlations of dietary Se intakes, Se blood levels and Se concentrations in crops
with human mortalities from cancers were, among others, shown by Jackson (1986),
Salonen ef al. (1984), Schrauzer ef al. (1977) and Shamberger and Willis (1971).

Analytical problems: The LLD for the analyses of total Se was 0.7 ppm (XRFS).
Only 42 of 100 analysed samples have concentrations above the LLD. The
interpretation of the data is, therefore, restricted.

It is discussed in
section 2.5.2.1. that the analysis of Se 10
in the NH,N xtracts is
problematicc. The LLDs obtained
with ICP-MS were relatively high
(877 ppb in air-dried soil). As a
consequence most samples have o s ©
concentrations below the LLD. The 25 8o
quality of the results for the few
samples which have concentrations
abov? the LLD is presumably poor Figure 9.12: The (weak) correlation of
(section 6.2.). It was, therefore, Fe,O, and Se in the soils.
unfortunately not possible to quantify
the levels of available Se in Western Cape soils. Lower detection limits and better
quality data could be obtained using the hydride generation method (section 2.5.2.1.).

Granite-derived toposequence: Sharply increasing concentrations of Se from the
granite to the derived soil indicated that Se was added to the soil. Extra Se may
originate from (a) the atmosphere or (b) the leachates of the granite outcropping above
the toposequence. The latter would confirm that the oxidation of sulfides in igneous
rocks is an important source of water-soluble Se (see above and section 4.5.5.).

Highest concentrations: The samples which have the highest Se concentrations
(3 ppm to 9 ppm) contain high proportions of Fe-oxide gravel. Most of the these
samples originate from subsoils associated with the ferruginized materials and the
sediments of the Malmesbury Group. In his guidelines for contaminated soils Kelly
(1980) states that soils with Se concentrations higher than 3 ppm may be considered
polluted. Most of the Se, however, is probably incorporated into the Fe-oxide
concretions, and, therefore, immobile. Toxic implications are thus not likely.

Se (ppm)
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The above discussed association of Se with Fe-oxides was confirmed by the
moderate covariance of Se and Fe,O, (Figure 9.12). The concentrations of Se often
increase from the topsoils to the fine textured and Fe-oxide-rich subsoils.

9.22. BROMINE AND IODINE

General: The concentrations of Br and I in igneous rocks are generally below 2 ppm.
Sediments and soils often have higher concentrations (Table 9.1). The principal source
of Br and I in soils is the atmosphere. Both elements may be introduced to the soil
directly by means of meteoric precipitation (Vinogradov, 1959). Absorption of aerial
Br and I by plants is also known (Vinogradov, 1959). Wedepohl (1969-1978) reported
terrestrial plants to contain between 1 ppm and 10 ppm I and vegetables to contain
between 10 ppm and 25 ppm Br. Decaying plant material, therefore, also contributes
to the Br and I content of soils. Once in the soil, Br and I can be adsorbed by the soil
.organic matter and clay minerals. Association of Br and I with organic matter in coal
was shown by various authors reviewed by Swaine (1990).

The concentrations of Br and I in sea-water are 67 ppm and 0.06 ppm,
respectively. Sea spray is a major source of atmospheric Br and I. The distance
between the sea and a particular soil is thus an important control of its Br and I
concentrations (Vinogradov, 1959). Other important controls are the proportion of
organic matter and the texture of the soil, because soils with higher proportions of clay
and organic matter can retain higher quantities of Br and I. Afyuni et al. (1994) surface
applied KBr at different slope positions of three toposequences. They found that solute
transport of Br™ is highly variable and dependant on profile characteristics, slope
gradient, and hydrologic processes at different landscape positions.

Detection limits: Only two samples have Br concentrations below the LLD
(0.9 ppm). The LLD for I (approximately 2.5 ppm) is more problematic because 37 of
100 samples have concentrations below the LLD.

Highest concentrations: The highest Br concentrations (20 ppm to 45 ppm)
occur in the subsoils associated with the sediments of the Malmesbury Group and in
organic-rich coastal sand-derived soils. High concentrations in the coastal sand-derived
soils reflect the close proximity of the sampling sites to the sea and the retention ability
of organic matter (section 8.4.4.). High proportions of mud (retention ability) and high
Br concentrations in the underlying material (Table 9.1) are the best explanations for
the concentration of Br in the subsoils associated with the sediments of the Malmesbury
Group (Chapter 6).

The highest I concentrations (10 ppm to 210 ppm) occur in the subsoils
associated with the sediments of the Malmesbury Group and the ferruginized materials.
The two samples of the underlying sediments contain 7 and 23 ppm I. This is relatively
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high, but cannot account for I concentrations as high as 210 ppm. Iodine contributions
from the atmosphere and pedogenic redistributions are, therefore, likely to play an
important role in the concentration of I in some soil horizons.

Figure 9.13 demonstrates that high proportions of mud (> 40 %) are a condition
for higher levels of Br and I in the investigated soils. The only exceptions are high Br
concentrations in samples which contain high proportions of Fe-oxides or organic matter,
reflecting that these substances can also accumulate Br. The strong affinity of Br for
Fe-oxides is also shown in Table 4.5 (enrichment factor 15).

100 100
o o S o
80 1 o o 801 o o
% o
o o
g 891 o ° 60{ 0, © ©
= o ) co © S0 o o°
R 401° 401
° % i3
ogaf oo Fe-oxide-rich %o
20 1 & Organi-rich 20 &
2 N\ @
o nm7 . ’ , v . 0 . . . —
0 5 10 15 20 25 30 35 0 50 100 150 200 250
Br (ppm) | (ppm)

Figure 9.13: The plots of bromine and iodine versus mud show that higher proportions
of mud (> 40 %) are a condition for higher levels of Br and I in the investigated soils.

Factors which determine the lateral and vertical change of the concentrations
along the sampling lines: It can be generalised that soil horizons with higher retention
abilities have higher Br and I concentrations. Changes in the proportions of organic
matter and mud are thus most important in determining lateral and vertical changes of
the concentrations within individual soil sequences.
increase, along with the proportion of mud, from the top- to the subsoil. It was further
suggested that time is an important factor for the accumulation of Br and I because
their concentrations probably increase with the length of the time period available for
soil formation (Chapters S and 6).

Comparison with literature (Table 9.1): The investigated soils have relatively
high Br concentrations, probably reflecting the close proximity of the sampling lines to
the sea. It is not conclusive from the data that the I concentrations of the investigated
soils are higher than the levels reported by other authors, because many of the
concentrations in the investigated soils and the I levels reported elsewhere are close to
or below the LLD achieved in this study. Samples which have I concentrations above

The concentrations generally

the LLD, however, indicate that some soils and rocks have relatively high I levels.
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9.23. MOLYBDENUM

Ninety four of 96 soil samples have Mo concentrations between 0.7 ppm and 3.2 ppm.
The two samples which have higher concentrations originate from the subsoil of the
granite-derived toposequence (samples 31B and 32G). Sample 31B contains abundant
Fe-oxide-concretions and has a Mo concentration of 10 ppm. Sample 32G contains a
high proportion of kaolinite and 6.3 ppm Mo. The accumulation of Mo in these samples
demonstrates the affinity of Mo for clay minerals and Fe-oxides (Table 4.5). The
leachate from the granite above the toposequence is probably the most important source
for the accumulation of Mo in the subsoil (Figure 5.7). The only soluble form of Mo
under aerobic conditions is MoO2~. The sorption of MoO,2", mainly by Fe-oxides and
less by clay, is also reported in Scheffer and Schachtschabel (1989).

Association of Mo and Fe-oxides was also suggested in Chapters 6 to 8 because
slightly higher concentrations of Mo coincide with higher concentrations of Fe,O, or
higher proportions of Fe-oxide concretions. The results obtained from the coastal sand-
derived soils indicated that high proportions of organic matter and the accompanying
increase in the solubility of Fe caused leaching and depletion of Fe-oxides. The loss of
Fe-oxides resulted also in lower concentrations of associated trace elements (Ni, Mo
and W). The results for the coastal sand-derived soils suggested further that Mo may
be hosted by heavy minerals associated with the medium-sized sand fraction.

The Mo concentrations increase slightly from the underlying rocks to the soils
(Table 9.1). It is thus suggested that the loss of Mo during soil formation is relatively
small compared to the loss of major elements.

The encountered range of the Mo levels as well as the low degree of the
variability of the concentrations is in agreement with the findings of other authors
(Table 9.1; Scheffer and Schachtschabel, 1989; Vinogradov, 1959).

9.24. CADMIUM

Only the concentration of 1 M NH,NO, extractable Cd was determined. Eighty five
percent of the 88 samples analysed have extractable Cd concentrations below the LLD
(17 ppb). The concentrations above the LLD vary between the LLD and 43 ppb. Most
of the concentrations above the LLD exceed the highest acceptable concentration for
the assessment of Cd polluted soils (20 ppb; Table 9.2). The samples with high
extractable Cd concentrations are used for crop production and originate almost
exclusively from the soils associated with the phyllite and sandstone of the Malmesbury
Group (Pits 40, 41, 42 and 44) and the ferruginized materials (Pit 45). The extractable
concentrations in the underlying phyllite and sandstone are lower than the
. concentrations in the soil. All samples from comparable uncultivated soils (associated



203

with the schists of the Malmesbury Group) have extractable Cd concentrations below
the LLD.

Fertilisers as a possible source of Cd: The increase of the extractable Cd
concentrations from the uncultivated to the cultivated soils and the relatively low
concentration in the underlying rock give reason to speculate about the accumulation
of extractable Cd due to the application of fertilisers. Phosphates applied to the soil
often contain between 7 and 170 ppm Cd (Kabata-Pendias and Pendias, 1985). Naidu
et al. (1994) observed that the presence of PO, enhances the sorption of Cd by the soil.
A calculation based on fertilisers used in Germany showed that the application of
phosphates may increase the Cd content of the soil by 0.4 ppb per year (Jung et al.,
1979). Possible accumulation of Cd in Western Cape soils due to the application of
phosphates should be the subject of further research. It is important to bear in mind
that all Cd concentrations determined in this study need confirmation because they are
close to the obtained LLD.

9.25. TIN

Essentiality and toxicity: The toxicity of elemental Sn is, quite different to many other
heavy metals (e.g. Pb and Hg), very low. Tin compounds have different degrees of
toxicity. Organo-tin compounds are more toxic than inorganic salts of Sn. The most
toxic organo-tin compounds are constituents of pesticides (Merian, 1984). Mertz (1981)
reports that too low intake of Sn can result in deficiency and cause growth depression
in animals.

Primary hosts: Analyses reported in Hamaguéhi and Kuroda (1969) showed that
60 to 70 % and more of the Sn in granitic rocks may be hosted by hornblende, biotite
and sphene. Cassiterite (SnO,), the most abundant Sn mineral, typically forms part of
post-magmatic and hydrothermal mineral associations and is known to be very resistant
to weathering (Rosler, 1981). Accumulation of cassiterite in sediments and residual soils
is thus possible.

Behaviour of Sn in the granite-derived toposequence during soil formation: The
ratio of [average tin content of natural waters] over [average tin content in standard
rocks] indicates that the migration capacity of tin is low and comparable to those of Ba,
Ti and Zr (Hamaguchi and Kuroda, 1969). This is in agreement with the results from
the granite-derived toposequence which showed that Sn was neither lost from nor added
to the soil during the early stages of soil formation (section 4.5.1.). It was, therefore,
suggested that the primary host of Sn in the granite-derived toposequence is resistant
to weathering and does not allow for leaching of Sn. Granite-derived soil horizons
which contain relatively high proportions of substances which typically adsorb and
accumulate free metal ions are not enriched in Sn, substantiating that most of the Sn
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is locked up in its primary host (Table 4.5). The slight enrichment of Sn in the fine
textured subsoil of the granite-derived toposequence is probably the result of eluviation
of relatively fine grained, Sn-hosting mineral particles from the topsoil into the subsoil
(section 4.5.2.).

Other soil groups: The above discussed increase of the Sn concentrations from
the topsoil to the subsoil was also noted in soil profiles associated with the USGO,
ferruginized materials and sediments of the Malmesbury Group. The magnitude of the
increase is more pronounced in soil
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. Figure 9.14: Tin versus ALO; for rock and
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as proposed by Aubert and Pinta
(1977) and Vinogradov (1959), was not observed in this study.

Moderate covariance of Sn and Al,O,: Moderate covariance of Sn and AL O, is
demonstrated in Figure 9.14. The cause for the covariance is probably different for top-
and subsoil.

Topsoil: Along the sampling lines higher Al O, concentrations in the topsoil
reflected relatively high proportions of primary, rock-derived alumino-silicates (e.g.
feldspars). It was shown in the previous chapters that their concentration in the topsoil
is often due to colluvial(aeolian) input of granitic detritus. Particle size effects may also
play a role in their accumulation (sections 7.5.2. and 8.5.3.). The best explanation for
the correlation of Al,O, and Sn in the topsoil is that granitic detritus is also important
in introducing Sn to the soil.

Subsoil: High concentrations Al,O, in the subsoil normally indicate high
proportions of clay minerals. High proportions of clay minerals are the result of
advanced soil formation; i.e. amongst other processes pedogenic formation, illuviation
and accumulation of clay minerals. The increased concentration of Sn in such soil
horizons could be due to both the direct association of Sn and clay minerals or the
illuviation of weathering-resistant and Sn-hosting minerals into the subsoil.
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Highest concentrations: The two soil samples with the highest Sn levels originate
from the footslope of the granite-derived toposequence (Pit 33; Figure 4.1). The Sn
concentration of the two samples, 33AE and 33Top, are 65 ppm and 47 ppm,
respectively. The application of pesticides is a possible reason for high Sn
concentrations in soils (see above). The owner of the land stated that the area had not
been treated with agro-chemicals for at least 50 years. The results of this study,
however, indicate that the cause for the high Sn levels are connected to the cultivation
of the soil:

(a) The surrounding of Pit 33 was being used as a pasture when the field
sampling was performed.

(b) The low gradient at the footslope (Pit 33) makes this part of the
toposequence more accessible for cultivation.

(c) The Sn concentrations at Pit 33 are much higher than the concentrations in
the rest of the toposequence and the granite (4 to 24 ppm).

(d) Elements which were shown to behave similarly to Sn in the upper part of
the toposequence have relatively low concentrations in the soil at Pit 33 (Group-I
elements in section 4.5.2.).

(¢) The AlLO,/Sn ratios of the potentially polluted soil horizons are
approximately 0.03 while unpolluted soils have ratios close to or greater than 1
(Figure 9.14).

The highest acceptable Sn concentration for the assessment of polluted soils is
50 ppm (Kloke, 1980). Further research is required to investigate the cause and
consequences of the high Sn concentrations at Pit 33.

Comparison with literature: A comparison of the determined concentrations
with the levels reported by other authors indicated that the concentrations in the
underlying rocks and the different soil groups are within the normal range (Table 9.1).

9.26. ANTIMONY

Comparison with literature: An early review of the abundance of Sb in chondrites,
igneous rocks and sediments is given by Onishi and Sandell (1955b). In this publication
an average Sb concentration of 0.24 ppm for granites and 1.2 ppm for shales is
suggested. The ranges of the Sb concentrations in granites and shales listed in Table 9.1
are taken from Onishi (1969b). From the table it can be seen that the Sb
concentrations of the rocks which underlie some of the investigated soils have
concentrations in the normal range.

Information on the concentration of Sb in soils is scarce. Estimated means for
soil range from 0.66 ppm (Sposito, 1989) to 6 ppm (Davies, 1980). Assessing the results
reported in Driel and Smilde (1981) and Onishi (1969b) it seems that Sb concentrations
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between 0.2 ppm and 3 ppm are common in soils. This estimate is substantiated by the
results of this study. Of the 44 samples analysed for Sb, 16 % have levels below the
LLD (0.3 ppm), 66 % have concentrations between the 0.3 ppm and 3 ppm and 18 %
have concentrations between 3 ppm and 13 ppm.

Highest concentrations: The highest acceptable Sb concentration for the
assessment of polluted soils, as recommended by Kloke (1980), is 5 ppm. This
concentration is slightly exceeded in 7 soil samples (5 ppm to 13 ppm). The
corresponding samples originate from both top- and subsoils as well as from various
locations and underlying rocks, giving no indication of soil pollution being the reason
for the high concentrations.

Concentration during soil formation: There seems to be a general increase of
the Sb concentrations from the underlying rock to the soil (Table 9.1). This trend is
particularly conspicuous in the soil associated with the sandstone of the Malmesbury
Group (Pit 44; not shown in Table 9.1). The concentrations at this pit increase from
3.4 ppm in the rock to 7 ppm in the B-horizon and further to 13 ppm in the top 15 cm
of the soil profile. The increasing concentration towards the top of this cultivated soil
profile could indicate Sb pollution by means of agro-chemicals. The reviewed literature
gave no indication of Sb being a constituent of agro-chemicals. In conclusion it is
suggested that the loss of Sb during soil formation is relatively small compared to the
loss of major elements. Antimony is thus relatively enriched during soil formation.

Affinity of Sb for Fe-oxides and organic matter: The highest concentration of
Sb in the topsoils associated with the schist of the Malmesbury Group coincides with
high Fe,O; concentrations (section 6.5.3.). The association of Sb and Fe-oxides, which
is also mentioned in Onishi (1969b), was thus suggested. Driel and Smilde (1981)
observed that Dutch fen-peat soils generally have higher Sb concentrations than loess,
mossy-peaty-sand, sandy and clay soils (n = 381). The mean calculated for the fen-peat
soils was 1.6 ppm while the other soil groups had means ranging between 0.4 and
0.8 ppm. The relatively high concentration in the organic-rich fen-peat soils probably
indicates that Sb has a certain affinity for organic matter.

9.27. BARIUM

In rocks and soils: Potassium feldépars are the most important Ba hosts in igneous
rocks. The concentration of Ba in granites is very variable. An overall mean of
732 ppm is reported in Puchelt (1972). The means of the Ba concentrations for shales
range from 250 to 800 ppm. The overall mean of the Ba concentrations in soils is
estimated to be 580 ppm (Sposito, 1989).

During weathering: Leaching experiments with water showed that Ba is easily
released from K feldspar and granite powder. The residence of Ba in the weathering
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solution is mainly restricted by the low solubility of BaSO, and the adsorption of Ba by
clays, Fe-oxides and organic substances. Both increases and decreases of the Ba
concentrations with increasing degrees of weathering have been observed (Puchelt,
1972).

In this study only the concentration 1 M NH,NO, extractable Ba was determined.
The determined concentrations of extractable Ba range between 0.2 and 33 ppm
(n = 86). The vertical and horizontal changes of the extractable Ba concentrations in
the soil are controlled by the factors discussed below.

Role of feldspars: It was shown in Chapter 3 and section 4.4. that the proportion
of feldspars decreases down the topsoil of the granite-derived toposequence. This was
attributed to the increasing degree of weathering and leaching down this toposequence
(Chapter 3; Figure 4.8: text box 2).
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composite samples of the topsoil are
assessed separately.” The samples from the top 15 cm of the soil profiles have lower
[K,O] over [Extractable Ba] values than the composite samples, probably reflecting that
the relatively high proportion of organic matter in the samples from the top 15 cm
retains extractable Ba. In conclusion it is suggested that the proportion of feldspars, if
present, and organic matter are important in determining the concentration of
extractable Ba. This is in support of the laboratory experiments reported in Puchelt
(1972; see above).

Retention ability of the soil: The retention ability of the soil for Ba is
determined by the proportions of clay, Fe-oxides and organic matter (see above).
Higher proportions of these substances may thus result in higher concentrations of
extractable Ba (Table 4.5). In addition it is the pH of the soil which affects the
retention ability. Alkaline soils can retain more Ba than acidic soils (Scheffer and
Schachtschabel, 1989; section 7.5.6.). The affinity of Ba?* ions for clay minerals and
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is strong enough to cause a general
increase of the extractable Ba
concentrations from the underlying rocks to the soils (Table 9.1).

Figure 9.16 shows that samples with high extractable Ba concentrations always
have a minimum concentration of AlL,O, and(or) Fe,O; (£ > 5 %). On the assumption
that high [ALLO, + Fe,0;] values reflect relatively high proportions of Fe-oxides, clay
minerals or feldspars this diagram summarises the importance of these substances for
the accumulation of extractable Ba in the soil (see above). .

9.28. TUNGSTEN

Association with medium and fine sand: Fine textured sediments normally have higher
trace metal concentrations than sandstones. The average concentrations of W in shale
and sandstone are 1.8 and 1.6 ppm, respectively (Turekian and Wedepohl, 1961). This
similarity is unusual and was explained with the assumption that W in sandstones is
concentrated in heavy minerals or clay cement (Krauskopf, 1970). The tendency of W
to have relatively high concentrations in sandy materials is substantiated by the results
of this study:

(a) In the study area, W is one of the few elements which has relatively high
concentrations in the sandy soils on transported underlying materials (Table 9.1; soils
associated with the USGO and coastal sand).

(b) The lateral change of the W levels along the sampling lines often covaries
with the proportion of medium and fine sand (sections 5.5.7., 7.5.2., 7.5.5. and 8.4.3.).

It is deduced that processes which resulted in the relative accumulation of
medium and fine sand also resulted in enrichment of W-hosting minerals. Such
processes are, among others, leaching of soluble constituents during weathering as well
as separation of particles during eluviation and colluvial, aeolian and fluvial transport.
In conclusion it is suggested that considerable proportions of W are hosted by (medium
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and fine) sand-sized and weathering resistant mineral particles, likely to be scheelite or
wolframite.

Concentration from rock-leachates: The lateral change of the W concentration
down the granite-derived toposequence indicated that the concentration of W from
rock-leachates may be the reason for unusually high levels of W at the top of the
toposequence (426 ppm; section 4.5.3.). More detailed research should be undertaken
in order to confirm the dissolved transport of W in the granite-derived toposequence.

Depletion in organic-rich samples: In the coastal sand-derived soils particularly
low levels of Fe,O, and W coincided with high proportions of organic matter. The
association of Fe and W in Fe-oxides was suggested. Higher proportions of organic
matter increase the solubility of Fe and resulted probably in leaching and depletion of
elements associated with Fe-oxides (section 8.4.3.).

Adsorption: The results presented in Table 4.5 indicate that the association of
W with clay, Fe-oxides and organic matter may result in relative enrichment of W
(enrichment factors 1 to 2.5).

Comparison with literature: An overall mean for the concentrations of W in
soils is not given in the references listed in section 9.1. The normal range of
concentrations given in Table 9.1 (4 to 10 ppm) is based on several soil analyses
reported by Krauskopf (1970). The means of the W concentrations for the soil groups
investigated in this study range from 9.2 ppm to 44 ppm, possibly indicating that the
level of W in Western Cape soils is relatively high. This is in agreement with the high
W concentrations in the underlying rocks (Table 9.1) and Robson (1980) and Scott
(1969) who reported high W concentrations and wolframite mineralisation in Western
Cape granites.

9.29. THALLIUM

General: In this study only the concentration of 1 M NH,NO; extractable Tl was
analysed for. Only 36 % of the 88 analysed samples have concentrations above the LLD
(2.7 ppb). The determined concentrations range between 2.8 and 24 ppb. The highest
acceptable Tl concentration for the assessment of polluted soils (30 ppb) is not exceeded
(Table 9.2). The soil samples with the highest extractable Tl concentrations (> 7 ppb)
originate exclusively from fine textured subsoils, probably reflecting the affinity of
dissolved T1 for clay minerals observed elsewhere (De Albuquerque and Shaw, 1972).
The enrichment factor of extractable Tl from the topsoil to the fine textured subsoil
horizons may be as high as 7.8 (Table 4.5).

Loss during soil formation: Biotite and K-feldspars are important hosts of Tl in
granitic rocks (De Albuquerque and Shaw, 1972). The (powdered) granite which
formed the parent material of the toposequence down Klipberg has the highest
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extractable Tl concentration overall (24 ppb). All derived soils, except for the fine
texture subsoils, have Tl levels below the LLD. This may reflect that Tl is readily
released from biotite and feldspar and rapidly leached during soil formation. This
hypothesis is in contradiction to the enrichment of Tl from fresh rocks to their
weathering products, as reported in (De Albuquerque and Shaw, 1972). The analyses
of the total Tl concentrations would be essential in order to draw a definite conclusion.

9.30. LEAD

Enrichment during soil formation: In igneous rocks lead occurs mainly in the structure
of K-feldspars and mica (Wedepohl, 1974). The loss of Pb during weathering may be
as high as 40 % (Figure 4.6, Wedepohl, 1974). The fact that the mean of the Pb
concentrations in the investigated soils is slightly higher than the Pb concentrations in
the underlying rocks reflects that the loss of Pb was relatively small compared to the loss
of major elements (Table 9.1). The relatively small loss is presumably due to the
particularly strong specific adsorption of Pb by clay and Fe-oxides (Scheffer and
Schachtschabel, 1989).

Lateral and vertical changes of the concentrations along the sampling lines: The
results presented in Table 4.5 and sections 5.5.3., 5.6., 7.5.1,, 7.6. indicated that the
retention ability of the soil for Pb, as determined mainly by the proportions of Fe-oxides
and clay, is of major importance in controlling lateral and vertical changes of the Pb
concentration. The concentration of Pb often increases from the top- to the subsoil
because the subsoils frequently have higher proportions of Fe-oxides and clay minerals
than the topsoils. The soils associated with the coastal sands, granites and USGO have
increasing Pb concentrations towards the granite batholiths (sections 4.5.4., 5.5.5. and
7.5.1.). It was, therefore, suggested that the input of granite-derived minerals (e.g.
feldspars) is an important source of Pb and can control the lateral change of its
concentration.

Figure 9.17 shows the covariance of [Al,0, + Fe,O,] and Pb in the investigated
soil samples. On the assumption that high [Al,O, + Fe,O,] values reflect relatively high
proportions of Fe-oxides, clay minerals and(or) feldspars this diagram supports the
importance of these substances for the concentration of Pb in the soil.

Acceptable maximum concentrations: The acceptable maximum concentrations
for the assessment of Pb polluted soils range, dependant on the author, between 100 and
500 ppm (Bundesverband Deutscher Geologen, 1990). The highest lead level
determined in this study is 43 ppm.

1 M NH/NO, extractable concentration of Pb: Only 28 % of the 88 analysed
samples have extractable Pb concentrations above the I:LD (54 ppb). The determined
concentrations range between the LLD and 400 ppb. The acceptable maximum
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USGO (section 5.5.6.) indicated the association of extractable Pb with organic matter.

9.31. THORIUM AND URANIUM

In rocks and during weathering: Thorium and U are both concentrated in biotite,
hornblende and zircon of igneous rocks. During weathering they commonly become
fractionated owing to oxidation of U to the soluble uranyl ion (UO;**). Carbonate ions
strongly complex uranyl ions and may, therefore, increase the solubility of U (Rogers
and Adams, 1969). The low solubility of most U-phosphates can limit the mobility of
U (Vinogradov, 1959). Uranium becomes concentrated in organic-rich sediments. The
concentration of U in coals is well known. Swaine (1990) suggested that U is
predominantly organically bound in coals. In contrast to U the relatively immobile Th
becomes concentrated in residual materials. Braun and Pagel (1994) suggested the
immobilisation of Th in soils as thorianite (ThQ,).

Enrichment of Th and U in the granite-derived subsoil: It was shown that 43 %
of the U and 54 % of the Th was leached during the early stages of weathering; i.e.
from the outcropping granite to the uppermost part of the toposequence (section 4.5.1.;
Figure 4.6). The loss of U and Th is similar to the loss of SiO, (55 %). It was thus
suggested that the hosts of U and Th in the granite are relatively insoluble. A portion
of the Th and U leached from the soil and rock at the top of the soil sequence was
retained by the fine textured subsoil in the lower slope positions. This resulted in the
highest Th and U concentrations overall (Th = 165 ppmand U = 13 ppm; sample 32G
in Figure 9.18). The Th/U ratio increases from 6 in the granite to 13 in the U and Th
enriched subsoil. The stronger enrichment of Th probably indicates that the affinity of
dissolved Th for clay minerals is particularly strong while U passes more easily through
the kaolinite-rich subsoil. The strong affinity of Th for kaolinite is also reflected by the
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sharp increase of the Th
concentration from the coarse
textured topsoils to the kaolinitic
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weathering resistant mineral detritus 1 L L L L
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(section 45.4.). Even though the
significance of this process cannot be
quantified, it is suggested that its
contribution does not account completely for the enrichment in the subsoil because it
was shown that major proportions of Th and U were leached during the weathering of
the granite and were, therefore, available in a dissolved form.

It is further important to bear in mind that accumulation of Th and U to high
concentrations is restricted to the footslope of the toposequence. The concentrations
at Pit 33, which is more distant from the granite, are not above background. It is
concluded that the supply of Th and U from the weathering granite above the
toposequence is essential for the accumulation of Th and U to unusually high

subsoils (enrichment factor 4.6 to 16; g_
Q
)

Figure 9.18: Thorium versus U for all soil
samples. Note the logarithmic scales.

concentrations.

Lateral and vertical changes of the concentrations along the sampling lines:
Similar to many of the previously discussed elements (e.g. Pb; section 9.29.), the
observed variation of the Th and U concentrations is best explained by (a) the
accumulation of these elements in clay- and(or) Fe-oxide-rich soil horizons and (b) the
input of Th and U in the form of granite-derived detritus (Table 4.5; sections 4.5.4.,
5.5.1,555.,5.6.,6.5.6.,7.5.1. and 7.6.). Uranium and Al,O; are correlated in the topsoil
while the covariance in the subsoil is ambiguous (Figure 9.19). It was shown that the
concentration of Al,O, in the topsoils normally increases towards the granite outcrops
(sections 4.5.4., 5.5.1. and 8.4.1.). This was attributed to the input of alumino-silicates
from the granites. The correlation of U and Al,O, in the topsoil, therefore,
substantiates the observations that the input of granitic detritus is an important source
of U. Higher concentrations of Al,O, in the subsoil reflect higher proportions of clay
minerals. The lesser degree of covariance of U and Al O, in the subsoil substantiates
the suggestion that the proportion of clay minerals is not the only factor that controls
the U concentration. The covariance of Th and Al,O; (not shown) is similar to the
covariance of U and AL O, and, therefore, substantiates the importance of the above
mentioned processes in controlling the concentration of Th.
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. in complete fractionation of these
elements during soil formation. The
covariation may be attributed to the observation that both elements are accumulated in
fine textured subsoils and depend on the input of granitic detritus (see above).

Different behaviour during ferruginization: The mean of the Th concentrations
increases from the soils associated with the sediments of the Malmesbury Group to
those associated with the ferruginized materials while the mean of the U concentrations
decreases slightly (Table 9.1). The relatively high concentration of Th in the soils
associated with the ferruginized materials may be the result of higher Th concentrations
in the underlying, fresh rock (not determined). Alternatively it could be speculated that
the strong weathering of the ferruginized materials resulted in accumulation of the
rather immobile Th and in depletion of the more mobile U.

Comparison with literature: Information on the levels of U and Th in soils is
relatively scarce. The normal range of the Th and U concentrations in soils, as given
in Table 9.1, was taken from Swaine (1990) and was first published in' Swaine (1955).
The Th and U concentrations in the investigated soils and rocks are comparable with
the levels reported by Swaine (Table 9.1). It is, however, important to bear in mind that
natural accumulation during soil formation resulted in unusually high concentrations of
U and Th in the field area. This is especially interesting for U because this element is
typically depleted during weathering (see above).

1 M NH,NO, extractable fractions: The concentrations of extractable Th were
not determined. Only 3 of the 88 samples analysed for extractable U have
concentrations above the LLD (30 ppb). The corresponding samples originate from
subsoils associated with different rock-types and have extractable U concentrations
ranging from 57 to 68 ppb. The acceptable U concentration for the assessment of
polluted soils is 40 ppb. A harmful affect on any of the soil functions listed in Table 9.2
is unlikely because the recommended maximum concentration is not greatly exceeded.
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9.32. TIME

General: The importance of the role of time in the formation of soils was recognised
by Jenny (1941) who wrote: "The estimation of relative age or degree of maturity of soils
is universally based on horizon differentiation. In practice, it is generally maintained
that the larger the number of horizons and the greater their thickness and intensity the
more mature is the soil. ... it is evident that the issues centre around the factor time in
soil formation".

One method of studying the effects of time as a soil-forming factor is to recognise
and investigate a chronosequence, wherein all soil-forming factors except for time are
constant or vary ineffectively. Thus, observed differences between soils can be related
to the lapse of different periods of time since the initiation of soil formation. Results
can only be meaningful and comparable if it is possible to assign ages to various ground
surfaces with a reasonable degree of accuracy (Stevens and Walker, 1970). In the
present study no attempt was made to determine the age of the sampled soils.
Therefore, any attempt to discuss the importance of time in the formation of the
sampled soils would be speculative. Nevertheless, the effect of time has been discussed
qualitatively in relation to the soils associated with the granite, USGO and Malmesbury
sediments.

Lapse of time during gravitational transport (summarised from sections 4.5.2.,
4.54. and 6.5.3.): The slope of the toposequences on granite, phyllite and schist was
steep enough (between 75 and 100 %o) to suggest gravitational soil transport. For the
toposequence on schist this was confirmed by the presence of granitic fragments in the
lower slope positions (Pit 38; Figure 6.1).

The concentrations of Li, Be, F, Na,O, MgO, AlO,, P,O,, S, K,0O, Ca0, TiO,, V,
Cr, Mn, Fe,0,, Ni, Cu, Zn, Rb, Sr, Y, Zr, Nb, Sn, Sb, Pb, Th and U (Group-I elements)
decrease down the topsoils of the toposequences on granite and phyllite. This decrease
coincided with depletion of finer particles, feldspars and organic matter. It is
hypothesised that continuous soil weathering, leaching and eluviation during
gravitational transport of the topsoil caused the gradual depletion of the soil components
listed above. The transport of the soil requires time; i.e. the soil components at the
bottom of the sequence were exposed for longer to the processes of weathering and soil
formation than the components at the top of the sequence. Accepting the hypothesis
as explained above, it can be concluded that the time period available for weathering,
leaching and eluviation may partly account for the depletion of the elements and soil
components listed above. It is important to keep in mind that time is not the only soil
forming factor that varies down the toposequence. The contribution of time to the
formation of these soils can thus not be quantified.

Colluviation down the toposequence on schist and admixture of minerals and
their associated elements from the underlying material into the topsoil probably caused
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the concentrations Li, Be, Na,0, MgO, ALO,, §, K,O, CaO, TiO,, Mn, Co, Ni, Cu, Zn,
Br, Rb, Sr, Y, Nb, S, I, U and NH,NO, extractable Na, Mg, P, K, Ca, Ni, Zn, Ba and
Tl (Group-II elements) to increase down the toposequence. A comparison of the
elements in Group-I and Group-II shows that many elements which have decreasing
concentration down the toposequences on granite and phyllite have increasing
concentration down the toposequence on schist. This may simply reflect the fact that
the effect of time as a factor for soil chemical composition is variable.

Chemistry of soils on USGO as affected by time (summarised from sections 5.3.
and 5.5.5.): The topography, particle size distributions and geochemical results agree
with the hypothesis that the age of the soil increases from the floodplain towards the
slightly higher-lying areas near the granite complex. The geochemical results showed
that the supposedly older subsoil has lower CaO, K,O and Na,O concentrations and
higher AlL,O,, P,O;, TiO,, V, Cr, Fe,0;, Zn, As, Rb, Y, Nb, Sn, Pb and Th concentrations
than the younger subsoil. This was partly attributed to the complete alteration of
feldspars and(or) micas into secondary clay minerals and oxides in the older soils. More
soluble constituents which could not be retained by the soil (e.g. Ca, K and Na) became
leached while the less soluble elements (e.g. Al, P, Ti, Cr, Fe, Sn and Pb) became
relatively enriched as the alteration of primary minerals to pedogenic clay minerals and
Fe-oxide gravel progressed. It is thus suggested that the age of the soil is one important
control for the concentrations of the elements listed above. The higher concentration
of Al, Fe and Ti in the older soils would be in agreement with various other authors
who have studied the geochemical changes in soils with time (Nesbitt and Young, 1989;
Young et al., 1987; Kesel and Spicer, 1985).

9.33. PARENT MATERIAL

General: Soil parent materials vary with respect to many characteristics (Fanning
and Fanning, 1989). Some of the most important characteristics for the formation of
soils are texture, mineralogy and degree of consolidation of the parent material. The
effects of parent material are more obvious if a soil is young. As the soil becomes
older, inherited properties typically become less obvious as the environment molds the
soil. Inherited resistant minerals, however, may endure even after the soil is old. The
properties of the parent materials are also important in controlling the direction and
rate of soil genesis.

Other authors: Litaor er al (1989) investigated a lithosequence in the
northeastern Samaria steppe (Israel). Seventeen soil samples were analysed for pH,
electrical conductivity, alkalinity, soluble ions (Na, K, Ca, Mg, Cl), cation exchange
capacity, exchangeable cations (Na, K, Ca, Mg), organic matter, water retention, calcium
carbonate and several particle size classes. The exchangeable sodium percentages were
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calculated. A Factor Analysis was used to show that different quantities of clay, salt and
calcium carbonate were the main controls of the physical and chemical differences
between the soils. The quantities of clay, salt and calcium carbonate were related to
different underlying materials.

The importance of the underlying material for the soils in the study area was
emphasised by Talbot (1947), Lambrechts (1979) and Schloms ez al. (1983). Mr J.J.N.
Lambrechts (Department of Soil Science, University of Stellenbosch; pers. comm., 1990)
suggested grouping the soils of the study area according to the underlying material as
listed below:

Group-I: Deep sandy soils derived from recent ¢oastal sands.

Group-II: Duplex soils of the flat terrain, associated with unconsolidated
sands of (partly) granitic origin.

Group-III: Soils associated with ferruginized materials of Miocene to Pliocene
age.

Group-1V: Soils of the undulating, hilly terrain associated with granitic rocks.

Group-V: Soils of the rolling terrain associated with the sediments of the

 Malmesbury Group.

In this study: The importance of the parent material in determining the abundance of
elements in the sampled soils was initially ascertained when a preliminary set of samples
was analysed for Ni, Cu, Zn, As, Se, Br, Rb, Sr, Zr, Nb, Mo, W, Pb, Th and U
(section 2.2.). Various multivariate statistical methods showed that many elements have
significantly different concentrations in soils associated with different underlying
materials.

This was confirmed when individual elements were discussed earlier in this
chapter (Table 9.1). The soils associated with sandy underlying materials (USGO and
coastal sands) inherited high proportions of quartz sand and thus have lower retention
capacities than the other soils. The concentration of SiO, is typically high in these soils
while most other elements have relatively low concentrations. The soils associated with
granite inherited feldspars which were partly altered to clay minerals. The clay minerals
present in the soils on the sediments of the Malmesbury Group are both pedogenic and
inherited (Chapter 3). The relatively high proportions of clay minerals and Fe-oxides
in the soils on granite and sediments of the Malmesbury Group resulted in lower
concentrations of SiO, and presumably in higher retention capacities, explaining the
relatively high concentrations of most other elements (Table 9.1).

A Principal Component Analysis was used to demonstrate the geochemical variance
of 77 soil and associated rock samples (Figure 9.20). Principal Component 1 (PC 1)
explains 36 % of the total variance and correlates negatively with Si and positively with
Mg, AL, Ti, V, Cr, Fe, Ni, Cu, Zn, Y and Pb ("Quartz Negative; Clay and Oxide Positive
Component”). Subsoils which have high proportions of clay and(or) sesquioxides have
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high PC 1 values while sandy topsoils have low values. It was inferred that the variation
explained by PC 1 is partly due to the accumulation and loss of clay minerals,
sesquioxides and quartz during soil genesis. However, it can also be seen in Figure 9.20
that the highest PC 1 values are exclusively due to soils associated with the sediments
of the Malmesbury Group and the ferruginized materials while the lowest values
correspond to the soils associated with the sandy underlying materials (coastal sands and
USGO). It is inferred that both the underlying material and pedogenic processes are
important in controlling the concentrations of the elements represented by PC 1.

Principal Component 2 (PC 2) accounts for 18 % of the total variance, correlates
with F, Na, K, Rb, Nb, Mo, Th and U and has been named "Granitic Component".
Granite-derived soil samples have high PC 2 values while all other soil groups have low
values. Variations in the values of PC 2 mainly represent different stages of weathering
of a granitic parent material.

It is concluded that the different parent materials accounted for a substantial
portion of the chemical variance explained by PC 1 and PC 2. The parent material is
thus a soil forming factor of major importance for the investigated soils.

PC 1 accounts for 36 % of the variance
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Figure 9.20: Principal Component Analysis of the chemical composition of soils and
parent rocks. Principal Component 1 (PC1) explains 36 % of the total variance and
correlates negatively with Si and positively with Mg, Al, Ti, V, Cr, Fe, Ni, Cu, Zn, Y and
Pb ("Quartz Negative; Clay and Oxide Positive Component”). Principal Component 2
(PC 2) accounts for 18 % of the total variance, correlates with F, Na, K, Rb, Nb, Mo,
Th and U and has been named "Granitic Component’.
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9.34. TOPOGRAPHY

General: Topography, or local relief, controls much of the distribution of soils in the
landscape. This can result in markedly contrasting soils merging laterally with one
another and yet be in equilibrium under existing local conditions (Birkeland, 1974). It
has become clearer in the past decades that soils are interdependent and the processes
that occur in the soils of the higher lying portions of the landscape have an influence on
soils that occur in the lower parts of the landscape (Hugget, 1975; Ruhe and Walker,
1968). Most of the soil properties that vary with topography are controlled by aspect,
shape and gradient of slope, elevation, soil age and drainage conditions. Processes such
as erosion and deposition (colluviation), lateral leaching and precipitation, lateral
eluviation and illuviation, and alluviation cause typical differences between soils which
occupy different topographic positions (Buol et al, 1989; Fanning and Fanning, 1989;
Hall, 1983).

The geochemistry of the sampled soils as affected by hillslope processes: In this
study many soils were sampled along relatively steep toposequences (40 to 100 permille).
It was demonstrated that the chemical and physical properties of soils in different
topographic positions are substantially different. Possible reasons for the changes down
the toposequences have been discussed at length earlier. The following processes were
identified as being of probable importance:

(a) The evaporation of soil water in the lower slope positions often resulted in
higher concentrations of soluble elements (e.g. Na, S, Cl, Br and I).

(b) The erosion, transport and deposition of solids, as well as the solution and
precipitation of solubles, by throughflow water resulted in translocation of particles and
chemical elements. In the granite-derived toposequence relatively fine particles and
elements such as S, V, As, Se, Br, Th and U were depleted in the upper part of the
toposequence and accumulated in the subsoil at the footslope.

(c) Transportation of soil by gravity was suggested. Continuous weathering,
leaching and eluviation caused the concentrations of most major and trace elements to
decrease from the top to the bottom of the toposequence (topsoil). The depletion of
elements coincided with weathering of feldspars and eluviation of organic matter and
clay. The data for the toposequence on schist, however, indicated that colluviation down
a toposequence may result in admixture of weathering products from the underlying rock
into the topsoil, and may cause increasing elemental concentrations down a
toposequence. v

(d) It was previously mentioned (e.g. section 9.32.) that the data for the soils
associated with the USGO agree with the hypothesis that the age of the soil increases
from the floodplain towards the slightly higher-lying areas near the granite exposures.
The supposedly older soils in the slightly higher-lying areas were exposed to the
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processes of weathering for longer time periods. Insoluble elements were relatively
enriched whereas more soluble elements were depleted in the older soils. A list of the
affected elements is given in section 9.32.

9.35. CLIMATE, BIOTA AND MAN

Climate: The climatic factor is often considered to be the most important in
determining the properties of many soils (Birkeland, 1974). On a global scale climatic
and soil gradients seem to be congruent, judging by similarity of patterns on world soil
maps and climatic maps (Buol et al, 1989). On a smaller scale and within one climatic
zone other soil forming factors become much more important. Nevertheless, different
microclimatic conditions, such as wind, aspect and shade, may greatly affect soil
formation.

All sampling locations lie within the Coastal Foreland, a smoothly undulating
coastal plain with a maximum elevation of less than 200 m. The surface is, however,
broken by a number of granite batholiths. The macro-climatic conditions in the field
area (temperature and precipitation) are considered fairly homogeneous and are
described in section 1.7. Possible effects of slightly different temperatures and
precipitation rates on the sampled soils would be negligible compared to the effects of
slope position and parent material. It was thus not possible to evaluate the importance
of small climatic differences between the sampling sites.

The ferruginized materials are considered to have been preweathered during a
tropical climate in the earlier Cenozoic. Minerals susceptible to weathering were
altered to form Fe-oxides, Al-oxides and kaolinite. The chemical properties of the
ferruginized materials, as induced by the palaeoclimate, were partly inherited by the
overlying soils (Chapter 7). |

Biota: The interactions between soil and biota are complex. Animals and plants
live in and on soils and depend upon them as a source of food. The habitation of soils
by plants and animals controls nitrogen and carbon cycling and causes different forms
of bioturbation. Biota are thus considered an important soil forming factor. The most
conspicuous evidence of biota affecting soils in the Coastal Foreland is the abundant
occurrence of earth mounds, colloquially called "heuweltjies". An examination of earth
mounds close to the field area indicated that they are well-established active termitaria
of the harvester termite Microhodotermes viator. The most obvious effects on the soils
were bioturbation and calcretisation (Moore and Picker, 1991).

In this study sampling sites were selected to eliminate, as far as possible, the
effects of termites, molerats and other burrowing animals. In two cases, however, soils
showed signs of bioturbation. These were the burrow in the soil profile at Pit 47
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(Chapter 7) and the molehills close to Pit 33 (Chapter 4). In both cases the
bioturbation had no apparent effect on the observed geochemical trends.

Man: The impact of humans on soils is manifold. In the study area impacts are
mainly caused by agricultural activities. Cultivation may result in compaction and
erosion of soils. Gully erosion is an obvious phenomenon in the field area and was
surveyed by Talbot (1947).

- The application of agro-chemicals often introduces toxic substances into soils.

In this study sampling sites were selected to minimise the effects of cultivation

(section 2.2.). It some cases, however, samples had to be taken from cultivated soils.

~ Only the results for V, Cr, Sn and Cd gave reason to speculate about soil contamination.

Rates of aerial deposition of toxic substances are probably close to background
because of the lack of industry in the field area.



CHAPTER 10.

CONCLUSIONS AND RECOMMENDATIONS

FOR FUTURE RESEARCH
L |

The aim of this study was to investigate the geochemistry of some common Western
Cape soils. Very little was previously known about the geochemistry of Western Cape
soils and this thesis was primarily a reconnaissance study. It was, therefore, not
attempted to focus on any particular elements or to prove or disprove existing pedogenic
hypotheses. The broad nature of this study resulted in an array of observations,
conclusions and hypotheses in different fields of geochemistry and soil science, many of
which still require confirmation. Observations and conclusions are summarised in
section 10.1, and some hypotheses with recommendations for future research are given
in section 10.2.

10.1. CONCLUSIONS

Importance of the underlying material for sampling strategy: Various statistical tests
on a preliminary data set indicated that the underlying material is the most important
factor in determining the composition of the overlying soils. Soils from all abundant
underlying materials were sampled in order to cover the largest possible proportion of
the total chemical variance with a limited number of soil samples.

Extensive cultivation of the soils in study area: The degree to which the field
area is cultivated is remarkable. Extensive field excursions were undertaken to locate
suitable uncultivated sampling sites. It was realised that it is generally difficult, and for
the soils associated with the USGO and the ferruginized materials impossible, to find
sampling sites which are characterised by uncultivated, common soil types. However,
in all instances sampling sites were selected to eliminate, as far as possible, the effects
of cultivation.

Leaching experiments: Several leaching methods were compared in order to find
the technique which was most suitable for the present study. It was found that results
obtained using differently pretreated samples or using different leaching methods were
substantially different. Extraction with 1 M NH,NO, (Appendix-II) was found to be
most suitable to quantify (a) the proportion of an element which is "readily mobilised"
and (b) the environmental risk associated with contaminated soils. It is, however,
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important to note that the NH,NO, matrix resulted in relatively high detection limits
and that many of the investigated elements had concentrations mainly below the LLD.

Combination of particle size classes: A rotated Principal Component Analysis
proved to be a useful statistical technique for reducing the overall number of particle
size classes in a way that minimised the loss of variance. Although the number of
particle size classes was reduced from 13 to 6, the accompanied loss of variance was less
than 10 percent. '

Data base of best possible background concentrations: Two important aims of
this study were to produce a geochemical data base for the use of other scientists and
to provide the best possible background concentrations of a range of elements. The
mean, minimum and maximum concentrations, and the corresponding standard
deviations, of all investigated elements have been reported separately for soils associated
with different underlying materials. Analytical results for soils underlain by the same
geological materials but from different locations are still needed in order to examine
how representative the reported concentrations are. Although the presented mean
concentrations may be influenced by various forms of soil pollution only the results for
V, Cr, Sn and Cd gave reason to speculate about such contamination (section 10.2.).

Lateral and vertical changes of the soil characteristics were best explained by:

(a) Affinity of trace elements for organic matter, clay minerals and Fe-oxides. Most
trace metals have higher concentrations in soil horizons with higher proportions of clay
minerals. Phosphorus, S, V, Fe, As, Se and Cr are typically enriched in soils with high
proportions of Fe-oxides. The elements Mg, P, §, K, Ca and Mn and the 1 M NH,NO,
extractable fractions of P and Ca often have increasing concentrations from the subsoil
to the relatively organic-rich topsoil. An affinity with organic matter was thus suggested.

(b) Retention of dissolved elements from evaporating water. Lateral changes in the
concentrations of Na, S, C|, Br, I and NH,NO, extractable Na, Mg, P, S, K, Ca, Zn and
T1 are commonly controlled by the retention capacity and the slope position of the soil.
Higher concentrations occur in soils which have higher proportions of relatively fine
particles and organic matter and(or) occupy the lowest slope position. ‘Manganese and
extractable Ni, Ba, Al and Fe sometimes show the same behaviour. It was concluded
that the retention capacity of the soil for water and dissolved solids, and the evaporation
of throughflow water or uplifted ground water from the soil, are important in
determining the observed lateral changes in elemental concentration.

(c) Aeolian, fluvial and colluvial input of detritus. The soils associated with the
granites, USGO and the coastal sands have increasing concentrations of numerous major
and trace elements towards the potential sources of relatively fresh detritus. It was
concluded that the aeolian, fluvial and colluvial input of mineral detritus from the beach
and nearby granites is an important factor in determining the observed lateral changes
in elemental concentration.
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(d) Transportation of soil by gravity. Downslope geochemical changes in
toposequences with steeper average gradients (> 40 %eo) were closely related to hillslope
processes. It was proposed that the soil of the granite-derived toposequence was
subjected to gravitational transport. The continuous weathering, leaching and eluviation
of the soil during transport caused the concentrations of most major and trace elements
to decrease with increasing distance from the granite. The continuous loss of Na, Al,
K and Ca and relatively fine particles resulted in high concentrations of Si and high
proportions of coarse sand in the most leached soil at the lowermost slope position.

(e) Various effects of throughflow water. The results suggested that leachates from
granites outcropping above the Klipberg toposequence infiltrated into the soil at the top
of the sequence. The flow of water continued down-slope in the form of throughflow.
This throughflow water was a source of trace elements. Their adsorption and(or)
precipitation resulted in high concentrations of S, V, As, Se, Br, Th, U in the soil.
Leaching of elements by throughflow provided the best explanation for the low
concentrations of the 1 M NH,NO, extractable element fractions at the footslope.
Preferential eluviation and illuviation of relatively fine particles caused lateral changes
in the particle size distributions within the granite-derived toposequence, and probably
partly determined the lateral change of elemental concentrations in the toposequence
associated with the ferruginized materials.

Extensive loss of elements during the very early stage of weathering: Chemical
changes from the outcropping granite to the upper limit of the soil cover of the Klipberg
toposequence indicated a major loss of the more soluble elements during the early
stages of weathering (losses in percent: Na: 72, Ca: 63, K: 61, Si: 55 and Mn: 44).

Retention of mineral-released elements by organic matter: The tendency of
elements to become leached from the coastal sand-derived soil was Rb > K > Na >
P > Al > Mg > Sr = Ca. The results suggested that large proportions of the Ca, Mg
and P released from their primary host minerals were retained by organic matter.

Pedogenic accumulation of elements to high concentrations: Pedogenic processes
alone accounted sufﬁéiently for high concentrations of As and Se. High concentrations
F, Sb and 1 M NH,NO; extractable V were not indicative of soil pollution. The
maximum concentrations of the elements mentioned above exceeded recommended
maximum levels for the assessment of polluted soils. It was concluded that
recommended maximum concentrations can only be considered as guidelines, and not
as absolute limits.

10.2. RECOMMENDATIONS FOR FUTURE RESEARCH

Granite-derived toposequence: In the granite-derived toposequence trace elements
accumulated together with Fe-oxide concretions. Leachates from the granite outcropping
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above the toposequence were proposed as important sources of accumulated S, V, As,
Se, Th and U. It was speculated that the transportation of the Fe-oxide concretions by
gravity and their subsequent breakdown due to reducing conditions at the footslope
could be a potential source of trace elements for the underlying subsoil and the ground
water. More information is needed to provide better evidence for this hypothesis:

(a) More comprehensive field observations. More observation points (pits or
trenches) could provide information that is needed in order to determine (a) whether
the Fe-oxide concretions are included in the gravity transport; (b) whether the vertical
succession from hard Fe-oxide concretions to soft concretions and further to mottles at
the footslope reflects the formation or the breakdown of the Fe-oxide concretions; and
(c) what form of gravitational transport takes place.

(b) Geochemical changes of granite with increasing depth. A drill core of the
granite above the toposequence could be analysed for S, V, As, Se, Th and U at
different depths. Increasing concentrations with increasing depth would confirm that
surficial leaching of the granite is an important source of the corresponding elements.
Constant concentrations would indicate that atmospheric deposition of elements, or
some other process, is significant and important in order to explain the high
concentrations of the corresponding elements in the soil.

Proton microprobe analyses of Fe-oxide concretions: The change of the
concentrations of the anomalous trace elements along sections through individual
Fe-oxide concretions could be determined. The results could reflect fluctuations of the
element supply to the soil and, therefore, provide a possible indication of either
fluctuations in atmospheric deposition or different rates of leaching of the granite.

Soils associated with the sediments of the Malmesbury Group: The results
showed that the elements Li, Be, Mg, Al, S, K, Ca, Ti, Mn, Ni, Cu, Zn, Rb, Sr, Y, Nb,
Sn, U and 1 M NH,NO, extractable K, Ca and Ba may have increasing and decreasing
concentrations down a toposequence. It was suggested that colluviation down the
toposequence associated with schist resulted in admixture of weathering products from
the underlying rock into the topsoil and caused increasing concentrations down the
slope. The decrease of the concentrations of the same elements down the toposequence
associated with phyllite may be the result of continuous eluviation during gravitational
transport. The strong eluviation of the toposequence on phyllite may be favoured by
very high percentages of gravel and higher exchangeable sodium percentages.

Many of the elements listed above are important nutrients. More research
should be directed in order to investigate in more detail why eluviation of finer particles
and removal of nutrients from the topsoil predominates in the toposequence associated
with phyllite while admixture of finer particles and nutrients from the underlying
material into the topsoil predominates in the toposequence associated with schist. The
two toposequences are similar with respect to aspect, gradient and shape of the slope
and climate. Both toposequences are underlain by a clay-rich metamorphosed sediment.
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The clay mineralogy and the structure of the soil are important determinants of the
permeability and should be investigated in greater detail. The toposequence associated
with phyllite is used for crop production while the toposequence associated with schist
is vegetated with shrubveld. The possible effects of cultivation and vegetation type with
regard to eluviation and colluviation should be considered when examining the possible
reasons for the observed differences between the toposequences.

Dissolved transport of tungsten: This study suggested that W is commonly
hosted by sand-sized, weather-resistant mineral particles, likely to be scheelite or
wolframite. However, high concentrations of W (426 ppm) in the granite-derived
toposequence gave reason to speculate about the occurrence of acidic leaching, dissolved
transport and precipitation or adsorption of W. The possible transport of W in acidic
solutions and its concentration in certain soil horizons requires further research. This
should include a confirmation of the analytical results reported in this study and the
identification of the tungsten-hosting components in rock and soil. Tungsten analyses
of surface run-off and throughflow water could provide important evidence for the
transport of W in solution.

Ages of the soils associated with the USGO: Field observations, particle size
distributions and the geochemical results could have indicated that the age of the soils
associated with the USGO increases from the floodplain towards the Darling granite
complex. Absolute age determinations and(or) more detailed mapping are required to
substantiate this hypothesis.

Possible Cd contamination by fertilisers: The results obtained for the soils
associated with the sediments of the Malmesbury Group gave reason to speculate about
a link between fertilisation and higher concentrations of 1 M NH,NO, extractable Cd.
Research should be directed to investigate in greater detail this possible link.

Geochemistry and pH values of the coastal sand-derived soil: Results for the
coastal sand-derived soils indicated abrupt lateral geochemical changes and that the
occurrence of shallow and reducing ground waters can cause acidification of the
overlying soil. This could have important implications for the indigenous fynbos
vegetation and should be examined in more detail.

Extractable Co: The concentrations of the extractable element fractions normally
increase from the topsoils to the fine-textured subsoils. Several hypotheses were
presented to explain the conspicuous decrease in the concentration of 1 M NH,NO,
extractable Co with increasing soil depth. The anomalous behaviour should be
investigated in more detail because Co is an environmentally significant element.

Elements which have relatively low or high concentrations in the investigated
soils: A comparison of the mean elemental concentrations with levels reported in the
literature indicated that the investigated soils generally have high As, Br and W
concentrations. The concentrations of Li, Na, Mg, Mn, Co, Ni, Cu and Zn are relatively
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low. Further research is necessary to confirm these results and to investigate whether
the anomalous concentrations affect plant, animal or human health.

Possible link between low Zn, Cu and Se concentrations and kwashiorkor: There
has been a debate in the literature about the connection between low daily Se intakes
and low Se blood levels with higher susceptibilities to kwashiorkor (Hadjimarkos, 1965;
“Waterlow, 1965; Schwarz, 1965; Burk et al., 1967). Kwashiorkor occurs frequently in the
Western Cape and it was observed that kwashiorkor patients in this region have low Zn,
Cu and Se blood levels (Prof. Heeser, Red Cross Children’s Hospital, Cape Town,; pers.
comm., 1990). Possible relationships between areas with high frequencies of kwashiorkor
and soils with lower concentrations of Zn, Cu and(or) Se should be investigated.
Elemental concentrations in crops and drinking water should also be determined.

The relatively high LLD for the analysis of total Se (0.8 ppm) made it impossible
to determine whether the concentrations of Se in the soils of the field area are generally
lower than the mean concentration of Se in soils (0.4 ppm; Sposito, 1989). The high
LI Ds for the analysis of 1 M NH,NO, extractable Se experienced in this study could be
lowered by using the hydride generation method.



227
REFERENCES CITED

ADRIANO, D.C. (1986): Trace elements in the terrestrial environment. Springer
Verlag, New York. :

AFYUNI, M.M,, CASSEL, D.K. and ROBARGE, W.P. (1994): Lateral and vertical
bromide ion transport in a Piedmont landscape. Soil Sci. Soc. Am. J., 58: 967-74.

AHRENS, L H. and ERLANK, AlJ. (1969): Bismuth. In: Handbook of geochemistry
~ (section 83; editor: Wedepohl, K.H.). Springer Verlag, Berlin.

AJTMONE MARSAN, F., BAIN, D.C. and DUTHIE, D.M.L. (1988): Parent material
uniformity and degree of weathering in a soil chronosequence, northwestern Italy.
Catena, 15: 507-17. '

ALLOWAY, B.J. (1993): Heavy metals in soils. Blackie, London.

AUBERT, H. and PINTA, M. (1977): Trace elements in soils. Elsevier Scientific,
Amsterdam.

AXELSON, E. (1973): Congo to Cape: early portuguese explorers. Faber and Faber,
London.

BARROW, J. (1806): Travels into the interior of Southern Africa. Cadell and Davies,
London.

BARTLETT, R. and JAMES, B. (1980): Studying dried, stored soil samples - some
pitfalls. Soil Sci. Soc. Am. J., 44: 721-4.

BERTIN, E.P. (1975): Principles and practise of X-ray spectrometric analysis. Plenum
Press, second edition. .

BILLINGS, G.K. (1970): Rubidium. In: Handbook of geochemistry (section 37; editor:
Wedepohl, K.H.). Springer Verlag, Berlin.

BIRKELAND, P.W. (1974): Pedology, weathering and geomorphological research.
Oxford University Press, New York.

BLUME, H.P. (1992): Handbuch des Bodenschutzes. Ecomed, second edition,
Landsberg/Lech.

BOUCHER, C. (1987): A phytosociological study of transects through the Western Cape
Coastal Foreland. Ph.D. thesis, University of Stellenbosch.

BOWEN, H.J.M. (1979): Environmental chemistry of the elements. Academic Press,
London.



228

BRAKENSIEK, D.L. and RAWLS, W.J. (1994): Soil containing rock fragments: effects
on infiltration. Catena, 23: 99-110.

BRAUN, J.J. and PAGEL, M. (1994): Geochemical and mineralogical behaviour of
REE, Th and U in the Akongo lateritic profile (SW Cameroon). Catena, 21: 173-77.

BRIDGEMAN, D., PALMER, 1. and THOMAS, W. (editors; 1992): South Africa on
a leading edge? A guide to the Western Province economy, Wesgro, Cape Town.

BROUWER, 1D., BACKER DIRKS, O., DE BRUIN, A. and HAUTVAST, J.G.AJ.
(1988):  Unsuitability of World Health Organisation Guidelines for fluoride
concentrations in drinking water in Senegal. The Lancet, 8579: 223-25.

BRUCE, R.W. and BEUKES, D.J. (1992): Effects of parent rock and cultivation on
element status and other properties of soils in two landtypes in the Western Transvaal.
Proceedings of the 17th Congress of the Soil Science Society of SA, Stellenbosch,
January, 1992.

BRUNE, H. and ELLINGHAUS, R. (1982): Schwermetallgehalte in landwirtschaftlich
genutzten Ackerbdden Hessens.  Landwirtschaftliche Forschung (Sonderheft),
38: 338-49.

BRUNKE, E.G. (1973): Some geochemical aspects of weathering profiles of Cape
granite and associated minerals. Unpublished honours project. Department of
Geological Sciences, University of Cape Town.

BUHMANN, C. and KIRSTEN, W.F.A. (1991): The mineralogy of five weathering
profiles developed from Archaean granite in the eastern Transvaal, Republic of South
Africa. S. Afr. J. Plant Soil, 8(3): 146-52.

BUNDESVERBAND DEUTSCHER GEOLOGEN (1990): H6chstmengenwerte fiir
Schadstoffe in Boden, Grundwasser und Luft. Schriftenreihe des BDG Nr. 5, Bonn.

BUOL, S.W,, HOLE, F.D., McCRACKEN, R.J. (1980): Soil genesis and classification.
Second edition, Iowa State University Press, Ames.

BUOL, S.W,, HOLE, F.D., McCRACKEN, R.J. (1989): Soil genesis and classification.
Third edition, Iowa State University Press, Ames.

BURK, R.F., PEARSON, W.N., WOOD, R.P. and VITERY], F. (1967): Blood-selenium
levels and in vitro red blood cell uptake of “Se in Kwashiorkor. Am. J. Clinical
Nutrition, 20(7): 723-33.

CAMPBELL, B.M. (1985): Montane vegetation structure in the fynbos biome. Ph.D.
thesis, Rijksuniversiteit te Utrecht.



229

CONACHER, A.J. (1975): Throughflow as a mechanism responsible for excessive soil
salinisation in non-irrigated, previously arable lands in the Western Australian
Wheatbelt: a field study. Catena, 2: 31-68.

COWLING, R.M. (1992): The ecology of fynbos. Oxford University Press, Cape Town.

DATE, AR. and GRAY, AL. (editors; 1989): Applications of Inductively Coupled
Plasma Mass Spectrometry. Chapman and Hall, New York.

DAVIES, BE (1980): Applied soil trace elements. Wiley-Interscience, Chichester.

DEACON, HJ. (1983): The peopling of the Fynbos Region. South African National
Scientific Programmes Report, 75: 183-204.

DE ALBUQUERQUE, C.A.R. and SHAW, D.M. (1972): Thallium. In: Handbook of
geochemistry (section 81; editor: Wedepohl, K.H.). Springer Verlag, Berlin.

DENNEN, W.A. (1966): Stoichiometric substitution in natural quartz. Geochim.
Cosmochim. Acta, 30: 1235-41.

DENT, R.H. (1973): A geochemical investigation of weathering profiles of the Cape
granite. Unpublished honours project. Department of Geological Sciences, University
of Cape Town.

DIVISION OF SOILS, CSIRO (1983): Soils: an Australian viewpoint. CSIRO,
Melbourne Academic Press, London.

DODDS, H.A. (1994): The fate and geochemistry of vanadium in effluent-treated soils.
M.Sc. thesis (unpublished), Department of Geological Sciences, University of Cape
Town.

DUNCAN, A.R. (1975): TRACE. Department of Geological Sciences, University of
Cape Town.

EIDGENOSSISCHES DEPARTMENT DES INNEREN (1986): Verordnung iiber
Schadstoffgehalte des Bodens, Bern.

ELLIS, F., SCHLOMS, B.H.A., RUDMAN, R.B. and OOSTHUIZEN, A.B. (1979): Soil
association map - Western Cape (1:250000; unpublished preliminary version).
Department of Agriculture and Water Supply, Elsenburg.

EPA US (ENVIRONMENTAL PROTECTION AGENCY OF THE UNITED
STATES; 1990): Toxicity characteristic leaching procedure (TCLB). US Gout.
Documents, 40 CFR Ch. 1 (7-1-90 Edition), Part 261, Appendix-II.



230

ERLANK, AlJ., SMITH, H.S., MARCHANT, J.W.,, CARDOSO, M.P. and
AHRENS, L.H. (1978): Zirconium. In: Handbook of geochemistry (section 40; editor:
Wedepohl, K.H.). Springer Verlag, Berlin.

FANNING, D.S. and FANNING, M.C.B. (1989): Soil: Morphology, genesis and
classification. John Wiley, New York.

FAURE, K. (1993): Mineralogy and geochemistry of the carbonaceous mudstones, and
coal petrogenesis of the Grootegeluk Formation in the Waterberg coal field, South
Africa. Ph.D. thesis, Department of Geological Sciences, University of Cape Town.

FIEDLER, H.J. and ROSLER, H.J. (editors; 1987): Spurenelemente in der Umwelt.
Gustav Fischer Verlag, Jena.

FISCHER, W.R. and CRAM, S. (1994): Behaviour and analysis of chromium in soils.
Transactions of the 15th International Congress of Soil Science, Acapulco, Mexico,
Volume 3A, Commission II, p 181.

FRONDEL, C. (1962): Dana’s system of mineralogy. Volume III: Silica Minerals, John
Wiley, New York.

FUGE, R. (1974): Chlorine. In: Handbook of geochemistry (section 17; editor:
Wedepohl, K.H.). Springer Verlag, Berlin.

GENTHE, R.1. (1987): The geology of the inner continental shelf and Agulhas Arch:
Cape Town to Port Elizabeth. Bulletin: Joint Geological Survey and University of Cape
Town (Marine Geoscience Unit), 20: 1-129.

GERRARD, J. (1992): Soil Geomorphology: An integration of pedology and
geomorphology. Chapman and Hall, London.

GLAZOVSKAYA, M.A. (1968): Geochemical landscapes and types of geochemical soil
sequences. Trans. 9th Int. Congress Soil Sci. Adelaide, 4: 303-12.

GORBANOV, S.P. (1994): Distribution of metal microelements by genetic soil horizons
as depending on profile differentiation. Transactions of the 15th International Congress
of Soil Science, Acapulco, Mexico, Volume 6b, Commission V, 109-110.

GREEN, J. (1959): Geochemical table of elements for 1959. Bull. Geol. Soc. Am.,
70: 1127-84.

GREEN L.G. (1949): In the land of the afternoon. H.B. Jimmins, Standard Pres§ Ltd.,
Cape Town.

HADJIMARKOS, D.M. (1965): Selenium content of fish flour in relation to
kwashiorkor and dental caries. Lancet, i: 605.



231

HALL, G.F. (1983): Pedology and geomorphology. In: Pedogenesis and soil taxonomy,
L. Concepts and interactions (editors Wilding, L.P., Smeck, N.E. and Hall, G.F.).
Elsevier, Amsterdam.

HAMAGUCH]I, H. and KURODA, R. (1969): Tin. In: Handbook of geochemistry
(section 50; editor: Wedepohl, K.H.). Springer Verlag, Berlin.

HANI, H., GUPTA, S. and SIEGENTHALER, A. (1981): Schwermetallgehalte einiger.
wenig belasteter typischer Béden in der Schweiz. Landwirtschaftliche Forschung
(Sonderheft), 38: 314-23.

HARTMANN, M.O. (1969): The soil heterogeneity of some soils in the south-western
Cape Province and its relationship to soil classification. M.Sc. thesis (unpublished),
University of Stellenbosch.

HEIER, KS. and BILLINGS, G.K. (1970a): Lithium. In: Handbook of geochemistry |
(section 3; editor: Wedepohl, K.H.). Springer Verlag, Berlin.

HEIER, K.S. and BILLINGS, G.K. (1970b): Potassium. In: Handbook of geochemistry
(section 19; editor: Wedepohl, K.H.). Springer Verlag, Berlin.

HENDERSON, P. (1986): Inorganic Geochemistry. Third edition, M.C. Robert Maxwell,
Pergamon Press, Oxford.

HESSISCHER MINISTER FUR LANDWIRTSCHAFT UND FORSTEN (1986):
Bericht zur Schwermetall-Situation landwirtschaftlich genutzter Béden in Hessen. Die
kleine Hessen-Bibl. Erkenntnisse, Einblicke.

HOFFMANN, G.G.,, SCHWEIGER, P., SCHOLL, W. and SCHMID, R. (1981):
Grundbelastung der Bodden von Baden-Wiirttemberg mit Schwermetallen.
Landwirtschaftliche Forschung (Sonderheft), 38: 324-37,

HORMANN, P K. (1969): Beryllium. In: Handbook of geochemistry (section 4; editor:
Wedepohl, K.H.). Springer Verlag, Berlin.

HORTENSIUS, D. and NORTCLIFF, S. (1991): International standardization of soil
quality measurement procedures for the purpose of soil protection. Soil Use and
Management, 7(3): 163-66.

HOUK, R.S. (1986): Mass spectrometry of inductively coupled plasmas. Analytical
Chemistry, Vol. 58, 1: 97-105.

JACKSON, M.L. (1986): Geochemical characteristics of land and its effect on human
heart and cancer dead rates in the United States and China. Applied Geochemistry,
1: 175-80.



232

JACKSON, M.L,, ZHANG, J.Z, LI, C.S. and MARTIN, D.F. (1986): The geochemical
availability of soil Zn and Mo in relation to stomach and oesophageal cancer in the
People’s Republic of China and U.S.A. Appl. Geochem., 1: 487-92.

JENNY, H. (1941): Factors of soil formation - A system of quantitative pedology.
McGraw-Hill, New York.

JUNG, J,, ISERMANN, K. and HENIJES, G. (1979): Einflu8 von cadmiumbhaltigen
Diingerphosphaten auf die Cadmiumanreicherung von Kulturbéden und Nutzpflanzen.
Landwirtschaftliche Forschung, 32: 262-82.

KABATA-PENDIAS, A. and PENDIAS, H. (1985): Trace elements in soils and plants.
CRC Press, Florida.

KASIMOV, N.S. and PEREL’MAN, A.L (1994): Geochemical barriers in environmental
aspects. Transactions of the 15th International Congress of Soil Science, Acapulco,
Mexico, Volume 3B, Commission II, 38-39.

KELLY, R.T. (1980): Site investigation and materials problems. In: Reclamation of
contaminated land. Proceedings of the Society of Chemical Industry conference held at
the Congress Theatre, Eastbourne, UK, October 1979, London (Society of Chemical
Industry).

KERNDOREFF, H. and SCHNITZER, M. (1980): Sorption of metals on humic acid.
Geochim. Cosmochim. Acta, 44: 1701-8.

KESEL, R.H. and SPICER, B.E. (1985): Geomorphologic relationships and ages of
soils on alluvial fans in the Rio General Valley, Costa Rica. Catena, 12: 149-66.

KIRKBY, M.J. (1969): Infiltration, throughflow and overland flow. In: Water, earth and
man (editor Chorley, R.J.), Methuen, London, 215-27.

KLOKE, A. (1980): Richtwerte 80: Orientierungsdaten fiir tolerierbare Gesamtgehalte
einiger Elemente in Kulturb6éden. Mitt. VDLUFA, 1-3: 9-11.

KORITNIG, S. (1972): Fluorine. In: Handbook of geochemistry (section 9; editor:
Wedepohl, K.H.). Springer Verlag, Berlin.

KRAUSKOPF, K.B. (1970): 'Tungsten. In: Handbook of geochemistry (section 74;
editor: Wedepohl, K.H.). Springer Verlag, Berlin.

KRAUSKOPF, K.B. (1979): Introduction to geochemistry. Second edition, McGraw-
Hill, Tosho Printing, Tokyo.

LAKIN, H.W. (1972): Selenium accumulation in soils and its absorbtion by plants and
animals. Geol. Soc. Am. Bull., 83: 181-90.



233

LAMBRECHTS, J.J.N. (1979): Geology, geomorphology and soils. In: Fynbos ecology:
a preliminary synthesis (editors Day J., Siegfried W.R., Louw G.N. and Jarman M.L.),
South African National Scientific Programmes Report No. 40.

LAMBRECHTS, J.J.N. (1983): Soils, soil processes and soil distribution in the fynbos
region: an introduction. In: Fynbos ecology: a preliminary synthesis (editors Deacon
HJ., Hendey Q.B. and Lambrechts JJ.N.), South African National Scientific
Programmes Report No. 75.

LANDERGREN, S. (1974): Vanadium. In: Handbook of geochemistry (section 23;
editor: Wedepohl, K.H.). Springer Verlag, Berlin.

LAWLESS, P.J. (1972): Some aspects of the geochemistry of weathering profiles of
Malmesbury Formation rocks in the Diep River catchment area. Unpublished honours
project. Department of Geological Sciences, University of Cape Town.

LEUTWEIN, F. (1972): Selenium. In: Handbook of geochemistry (section 34; editor:
Wedepohl, K.H.). Springer Verlag, Berlin.

LITAOR, M1, DAN, Y. and KOYUMDIJISKY, H. (1989): Factor Analysis of a
lithosequence in the northeastern Samaria steppe (Israel). Geoderma, 44: 1-15.

LOLF (Landesanstalt fiir Okologie, Landschaftsentwicklung und Forstplanung
Nordrhein-Westfalen; 1987): Mindestuntersuchungsprogramm Kulturboden (Authors:
Konig, W. and Hembrock, A.), Diisseldorf, Germany.

LOLF (Landesanstalt fiir Okologie, Landschaftsentwicklung und Forstplanung
Nordrhein-Westfalen; 1988): Mindestuntersuchungsprogramm Kulturboden zur
Gefihrdungsabschédtzung von Altablagerungen und Altstandorten im Hinblick auf eine
landwirtschaftliche oder gértnerische Nutzung. Recklinghausen, Germany.

LUX, W. (1981): Gesamtgehalte von Schwermetallen (As, Pb, Cu, Zn) in Béden und
Pflanzen im Siidosten Hamburgs. Landwirtschaftliche Forschung, 38: 363-73.

MARTIN, B.A. (1973): A geochemical study of weathering profiles in Cape granites
of the Cape Peninsula. Unpublished honours project. Department of Geological
Sciences, University of Cape Town.

MATTHES, S. (1983): Mineralogy: Eine Einfilhrung in die spezielle Mineralogie,
Petrologie und Lagerstittenkunde. Springer-Verlag, Berlin.

MERIAN, E. (editor; 1984): Metalle in der Umwelt: Verteilung, Analytik und
biologische Relevanz. Verlag Chemie, Weinheim, Florida, Basel.

MERRYWEATHER, F.R. (1965): The soils of the Wellington-Malmesbury area. M.Sc.
thesis (unpublished), University of Stellenbosch.



234
MERTZ, W. (1981): The essential trace elements. Science, 213: 1332-8.

MINARIK, L., ABSOLON, K., KOLLNEROVA, Z. and KLECKA, M. (1983): Chemical
changes of granite during its weathering. In: Leaching and diffusion in rocks and their
weathering products (editor Augustithis, S.S.). Theophrastus Publications S.A., Athens.

MINISTERIE VROM (Ministerie van Volkshuisvestning, Ruimtelijke Ordening en
Milieubeheer; 1983): Leidraad bodemsanering. s’Gravehage, Netherlands.

MOORE, J.M. and PICKER, M.D. (1991): Heuweltjies (earth mounds) in the
Clanwilliam district, Cape Province, South Africa: 4000-years old termite nests.
Occologia, 86: 424-32.

MOURA, M.L. AND KROONENBERG, S.B. (1988): Major and minor elements
geochemistry and mineralogy of four soil profiles from Araracuara, Colombian
Amazonas. Catena, 15: 81-97.

MUNNIK, M.C,, VERSTER, E. and VAN ROOYEN, T.H. (1992): Spatial pattern and
variability of soil and hillslope properties in a granitic landscape, 2. Pretoria -
Johannesburg area. S. Afr. J. Plant Soil, 9(2): 43-51.

MUNSELL SOIL COLOR CHARTS (1992): Macbeth Division of Kollmorgen
Instruments Corporation, New York.

NAIDU, R,, deLACY, N.J.,, KOOKANA, R.S., BOLAN, N.S. and TILLER, K.G. (1994):
Effect of inorganic ligands on adsorption of cadmium by soils. Transactions of the 15th
International Congress of Soil Science, Acapulco, Mexico, Volume 3B, Commission II,
190-191.

NAIR, A.M. and NARAYANASWAMY (1983): Leaching - diffusion - adsorption
processes in rocks, clays and laterites from Kerala, India. In: Leaching and diffusion in
rocks and their weathering products (editor Augustithis, S.S.). Theophrastus Publications
S.A., Athens.

NAW (Normenausschu8 Wasserwesen im deutschen Institut fiir Normung e.V.; 1993):
Ammoniumextraktion zur Bestimmung mobiler Spurenelemente in Mineralbéden (DIN
V 19730: preliminary German standard method). Printed by and to be purchased from:
Beuth Verlag GmbH, Burghafenstr. 6, 1000 Berlin 30, Germany.

NESBITT, H.W. and YOUNG, G.M. (1982): Early proterozoic climates and plate
motions inferred from major element chemistry of lutites. Nature, 299: 715-17.

NESBITT, H.W. and YOUNG, G.M. (1989): Formation and diagenesis of weathering
profiles. J. Geology, 97(2): 129-47.



235

NON-AFFILIATED SOIL ANALYSIS WORKING COMMITTEE (1990): Handbook
of standard soil testing methods for advisory purposes. Soil Science Society of SA,
Pretoria. '

NORRISH, K. and HUTTON, J.T. (1969): An accurate X-ray spectrometric method for
the analyses of a wide range of geological samples. Geochim. Cosmochim. Acta,
33: 431-53.

NRIAGU, J.O. and PACYNA, J.M. (1988): Quantitative assessment of worldwide
contamination of air, water and soils by trace elements. Nature, 333: 134-9.

NYAMAPEFENE, K. W. (1986): Some relationships between topography and sodic soils
in Zimbabwe. Z. Geomorph. N. F., 30(1): 47-52.

ODEN, W.I, AMY, G.L. and CONKLIN, M. (1993): Subsurface interactions of humic
substances with Cu(II) in saturated media. Environ. Sci. Technol., 27(6): 1045-51.

ONISHI, H. and SANDELL, EB (1955a): Geochemistry of arsenic. Geochim.
Cosmochim. Acta, 7: 1-33.

ONISHI, H. and SANDELL, E.B. (1955b): Notes on the geochemistry of antimony.
Geochim. Cosmochim. Acta, 8: 213-21.

ONISHI, H. (1969a): Arsenic. In: Handbook of geochemistry (section 33; editor:
Wedepohl, K.H.). Springer Verlag, Berlin.

ONISHI, H. (1969b): Antimony. In: Handbook of geochemistry (section 51; editor:
Wedepohl, K.H.). Springer Verlag, Berlin.

ORR, W. (1974): Sulfur. In: Handbook of geochemistry (section 16; editor: Wedepohl,
K.H.). Springer Verlag, Berlin.

PLOEY, J. AND MOEYERSONS, J. (1975): Runoff creep of coarse debris:
experimental data and some field observations. Catena, 2: 275-88.

POESEN, J. and LAVEE, H. (1994): Rock fragments in top soils: significance and
processes. Catena, 23: 1-28.

PRICE, WJ. (1979): Spectrochemical analysis by atomic absorption. London,
Philadelphia, Rheine.

PRUESB, A.,, TURIAN, G. and SCHWEIKLE, V. (1991): Ableitung kritischer Gehalte
an NH/NO;-extrahierbaren okotoxikologisch relevanten Spurenelementen in Béden
SW-Deutschlands. Mitt. Dtsch. Bodenkundl. Gesellsch., 66(I):385-88.

PRUESB, A. (1992): Vorsorgewerte und Priifwerte fiir mobile und mobilisierbare,
potentiell kotoxische Spurenelemente in Bdden. Verlag U.E. Grauer, Wendlingen.



236

PUCHELT, H. (1972): Barium. In: Handbook of geochemlstry (section 56; editor:
Wedepohl, K.H.). Springer Verlag, Berlin.

PURVES, W.D. (1976): A detailed investigation into the genesis of granite-derived soils.
Ph.D. thesis, University of Rhodesia.

PYE, K. (1986): Mineralogical and textural controls on the weathering of granitoid
rocks. Catena, 13: 47-57.

RAVEN, M.D. (1990): XPLOT program: Manipulation of X-ray powder diffraction data.
CSIRO, Division of Soils, Adelaide (Australia).

ROBSON, S. (1980): A report on a project to investigate the occurrence of cassiterite
and wolframite on the farm "Langverwacht” at the Kuils River in the Cape Province.
Unpublished report. Department of Geological Sciences, University of Cape Town.

ROGERS, J.J.W. and ADAMS, J.A.S. (1969): Uranium. In: Handbook of geochemistry
(section 92; editor: Wedepohl, K.H.). Springer Verlag, Berlin.

ROSLER, H.J. (1981): Lehrbuch der Mineralogie. VEB Deutscher Verlag fiir
Grundstoffindustrie, second edition, Leipzig.

RUHE, R.V. and WALKER, P.H. (1968): Hillslope models and soil formation, I. Open
Systems. Trans. 9th Int. Congress Soil Sci., Adelaide, pp. 551-560.

RUPPERT, H. (1987): Natiirliche Grundgehalte und anthropogene Anreicherungen von
Schwermetallen in Bdden Bayerns. Bayerisches Geologisches Landesamt
(GLA-Fachberichte), Miinchen. '

SALONEN, J.T., ALFTHAN, G., HUTTUNEN, JK. and PUSKA, P. (1984):
Association between serum selenium and the risk of cancer. Am. J. Epidemiology,

120(3): 342-49.

SAS INSTITUTE INC. (1988): SAS/STAT program, Release 6.03 Edition. Cary, NC:
SAS Institute Inc.

SCHEFFER, F. and SCHACHTSCHABEL, P. (1989): Lehrbuch der Bodenkunde.
12. edition revised by: SCHACHTSCHABEL, P., BLUME, H.P., BRUMMER, G,
HARTGE, K.H. and SCHWERTMANN, U, Enke Verlag, Stuttgart.

SCHLOEMANN, H. (1992): The distribution of health-related elements in the different
soil types between Piketberg and Cape Town. A poster presented at the 17th Congress
of the Soil Science Society of SA, Stellenbosch, January, 1992.



237

SCHLOMS, B.H.A,, ELLIS, F. and LAMBRECHTS, J.J.N. (1983): Soils of the Cape
Coastal Platform. In: Fynbos ecology: a preliminary synthesis (editors Deacon H.J.,
Hendey Q.B. and Lambrechts JJ.N.), South African National Scientific Programmes
Report No. 75.

SCHRAUZER, G.N., WHITE, D.A. and SCHNEIDER, CJ. (1977): Cancer mortality
correlation studies-III: Statistical associations with dietary selenium intakes. Bioinorganic
Chemistry, 7: 23-34.

SCHUMM, S.A. (1967): Rates of surficial rock creep on hillslopes in western Colorado.
Science, 155: 560-61.

SCHWARZ, K. (1965): Selenium and kwashiorkor. Lancet, i: 1335.

SCHWEITZER, F.R. (1974): Excavations at Die Kelders, Cape Province, South Africa,
in the Holocene Deposits. Annals of the South African Museum, 78: 101-233.

SCHWERTMANN, U. and TAYLOR, R.M. (1989): Iron oxides. In: Minerals in soil
environments (editors Dinauer, R.C., Dixon, J.B. and Weed, S.B.), Soil Science Society
of America, second edition, Madison, Wisconsin.

SCOTT, M.J. (1969): Cassiterite deposits at Kuils River, South Western Cape Province.
Unpublished honours project. Department of Geological Sciences, University of Cape
Town.

SELBY, M.J. (1982): Hillslope materials and processes. Oxford University Press, Oxford.

SHACKLETTE, H.T. and BOERNGEN, J.G. (1984): Element concentrations in soils
and other surficial materials of the conterminous United States. U.S. Geol. Surv. Prof.
Paper 1270.

SHACKLETTE, H.T., HAMILTON, J.C., BOERNGEN, J.G. and BOWLES, J.M.
(1971): Elemental composition of superficial materials in the conterminous United
States. U.S. Geol. Surv. Prof. Paper 574-D, U.S. Government Printing Office,
Washington, D.C.

SHAMBERGER, R.J. and WILLIS, C.E. (1971): Selenium distribution and human
cancer mortality. CRC Critical Reviews Clin. Lab. Sci., 2: 211-21.

SHIRAKI, K. (1978): Chromium. In: Handbook of geochemistry (section 24; editor:
Wedepohl, K.H.). Springer Verlag, Berlin.

SMITH, H.S. (1972): Some aspects of the geochemistry of weathering profiles of the
Malmesbury rocks in the Diep River Catchment Area. Unpublished honours project.
Department of Geological Sciences, University of Cape Town.



238

SMITH, M.A. (1980): Standards for the redevelopment of contaminated land. In:
" Reclamation of contaminated land. Proceedings of the Society of Chemical Industry
conference held at the Congress Theatre, Eastbourne UK, October 1979, London
(Society of Chemical Industry).

SOIL CLASSIFICATION WORKING GROUP (1991): Soil Classification: A taxonomic
system for South Africa. Soil and Irrigation Research Institute in the Department of
Agricultural Development, Pretoria.

SPOSITO, G. (1989): The chemistry of soils. Oxford University Press, New York,
Oxford.

STATGRAPHICS (1993): Version 7 for DOS. Manugistics, Inc., 2115 East Jefferson
Street, Rockville, Maryland 20852-4999, USA.

STATHAM, 1. (1977): Earth surface sediment transport. Clarendon Press, London.

STEPHEN, 1. (1952): A study of rock weathering with reference to the soils of the
Malvern hills. J. Soil Sci., 3(1): 20-33.

STEVENS, P.R. and WALKER, T.W. (1970): The chronosequence concept and soil
formation. Q. Rev. Biol., 45(4): 333-50.

STEVENSON, F.J. (1982): Humus chemistry: genesis, compositions, reactions. Wiley-
Interscience Publication, John Wiley and Sons, New York.

SWAINE, D.J. (1990): Trace elements in coal. Butterworths, London.

SWAINE, D.J. (1955): The trace element content of soils. Commonw. Bur Soil Sci.
Tech. Commun., 48: 157 pp.

SWANSON, D.K. (1985): Soil catenas on Pinedale and Bull Léke moraines, Willow
Lake, Wind River Mountains, Wyoming. Catena, 12: 329-42.

SYMEONIDES, C. and MCRAE, S.G. (1977): The assessment of plant-available
cadmium in soils. J. Environ. Qual., 6: 120-23.

TALBOT, W.J. (1947): Swartland and Sandveld: A survey of land utilization and soil
erosion in the Western Lowland of the Cape Province. Oxford University Press, Cape
Town.

THERON, G.N. (1991): Geological Map - Cape Town (3318, 1:250000). Geological
Survey of South Africa.

TOPPING, NJJ. (1972): Some aspects of the geochemistry of weathering profiles of
Malmesbury rocks in the Diep River catchment area. Unpublished honours project.
Department of Geological Sciences, University of Cape Town.



239

TORRENT, J. (1994): Iron oxides in Mediterranean soils: properties and influence on
soil behaviour. Transactions of the 15th International Congress of Soxl Science,
Acapulco, Mexico, Volume 8A, Symposium VIIA, 2-14,

TROEH, F.R. (1975): Measuring soil creep. Soil Sci. Soc. Am. Proc., 39: 707-9.

TUREKIAN, K.K. and WEDEPOHL, K.H. (1961): Distribution of the elements in some
major units of the earth’s crust. Geol. Soc. Am. Bull,, 72: 175-92.

TUREKIAN, K.K. (1978): Cobalt. In: Handbook of geochemistry (section 27; editor:
Wedepohl, K.H.). Springer Verlag, Berlin.

VALENTIN, C. (1994): Surface sealing as affected by various rock fragment covers in
West Africa. Catena, 23: 87-97.

VAN DER SLOOT, H.A., PIEPERS, O. and KOK, A. (1984): A standard leaching test
for combustion residues (BEOP-31). Studiegroep Ontwikkeling Standaard Uitloogtesten
Verbrandingsresiduen (SOSUV), Translation of BEOP-25, Amsterdam.

VAN DRIEL, W. and SMILDE, K.W. (1981): Heavy-metal contents of Dutch arable
soils. Landwirtschaftliche Forschung (Sonderheft), 38: 305-313.

VAN NIEKERK, B.J. (1967): The soils of the Darling area. M.Sc. thesis (unpublished),
University of Stellenbosch.

VINOGRADOV, AP. (1959): The geochemistry of rare and dispersed chemical
elements in soils. Consultants Bureau, Inc., New York.

WALTON, C., DAVIES, G. and O'HAGAN, T. (editors; 1984): Reader’s Digest Atlas
of Southern Africa. Cape Town.

WANTY, R.B. and GOLDHABER, M.B. (1992): Thermodynamics and kinetics of
reactions involving vanadium in natural systems: accumulation of vanadium in
sedimentary rocks. Geochim. Cosmochim. Acta, 56: 1471-83.

WATERLOW, J.C. (1965): Selenium content of fish flour and kwashiorkor. Lancet,
i: 869.

WEAST, R.C. (editor; 1975-1976): Handbook of Chemistry and Physics (56th Edition).
Cleveland, Ohio.

WEATHER BUREAU (1980): Climate of South Africa (Part 8). General survey,
WB 28, Government Printer, Pretoria.

WEBSTER, R. (1965): A catena of soils on the Northern Rhodesia plateau. J. of Soil
Science, 16: 31-43.



240
WEDEPOHL, K.H. (1969-1978): Handbook of Geochemistry. Springer-Verlag, Berlin.

WEDEPOHL, K.H. (1974): Lead. In: Handbook of geochemistry (section 82; editor:
Wedepohl, K.H.). Springer Verlag, Berlin.

WEDEPOHL, K.H. (1978): Manganese. In: Handbook of geochemistry (section 25;
editor: Wedepohl, K.H.). Springer Verlag, Berlin.

WELLINGTON; J.H. (1955): South Africa, a geographlcal study Cambridge University
Press, London.

WILDING, LP., SMECK, N.E. and DREES, LR. (1977): Silica in soils: quartz,
cristobalite, tridymite and opal. In: Minerals in soil environments, pp. 471-552 (Soil Sci.
Soc. Am.: Wisc.).

WILLIAMS, M.AJ. (1974): Surface rock creep on sandstone slopes in the northern
territory of Australia. Australian Geographer, XII(5): 419-24.

WILLIS, J.P. (1991): Mass absorption coefficient determination using Compton scattered
tube radiation: applications, limitations and pitfalls. Advances in X-ray analysis, 34:
243-61. :

YOUNG, R.W,, NANSON, G.C. and JONES, B.G. (1987): Weathering of late
Pleistocene alluvium under a humid temperate climate: Cranebrook Terrace,
southeastern Australia. Catena, 14: 469-84.

ZEIEN, H. and BRUMMER, G.W. (1992): Analysenvorschrift zur Extraktion der
mobilen und leicht nachlieferbaren Schwermetalle. Methodenvorschrift des Institut fiir
Bodenkunde der Universitdt Bonn (unpublished), Bonn.



| &4

'209. ‘Binques|3 ‘Beg eleald Jelem pue ejew)) [0S 40} 8INMISU| - MOSI ,
..Awww ebed ‘1-ddy ejqe]) xjpuedde sjys jo abed 1se| uo 8|qe} uj 8POd JO uopeueidxy |

8UON Syieway
=] . uozuoy-3 "3UOU (1DH Yum 32uddsaAIaye :as00j ‘pauielB-ajbuis ‘pues wnipaw aind ‘Aaib ysiumouq ajed +001 -09 3
"uopysuel .
yloows fenpesB ‘uowwod sj004 8ul ‘BUOL IDH YUM 30U3ISaAIeYS '8s00] ‘paujeib-aibuis
Vi AYUO ‘pues wnipsw aind :(ienew duebio Jo uopeNWNIOe 0} 8NP) S8IOW YSPIe|q Yum Aeid 09 -0 v
sajdwesg suozuoy dpsoube|q ) vopduosaq (wo) yideq uozZuoH
pues [eiseon) :jeuetew Bulpapun
_ L0-0661 ‘paquosap ajeq
U9ZINYISOQ g Vv ® uueweoyds H Aq pequoseq Esocxca ,puej e|qese 0} aoueysiq
umouun : 8Jmsed xeu 0} eouers|q 1 :,peos o__n:a Xeu 0} aduels|q
ocoz :)qe} Jotem _ : soquid4 :esnpuen/uopelebep
¥ L Jun ujeus] 91,81 81/.9.42 .£€ :9pnybuo ' apnie
AINdjued :Ajwej jos (eiyoud) 1d ‘qvsiee :oroyd/deny
POOMLLIDY WO} |I0S _ _ I ‘ON Ud

safjoxd [0S [ENPIAIPUI JO UONBIYISSE]D pue uondudsaq :-XIANAddV



e

"209, ‘Binques|3 ‘Beg e1ead e1ep pue elewyl) ‘oS o) axnisul - MOSH ,
‘(982 ebed ‘1-ddy ajqe)) xjpuedde sjyi jo ebed 1€} uo 8|qe]} U} 8p02 JO uopeueldxy ,

BUON  Spewey

32 uozyoy-3 "8UOU ([DH YUM 20UddSaAIa)a ‘as00} ‘pauielB-aibuis ‘pues wnipaw aind :Aa16 ysiumoiq ajed +04L -S9O 3
"uojusuel}
yioows fenpeib ‘uowwod S}001 8uy ‘BUOU :I)H YIM 8oUBdSaAIBYe ‘9s00] ‘paujesl-a|Buis
\' 74 YU ‘pues wnjpaw aind ‘(1euew duebio Jo uojeNWNOOE O} anp) sajow yspoe|q yum Aaio 9 -0 v
sojdweg suozuoy opsoubeiq | uonduosag (wo) Yyidaq UOZUOH
pues [eiseo) :jepdjew BuApapun
, L0-0661 :paquasap ejeq
,udZINYISOQ g V @ ULBWAOIYOS H :AQ paquosag umouyun :einised 1xau 0} douessiq
uMoW UM : pue| Biqese 0} 3oues|q 1 :,peos oqnd 1xau 0} aduelsiq
BUON :eiqey Jejepy soquAd4 :esnpuer/uopelabap
b L, 4un ujeney w2281 81/,.L8.£2 £E :apmjbuo @ epnuie
Nnojuad :Ajwej 10s (emoad) 24 ‘qvsiee :01oyd/dew

POOMUIS :ULIO} [10S 2 'ON Iid



1374

"209Z ‘Binques|3 ‘Beg ejeand '1e1em pue 8lewld ‘|log 40) anyisul - MOSI ,
‘(9g8z ebed *|-ddy ejqe)) xjpuedde sjy1 jo ebed isej uo ajgel u} ©pod Jo uojeuridx3y |

-Jayew oueblo jo coEono._n ybi4 syseway

: "UOWILIOD SJ00.
vE ‘IYUO auy ‘euou :DH YUM 80UISaAIBYd ‘as00] ‘paulesb-aibuis ‘pues wnpaw eind ‘Aelb yieq +0LL -0 v

sajdweg suozuoy opsoubeiq uonduosag (wo) yidaQ . ~ uozjoH

pues [RISe0?) :[eperew BulApapun

10-0661 :paquosap aeq

A9ZINYISOO g V '8 uueWaOYIS H :Aq paquasaQ L :,eimsed xau 0} 8duelsig
umouNun :, pue| 8jqese 0} BouEISIQ . 1 :,prOJ J)IqNd 1XBU 0} BOUEISI

SUON :8jge] JOIeM ainysed :esnpue/uopelebep

UMOUNUN :uun ujee] «2191 81/,.0.92 .£€ :opnybuo 1§ apnie

umouun :Ajwey j10s suou ‘gysice :ojoyd/depy

eYoWE"] JO POOMUIBY (U0} [0S . € ION Ud



144

',09/ ‘Binquesi3g ‘Beg a1eaud ‘1e1epm pue elew|D ‘I0S 10j SINSU] - MOSI ,
‘(982 obed ‘1-ddy ejqe]) xjpuedde sjy; jo eBed ise} uo ejqe} u] 8pod jo uopeurdx3 ,

BUON

3UON uozuoy-3 ‘9s00) ‘paujesb-ajbuls pues wnjpaw aind Aa46 Wb +0S -0¢ 3
"uojsuR)} Yloows jenpeib ‘uowwod 1004

124 IYUO auy Buosns :IDH yum eousdsanage ‘asooj ‘pauseib-aibuis ‘pues wnipew aind Aaib xyieq 0oe -0 v

saydweg suozyoy osoubelg . uonduosag : (wo) yideg

'Syeway

uozyOoH

pues |eIseod snoaseojes :jeuerew Buikpapun

£0-0661 :pequosap aleq

.UdZINYISO0 g V '® uueWAOYOS H :Aq paquaseq _ umowyun :,8Jmsed eu o) aduesiq
umouun : pue| 8jqese o} sduesig . | :,peos 2jignd xeu O} souels|q

BUON :9]qe} J3IeM : soqui4 :esnpuer/uopelebop

aunp j0 8dojsSI00) JOMOT (Yun ujena) 4 : 891 .81/.01.92 €€ :8pnybuo @ epne

umouxun :Ajwey jog suou ‘qvglee :ojoyd/depyy

qiwepN JO POOMUIS WO} [10S

¥ ‘ON ud



- 1) (4

'L09Z ‘Binquasi3 ‘Beg e1eaud '1alepm pue ejewlid ‘|los 10) 8INIsY| - MOSI ;
‘(982 ebed ‘|-ddy aiqe]) xjpuedde sjy jo ebed 1se} uo ajgey uj 8pod jo uopeueidxy |

‘syd Ag-1esu u) paAIasqo a1am suozuoy palkalb asneseq uozuoy-o e 1o} sayenb posqns ayy 1eyy pawnsaid sp ) (diqeswsad
$$3)) jj0sqns painyxal-auly AjPAIRIBI B JO 8ouUals|xa ayl paiseBbns pue e)ap aiow u) UOZPOY-J 8yl 3qLIOSBP O} MOJIE 10U pIp Jalem punoib payoiad jJo a0uauNoo0 ayy Syleway

BUON . UozZHOY-3 SL -99 3

‘uojisuen £ooEw _guﬂm
VS olyuo }9UOU IDH YUM BOUDISIAIDYS 'Bj(BL) ‘QUINID Bul HEaMm ‘puBs 2s1e0d AWeo] UMOIq 19M S9 -0 v
sajdweg suozyuoy ausoubeiq ‘ uonduosag A (wo) yideq uoZuoH-

ayuesy) :jeuatew Buikpapun

. ‘ _ 40-0661 :p8quasap 8yeqg
NcoN_:ﬁmoOm<w:canoEomISavon_._ommo _ no._:ﬁmaaxoco“oocsm_o

umowjun :,pue} ajqese o3 aduelsig ,umoh ojiqnd 1xeu 0} eauelsig
ww cmo :e|qey 191ep . . sainised pajeayny :esnpuer/uojielebop

P L un ujeuay : 05,92 .81/..$2.82 .£¢ :0pnybuo g spnue

umowyun :Ajjusey jog : (syoud) €4 ‘qvsiee :ooyd/depy

PEISUCO.)} :ULIO} |I0S 4 S ON Ud



9

‘0ysodwod B se pojduwies 816m UOZUOY-J 84l PpuB UOZUOY-Y 8y] .
"209Z ‘Binques|3 ‘Deg ejeAld 1818\ pue ajewil) ‘{OS 40} INISU] - MOSI ,
‘(982 ebed ‘1-ddy ajqe)) xpuadde syyi jo ebed isej uo jqel u| 8pod Jo uopeuedxy |

8UON ”_mv_aEmm
a9 ojueINOoYN] "8UOU |DH UM 80UddsanIale ‘W ‘aalIsSew ‘ABD (umoiq pal 19 +0. -0S g
‘uogysuely
YIo0Ws Jespd ‘Suoesoucd apixoinbsas auy uowwod ‘jpaelb zuenb suy uowwod ‘auou
¢ 3v9 uozyoy-3 JDOH Yum 80uU8dsaAIale ‘ajqel) ‘quInID aulj dEeam ‘pues 8sieod Aweo] :umoiq bI 1o 0s -0 3
"uolsuel) yloows fenpeu
¢ 3V9 IYUO }BUOU :IDH YUM BOUDISOAIBYS Bjqely ‘QLUNID BUl} YeaM ‘pPues 8s1e0d AWROo] (UMOIQ 19 o -0 v
sajdweg suozuoy apsoubeiqg uonduosag (wo) yidaq uozZuoH

o.gcw._.,..u :repejew Bulpepun

L0-0661 :paquosep ejeq

U9ZINYISOO g Vv '@ uueweoyos H :Aq paquosag Z :,8inysed Ixeu 0} sduelsig
UMOUNUN :,puUg| BjqeJB 0} BOURISI] . .umo_ o)iqnd xeu 0} 8suessIg

wcoz :eiqe) Jolem : sainsed pajeapny :esnpuey/uopejabap

€ 1L,)un ujens) . . «19.92 81/, 1.82 €€ :0pnBucT B epnyie

>%98£ ‘Awey jjos _ (ewoud) ¥4 ‘avsiec :0joyd/deyy

J81UBD :ULO} 10S | | 9 :ON Ud



(A

"209. ‘Binques|3 ‘Beg eienud ‘Je1ep pue ejew)i ‘I0S 40} eImisu| - MOSI
‘(982 obed ‘1-ddy eiqei) xpusdde sjy) jo ebed ise; uo ojqes u) 8poo Jo uopeuedxy |

‘1a¥em punoib payosad jJo 82u81NI00 ay) O} aNp pajdwes Jou Sem uozuoy-g ayl SHJewdy

‘oAb zuenb maj ‘suoiaIouod apxoinbses

SUON uMouNun M3} ‘8UOU IDH YUM 80UBISBAIBYS (9500) ‘AR Alis {SUOPBIOUOD Pal umoiq Yum Aaib lop +GS. -0L =]
V. YO ‘UOU DM YUM 30UD0SOAIDYD ‘Weo} Apues ‘umoiq 19M 0L -0 \ v
sa|dweg suozyoy opsoubelg : uonduoseq (wo) ydag uozZuOH

. ayuelb pazjuibnuay :jeperew BuiApepun

£0-0661 :pequosep ereq

A9ZINYISO0 g V '3 uueweolyds H 'Aq pequaseq . - umowiun : einised 1xeu O} 8duElSIg
9 I, pue| 8jqe.e O} 8ouelSig 1 :,peol o5gnd eu 0} eduels|g

ww 0G/ :e|qel Jarepm _ spJefaup :esnpue/uopeiabap

UMOUNUN : Jun ufeue} . «+2.92 84/,.00.¥2 £€ :2pnUbuoT 1§ epnuie

umowyun :Ajwey jjos . . (eoud) G4 ‘gvsiee oloyd/den

UMOUXU( UL} |I0S L ‘ON Ud



8v<

'2092 ‘Binques|3 ‘Oeg ejeand '1ejem pue ajew) JjoS J0j ISyl - MOSI ,
‘(982 ebed ‘|-ddy ejqe}) xjpuadde sjy; jo abed isej uo ajqes uj 9pod Jo uopeueidxy |

OUON S)Ieway
‘auou PDH
a8 jepade pay YUM 20UBDSIAIBYD 'pieyY :GUUNIO BUlj HEIM [LIEOD| X|JBW UMOIq W6y u) ssuoys vk} pay S99 -Ot g
_ ‘loneib sedspiay
v8 oIYUO pue Zuenb maj ‘euou :IOH YIM 80U0SAAIBYD ‘YOS ‘BAISSeW ‘pues AWEO| :UMOoIq YSIppaY or -0 v
sojdwesg suozuoy dpsoubelqg uonduosag AEov yidag " UOZWOH

auuelb pazjuibnuay :jeueyew mc_>=ouc:

20-0661 :paquosep ayeq

,U9ZINYISOO g Vv '@ UUBRWAOYOS H ‘Aq paquosag umouun :,8Jmsed Ixau 0} aduess|q
 9:,pue] aqese 0} 8dueIs|g ¥ :,peod oqnd ixeu 0} aouelsiq

BUON :o[qge) Jajep -~ spsehaulp :esnpuet/uonejeboa

€ ,3un upeuay 25,92 8L/ .LLYT €€ :epnybuo @ apnieT

woysqInNg :Apwej 10S auou ‘gyslee ‘ooyd/dey

UONNH w0} [0S . 8 ‘ON ¥d



() (4

*2092 ‘Binques|3 ‘Beg e1enld ‘Je1em pue 8jew||) ‘i0S 10} ISyl - MOSI ,
*(982 obed ‘|-ddy eyqe}) »apuedde sjy) jo abed ise} uo ejqer u} 8pod jo uopeueidxay |

'sud AQ-Jeau u) paAIasqo a19m SUOzuoy-g djuenoewsud asneosq

auenoewsud S| l0SqNs Sy} 18yl pawnsaid S| 3} losqans (ajqeawnad ssaj) painxel-aul e Jo 3oud)sixa ayl seldwi jalem punoib paydsad Jo 99uUBLNJ00 BY L SHeway
‘auou
OUON uozuoy-3 IDH YUM 30UBISAAIBYD B|qBY) ‘qUINID Bul Neam ‘pues 9sieo0d Aweoj ‘umoiq djed 1IoM 0s -0¢ 3

"UOISURS) YJO0WS Jedjd :auou IOH Yim
vé oIyuo ©0UdI3SaAIB}je ‘B|qel) uaE:._o eu|} YBoM ‘PUBS 3SIB0D 0] WNIPaW AWEO| ‘UM0Iq 3iep ‘19 0o -0 v

sodweg suozuoy onsoubeiq _ uonduosaq AEov yideq : uozZlOH

uibuo opuelb Jo Spues pajepjiosuodu :feualew Buikpepun

£0-0661 :pequosep ereq

LU9ZINYISOQO g V B LUBWAOIYOS H 'Aq pequosaq umowyun :,8imsed xau 0} sduelsIq
UMOWUN : PUB| B|qRIB O] BoUBISI] : € :,peos ojiqnd 1xeu 0} 8ouElSIq

wuw 005 :eiqe) Je1ep 3OBJ) PUB puB| PajeAlnd ueemieq uj :esnpuer/uopeleben

S L Hun ueus} - 12,92 81/,.¥281 £ :8pnybuo B epne]

uonse7 :Ajwey j0S : (eoud) 94 ‘avsiee :o1oyd/depw

uUNno9S3 :ulo} |J0S . 6 ‘ON Ud



0S¢

"209, ‘Binques|3 'Geg ejeAud ‘191eM pue 21ewl|) ‘I0S 10§ 8Iniisu} - MOSI
"(98z ebed ‘1-ddy eqe)) xipuadde sy jo abed se| uo ajqel uj 8pod jo uopeuerdxy |

‘s)id Ag-1eau uj panIasqo 91om mc_ouho; paka|B esneosq uozpoY-9 B 40} sayjjenb flosgns ays ey) pewnsasd s) ) “(eigeawnsd sse)) (josqns
painxel-aul AjoAne|as B JO 8ouslsixe ey) peisabbng pue |jejop 810w uj UOZUOY-J BY) 8quISep O} MO|e Jou pip Jejem punosB payased Jo 82uUBLNDD0 BY | Sylewsy

"SUOJ18Jou09 apixoinbsas Auew v
BUON uozuoy-3 '8uou :IDH Yum 8duddsaMIBYe 9S00 ‘pauresb-aibuis ‘pues auy Aweo] ‘umoiq ajed ‘1IoM +0b -0¢ 3

‘uojusuel} yloows fenpesb suopaiouoo apixoinbses
VOl JIyuo M8} ‘BUOU :]DH YUM BIUSISBAIBYS ‘Biqel) ‘qUINID Buy eam ‘pues eu)y Aweo| (uM0Iq 1O 08 -0 v

sadweg suozyoy ansoubeiq uonduosaq : (wo) yideq uozZuoH

~ujbpo opmueib Jo spues vmuwv__Omcoo:D.”_w_._QmE Bupapun

20-0661 ‘paquosap eleq

UeZINYISOO g V g LUBWAOWYOS H :Aq paquoasag , : Eso:v_c: ,81nised 1xau 0} 8duelsig
umouxun :,pue) ajqese 0y souersiq : ,umoh o)qnd 1xau 01 8duelsiq

ww omm :9[qe} J9)ep yoe)) pUB puBj PAJRAlND UBdMISq u| :asnpuer/uonelsban

S Luun ulens ) w22 B81/.51.91 £€ :apnybuo 3 epnuen

umouNun Ajwey j10g : suou ‘gyslee :ooyd/depy

PeISuUcOy| (ulo} j10S _ Ol ‘ON Ud



| $4

2092 ‘Binques)3 ‘Beg e1eALd J8jeMm PuB ajewlD ‘I0S 10§ BINYIsul - MOSI ,

"(982 ebed ‘1-ddy ajqe)) xipuadde sjy) jo ebed ise) uo 8jqel uU) PO JO uojeUBdX]T |

‘9lgissod 10U sem [losgns 8y} Jo uopedjissed pue uopduosap
B 9sneoaq payisse| 10u s) ajyosd [jos 8y) ‘Josqgns (ajqeswad ssej) painixel-auy B JO 8oudIS|Xe Byl pe1sebbns saiem punoib peydsed Jo 82uBLINI00 BY) Sleway .

"UOZLOY-Y Yl WOJ} [eualewl Yum pajjlj SMOLNG OM]
i uozyoy-3 Yum 18UoU }DH Yum 80UDISaAIaNd ajqe) ‘quinid aul yeam ‘weoy Apues ‘Aaib ajed 1op +Sp  -02 3

‘uojusues Buinbuoy sesjd

Vit YO iS100J M8} (8UOU (IDH YUm 90UIDSINIBYS ‘Blqey) ‘quInId Bu) eam ‘weoj Apues ‘Aaib ‘1ap 0z -0 v

sojdweg suozuoy ozwocmo_o

U9ZINYISOO @ ¥ g UUBLIBOINOS H ‘Aq paquasaq
umowyun : pue| sjqese o} souessiq

ww oom :ajqe) Jolem

G L jun uieLg ]

umouun :Ajwey 10g

UMOUMUN WO} |OS

uonduosseq

(wa) Yyideqg UOZ|OH
ubuo oyueIb JO spues pajepjlosuodun [erarewl mc._%wvc:
0-0661 -poquosap ajeq

Esocx:: ,8anised 1xeu 0} 9ouelsiq
—vmo._ ajiand eu 0} aouelsiq

peoJ oiignd pue pue| paleAniNd usamiaq u| :esnpuer/uojieiebap

«25.92 81/.0.L1 .£€ :8pnybuon » apmye
(eyoad) Ld :qvsiee :ooyd/depy
11 :ON Uid



[4Y4

'209Z ‘Binquesi|3 ‘Beg eiend ‘1erem pue elewyd ‘jog 10} sInyisul - MOSI .
‘(982 obed ‘|-ddy sjqe}) xjpuadde sjyi jo ebed isej uo eiqel uj ©pod jJo uopeuedxy |

"ajiale| pasayieam Jo Ajujew SIS|SUOD UOZUOY-)) 8y) syjeway

‘[oareab eiale| (9s1809)
BUON Auew ‘auou 1DH YYM 89UISIAIBYD ‘pley ‘quInD 31esepow (wieo] ABjO ‘pal YSIMO|IRA 1o +68 -Sp o)

‘UOJISURL YI00WS Jes|o ‘[9AeID auiale] maj ‘SU0j1aiou0d apixoinbsas ma) ‘auou JIDH Yyum
azcl [epade pay aouaosanIaye ‘prey Apubis A4o0)q JejnbBuegns winipaw ¥eam ‘Weo| ‘uMoiq Ysippal 1am St -62 q

‘uolysuel} Ylo0ws Jesp
V2l olyuO ‘euoU :[OH YUM 80UBDSOAIRHD ‘JIqEY) ‘qUINIO Ez_qu Beam ‘weoj Apues ‘umoiq 3Jep ‘oM sz -0 v

sajdweg suozuoy ansoubelg , uonduaseq (wo) Yyideg _ UOZUOH

ayuelB paziuibnuey :euetew BulApepun

10-0661 -paquasep 8ieq

,UdzZINYISoO0 g V '8 uuewaolyds H :Aq paquosaq . Eso:xc: ,8Jmsed Jxau 03 aduelsig
G :,puej d|qese 0} 8ouelsig .umoh 2)qnd xau 03 aduessiq

mcoz :9|qen JaJep pue] pajeAlind pue peos o)qnd usamiaq uj :asnpuery/uopelabep
L,Iun ulena ) 8v22 81/,,01,02 ,£€ :opnubuo] @ apnyey

Ee_Bs:w :Ajwey jjos (emoud) 8d ‘avsiee ‘otoyd/dew

uounH :uuoj jlog ¢l ‘ON Ud



134

‘aysodwod e se pajduwies ajam uoZI0y-3 8y pue :ON_B__-( eyl .
'2092 ‘Banques|3 ‘Beg ajeAud ‘ejem pue arewlrd ‘OS 1o} eINYIsU| - MOSI ,
‘(982 ebed ‘1-ddy ejqe}) xjpuedde siy; jo abed ise) uo eiqes uj 8POJ Jo uopeueidxgy .

'syd Ag-1esu uj peaIesqo 81em suozuoy-g ouenoewsud asnessq
ouenoewspd s jlosgns siyy 1y pawnsaud s) 1) “losqns (ajqesunad ssa)) painixal-auy B JO aoudS|XS 8y} sajjdwy Jayem punolb payosad jo 8ousBLNII0 By} SHyeway

avet uozuoy-3 "BUOU :[OH YUM BOUBISBAIBYS ‘YOS 'qUUNIO BUY Heam 'Weo) Apues asIeod ‘UMoIq ‘19M 0S -02 3

"uopsuell YIoows Jesjo

¢3VEL . JIyuO {8UOU DM YUM 80UBISOAIBYS YOS ‘QUINID BUY JEIM ‘Weoj APUBS 8S1e0D ‘UMOL] YIBP oM 0z -0 v

sajdwesg suozyoy onsoube|q

U9ZINYISOO g V '@ UUBWEOWYOS H :AQ paquosaqQ
G :,pue] 8|qese 0y aouelsig

wus 0op -ai|qel Jalepa

G :,Uun ujeuaj

uoJisez :Aywej 10S

UNOJS3 (w0} 10S

uonduoseq

(wo) ydeg UuozuoH

ujbuo opjuesB o spues pajepjjosuooun n_mtoﬁE Buyduepun

L0-0661 :paquasep ajeq
umouyun :,8.msed xau 0} aduelsiq

9 :,peo: Jlqnd 1x8u 0} ddueSIg

puej pajeAnnd pue peod aignd usamiaq uj :esnpuer/uopeabap
«6E.12 81/.06.81 £€ 9pnybBuoT] 1§ apnie

(eyoud) 01 d ‘Qvslee :ojoyd/depy

€1 ‘ON ¥d



1474

'2092 ‘Binques|3 ‘Geg ereaud ‘1e1em pue ejeuwd YjoS 104 eIIsul - MOSI ,
‘(982 obed ‘1-ddy ejqe)) xjpuedde sjyi jo eBed jse| uo 9|qe) uj 8po9 jo uojeusdxgy .

SUON Syleway
391 uozZioy-3 "8UoU IDH Yum 8dousdsaAlels :@so0)| ‘paujeiB-ajbuls (pues wmpaw aind ‘mojeh 19p +0LL -09 3
v ‘UopSuULI) LIooWs
voi g dojigi 111) 1) fenpesb ‘auou (IDH Yum 80U3dSaAIRYD ‘8s00| ‘paulelB-aibuls ‘pues wnipaw aind ‘Aaib ‘Kug 09 -0 v
so|dweg suozuoy gpisoubelqg uopduasaq . (wo) yideg UOZUOH

pues [e1seo) :feperew Bukpepun

11-0661 :pequasep ejeq

U9ZINYISOO g V '@ UuRWSONOS H :Aq paquasag I :,eumsed xeu 0} souelsSIq
I :,puej g|qese 0} souess|q ) _ I :,peO2 O)ignd Keu 0} aouess|q

BUON :8|qe) Jatep soqui4 :esnpue/uopelebap

€ :,jun ujenay «1€.61 B81/,.12.52 £€ :opnyBuo] 3 epniyie

Pieyedoy :Aywe) jjog : - (eyoud) 01s 3 (uonereBban) 65 '8S ‘avsiee :ooyd/dep

PoOMULIBS (U0} JOS , _ 91 ‘ON Ud



13 Y4

. '209. ‘Binquas|] ‘Beg alead ‘Jaiem pue ajewyd ‘jog 10} 8ISyl - MOSH ,
‘(982 ebed ‘|-ddy ejqe}) xjpuedde siy; jo abed 1se| uo 8jqe; uj epod jo uopeueidxy ,

SUON :Syeway
31 uozyoy-3 "3UOU IDH Yum mucmomw?_wtm ‘as00] :pauieib-ajbuis pues wnipaw aind ‘mojeh 1op +0LL -00L 3
‘uoysueJ} Yjoows
viL g doisi YU _m:uﬂm ‘aUOU DH YIM 30U0SaAIBYD (8S00| um:_mhm.m_m:_m ‘pues yinjpaw aind :Kaib ‘lug - 00L -0 v
soidweg suozuoy ansoubeiq uonduasag _ (wd) yideq , cON:oI_

pues [ei1seo) :jeperew Bulkpepun

11-0661 :pequosep ejeq

LU9ZINYISOQ g V '® UuBWSOYIS H AqQ pequoseq _ I :,eamsed 1xeu 0} sduelsiq
I :,PUB] 8jqesE 0} BOUEISIO ,umoh ojignd 1xeu 0} 8ouBIS|g

BUON :0|qe] Jojep : soquA4 :esnpuet/uopelebep

S ', jun ujeua ) , 26} 81/.82.52 .£€ :epnybuon @ epnyie

pieyado :Agwej pog (uoneieban) L1S ‘qvslee :ojouyd/dey

POOMLIBS WO} [0S : Ll ‘ON ¥d



96¢

'209. ‘Binquasiy ‘Beg elenud ‘elem pue elewy) ‘10 10} eInyisu| - MOSH ,
"(982 ebed ‘1-ddy ejqe)) xjpuedde sjy) jo ebed ise) uo ejqe) uj 8poo Jo uojeueldxy |

‘uibpo ,o::uE JO 89B.LIO) JOUNISIP € Ul pejedo] s ud s|yL :SyJewey
dojgt . 9Iyuo *9UOU IDH YUM eoueosealaye ‘esoo) ‘paujelB-aibuis ‘pues wnpaw aind :Aeb S..o +02 -0 v
sejdwes suozyuoy ausoubelqg uonduosaqg (wo) ydeg _ UozZ|oH

9ZINYISOQ g v ¢ uuewaOlOS H :Aq pequasag
.} :,Puej 8|qese 0} BOUElS|]

BUON :e|ge) Ja1eM

G :,Jun uens )

umounun :Ajuwe} jos

UMOWYU() :ULIO} H0S

pues [eiseo?) :feustew GuiApepun

11-0661 :paquosap ereQ

} :,einised 1xau 0} 8ouElS|g

€ :,peos 9)iqnd 1xau 0} souels|qg

uojeleBena ueje @ soquAq :esnpue/uopelabap
WPl 81/.01.b2 €€ :0pnibuo B epnipe
(uopeteBen) z1s ‘gvsiee :oloyd/deny

81 ‘ON Ud



LST

'2092 ‘Binques|3 ‘Beg eieaud ‘1elem pue ejewlld ‘oS Joj eInyisul - MOSI ,
‘(982 e6ed ‘|-ddy eiqe)) xipuedde sy} jo abed jse| uo ejqe) uj 8POJ JO uopeueidx] .

"Jajem 8y} U} suoppuod Bujonpas pajedipul $°H Jo lIBws eyl ‘SyJeuwey
361 uozyoy-3 "8S00) ‘pues wnipaw aind ‘Aaib ysmoyeh ajed ‘1o +0i1 3
_ ‘uollsuel) yjoows .
v61 g doj6l AYUO jenpeib ‘auou :[DH Yum aduadsaniaye ‘asoo) ‘paujesB-ajbujs ‘pues wnjpaw aind ‘Aaib g oLL -0 v

sajdweg suozuoy spsoubelq uonduosag _ (w2) yideq uozoH

pues |ejseo?) :jeysrew BulAuepun

11-066} :Paquosep eleq

U9ZINYISOQ g v '@ UueWaOoYdS | :Aq pequoseqg , _ I :,8Jmsed 1xau 0} 8duelS|g
} :,pue| 8|qesR O} 8oUEIS|] _ : .vmo._ onand xeu o) eduess|g

ww oo: :e)qe) Jelem soquAg :esnpue/uopelebep

S j,yun ujeuag (591 8L/ «91.92 .£€ mva_mco._ '® apnwe

umourun :Ajjwey jlog : (uopeieben) SiS ‘v1g ‘avelee ‘oloyd/dep

poomwe4 ‘uuoj |10g - 61 :ON Ud



86T

‘a)sodwod e se paydwes 818m suozuoy-) pue -g -3 -y 8yl
'209Z ‘Binquasi3 ‘Deg e1eAid ‘1a1em pue ajew|t) '|I0S 10} 8INMISU| - MOSI
‘(982 ebed ‘}-ddy eiqe)) xipuadde siy) jo abed 1se| uo ejqe} uj 8pod Jo uopeueydx3 ,

*191eM 8Y) U} suolpuod Buonpas paiedtpul S§%H Jo jlBws 8y ‘SyJeway

SSaulam JO subjs yum
<V02Z [euajew pajepijosuodun "3UOU }DH YUM 30USDSOAIDYD (9500 ‘paureiB-aibuis ‘pues wnipaw aind :Aa1b yspioelq ‘19m +09 -

‘uojIsuel} yloows
V02 21|0SpPOd Jesp ‘auou [DH Yum a0uadsanIaya ‘aso0] ‘pauleib-aibuis ‘pues winjpaw aind 3oe|q 1opM 09 -0¢ a

‘uopsues) Anem
V02 uozyuoy-3 Jespd (8Uou DH YUM 80UBdSaAIaye 8s00] ‘pauleiB-eibuls ‘pues wnjpaus aind Aaib o 0t -Gl 3

‘uopsues) yioows fenpeid ‘sjoos may
V02 g dojoe AYHO {3UOU :IDH YuMm 30UdISaAIBYD ‘9S00 ‘paulesB-ajbuis ‘pues winipaw aind ‘3oe|q ysiAaib 1o S. -0 v

soidweg suozuoy apsoubeiq uonduosaq (wo) wdeg _ uoZz1oH

pues [eiseo?) :jeuarew buidpepun

11-0661 poquIsap ajeq

U9ZINYISOQ g V ' uuRwWAOYIS H :Aq pequasaq } :,8amised xeu 0} dduels|q
I :,PUEB} 8|qese 0} aouelsiq } :,peols dlqnd 1x8u 03 aduelsiq

ww 0001 :ejqel Jotep soquid4 :esnpuer/uopelabap

¥ 1 qun ueus) SE91 81/.¥2.92 .£€ :opnybuo @ apnye

ueiojsinuy Apwey 10 (uoneaban) 02s ‘615§ (210id) 81S ‘LS ‘91S ‘QvBLEE ‘oloyd/deyy

ayjowen] :uuoj ||0S 02 ‘ON Ud



65¢

'2092 ‘Binquesig ‘Beg a1eAld ‘1e1ep pue elewlD ‘||0S 10§ 8INMIsU| - DS ,
"(982 ebed ‘}-ddy eiqey) xipuadde siy jo ebed isej uo ejqe uj 8pod Jo uopeueidx3 |

QUON SyJeway
‘§100.
doji2 oIyuo M8} ‘auoU IDH YUM 80usdsaAIayd asoo| ‘paujelb-eibuls ‘pues wnipaw aind ‘mojA ‘Aug +0S -0 v
so|dweg suozuoy onsoubelq uopduoseq (wo) Yideqg uozjIoH

AUBZINYISOO g V § UuBWeolyos H :Aq pequasaQ
I :,pue| 8jqese 0y souersiq

OUON :9|qe] Jarep

¥ . yun upeua)

umowyuf :Ajwe} j10S

poOMUIDS UL} |IOS

pues jeiseon) :feuatew BuiApapun

L1-066 :paquosap ajeg

I :,eamised 1xau 0} souelsig

} :,pe0) Jlignd 1x8u O} 8duels|g

soquiA4 :asnpuej/uonelebop

«1891 81/.¥2.92 .£€ :opnybuo B apnmne
(uonelaban) gzs % (eyoid) 12s ‘qysiee :oloyd/depy
L2 ‘ON Uid



09¢

'209. ‘Bianquas|g ‘Deg aleaud ‘alepm pue ajewtD ‘|0 Joj enisul - MOSI ,
(982 ebed ‘1-ddy ajqe}) xjpuadde sjys j0 ebed ise| UO 8|qE)Y U] BPO JO UOREUERKXT ,

"BOIW JuBpUNgE YUM "dunp e jo adojs ayi uo pauoiusod si ud ayy ‘Sylewdy
dojze oIYUO ‘Buons :1DH Yum 9ouadsanIays ‘aso0) ‘paureiB-ajbuls ‘pues wnipaw aind Aaib uep g +0S -0 v
sa|dweg suozuoy opsoubelq uopduoseq (wo) yideq UOZUOH

L,UdZINYISOQ g V '@ UUBWAOYIS H :Aq paquoseq
I :,pue| 8|qese O} SoUElS|]

BUON :9iqe) Jo1ep

aunp jo adojspjw ‘g :,yun ujeus |

umowun :Ajwej jos

qjweN Alqeqoid :uuoj |jog

pues jeiseod snoasedfe) :jeusiews Builpepun

11-066} :paquosap aleq
I :,anised xau 0} 8duelsiq

I :,peos 2ljgnd 1xsu 0} 8due}s|g

soqui4 :asnpuey/uonelsbap

«£2.91 .81/..2€.92 .£€ :8pnybuo B spnuiey

(saunp) gzs @ (uopelaban) v2s @ (aiyoid) £2S ‘gvelee :oloyd/den
. 22 ‘ON ud



192

'209. ‘Binquesi|3 ‘Geg ajeAnd 'ie1ep pue 8rewyd ‘oS 10} ISy - MOSI
‘(982 ebed ‘|-ddy siqe]) xipuedde siy1 Jo eBed ise} uo eiqes uj 8pod JO uojeuedxy |

SUON ‘syJeway
QUON pues 9|Gay ~'8uou :jOH YyMm 8ouddsanaye ‘esoo| ‘paujeiB-aibuis ‘pues wnipaw aind ‘mojjeA ‘luq +0S -Si o)
, "‘uojIsues} Yloows jenpesl (sj001 mey
dojez oIYuo }8uouU :DH YUM 80UeasanIayd as00) ‘paujeiB-ejbuis ‘pues wnipaw aind mojeh xuep ‘g SL -0 v
sojdweg .mco~_._oc apsoubeiq uopduasaq (wo) yideq . UOZ|UOH

pues [ejseo?) feperew BuiApapun

L 1-0661 :pequosep aeqg .

U9ZINYISOO g V @ uuewasolyos H :Aq paquoseq - , I :,8Jmsed xeu 0} aouesiqg
I :,PuB| Bjqese 0} souelsiq 2 :,peos ojignd xeu 0} souelsig

BUON :3|qe) J81BM soqui4 :esnpuer/uopejobop

(deays) € :,yun ujewe) WSP.LL 81/.52.52 .£€ :epnybuon 1 apnue

J8JUON :Ajjwe; jjoS . (uopereben) 0es ‘'82S 2 (8130d) 62 ‘22S ‘QvsLee :ojoyd/dep

QIWEN :uuoj |los €¢ ‘ON ud



¢9¢

‘(982 eBed ‘|-ddy e|qe}) xjpuadde sjy} jo eBed ise| uo ejqel U] @pod Jo uopeueidxy |

‘Sjuswaje adel) 1oy pashjeue

sem (4p2 ojdwes) Jas|iud) N % O€ + 0:1:2 81 Jo ejdwes v "1as||iud)-Ny) pue (Buipeq ‘eosoydoiyN) 1esiiue) N % 0€ + 0:1:g Bujsn pasjjjuay sem jos ayy 'SyIewsy
‘8uou IDH
19124 UozZ|OoY-Y) . YUum 80UBISIAIBYS ‘pIey ‘BAISSEW a1eIapow ‘weo| Aejd Apues 'Sajiiow mOjRA yum Aa1b 1ap +0LL -O¥L ©

"uosues yioows [enpel ‘auou ([HH YUm 30UdISBAIBYS JOS ‘qUINID YESM ‘puUes asIe0d 0}
vie g doive oIy wnpaw ‘jeuarew oueblio Jo sishe] [euozuoy xuep yum ‘Aalb ysimo|eA 1ap ‘Aaub aped :Aug oyL -0 v

sajdweg suozuoy opsoubelq _ uopduoseq (wo) yideqg UOZUOH

uibuo opuelb Jo spues pajepjiosuodur jepatew BulApapun

20-1661 :paquosap ajeq

uuRweoyos H :Aq paquosag L :,@inised 1xeu 0} 8duejs|g
L :,pue] ajqese 0} eduelsig o 2 :,peou ojqnd 1xeu o} 8duelsiqg
BUON :eyqe] Je1epM _ peleApny :esnpuer/uopeiabop

G :,un upeue} _ : : V2T 81/.S.LL £E 0pnYBuo B epnen

Joounswwen :Ajwey jog (uoperaban) zeg B (8oid) 9eS ‘SES ‘aveLee :ooyd/depy

ynudsjey :uuoy jos ¥Z ‘ON Ud



9}/

vse g dojse

sajdweg

£9¢

"(98z ebed ‘1-ddy ajqe)) xipusdde sy jo eBed ise) uo 8jqes u) 8POD JO uojeueldx3 ,

"SJUBLWIBE 30k} IO} PAsA|eur Sem Jos||Iua) ayy Jo :
aidwes y (yio} ajdwes) Jasjjuo} Eoo.;vc N%Se + L N £ Buisn pasjjiuay sem ||0s 8y “paijisse]o sem apoid sjyy uaym pasoub) sem uozpoy-3 sjqissod v S)Jeway

‘Jonelb maj ‘auou
uozuoy-v) IIDH Yum aouadsanIaye ‘piey ‘aaissew ‘Aejo Apues isapiow umoiq mojeA yum Aaib g

‘uogisues yioows idruqe j9AeIB apixo-a4 pue zuenb
2YUO M3} AUBA ‘3UOU IDH Uim 90uadsaniayo ‘prey Apybis ‘aaissew ‘pues asseod ‘Aalb ajed g

suozuoy opsoubelg uonduossqg

+0lL -08 1))

B8 0 Vv
(wo) yideg UOZIIOH

uibpo omuelb Jo spues pajepijosuodun :jeuarew Bulipapun

uUBWSOYIS H :Aq paquosag
L :,puej ejqese 0} eouessiq
BUON :0jqe]} J91eM

20-1661 :paquosap aleq

L :,einsed 1xau 0} douersig

1 .umoh aqnd 1xeu 0} aduelsiq
peleany) :esnpuer)/uopielehiap

G 1, jun ujeus) 06,12 81/..£81 .£€ :opnybuo » epnuie
Joounewwen :Ajjwej |10 _ (uopeeban) v1s @ (amoid) evS ‘2vS ‘aveiee :ojoyd/den

yrudsiey) :uuoj jos

G¢ ‘ON id



$9C

‘alsodwiod e se pajdwes 81om UOZOY-3 6yl pue UOZUOY-Y 8yt .
"209. ‘Binquas|g ‘Beg erend ‘1elem pue alewld ‘oS 10} enyisul - MOSI .
"(982 8bed ‘1-ddy ejqe)) xjpuedde sjy1 jo abed jse} Uo Bjqe] U} BPOI JO UoREUEIdX] |

's1e9A OM] 40} SEOIWBYO-01BE YUM Pajeal) 10U Sem I0S 8yt _ 'Syewey

‘lone1b maj ‘auou IDH yum

g92 onewsud 80UB0SaAIaYe ‘piey Aian ‘onewsud 8s1e09 xeam ‘weo) Aepd Apues 'A8.b xJep ysiumoiq ‘Aig +05 -0¢ 9

‘uojysue} Yioows idniqe ‘euou IHH

«3V9C uozZUOoY-3 yum 8ouadsanaye ‘prey Apybys ‘ealssew ‘pues wnjpaw 0y 8sseod aind :Aalb Jajed Aug 0e -02 3

‘uopsues) yioows jdnige :suou

<3voe 2IYUO :JOH Yum aousosenaya ‘prey Apybiis ‘aaissew pues winipaw o) 8s1eo0d aind :Aaib ajed ‘g 02 -0 v

sajdwesg suozuoy opsoubelq

U9ZINYISo0 g v '§ UUBWeO|YoS H :Aq paquoseq
L :,pue} 8jqess 0} 8duelsig

BUON :o|qe] Ja1eM

G :Jun ujeuay

(eseyd mojreys) uosisez :Ajwey 10g

UNOJSJ WO} |I0S

uonduoseq (wo) Yyideq uOZUOoH

ujbuo opyuelb jo spues pajepjlosuodun :feuerew Buihpepun

20-1661 :pequosep eleQq
L :,einsed xeu 0} souess|g

Z :,peos o)iqnd 1xeu 0} 8duElS|g

paleang :esnpuer/uopelebep

«£2.22 81/..11,91 ,£€ :opnybuon g epmpen
(uonerebon) ges g (aoid) 2es ‘avsiee :owoyd/dep
92 1ON ud



g8¢

38¢

vee

sajdweg

$9¢

"(982 ebed ‘|-ddy eiqe}) xjpuedde sjyi jo ebed ise| uo ejqe) uj epod jo uojeuerdxy |

"pareAning Jou s) ¥d ey jo Bujpunouns ay] S)Jeway

_ ‘fenesb apixoinbsas
Esos_c: ,>ccEumcoc“_OIE_;oocmommetmuEmcumz.mmcEuEmo_%cSE;oBcw_vuw‘_Eo

"uojlIsuel} YIo0owWs Jeald 'sauols dyzuenb (asseod)
uozioy-3 Ajqissod Auew 'suou :j]OH yum sausdsanaye ‘asoo] ‘paujesB-sibuis ‘weoj Apues ‘Aaib ajed ‘g

, "uoiysued) yioows Jesjo ‘jpArib zuenb may ‘suou :1DH
JYuo Yum aoudosanioye ‘prey Apybyis :anissew yeam ‘pues auy 0} wnipaw Aweoj ‘Aa1b ajed ‘lig

w:Onzoc. opysoubeig . uonduosaqg

+0L 05 8
05 G2 3
Gz -0 v
(wo) yideg uozHoH

'S19pjinoq ayzuenb pue uibuo opuess jo spues pajepijosuoou :jepatew buhpepun

uueweoYos H :Aq paquasaq
¥ :,pue| eiqese 0} 8oue)s|g

¢0-1661 paquIsap eleQg
L :,aanised p@u 03 souesig
€ :,peos 2jiqnd 1xau 03 sduEls|g

BUON :0jqe] Jo1epM pue| pajeapind Aq papunouns pjeaqnuys jo duis :esnpueri/uopeiebap
€ 5, Jun uewss ‘ «E€.22 81/.2S.L} €€ :apnybuo @ epnye
umousun :Ajwey og o _ (uoneraban) 1vs % (eyo.d) ovs ‘Qvssee :oloyd/depy

UMOUMUN WO} [|0S

82 ‘ON ¥d



D6e

36¢

cdolez g doi6z

so|dweg

U9ZINYISOQ g v %» uuewaoyos H :Aq paquosa(
2 :,pue| aiqese 0} aduelsiq
o:oz 9jqe) Jolem

:,Jun urena)

_mvcoa._os_ >__Em. lios

‘uozpoy-9

uozyoy-3

oo

suozyuoy ansoubeiq

99¢

‘foroys opseld e yym uaye; sem dojez m_nEww aliym Jabne ue yum uexe sem 'doez eidwes c
'L09. ‘Binques|3 ‘Geg alenld ‘o1eM puB 8jew ‘oS 10} IMpIsu| - MOSI ,
‘(98¢ @bed ‘|-ddy ejqe)) xipuadde sjy; jo sbed ise] uo aiqe; uj 8po9 jo uopeueldxy |

"S[ed|wayo-oi6e Yum paieal) JoAdU SBM [I0S 9y} Jey) pajels puej ayl JO JAUMO 8y}
"8uou :IDH Yum aouadsanteye ‘way ApyBis leaissewu iweo) Apues auy ‘Aaib xuep lision +0LL -G2 9

"uolISURI} YIOOWS Jeajo 8uou ([DH Yum
80UddSaAIBYD (YOS ‘quINIO 8uJ) YEam ‘puBS Buy 'SIIOW BPIXO uoJ pas yum Aaub sjed ‘g s. -02 3

‘UOISURJS] YIOOWS Jes|d :auou }DH Yyum
B82UBISOAIBYD (YOS ‘QUUNID BUYj HEAM ‘pUBS BUY ‘SIINOW IPIXO Lo pas yum Aaib xep ‘Auq 0 -0 v

uonduosaq (wo) yideq

:SHJeway

UOZIOH

uiBuo onueib Jo spues parepiosuodun feuarew Bulkpapun

20-1661 :paquIsap areq

PEISUOOJ) :ULIO} JI0S

L :,aimised 1xeu 0} aouels|g

umo._ ayqnd xau 0} aduelsig

ploasa) 2 -qruys :asnpuer/uoneebap

«EP.62 B81/,,12,12 ,£€ :opnubuon @ apnuen

(uonetsban) Lvs g (eoud) ovs ‘sy's ‘aveiee :ooyd/depy

62 ‘ON ¥d



L9T

"L09. 'Binques|3 ‘Geg ereamid ‘181em pue ejew) ‘og 104 eInyisul - MOSI ,
(982 ebed *1-ddv eiqe)) xjpuedde siy jo ebed 18} UO 8iqE] U| 8POJ JO UONEURIXT ,

"S1e9A (G 1Se9) 1k J0j oS 3y} 01 paidde Jou aiam SfeWBYd
-016® 1ey) pajels pue| ay) JO JOUMO 8y] "OF Ud JO ISOM-UINOS SJ13J8W O/ PUNO) SBM YOIYM JAPINOG B JO Lo Ul UdNE) Sem (1YD) anuesb ay) jo ajdwes v SyJewdy

S)yJewsal 99s %001 preH A ‘auuelB pasayieam Ajleojwayo ‘paujest-aul4 +6. Y-
‘uopsues) 1dniqe Anem (joaeiB mej AJaA ‘Buou DH Ym
vOE % dojoge _ 2lyuo eouaosanIaya ‘psey Apybis ‘quinio ejesopow ‘pues Aweo) 8s1e0d 0) wnipaw ‘umoiq ‘Aug SL -0 v
sojdweg suozuoy ansoubelq uopduoseq . (wo) yideq uoz|IoH

ayuesn :feudjew Bukpspun

¢0-1661 ‘paquasep aeq

AM9ZINYISOO g V '@ uueWoOYdS H :Aq pequaseq : L :,aamsed 1xeu 0) 8ouelsiqQ
€ :,pue) 8|qese 0} souelsiq 2 :,peol oyqnd 1xeu 03 8duelsiq
QUON :e[qe] JoJep S peAqnuys :asnpue/uoneisbep
€ ,Jun ujenay : 95,12 81/.6V.61 .£E :0pnibuo] % epnye]
MYAW :Ajjwey jj0g . (uopeiaban) 58 ‘2SS B (ayoud) ¥SS ‘avelee oloyd/den

yeds|\ :wuoj jos . - OEON ud




. _ 89¢C

‘aysodwod e se pajdwes 81om UOZOY-3 8y} PUB UOZUOY-Y 8y ] z
(982 obed ‘|-ddy siqe}) xjpuadde sy jo ebed ise| O BIqE} U) BP0 JO UoPeURKIXS N

's1eaA 05 1ses| 1k 10} Jjos ey} 0} pajidde jou asom S|edjweyd-0.6e Jey) parels puel ays Jo Joumo ay) “sebne ue Bujsn payoeas Auo sem 3001 8y SyJeway

gie

3VIE

Avie g dojie

sojdweg

‘ayuelD

"SUOI18JOU0D apixoinbsas Auew ‘auou :IDH
oud yog UUM 8ouddsaniafe ‘prey pauteiB-ajbuis :weoj Apues 8s1209 O} WNIPawW ‘UMoIq ysippal ‘Aug

‘uopysues .._,-ooEm _m:vm._m ‘lones me} AJaa ‘auou :DH Yum aousdsaniayd
uozyoy-3 ‘piey Apybys ‘qunio etesepows ‘pues Aweoj 8sJe0d O} wnipaw ‘umoiq ofed ‘Aig

‘uolusues] yjoows fenpesb ‘paeib may Auan ‘auou :DH Yum 80uUsdsaAIaye -

oIyuo ‘Prey Apybys ‘quinio alesspows ‘pues Aweoj 8s1e0d O} wNPaw ‘umolq ysikesb ‘Aug

suozuoy apsoube)q uopduaseg

uuewaoyds H :Aq paquosaqg
€ :,Pue;} 8|qese 0} aduessig
BUON :9jqe} JalepA

+0S¢ H

0S¢ -0L1 g

0ZL  -09 3

09 -0 v
(wo) yideqg UoZyOoH

a)jukesy) ;jeusrew BujAuepun

¢0-1661 :poquosap areq

L :,aimsed 1xau o} eouess|g

2 :,peol 21iqnd 1xeu 0} aduelsig
pIeAQRIYS :esnpue/uojielsbap

€ :,Jun ujesa) _ . : 95,12 81/.2V.61 ,£€ @pnybuo @ spnuie
3o0iquays :Ajwey jlog (uoneraban) £5s B (eoid) 9ss ‘sSS ‘avsiee oloyd/depy

spuejBuo :uuoj jjos

L€ ‘ON ud



oce

g9¢e

gce

vee B dojze

sajdweg

apsoubejp-uoN

opsoubejp-uoN

oywyd yos

JYUO

suozuoy ansoubelq

69C
"(982 ebed ‘|-ddy eiqe]) xjpuadde sjys jo eBed isej uo ejqe} uj 8poo Jo uopeueldxgy .

's1eak 0G 15e9] 1€ 10} (|0S 8y} O} pajidde Jou aiam s|edjweyd-0i6. Jey) Pajels puk| 8yl JO JOUMO Y] . iSyJeway

"BUOU :DH YUM 9IUDISIAIBYD ‘ull
‘anissews Aeo ‘(samow) suopenwnooe Aejo Aasb ajed pue umoiq yum xurew £aib ajed ‘1o +0S5L -OvL ©

"UOIISUBJ] YIO0WS asnyIp :SUOiaJou09 apixoinbsas pauayos :jaaeib
Zuenb may Liaa ‘auou :IDH Yim eousasanaya ‘wuy Apybys ‘aaissew ‘weoj Apues wnipaw
01 9sse09 ‘(sajow) suoneinWNooe Aejo Aaib afed pue umoiq yum xurew Aaib ajed ‘1op orL -0l 89

‘uojlisuey] yioows Jeso jaaeab zirenb pue suoyesouoo apixoinbsas
Auew suou :jDH yum aousdsaniaye ‘piey ‘pauresb-sibuis ‘pues asieoo ‘Aaib ajed Kig oLl -GS g

.co_gwcg yloows Jead ‘eaesb zuenb
May A1aA ‘auou IDH Yum 90UBISBAIaYS ‘HOS ‘QUINIO Meam ‘pues asseod ‘Aasb ajed ‘g SS -0 v
uopduosaq (wo) yideq uoZlIoH

a)jueir) :feuajew BulApepun

20-1661 :pequosep aleQ

uuewaoyIs H :Aq pequosaq 4 :,aimised 1xeu 0} 8ouelsiq
¢ :,pue) aiqese 0 souels|q 2 :,peos ojiqnd 1xau 03 8duelSIg
SUON :9[qe] Jo1eM 1sed 8y uj paleANND Sem Jey) PIRASSRIY) :asnpue/uonelabop

¥ L un ujeusy «9.2C 81/.9€.61 .£€ :8pnbuoT B apnue

BUdeH :Ajjwey 108 ‘ (uonelaban) £1d %@ (epyosd) 85S ‘avsLee :ooyd/dep

yblepsom :wioj jlog . _ ¢€ ‘ON ud



oge

3VEE

.3vee g dojeg

s9|dweg

0LT

"aysodwod e se pajdiues aiom UOZUOY-J 8y} PUB UOZUOY-Y 8y L z
"(98¢ obed ‘|-ddy ajqe]) xipusdde sjy; jo abed ise| uo ajqe} uj 8PS JO uoneuR|dXg .

"s1eak 0g 1se9) 1e 40} jos 8y} 01 pajdde Jou asem SjeOIWaYDI-016. Jey) Palels pue| ay) JO JAUMO oY) SHJeway

. ‘pARIB may Auan ‘auou :1DH
uozjoy-5 Yum 8ouadsaniaye ‘piey ‘eaissew (Aejo Apues 8s1e0d 'Saiow umolq Yyym Aaib yiep o +0vL -09 9

‘yroows ydnuge ‘jpaeib zuenb
uozuoy-3 M8} auou :IOH yum aousdsansaye piey Apybys leassew ‘pues asieod Aaib ajed Mg 09 -SI 3

‘yioows jenpesb :joaeib
dIyuo Zuenb mej Auana ‘suou :1DH yum aduadsanIaye :@s00j ‘pauleiB-ajbuls ‘pues asseod Aaib :lug St -0 v

suozuoy apsoube)q uonduosaq (w2) yideqg UOZUOH

ayuesr) :feparew BujApepun

c0-1661 :paquosep ajeq

uuBwao|YoOS H :Ag pequasag _ L :,8Jmised 1xau 0} aouessig
¥ 1, pue| siqese 0} 9ouEIS|Iq € :,peos Jjignd xau 0} aduessiq
BUON :8[qe] J9Jep 1sed ayl uj pajennd sem Jey) PiASSeIY) :esnpuer/uoneabap

- G L,yun ueway . .9.22 81/.92.6} £€ :0pnubuo B apnie
[epueBioyy :Ajwej yog (uopereboen) 91d 3 (eyoid) L1d 'Sid ‘vid ‘Qvsiee :o0yd/dey

pejsuoos| WO} JjOS £€ 'ON Ud



Ve g do)pe

sajdweg

1Lz
"(982 ebed ‘|-ddy eiqe}) xjpuedde s)y; jo ebed isej uo m_nS_c_ 8po9 Jo uopeusdxy |

"apyosd jjos Ayssejo 03 ybnoua deap jou Yd SHleway

‘lonesB zyenb may Auaa ‘suou
2IYuO “IOH Yum souaosenteye prey Apybyis ‘snissew ‘weoj Apues asi1eod 0} wnpaw ‘umolq ‘g +SL -0 v

suozuoy apsoubeiq . uonduosag (wo) yideq UOZUOH

eyuein) :jeueiew Buikpspun

. : ¢0-1661 -paquasap ajeq
ccﬂ:mo_cowISnuantomoo h:&:«mﬂaxmcouoocmﬁ_o

L :,pue)] 8jqese 0} sdue)siq -¢ :,peos oljgnd xau 0} aouels|qg
_ BUON :9[qey Ja1ep piaaqnuys :esnpuery/uonelabap
€ :,un ueua) 082 .81/..2€.82 .£¢ Aprewxoidde :epnybuo  epnyie]

umounun :Ajwej jog euou :gvgLee ojoyd/dep

UMOUNUN :ULIO} [|0S _ ¥€ ON Ud



aLe
"(982 obed ‘|-ddy eiqey) x__u:oaam S|y Jo abed ise| uo 8|qe} U) 8POD JO uopeueidxg .

'8E PUB Lg ‘9E Slid 1B Ss|ios 8y} 1o} jeustew Buipapun ay} sjuaseides pue wo Qg O Wwo 001 JO yidap e woyy

uaye} sem degge ajdweg “suopeydiosid yes yym jjos jo 80BlNS 9.6 80UIS S[EIIWAYD-016E Yym palesl] 10U Sem eale eyl 1Byl Pajels pue| syl JO JOUMO ay | SyJeway
degge ISIYOS palayieam :BUOU IDH YUM 30UBISIAIBYS ‘UMOIQ MOjRA ‘Aug 00 9D
BUON ouenooyy . 'dUOU IOH Yum 8ousdsanieye ‘paey :A4o0iq ‘weo) Aep ‘Aaib xiep ‘Kug or -02 g

‘oAb Zuenb pue apixoinbsas ‘ayuelB may Aiea
BUON 2IlYuo *8U0u :JOH Yym dousdsansaye uuy Apybiis (A4o0jq aresapow as1e0d ‘pues Aweoj ‘Aaib ‘Mg 02 -0 v

s9dweg suozyuoy onsoubeq uopduoseq (wd) yideg UOZUOH

dnoug Aingsawiepy ay jo 1siyos :feuatew Bukpapun

€0-1661 :pequosep eleq

uueweo|yog H :Aq pequaseq I :,8amsed xsu 0} aouelsiq
¢ :,pue| eiqese 0} aouels|g £ :,peos o)qnd 1xeu 0} aouels|q
BUON :9jqe] JoJepr . ‘ puejsseifl pajeayn) :esnpue/uojelobop

€ L,4un ujeus | «12.€S 81/ .£E.1¥ £€ :opnybuo @ epnyien

umounun :Ajwey jog (eioad) 09s ‘gvsiee :ojoyd/depy

BSOIUSID :ULIO} [10S SE :ON Ud



g9¢

39¢

dojoe

ejdweg

£€LT

'209, ‘Binquasi3 ‘Geg erenud ‘etem pue ejewn) ‘10g 10} enyisy| - MOSI ,
‘(982 9bed *1-ddy eiqey) xjpuadde sjy1 jo abed 1se| UO BiqE] U] BPOO JO UoREUERKXT

'suopeyd;oa.d yes Yym ||0s JO 8OBUNG 9261 BOUIS S[edjWaYD-0I6. YuM Poleal) 10U Sem BYS 3y} 1By} PIIBIS JAUMO puej 8y SpewWwaYy

ojUBINOOPad

uozyoy-3

Yo
suozuoy apsoubeyg

0-1661 :paquosep eeq
19ZINYISoO g v :Aq paquasag
L :,esmsed Pou 01 eduelsiq

€ :,peos oqnd p@u 0} sduessiq
xaAu0) :adeys edojg

% 9 ‘edojg

b ,Jun uens)

BUON :%901 30BNNG

pieAsissog :Ajwey jog
sintudepy :w.oj |jos

. "S1001 M8) :SPU0IdS

9 :uondiosqe Jajem ‘aaeIb suy JeinBai My SUOIIBIOUOD apixoinbsas

PJey sulj papunos maj ‘sueind Aejo uowwod ‘piey Asaa ‘Ax00)q sejnbue

8sJe09 8je1apow ‘weoj Aejo sajow apixonbsas pas Jouys|p wnjpaw
UOWWO3 :9/GHAS L umoiq Buouis 1sjow ‘9/9HAG L MOjiBA ysippas Kp ‘ig  +0v  -02 g

"uojlisuel} Yjoows idnige S1004 M3} ‘SPU0IaS ¢ uoidiosqe Jojem
‘(zuenb pue ayue.b) jpAeI6 euy JeinBaly uowwod ‘suoneIouod apixoinbsas
psey wnipew papunos Auew ‘sasod may ‘prey Apybys ‘ujesb aibuis ‘pues

uy Aweoj :/GHAQL UMOIQ ysimoydA I1siow 'g/ZHAOL umoiq efed Aiea Kip tlig 02 -0L 3

"UOIUSURJ} YIOOWS JedJO S1004 M3} 'Spuodas 0} :uondiosqe Jojem

*(zuenb pue ayuei6) joaeIb auy Jeinball) May ‘suoRaIOUOD BpXoINbsas

piey wnipsw papunos maj :saiod msj prey Apybys ‘eaissew ‘weoj Apues
3ulj '€/PHAQL UMOI] YUEP O} UMOI] ISIOW ‘§/ZHAOL umoiq ajed Asea p ‘lug 01 -0 v

uopdposeq (w2) yideg uozZuoH

[edjwayd yeam ‘fedjsAyd ejesapopy :feperew Bujhpepun jo Bupeyieap
dnoug Aingsawiey ays Jo Isiyos :feparew Buikuapun

BUON :J8||810I01N

MN :1oedsy

2 :,pue| eiqese 0} aduesiq

BUON :e|qe] Jajepy

PieAqnuys pemp uadQ :@sn pue/uoneabap

IIN :Bujpooy jo eousund0Q

BUON :8UO}S 8JBlNG

81.ES B/ .E P £ opnybuo @ apnie
(uonelaban) 695 @ (eyosd) 89S ‘gasiee :oroyd/depy
g€ ‘ON Ud



LT

2092 'Binquas|3 ‘Beg aleAd LaleM PuB 8RWID ‘10G 10} SISy - MOSI
‘(982 ebed ‘|-ddy eiqe)) xipuedde sy jo ebed jsej uo ejqe u) 8pO9 Jo uopeuBdXg .

'suojieyd;oeid Ies Yym [0S JO 80BUNS '9Z61 BOUIS S|EJJWBYI-0IB. YIM Pateal) 10U SBMm aUS 8y} Jey] PAJBIS JOUMO pUB| BY)  SyJewey
Wood +0S -0v -

‘uonisuesy 6uinbuo) ses|o (51001 My 'spuodas ¢} :uondiosqe
Jatem !(zuenb pue syueib) pARIB auy papunos may ‘SUOKBIOUDD BpIxoINbsas
piey auy papunos ma) ‘sueno Aejo may sasod may ‘prey Kiaa ‘onewsud
. 9s4e00 aresapow ‘weoj Aejo ‘seow ayjosdes umoiq YsIMo||ak ounsip v
ase Juenoewspd WNIpaw maj ‘g/EUA0L UMOIQ HBP ISIOW ‘E/PHAOL UMOIQ Xiep o) umoiq Ap ‘Aig oF  -02 g

‘uojlIsue)} YIoowWws JBajO ‘$1004 UOWWIOD 'SPUODSS g|
:uonidiosqe iaiem :(zuenb pue ayueib) jeaeib auy papuUNOI Ma} ‘SUORBIOUOD
apixoinbsas piey auy papunos maj 'saiod maj ‘piey ‘aaissew ‘weoj Aep
vie olyuo : Apues aul ‘g/¥HA0L UMOIQ XJEP 0] UMOIQ ISIOW ‘£/9HAOL Umoiq ejed Aip :luig 02 -0 v

sjdweg suozuoy dpsoubeiq uopduosag (wo) yideg UuozZuoH

[edlwayd yeam ‘jedisAyd xeap feustew BujApapun jo mcroﬁmmg
dnous Auingsawiepy ey Jo ISIYoSs :jeustew BujApepun

¥0-1661 :pequosep 8jeg BUON :8)|8J0I0IN
2U9ZINYIsoO g Vv :Aq paquasag MN :10adsy
I :,@imsed xeu 0y eouels|q . ¢ :,pue} 8|qese 0} aduersiq

€ :,peos jIqnd 1xeu 0} 8ouels|g BUO}N :8|qe) JotepA
xaAuo)) :edeys adojg PidAQnUYys gemp pasol) :asn pue/uopelabap

% 8 :adojg , IIN :Bujpooy jo aouesnd0p

€ L yun ujeua} BUON :8u0js 8deung

BUON 34001 8deuNg S1ES BL/.LEY £€ :apnibuo » apnen

uouueH :Ajuwey jos (uopereben) €18 @ (eioid) 2LS ‘gasies o1oyd/dep

yrudsyperg :uloy jjos ZE ON Ud



ogse

g8t

vee

ajdweg

SL¢

"£09Z ‘Binquasiz ‘Geg a1eAid Lielem pue ajew)iD ‘IS J0} aInyIsul - MOSI ,
‘(982 obed ‘|-ddy eiqey) xjpuedde sjy) jo abed jse} uo 8|qe) uj 8po9 Jo uopeueidx3 |

'suopieydioaud 1fes yum 1os JO adeung 9261 oIS S{EIIWAYD-0i6. YuM pajeal) Jou Sem XS ay) Jey) PIJeIS JOUMO pue} ay)

ojuBINOBWISUY

JjueINORWSHY

ST}

suozuoy apsoube|q

v0-1661 :paquosep areq
U9ZINYISOQ g v :Aq paquosag
1 :,eimsed xsu o} 8duelsIg

€ :,peos ojiqnd xeu 01 aduels|g
eAeouo) :adeys edojg

% 9 :edojg

¥ 1, un uena)

BUON :}00J 80BUNG

uouusy :Apwej jos

ynudsxielg :wioj jjos

o0y

‘uojsueny Axem Jeapo ybis

:IOH Yum aduadsanaya 'spuodss g :uondiosqe sajem ‘jpaeib wnipaw Jejnbain ma)
'suoiI81ou0d apixoinbsas ma} Auaa sjuawibey) ajeys ma) Ason ‘suend

Aejo uowwo9 sapisuanolls maj ‘saiod maj ‘piey Alaa ‘ojjewsud asieod yeom

*Aed '9/PHAOL UMOI] ySiMO)BA uep I1SI0W 1/SHADL umoiq ysimoleh Aip ‘lug

"uonysuen yloows [enpeib (s1001 maj ‘spuodas o1 uopdiosqe

Jatem 'suopaIouod apixoinbsas piey aul PaPUNOL Maj ‘[aaeib zuenb auly papunos
M3) ‘sueingd Aejd uowwod ‘sasod ma} ipiey Asea ‘onewsud esieod ejelspowl

*Aed te/CHADL UMOIQ Miep ISiow 2/¥HA0L umosq ysikalb suep Aip ‘Aug

‘uogiisuel] yjoows idnige Sj00J uowwod ‘spuodas g :uopdiosqe

191em 'suonaIou09d apxoinbsas piey auy papunos may ‘(ayuest pue zuenb)
j1one1b auy papunos may ‘salod ma) ‘piey ‘Baissew ‘weoj Aejo Apues auy
‘v/YHAS L UMOIQ Hiep 0} umoiq ISIow ‘H/9HA0L umoiqg ysmojRA by Aip ‘Aig

SS

oe

0c

uonduosaqg (wo) yideq

+GS

Ssewsay

|

o8

v

uozuoH

{eojweyd yeam ‘reoisAyd ajesapopy Jeustew Builpepun jo Bupsyieap
dnosy Aungsawiepy ayi jo 1SIyoS jeusatew Bulkpapun

BUON :JO1I9I0JN

MN :108dsy
2 :,pue| 8|qeIR 0] BOURISIQ

BUON :8|qe] Ja1epM

PIeAqrUYS pemp pasoi) :esn pue]/uofjieiabap
IIN :Buipooy jo 82uaLNd20

8UON :8UOJS 8JBLNG

£1.£5 .81/.82.vp .£¢ :8pnubuoT % apnie
(uopejabon) 9.5 % (aioud) 5. ‘gasiee :oloyd/dep

8€ ‘ON ¥d



9LC

‘(982 ebed ‘|-ddy ajqe]) xjpuadde sjys jo aBed iske) uo ejqe) uj 8pO2 Jo uojeue|dxy .

N peos By} JO WOHOG 8yl
Spsemo) sesea10ap Bupayieam Jo 8aiBap sy ‘uowwod suoneudioasd zuenb paseke ‘s JO sesud) JuepuNqyY "auAyd paseyieam Ajjeoiwayo Ajbuons ‘yos _
‘feusews pasodxa ay} Jo uopdudsaq ‘gb PUe v ‘L ‘O Siid 1B 10S 8y 10} fepalew BulApepun ay) syuesaida. (degee ajdwes) [epajew pasodxa eyl :iNd peoy :Syeway

dnoug Aingsawieyy ey jo eyjiiug fepsrew Buikpapun

£0-1661 :pequosap aleq

uuewWaOYOS H :Aq paquasaqg ¢ :,8amsed 1xau 0} aouels|q
£ :,puej a|qese 01 edueIsSi() : v - 9 :,peos 2lgnd xau 0} souelsig
BUON :8jqe) J81eM N0 peoy :esnpuer]/uopeiebap

B'U L yun ujens) «S2.95 81/.81.LE .£€ @pnyBuoT 9 apnyie

"e'u :Ajwey jog (uopeoo) 225 ‘gasiee :ooyd/depy

‘B'U :ULIO} IOS 6€ ‘ON UId



BUON

a0v

3oy

doyiov

aidweg

ojueINooYI

uozuoy-3

MO

suozuoy ansoubelqg

v0-1661 -pequosep aleq
UazinyIsoQ g v :Aq paquasaq
L :,aamsed p@u 0} souelsiq
—vmoh 21qnd xeu 0} aosuelsIq
X9AU0Y) :adeys adojg

% 9 ‘adojg

€ 1, 0un ujeua]

BUON :)001 89BuNS
seiquaslg :Aywej pog

jeaue) ‘uuoj j0g

LLT

09, 'Binques|3 ‘Beg elend 161BM PUB 1B I0S 10} BINYISU] - MOSI ,
‘(982 ebed ‘1-ddy ejqe)) xjpusdde sjy) jo ebed isey uo ejge) uj 8pOJ jo uopeueldxy ,

"S|eojway9-016e INoge uoNBWLIO] ON

"§00J pIeH

‘uogysuely Buinbuo) Jeajd ‘spuodes 6 :uondiosqe sorem (jaaeib zuenb

wnypaw Jenbau uowwod ‘sueind Aejo UOWWOD 'saiod me} ‘prey Aaa Ayo0|q
JeinBueqns auy ajesspow Ao ‘sajiow aoIdes UMOIG YSIMOjBA Uik}

auy UOWWOD ‘9/SYAG L umoiq Buons Isiow '9/SHAOL umoiq ysimoyieh Aip ‘Aig

‘uonisuel) Anem Jesj (Spuodss 9

:uondiosqge Jsjem suoiaIou0d apIXoINbsas piey 3sIe0d PaPUNOI mdj ‘[earib zuenb

esJe00 Jeinbain Auew ‘sasod Auew ‘prey Apybys ‘uesb ejbuis ‘weoj Apues
8uy '9/PHAOL UMOIQ YsMOJBA sIep Isiow ‘H/9HYAS 2 umoiq by Aip ‘Aig

‘uosIsueJ} LIOOWS JB3|D ‘S100J M3} ‘Spuodas g :uojidiosqe

J91BM SU011810U0D apIxoinbsas piey wWnipaw papunol may ‘jaaelb zuenb wnipaw
Jeinbaly uowwod ‘saiod may prey Apybis ‘enssew ‘weo| Aejo Apues euy
'¥/PHAOL UMOIQ ySIMOj[BA xiep ISlow ‘$/9YAOL umoiq ysimojiak by Aip ‘Aug

+08 -09

0c -0

uonduosaq - (wd) ydeq

Syeway

v

UOZLOH

[eojwayd yeem ‘jeajsAyd aresapopy euarew Buikpepun jo Bupayreapn
dnosg Aungsswiepy eyl jo aujiAud :feuatew BujApepun

SUON :§0)18J0J0IN

MN :10adsy

. :,pue| 8jqese 0} eouelsiq

BUON :8{qel Jelep

umouxun ‘pajeainy :asn pue/uoipelabap

iIN :Buipooy jo 20uauns2Q

BUON :3UOJs 3oBUNg

-£€.95 81/.82.LE ,£€ :2pMIBUOT 1§ epnyie
(uoneisben) 6.3 B 6.:9& 8.S ‘gasiee :oloyd/depy

O ‘ON gn_



4184

22134

E134

doiiy

aidwesg

JjueNoORWISUy

uozuoy-3

olyuo

suozyoy opsoubeig

$0-1661 :pequosep aleqg
U3ZINYIsoQ g Vv :Aq paquaseqg
L :;@imsed xau 0} 8duelsig

¥ :,peol Jqnd 1x8u 031 8duElsiq
xeAuo)) :edeys ado|g

% 01 :8dojg

€ :,Jun uena]

BUON 4001 80BuNS

wapeey :Ajwey jog

unods3 ‘uuoj jlog

8LT

'2092 ‘Binques|3 ‘Geg elend ‘191eMm pue ejew)i) 10 10} 8IMISU] - MOSI ,
(982 obed *1-ddy ejqe}) xjpuedde sjy) jo abed ise) uO a|qe) ) BP0 JO uojeuRldX] |

"sfeojwayd-o16e JNoqe uopeuLIOjU) ON Syewey

'Spu0das ¢ :uondiosqe

Jo1em jpAeib auy seinbaiy may tsueino Aejo uowwod ‘saiod may pley
Aian :£001q senBue as1e09 ajesapow Ao ‘sajiow apixomnbsas pas e}
oulj M3} 18/SHAOL UmoIq ysimoyjieh 1sjow '8/SHAOL umoiq yswojeh Aip ig  +09 -0 28

‘uUoIISUBY] YJo0Ws Jesjo ‘Spu0das G
:uopdiosqe Jarem ‘jPaeIb zuenb auy Jeinbais may ‘sueno Aejo Auew ‘sasod may

‘prey Asan ‘onewsiud as1eo0d ajesspow ‘Aejo ‘sajiiow apixoinbsas pas e}
aul M} 8/GHAOL UMOIQ YSIMO|ieA ISjow '8/SHAOL umoiq ysmojeA Aip tlig 05 -op 3]

"uotisues) Yyloows 1dniqe spuodas £ :uojdiosqe Jaiem {jpaesb zuenb wnipaw
JejnBauy) Auews isuonaiouod apixoinbsas may ‘sa10d ma} ‘piey ‘BAISSeW ‘WEO| _
Aepo Apues auy '//SHAOL UMOIQ YSIMOLRA Isiow (2/2HA0L Aaib by Aip il o -02 3

"uojlIsSuel) yloows

I3[0 'S1001 M8} ‘Spuodas g :uondiosqe Jajem ‘parib zuenb wnpaw senbauy
UOWIWOD SUONRIOUO0D 3PIXOINDSas maj (sa10d ma} ‘piey ‘BAISSeW :Weo) Apues
euy 'e/YHAOL UMOIQ Hiep 01 umoiq Isiow ‘2/9HAS 2 Aalb yspuid Aip ‘i@ o2 -0 SV

uopduoseqg

(wo) yidag uozuoH

umouun :jeuarew BuiApapun jo Buusyiesaa
dnoun Aungsawiejy ayi jo aujiyd :reusrew Builpepun

BUON :Jo)|210I0|N

MN :10adsy

. :,pue| 8jqese 0] aduelsig

BUON :9|qe} Jo1ep

umoujun ‘pajeainy :esn puer/uopeiebop

IN :Bujpooy j0 8ousLIN22OD

SUON :8UOJS 8JeUNS

L2.95 81/.61.LE £ :@pnybuo 1 epnien

(uoneieben) zgs @ (ajyoud) 18S ‘08S ‘ga8LEE ‘01oyd/dey
L¥ ‘ON Ud



acy

auoN

dojzy

sejdweg

6LT

‘(982 obed ‘|-ddy eiqe)) xipuadde sjy; jo abed jse| uo ejqey uj 8p0D JO uopeuedxy .

"('2'5'9 uopeS) LYy Ud 10} 8soyl yym syNsas 8y} esedwod o) Jepio uj pajdwes sem pue pajeAnd jou s Jd S|yy 1e jjos 8y SyJewey
ojueINORWISUY Ly Ud JO uozuoy g 8y} o} Jejwis Auap +09 05 9
uozyoy-3 I¥ Ud JO uozuOoY-3 8y} O} Jepus Auap 0 -0z 13
oIYHO ¥ Ud JO uozZoy-v a8y} o3 sejuis Aiep , 0z -0 v

suozpoy ansoubeiq

UUBWBOIYOS H Aq paquosaq
9 :,puej 8|qese 0} B3UBIS|I]
BUON :9[qe] Ja1eM

£ L, Jun ujena ]

wepeeH :Ajwej 0

UNOJS3 WMo} [0S

uonduosaq

(wo) yidag UOZUOH
dnosg Aungsawiepy eyl Jo ayjilyd :feusrew Buikpapun

€0-1661 :pequosep eeQq

9 :,ainsed xau 0} aouers|q

¥ :,peos o)qnd 1xeu 0} aduels|q

pue| pajeARiNO pue peo. alqnd usemieq pRAqUIYS :esnpue/uopeiebep
«¥2.95 81/.91.L8 £€ :8pnybuon @ spnyen

(amyou1d) €8s ‘gasiee :oloyd/depy

Zv ‘ON lid



9154

¢3EY

ey

3ver

dojey
ojdweg

uozuoy-5

uozuoy-3

uozjoy-3

JYUO

Jlyuo
suozyoy apsoubelq

¥0-1661 :pequosep areq
.uezinyisoQ g v :Aq pequosaq
L :,8imsed 1xau 0} eouers|q

# :,peos 9)gnd xau 0} aduels|q
Brens :edeys adojg

, % ¢ :edojg

# . Jun vjeua}

BUON %20 8%eung

lepusbiopy :Apwe; gos
PeIsuoony :uuoj jIog

08¢

‘eysodwod e se pajdwes sem uozuoy-3 ey}
'£09. ‘Binquas|3 ‘Beg ereand ‘ierem pue e1ew 10s 4o} 8yIsy| - MOSI ,
"(982 abed ‘1-ddy ejqe]) xipuadde sjys jo abed isej uo ajqe} uj 8pod jJo uojeueidx3 ,

QUON -

"SpuU02as 01 :uopdiosqe Jatem ‘sueino Aejd UOWWOD ‘piey Aaa ‘opewspd
981200 djeIapowW ‘ABJO ‘sojow apixonbsas pal juie} auly UOWIWOD
'9/PHAOL UMOIQ ySIMOY[RA Jep ISIow ‘9/SHAOL umoiq ysmojiA Aip :Aia  +011-001

‘uosues} yioows jdniqe spuodss ¢ :uondiosqe Jojem SUojaIou09 apixoinbsas ‘jaAelb
wnjpaw Jseinbauy Auew Asea saiod maj ‘piey ‘uielb ajbus ‘pues euy
Aweoj v/gAG g umoiq ysimoleh Bi| Isiow ‘p/LAG 2 moyieh ofed Aip g 001 -08

"UOIYISUBI} YIJoOoWS JBajo ‘Spuodas ¢ :uondiosqe Jajem 'Suojiaiouod
epixoinbsas ma} ‘jparIb wnipaw Jenbain uowwod ‘salod may ‘prey Apybis ‘ueib abuis
‘pues wnipaw H/9yA0L umoiq ysimoyah 1ybiy isiow ‘1/gyA0L suym Aip ‘i 08 -09

"UOIJISUBJ]} YJOoWS JBajd ‘Spu0das 6 :uondiosqe Jatem ‘Suoiasouod
apixoinbsas maj ‘jeaeub wnpow Jenbas may ‘s810d ma) ‘piey ‘BAISSEW ‘pUBS WNPaW
Aweoj 'p/GHAOL uMoiq ysimojiRA 1siow ‘p/ZHA0L umoiq ajed Asen Aop :luig 09 -GE

"uojysuel} Yjoows Jeajd S100J M9} ‘SPUODSS £ uoidIOSqe J81EM (SUOJI8IoU0D
opixojnbsas me} ‘PARI6 wnipaw Jejnbaly ma) 'salod ma} piey ‘aAISSBW ‘pues wnjpaw
Aweoj '£/yHA0L UMOIQ YJep O} UMOIG ISIoW ‘€/ZHAOL umoiq ajed Asaa Aip ‘A Se -0

uonduosaq (wo) yideq

:Syeway

9
<]
3 |
v

v

UOZ|IOH

umouqun :reuelew Bullpapun Jo Bupeyieapn
dnoio Aingsawiepw eyl Jo elliAyd :feparew BulApspun
BUON :J8)jBI0IN

MN :108dsy

L :,pue| ejqese 0} douelsiq
SUON :9|qe] Jajep

umounun ‘pateAliny :asn pue/uojelebap

IIN :Bujpooy jo 8ousLNIDQD

BUON :8UOIS 8oBHUNS

.£2.95 .81/.51.L8 .£€ :@pnybuo @ spnyen
(uoperaban) sBs @ (eiyoud) ¥8S ‘aasiee :ooyd/dey

Ev ‘ON ud



18C

2092 .m...:ncmm_m ‘Geg eleand 'i8lepm pue ajewyd 10S J0y BINNISUL - MOSI ,
‘(982 ebed ‘1-ddy aiqe)) xipuedde sy jo ebed ise} uo a|qe u) 8pOd Jo uojeueldxy |

‘nos eyl 0} paidde Apuadsas asem sjedjwayd-0iBy

‘v¥ Ud JO 1SES-yINOs siaew 002 Alplew)xosdde punoy ‘Japinoq BUOISPUES B JO WO} U) (Wi eidwes) pajdwes sem jeusjew Bukpapun ey) ‘uioj Jjos LNOJLST 8yl
Jo} Ajjjenb ospe .2299: ‘Aew apyoid ey sedejd Jayio u) buybnoid oy anp uozpoy-3 eyl pue -y 8y) Jo Bupqn “sede|d BWOS uj SINI0 UOZIOY-J PAdOPASD jIPM Y Syieway

044

avy ojueINoRwWIS|Id
evby oyuo
dolpy <[]

aidwesg suozuoy opisoubelqg

S0-1661 ‘pequasap ajeq
uezinyisoQ g v :Aq paquoseq
2 :,8inised xeu o} aouessiq

L :,peos oygnd xau 03 aouessiqg
X9Au0Y) :adeys edojg

% 2| :adojg

£ :,Jun ujewa)

BUON %001 8oeuNg

uouney :Ajwey os

yrudsypels :uuoj jjos

ayjoideg +09 o)

‘uojysuel} Arem Jesjo (s100J

M8) 'spuodas 2 :uopdiosqe Jajem ‘joaeib zuenb wnjpaw seinbauy may Auoa

'Su011310u02 apixoinbsas piey jjews may Aiaa ‘sueind Aejo Auew ‘wiiy AJaa
onewsud as1e0d ajesdpow (Ae ig/PHADL UMOIQ XIBP O} UMOIQ ISiow ISIO)y 09 -0 q

"uosuey} yloows jdnige s1001 Moy ‘spuodas G :uopdiosqe

Jajem ‘joaelB winpaw Jeinbals may ‘suoiiaIou0d apixoinbsas piey

wnipaw papunol Auew ‘salod may ‘ajqeuy ‘anssew ‘weoj Aejo Apues auy
'2/¥"A0L umoiq ysikaib suep isiow ‘2/9HA0L Aaib ysiumoiq by Lp sioy oy -0€ A

‘UoJISUBS} YIo0ws Jesjd ‘SJ00J UoWwWo9
spuo2as g :uopdiosqe Jalem ‘1PARIB wnipaw Jeinbali may ‘SuoeIOU0D
apixoinbsas psey wnpaw Papunos Uowwod 'saiod maj ‘a|qen) ‘BAISSeW ‘Weo) .
Aejo Apues auy :2/SHAOL umoiq ysikaib 1sjow ‘g/9HAOL umoiq ajed Aip IsSlop  0€ -0 b

uopduoseg (wo) yidag uozuoH

jeoiwayo yeam ‘reojsAyd ajesspopy :jeusiew Bukpepun jo Buysiiesp
dnosg Aingsawieyy ey JO auoispuesg :feuerew Buiiuepun

BUON :J3J|9I0I0IN

_ S Joadsy

L :,pue| 8|qese 0} aduesiqg

, BUON :9[qe] JeleM

paybnoid/pue} paqumisiq :8sn puen/uopelebap

: IN :Bujpooy jo 8ousuNd20

yede w 90 ‘Buoj ww g ‘14 :8u0IS 8deUNg

. .C1.9€ .81/.22.2F .£€ opnybuo @ epnen

(eanyonus) £01S ‘201LS 3 (uoneaban) £6S 9 (Boid) 101S ‘86S '96S ‘S6S ‘vasiee :oloyd/dep
¥¥ ‘ON Ud



[4:74

'2092 ‘Binquasi3 ‘Beg ereAud ‘ielem pue ejew|d oS 104 8INYIsU] - MOS| ,
"(98z abed ‘)-ddy ejqey) xipuadde sjy) jo abed isej uo ajqes u) 8pOd o uopeueldxy -

(048}

pue gie) seidwes) suawaje aoes) 10} pasAjeue sem Jasiiud) ay) Jo ejdwes v "(UouBUPW ‘YOOuAYy NVT) SIBIHU WNUOWIWIR Sl YuMm Pasiiue) Apuedal sem Jjos ey SHeway

asv fepade umoiq-mojieA
vasy [epade umoiqg-mojjeh

vSy Jyuo

e|dweg suozuoy apsoubeiqg

90- 1661 :peaquasap eleq
uezinyisoQ g v :Aq paquosaqQ
L :@ansed 1xeu 0} 8duelsig

2 :,peos J1qnd xau 03 eouesiq
wbeng :adeys adojs

% 9 :adojg

$ :,4un ujeus)

OUON :)20J 80eung

uepje :Ajwej j10S

Alenold ‘uuoy jjos

'Spuodas G :uopdiosqe Jajem ‘sueino
Kejd uowwod ssauam Jo subis yum saiod may ‘jaaelb zuenb senbueqns may
‘g :Ayo0iq sejnbBueqns 951809 yeam ‘weoj Ae Apues auy) ‘sejow

BPIX0 UOJ PaJ JOUNISIP WNIPAW UOWIWOD '9/GHAG 2 umolq Buosss i1siow 9sio  +06 -09 g

"uoRIsuel Yloows Jesjo ‘spuodas ¢ :uondiosqe
Jo1em 'sasod Auew ‘paeib zuenb papunos ma) ‘a|qeu) ‘eaIsSeWw ‘weo)
Apues auy '9/GHAG 2 umoiq Buons 1siow /9YAG 2 umoiq by Aip sioy 09 -0E ve

‘uojusues; yioows 1dnige (51001 Ma)
‘'Spuodas g :uopdiosqe elem sasod Auew ‘ajqeyy ‘upelb ebuis ‘pues auy
Aweo) 'f/PHAG L UMOIQ uBP O} UMOIQ ISI0W ‘p/9HAG 2 umoiq W6) Aip isloly  0€ -0 v

uopduasag (w2) yidag , UOZUOH

umousun :reusiew BujiApepun jo Bupeyiesps
dnoig Aingsawieyy ey Jo jeusiew pazjuibnue4 :jepsiew Buipepun

BUON :JO119J0INN

M :oedsy

¢ :,pue| ajqese 0} 8duelsiq

SUON :ejqe} Ja1ep

paybnoid/pue| paqunisiq :esn pue/uopelabap

IIN :Buipooy jo aouaunooQ

BUON :8u0ls aoeung

LO.\Y 81/.62.L2 £€ :8pnybuoT B epne

(uoperaben) 011S 3 (eyoad) 801LS “20LS :DgBIEE :oloyd/dey
Sb ON ud



cg9t

199¢

VoY

s|dweg

jepede pay

[epade pay

Yo

<1117}

suozuoy apsoubeiq

90-1661 pequasap aleq
UdZINYISOQ g Vv :Aq paquosaQg
1 :,eanised xeu 0} 82uElSIqQ

G :,peos ojIqnd 1xeu 0} aduelsiq
x0eAu0?) :edeys adojg

% 2} :2dojg

€ :,Jun ujeus |

BUON 3001 82BuNg
woxaqunng :Ajwey jog

uolnyH WlIoy jlog

13114

‘aysodwod e se pajdwes asom uoz1I0y-y 8y} pue :o~:o:.a< ay] .
*209Z ‘Binques|g ‘Beg ejeAd ‘18lepp pue erew)|) '[|oS 40} aIIsy] - MOSI
‘(982 ebed |-ddy eiqey) xpuadde siys jo ebed 1se| uo 8|qe1 Uj 8p0d JO uopeuERdXT

_ “UOJYISUEL] YICOWS JEsjo

!Spuo2ss § :uoidiosqe JB1em SUOEIOUOD 3pjxoiNbses piey 8s1e0d AieA
papunos Auew Asoa ‘sueind Aeo may ‘saiod may ‘wy Kyooiq Jejnbueqns
wn|paw »eom ‘wieo| Apues auy '9/PHAS'Z PaJ ISI0W '8/YHAS'Z Pas Ap ‘isjopy

‘uoyysues

YlO0WS B30 S1001 M) :SpUOIBS G :UONAIOSqE J91em ‘SUOIBIJUOD
apixoinbses piey 8s109 POPUNOI UOWIWOD ‘sa10d ma} ‘wuy Apybirs
‘aA)ssew ‘wieo| Apues auy ‘9/YHAS'Z POl ISIoW '8/YHAS'Z Pal Aip ‘siop

‘uojysuen

yloows Jes|o 'Sj00J M) 'Spu0das 9 :uoidiosqe Jajem ‘SUonaIoU0D
apixoinbsas prey 95100 Papunos md} ‘sa10d may ‘sjqel ‘DAISsew pues
auy Aweo| '9/vHAS PaJ ysSIMO|[aA 1SI0wW ‘9/SHAS Pai ysimo|ieh Aup ‘sion

"uolsues)

Yloows Jedd 1$1004 UOWIWOD SPU0IBS G :UoRAIOSge JSJEeM ‘SUONBIJUOD
apixoinbsas piey asie0d PapuNos M3y ‘s810d Ma} ‘9S00| ‘BAISSeL ‘pues
ouy Aweoj '9/yHAS Pal ysimojiak Isiow (9/SHAS Pas ysimopah Aip siop

GS1 -G8 zg

Gi -0 dy

uonduasaq (wo) Yyideq UOZNOH

umowyun :feparew Bujlpspun jo Bupeyieap
dnosn Aingsawiepy 8y Jo fepslew pazuibnued :jepsyew BulApapun

SUON :Ja||eJ0JN
MS :10edsy

. :,pue] 8|qese 0} souels|q
BUON :oqe) Jajep

paybnoid/pue| paqunisip :esn puet/uonejabop
IN :6uipooy jo esusunao)

BUON :8UOJS 8oBUNG

B2\ 81/.61.L2 .£€ :0pnybBuo @ apnwey
(emoud) S11S ‘v11S ‘D@BLEE :010yd/depy

9% :ON Ud



¥8¢

: ‘pojidde osfe aiem sjedjwayd-oibe
650.A@mhm_aESvmEmEm_moom‘_?_o*wazacmmmz,._wm___:ﬁm::oo_aEwm<.Eo:w:__s_..._oo:>x"zjvw@ch:_coEEmmE__ .._u_z,uom___:o;_“:wo@_wmz,mgmw__._. ”mvtm..:wm

'Spu0d3s g :uondiosqe Jojem suemnd Aed maj 'saiod maj ‘SUORBIOUDD
apixojnbses papunos ma) ‘PAeIb zuenb sejnbue mey ‘wuy Asea ‘A3o0|q senBuegns
o9 851802 yeam ‘weoj Aejd Apues aul ISIOW 8/SHADL UMOIQ ysimolieh Aup Isioy  +SS1 o)



caly

1av

Wiv

dopusv

a|dweg

ojuBINO0BN

ojueNdoaN

ST

S8C

"209. ‘Binques|3 ‘Beg eleald ‘181EM pue 8jeun) ‘O JOj SIMpISu) - MOSI ;
‘(982 ebed ‘1-ddy 8iqe)) xjpuedde sy jo abed isej uo aiqey uj 8po2 Jo uopeueidxgy .

‘UolISuUB] YIo0WS Jeajo 'Spuodes L

:uopdiosqe Je1em 'SuopaIou0d spjxoinbsas prey esse0d papunos Auew ‘jeAesb zuenb

JeinBueqns suy ma} ‘suend Aejd uowwiod ‘saisod mey ‘puey Aiea Ayoolq senBueqns

wnipaw Neam ‘weo| Aej Apues auyj ‘SajOoW OpIX0 U0 Pal JOUNSIP Wnpsws
UOWIWOD '8/SHAG 2 umoiq Buons isiow ‘8/9YAS 2 moljeA ysippas Aip ‘Aig 002 -001 g

‘uojysuen; Anem JBaJO $]001 M3} ‘SPU0JeS g

:uondiosqe 1a1em ‘SUOPBIOUOD apIX0INbses piey WNPaWw Papunos UOWIWOD ‘suend
Kejo uowwod sa10d may ‘jeaesb zuenb seinBueqns auy maj ‘piey ‘BAISSBW ‘Weo)
Aejo Apues auy ‘8/SHAS Pa1 ysimojieA 1siow ‘9/GHAG L umouq Buons Aip tAig 001 -09 g

‘uojysues) oows fenpesdb

'S100J M9} :SpU0das G :uondiosqe Jajem ‘salod maj ‘SuonaIou0D
apjxoinbsas papunos auy ms) jaaesb zuenb seinbueqns auy may ‘ajqeuy ‘BAISSEW ‘WEeO)
Apues wnipaw 'p/PYAS L UMOIQ HIBP O] UMOIQ ISIOW ‘p/SYAG'L umoiq AIp ISION 09 -02 Y

‘uojysues; yjoows idniqe

*$1001 md} 'Spu0das G :uopdiosqe Jarem ‘sasod maj ybIS (IDH YUM 80UBISIAIBYS ‘SUOHBIOUOD
~epyxojnbsas papuno. auy maj ‘laaesd zuenb sejnbueqns auy may ‘Bjqeuy ‘BAISSEW
‘pues wnipaw AWeOo| H/SHAS L UMOIQ ISIOW ‘p/9UAS L umoq B Aip isow 02 -0 dvy

Yo
suozypoy ojisoubelqg

90-1661 :paquasep ejeq
u9ZINYIsoO g v :Aq pequosaqg
¢ :,einised 1xeu 0} aouelsIg

€ :,peos o)qnd xeu 03 eduEISIQ
x8Auoy) :adeys edojg

% ¢ :edojg

L :un ufeus)

BUON :%00) 8oeUNS

lepsAied :Ajwe} jog

jeepjeQ ‘uuoj jjog

uopduosaqg

(wo) yideq uozuoH

umouyun :fepslew BulApepun jo Bupeyiespa
ajueib Aiqeqoud ‘jeuerew pezjuiBnued :jeueiew BulApepun

BUON :40118J0INWN

{onen 1vedsy

. :,pue| ejqese 0} adues|q

BUON :8jqe} J81epn

paybnoid/pue| pequnisiq :8sn pue/uopeiebap

IN :Bujpooy jo aousLnd2Q

BUON :8UO]S BORHNG

2SI :81/.80.L2 .£€ :opnybuon 1§ epnue

(uoneteban) 0Z1S ¢ (e1youd) 8LLS “LLLS ‘OLLS ‘O@8LEE ‘O10yd/dew
Ly ‘ON Ud



98¢

Ir

pue| pajeAR|nd uo L
w -g 9

woyog Asjep S w §-02 S

edojsjoo4 v w 02-05 v

edojspiny € w 05-004 €

dieog 2 w 004-00S rd

1s04D l w 00S < 3
LINN Nivdy3L ANV 3HN1SYd NV 318vdY OL 3ONVLSIQ
:140d34 O1 a3sn W3LSAS 3000

wQ} >

w 01-08
W 0-00}
W 00}-008
W 00S-000}
w 000} < b

N M T v ©

avol ONaNnd 1X3N Ol 3ONV.LSIa

‘ud e jo uojysod adojs ayy uodai 0} pasn wWalsAs epod ay) sujejdxe

uwnjod wbu syl puej m:zmma pue puej eiqese ‘peol aqnd 1xau ayl woij §d e Jo aduesip ay) uodas o) pasn wasAs epo) :1-ddy 3jqet

‘sapjjemnay ueemiaq pajenys ) yd ey -uozuoy-zg eyl ybnoayl Bumno pue uozupoy-) 8yl pue -1 g 8y} usemieq padoeaep sem NG uozuoy-y ue jo sejpedosd
8yl pamoys sue| pues ey] ‘(Zv.y ejdwes) suej pues ® woij usxe) sem sjdwes [euopppe Uy “Jeak euo Isee} Je 1o} |j0s ey} 01 pajidde jou aiem S[edjWaYd-0.6Y

‘Buosns :yidep w 2

1@ 10H yum aouaasaniaye ‘jpaeib zuenb senbue ‘suopaiouod apixojnbses
oLy . winjpaw papunos ma; ‘wy Kiea (£4o0jq euy elesspows ‘Aejo ‘9/yy0L USIPPal ISIOW  +0.2-002

SyJeway



287

APPENDIX-II: Method for extraction of elements with ammonium nitrate

1. Sieving:
2. Weighing:
3. Addition:

4. Agitating:

5. Centrifuging:

6. Filtration;

7. Stabilising:

Sieve the air-dried soil through a 2 mm nylon or stainless steel sieve
and discard the coarse fraction.

Weigh 20 g air-dried and < 2 mm sieved soil into a 100 m! acid-
cleaned polypropylene centrifuge beaker.

Add 50 ml 1 M NH,NO; G.R. to the soil (80.04 g/1; No. 1188, Fa.
Merck; extractant to soil ratio is 2.5).

Agitate end-over-end for 2 hours at 20°C.

Centrifuge for 15 minutes at 20°C and 2500 RPM.

Filter the supernatant through a folded filter paper (Fa. Schleicher
and Schuell, 595 1/2, 125 mm dlameter) into an acid-cleaned 100 ml
polyethylene bottle.

~ Stabilise the extract by adding 0.5 ml conc. HNO, (65 %) G.R. (No.

452, Fa. Merck).
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APPENDIX-III: Elemental concentrations, pH values, conductivities of the water-
suspended soils and particle size distributions

Table App-2: Concentrations of major elements in percent. Negative numbers refer to
concentrations below the LLD. Analytical method: XRFS.

1A 0.02 0.05 03 973 0.013 0.07 0.05 0.07 0.62 0.14 1.00 99.64
1E 0.02 0.04 04 98.2 0.014 0.05 0.03 0.08 053 0.07 0.33 9.72
4A 013 0.19 08 86.4 0.192 0.16 214 0.14 0.60 1.40 744 99.62
SA 1.06 024 6.6 85.7 0.071 2.74 035 0.19 184 0.18 115 10016
6AE 145 0.32 9.0 82.1 0.068 346 035 024 ) 0.20 155 10040
7A 0.28 023 4.6 875 0.062 158 0.21 0.28 183 0.26 175 98.60
8A 0.04 047 79 770 0.080 0.78 0.77 0.46 735 056 4.00 99.45
8B -0.02 0.15 19.2 55.6 0.063 0.32 0.07 0.77 14.00 1.45 886 10054
9A 0.03 0.05 11 96.1 0.037 0.16 0.03 0.23 154 0.13 057 99.98

10A 0.06 0.05 08 94.2 0.030 0.14 0.08 0.15 1.10 0.36 258 99.56
12A 0.11 0.08 45 85.9 0.051 054 0.04 0.29 441 045 274 99.14
12B 0.08 0.13 9.1 S 0.085 055 0.03 041 12.66 0.77 4.04 100.35
16Top 0.03 0.07 0.6 96.9 0.019 0.12 0.06 0.09 0.78 0.11 1.02 9.72
16A 0.04 0.08 0.6 974 0.019 0.11 0.05 0.10 0.74 0.11 0.68 99.93
16E 0.03 0.07 1.0 972 0.021 0.11 0.03 0.11 0.73 0.12 0.33 9.7
17Top -0.02 0.05 04 974 0.017 0.05 0.05 0.06 0.69 0.11 1.10 99.92
17A -0.02 0.03 03 98.1 0.010 0.04 0.03 0.07 0.77 0.09 0.64 100.17
17E 0.04 0.03 1.0 95.7 0.020 0.05 0.03 0.12 0.82 0.37 0.82 99.01
18Top -0.02 0.01 0.2 98.2 0.009 0.04 0.03 0.04 0.70 0.06 059 99.86
19A 0.03 0.04 04 971 0.010 0.05 0.03 0.13 0.80 0.09 0.98 99.58
20Top 0.08 0.08 04 91.6 0.021 0.06 0.16 0.07 0.60 1.18 585 100.11
21Top 0.05 0.07 0.6 970 0.068 0.11 0.05 0.08 0.87 0.15 0.70 9983
23Top 0.14 0.11 1.8 95.1 0.079 0.64 0.07 0.18 0.86 0.14 0.78 99.82
24Top 0.04 0.10 14 95.8 0.066 0.32 0.06 0.11 1 0.12 0.94 100.07
A 0.05 0.04 14 94.9 0.037 0.28 0.03 0.13 1.65 0.11 0.74 99.39
4G 0.17 0.22 8s " 80.4 0.057 0.46 0.04 0.36 4.56 125 3.88 99.90
25Top 0.10 0.05 20 924 0.079 0.47 0.06 0.15 331 0.20 120  100.08
25A 0.11 0.07 20 93.6 0.058 0.50 0.04 0.16 211 0.17 1.00 99.85
235G 0.19 0.33 16.6 595 0.089 0.61 0.08 055 8.88 6.39 679  100.01
26AE 0.06 0.03 15 934 0.057 0.30 0.04 0.15 233 0.19 129 99.32
26B 0.19 0.30 82 80.6 0.046 0.68 0.08 0.32 4.02 1.81 3.76 99.95
28A 0.07 0.07 27 92.1 0.039 0.46 0.04 0.18 131 043 205 99.46
28E 0.03 0.08 33 86.1 0.127 0.44 0.03 0.19 6.92 0.66 224 100.07
28B 0.03 0.16 7.3 80.9 0.118 0.67 0.04 0.16 3.7 245 3.76 99.38
29Top 0.23 0.12 22 92.6 0.032 047 0.10 0.26 1.31 0.37 1.88 99.64
29Top, 0.19 0.12 21 932 0.031 043 0.10 0.25 1.30 043 210 10032
29E 0.17 0.07 15 95.0 0.021 0.36 0.06 022 1.15 0.28 0.87 99.68
29G 0.56 0.29 34 904 0.013 0.39 0.07 0.23 1n 1.27 135 99.73
Grl 558 0.02 14.3 74.0 0.026 517 0.08 0.06 0.74 0.20 0.18 10041
30Top . 3.60 0.06 126 74.3 0.079 449 0.09 0.13 187 081 - 213  100.14
30A 354 0.06 130 751 0.060 4.56 0.07 0.14 1.80 059 163 10054
31Top 2.68 0.03 9.3 80.1 0.042 375 0.12 0.10 143 0.76 217 10045
31AE 2385 0.07 9.6 81.0 0.043 396 0.08 0.11 1.25 0.35 0.95 100.24
31B 173 0.06 1.2 na 0.080 4.19 0.04 0.12 549 1.01 255 100.19
32Top 0.61 0.05 36 90.5 0.038 1.7 0.06 0.08 1.66 043 130  100.03
32A 0.64 0.01 34 9.2 0.017 1.68 0.02 0.11 0.93 0.36 062 10007
32GB 0.86 -0.01 4.6 904 0.016 2.16 0.01 0.12 175 0.31 0.00 10021
32G 0.09 0.18 177 672 0.019 0.87 0.07 0.14 4.86 1.95 6.78 99.86
33Top 0.20 0.04 15 94.9 0.029 0.70 0.04 0.08 0.83 043 1.14 99.93
33AE 0.20 0.02 17 94.8 0.014 0.66 0.02 0.09 0.78 033 0.62 99.18
33G 0.26 0.46 120 4.2 0.028 0.76 0.10 0.27 3.62 17 511 100.03
MA 0.27 0.06 50 88.7 0.046 256 0.05 0.24 115 0.47 129 9.77
35Sap 0.23 0.95 19.8 56.1 0.094 3.20 0.02 0.86 8.66 153 6.66 98.11
36Top 0.06 0.10 48 T14 0.091 041 0.04 047 11.98 0.62 340 9942
36E 0.03 0.12 71 66.3 0.113 0.43 0.03 052 20.56 0.8S 405  100.16
6B 0.06 033 18.2 619 0.051 0.98 0.03 0.98 746 157 798 99.56
37A 0.08 0.22 6.2 80.9 0.087 0.79 0.10 058 6.29 0.71 426 10027

continued ...
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Sample Na,0 MgO ALO, SO, PO; KO CaO TiO, Fe,0, H20- LOI Totl

3B 0.12 033 93 758 007 112 0.11 0.68 725 0.95 470 10040
38A 0.12 0.39 9.1 73.6 0.090 1.35 0.16 0.73 7.16 1.01 5.75 9.54
38B 0.20 0.75 15.9 63.0 0.068 1.68 0.18 on 8.89 226 6.77 10051
38BC 022 1.08 173 61.0 0.067 156 0.84 0.78 749 264 765 10057
39Sap 934 123 181 66.1 0.020 431 0.03 0.75 2.2 0.62 530  108.00
40Top 0.05 0.21 5.1 808 0.188 0.78 0.10 0.42 855 0.66 362 10050
40E 0.05 0.26 59 M9 0.173 091 0.14 042 9.14 058 352 10099
40B 0.4 0.72 143 654 0.077 249 0.11 048 8.16 1.62 556 99.02
41Top 0.05 0.13 33 894 0.068 043 0.06 0.32 4.30 0.36 208 10046
41E 0.06 032 84 »1 0.046 0.94 0.05 024 641 0.98 375 10034
41B1 0.11 0.71 20.0 532 0.047 194 0.06 036 972 4.70 852 99.36
41B2 0.13 0.7 226 499 0.045 2.01 0.05 043 9.86 3.17 9.00 100.01
43Top 0.07 0.10 23 ‘913 0.056 0.28 0.05 028 419 033 149 10051
43AE 0.12 0.10 23 91.6 0.038 0.30 003 - 030 ki ] 0.32 121 100.11
43E 0.07 0.10 25 88.6 0.038 0.28 0.02 0.17 573 0.4 134 9.23
43G 0.32 1.06 22 528 0.025 252 0.08 056 9.79 2.66 814 10013
44Top 031 0.40 8.2 08 0.147 141 014 060 1283 0.39 363 99.38
4A2 017 045 10.0 632 0.146 156 0.11 0.61 18.23 142 414  100.04
4B 0.09 0.99 20.8 550 0.040 290 0.18 0.67 6.96 4.86 766 10023
4C 0.09 0.99 151 618 0.035 259 0.14 0.72 549 759 526 9.9
4R 188 151 117 T2.6 0213 250 053 0.87 4.96 077 228 9983
45A 0.11 0.14 4.1 9.0 0.080 0.66 0.08 044 199 053 251 1001
45BA 0.10 0.15 57 87.1 0.044 0.71 0.04 054 238 051 242 99.65
45B 0.05 027 165 644 0.069 0.88 0.07 0.73 7.38 237 6.99 9.70
46A 0.08 0.10 65 828 0.083 045 0.07 0.56 581 0.66 333 10045
46B1 0.06 0.12 83 9 0.050 0.46 0.05 059 5.26 0.86 3.63 99.26
46B2 0.03 0.15 17.3 476 0.139 0.22 0.04 0.65 22.69 2.4 8.66 99.88
46C 0.03 0.17 18.6 578 0.088 0.28 0.05 091 12.07 238 798 10037
47Top 0.14 0.10 52 86.0 0.052 1.06 0.05 049 324 043 24 99.16
47A1 0.14 0.13 6.7 843 0053 B 0.07 053 385 054 275 10018
47B1 0.12 0.17 8.9 NS 0.045 1.05 0.08 059 447 0.78 3.67 99.38
47B2 0.06 021 18.7 506 0.148 0.49 0.09 0.67 1753 232 8.96 99.84
47C 0.05 0.28 28 529 0.076 054 0.69 1.09 9.80 2.70 975  100.74
47A2 0.15 0.17 76 832 0.036 1.13 0.11 0.60 347 0.89 331 10065

i

Table App-3 (part a): Concentrations of trace elements in ppm. Negative numbers
refer to concentrations below the LLD. ICP-MS: analysed using Inductively Coupled
Plasma Mass Spectrometry. XRFS: analysed using X-Ray Fluorescence Spectrometry.

Li Be F S (o] v Cr Mn Co Co Ni Cu Zn

Sample ICP-MS ICP-MS XRFS XRFS XRFS XRFS XRFS XRFS XRFS ICP-MS XRFS XRFS XRFS
1A 86 106 53 73 283 585 -1.7 9.2 44 3.0
1E -84 52 42 6.0 21,7 469  -16 6.8 34 13
2A ) 86 6.7 38 1.6
2E 86 74 32 1.6
3A -87 84 37 1.7
4A 33 -0.3 281 1036 212 74 238 1029 -16 0.81 49 33 8.1
5A 107 168 66 48 303 1313 25 73 - 50 132
6AE 189 132 52 301 294 1228 34 9.2 6.7 16.8
6B 442 261 83 63.0
7A <101 184 i 311 372 1218 33 76 57 14.2
8A -124 315 LE 1219 801 833 30 9.3 70 8.9
8B -133 47 73 2574 1578 442 44 18.7 63 86
9A -95 198 8 421 329 MHs -19 78 45 34
10A 89 444 159 235 305 708 -18 7.9 4.6 54
11A -108 71 4.0 45
11E -92 6.2 35 1.7
12A <116 266 m 784 77 939 23 88 36 313
12B -138 286 66 2163 1742 704 33 1.9 78 62
13AE -109 56 26 44
16Top 26 0.3 85 90 63 8.7 291 60 -17 0.30 98 36 22
16A 27 03 85 118 9 8.1 276 6714  -17 0.31 9.0 51 23
16E 35 03 85 103 60 85 23 535 -1.6 0.35 84 28 23
17Top 84 98 57 6.7 284 633 -l16 93 4.1 21

continued ...
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Li Be F S a v Cr Mn Co Co Ni Cu Zn

Sample ICP-MS ICP-MS XRFS XRFS XRFS XRFS XRFS XRFS XRFS ICP-MS XRFS XRFS XRFS
17A 84 ™ 57 1.7 301 698 -16 110 37 15
17E 86 117 84 9.2 329 M8 -17 100 44 30
18Top- 86 61 45 6.2 2.7 638  -16 94 43 11
19A 1.7 03 86 131 n 79 369 768 -17 0.24 10.0 4.6 25
20Top 20 03 101 743 422 65 49 620 -16 0.4 6.9 37 1.7
21Top 4.2 0.3 86 116 83 79 212 86 -17 0.34 9.2 45 24
23Top -86 87 65 9.4 265 8.7 -17 9.3 39 41
24Top 54 03 91 91 60 237 213 698 -17 0.38 74 37 42
UA 52 03 -94 82 45 373 315 681 -18 042 8.0 41 26
4G 26.1 0.9 159 183 5s 1096 S§70 550 23 133 8.6 26 9.0
25Top 5.6 03 <109 1B 150 815 346 9.7 -21 0.87 76 31 39
25A -100 111 52 514 286 79 -19 74 41 34
25G 225 286 95 1825 1001 631 83 219 6.0 158
26AE 45 0.3 -102 295 115 509 353 N3 20 0.66 7.0 37 4.0
26B 362 329 14 ™0 635 679 36 115 35 11
28A -93 m 97 41 256 695 -18 7.2 41 39
28E <130 196 53 %3 283 585 26 6.7 54 39
28B 22 186 57 745 416 N9 22 43 73 58
29Top 53 03 106 287 505 250 317 1338 24 135 85 43 70
29Top, 91 279 246 316 13712 21 9.4 45 6.8
29E -9 160 193 20.1 311 1274 -17 9.5 45 37
259G 135 03 23 48 1459 256 - 364 1036 31 1.81 838 4.0 52
Grl 16.6 74 404 38 101 25 153 620 -1.7 0.24 5.2 25 5.0
30Top 251 51 490 164 148 94 194 1201 -19 0.56 4.9 3.0 133
30A 383 29 107 8.6 185 M1 -1.9 4.6 34 127
31Top 198 31 3 151 140 101 242 1353 -18 0.39 65 32 76
31AE 312 59 - 9 9.3 164 M2 -18 4.6 1.6 65
31B 05 340 540 359 254 567 25 55 6.8 63
32Top 6.0 0.3 163 136 131 154 252 756  -19 0.4 70 19 31
32A 8.7 11 191 k7 84 76 248 N4 17 031 8.2 16 23
32GB 9.2 18 187 76 89 179 172 568 -19 0.24 53 -1.0 15
32G 84.0 15 1891 181 141 321 296 N2 -23 059 4.6 75 116
33Top 55 05 174 185 203 9.3 221 79 -17 0.36 88 4.0 39
33AE 218 123 11 8.3 210 663 -1.7 6.8 27 29
33G 1927 213 251 357 4950 835 24 94 5.1 13.6
MA 53 03 -90 114 n 174 234 1201 -18 0.93 6.1 43 85
35Sap 250 27 551 151 1300 1374 1336 1261 -29 215 150 316 319
36Top 4.1 0.6 <151 350 133 1537 864 1738 -32 1.81 45 138 189
36E 34 08 12 366 T2 2576 1325 1457 -39 212 51 195 238
6B 57 0.7 181 269 60 1254 967 1551 28 230 10.8 8.0 25.2
37A 6.9 11 124 339 14 745 810 3113 -26 235 8.1 159 200
3B 251 317 188 975 80.7 3101 -2.7 89 171 24
38A 148 22 242 388 132 1030 840 3913 64 353 128 190 268
38B 44 48 407 1271 1036 3326 68 192 221 288
38BC 575 493 650 1185 947 2685 38 192 227 280
39Sap : 1035 1237 56921 1062 1029 927  -20 10.1 171 21.7
40Top 14 269 137 675 806 1394 29 145 169 261
40E -140 232 75 705 760 1192 30 140 169 285
40B 44 279 59 1228 1011 864 4.0 193 139 317
41Top 4.7 0.7 -116 178 141 507 544 911 -24 1.09 6.6 6.7 10.2
41E 303 319 146 89.1 T2 584 <26 10.7 8.7 135
41B1 557 445 377 1558 1231 7.1 32 234 173 278
41B2 560 669 506 1582 1258 698 -30 227 154 284
42Top -113 8.1 6.7 13.1
42B 508 46 171 303
43Top 31 0.6 -117 27 306 506 S64 902 -24 143 7.9 68 10.7
43AE -115 165 399 484 581 T8 23 9.5 68 109
43E -126 384 212 696 700 703 -26 9.1 72 9.2
43G M6 34 20 213 806 1750 1376 75 75 6.11 269 152 418
44Top 127 25 -148 258 87 1678 1252 161.2 79 7.18 237 305 335
4A2 224 194 50 2260 1649 1510 98 288 422 414
4B 404 43 464 196 42 1412 1229 1188 290 1479 568 455 549
4C 251 37 609 407 45 1169 1052 1467 196 9.81 411 633 534
4R 16.0 27 51 4 46 854 7.2 2090 138 745 M5 160 605
45A 7.1 04 -14 - 217 83 350 412 129 21 1.65 87 71 133
45BA 124 110 75 42 4922 1081 27 8.6 72 12.1
45B 28 18 -131 339 88 1494 1039 974 6.2 491 46 185 242

continued ...
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Li Be F S Ci v Cr Mn Co Co Ni Cu  Zn
Sample ICP-MS ICP-MS XRFS XRFS XRFS XRFS XRFS XRFS XRFS ICP-MS XRFS XRFS XRFS
46A 64 03 -124 187 67 85.9 515 133.1 -2.6 1.82 85 37 110
46B1 -121 152 54 9 51.6 111.2 -25 9.0 48 113
46B2 -158 3N 59 3714 2052 536 -39 165 12.1 183
46C -138 214 53 1969 1185 83.1 43 133 73 17.0
47Top 56 04 112 14 61 436 301 1852 -22 1.68 6.6 5.0 11.6
47A1 71 0.6 -116 116 56 519 310 2482 38 229 7.0 7.0 15.9
47B1 13 0.7 <119 114 40 629 396 1759 -24 348 79 62 185
47B2 15.1 14 -147 194 41 2664 1313 954 -3.6 430 204 15.9 281
47C 88 12 -130 206 45 1503 576 928 <30 299 71 8.1 48
47A2 -113 133 56 48.3 315 314.7 4.7 68 7.0 18.1
Afr 237 s.1 T2 20493
fer a 3940 ‘ 185 n9e 5625
fer c 415 ‘ =32 0.6 42
fer d 3605 9.6 469 2894
fer e : 5677 47 809

Table App-3 (part b): Concentrations of trace elements in ppm. Negative numbers
refer to concentrations below the LLD. ICP-MS: analysed using Inductively Coupled
Plasma Mass Spectrometry. XRFS: analysed using X-Ray Fluorescence Spectrometry.

Ga -Ge As As Se Se Br Rb  Sr Y Zr Nb Mo

Sample XRFS XRFS XRFS ICP-MS XRFS ICP-MS XRFS XRFS XRFS XRFS XRFS XRFS XRFS
1A 07 08 . 09 0.6 24 22 126 26 109 11 21

1E 07 08 09 06 2.7 22 110 28 135 18 16

2A 07 07 08 06 12 31 141 26 9% 17 18

2E 07 07 13 06 038 30 137 25 107 16 16

3A 0.7 10 11 06 289 34 328 34 216 18 18

4A 08 06 06 215 0.6 -150 337 81 1130 73 kx”} 3.7 1.0

SA 61 08 19 07 2.2 768 748 217 306 46 13

6AE 8.7 09 20 07 27 1079 70 238  2%S 55 11
6B 215 12 5.0 13 152 1528 609 185 201 178 12

7A 48 07 21 - 0.7 29 688 366 236 3IM 6.2 12

8A 105 09 8.1 19 50 257 106 161 313 76 16

8B 26.5 16 153 55 138 406 71 9.9 267 164 23

9A 1.7 07 57 07 2.6 49 52 104 276 59 21

10A 08 08 32 0.6 49 5.0 88 54 190 29 20

11A 13 07 64 07 19 8.1 9.1 8.0 242 35 1.0

11E 07 08 25 06 0.8 47 6.8 62 251 2.7 13

12A 5.7 12 72 0.9 37 317 97 166 566 500 12
12B 142 16 160 20 68 442 86 148 397 385 32

13AE 39 07 136 0.7 2.0 351 25 162 338 118 18 -
16Top 07 08 215 07 -150 14 38 185 37 208 .25 28
16A 07 07 2215 0.7 -150 2.7 4.3 182 55 288 25 24

16E 07 13 215 0.7 -150 35 44 168 46 267 28 24

17Top 07 08 0.6 28 14 13.7 24 137 16 25
17A 07 13 07 36 13 129 22 160 1.8 29

17E 07 15 07 11.0 15 127 39 37 32 29

18Top 07 06 1 0.8 0.6 55 2.0 95 11 28
19A 0.7 11 215 07 -150 4.1 0.7 82 44 578 kX 2.7

20Top 07 12 215 06 -150 45.7 16 314, 29 245 1.6 22
21Top 07 07 215 0.7 -150 40 46 636 44 391 22 25
23Top 07 25 07 o241 262 303 69 643 55 22
24Top 07 31 215 07 -150 0.9 122 68 92 236 6.1 22
24A 07 66 215 0.7 -150 1.7 13.3 65 125 359 71 28
4G 08 186 215 07 -150 43 393 190 157 267 140 24
25Top 08 213 215 0.7 -150 13 209 122 210 411 279 29
25A 07 107 07 20 219 107 25 43 112 21
125G 09 382 18 $3 652 265 252 163 224 29
26AE 07 114 =215 0.7 -150 2.7 134 144 125 291 74 27
26B 08 137 12 104 509 304 160 211 103 27
28A 07 39 07 55 27 129 147  3M¥5 106 20
28E . 08 293 15 53 333 156 112 188 9.2 29

28B - 08 158 22 ‘ 204 585 192 105 169 75 29

continued ...



Table App-3 (part b): Continued. 292
Ga Ge As As Se Se Br Rb Sr Y Zr Nb Mo
Sample XRFS XRFS XRFS ICP-MS XRFS ICP-MS XRFS XRFS XRFS XRFS XRFS XRFS XRFS
29Top 07 16 215 07 <150 63 178 195 136 307 46 21
29Top, 0.7 20 -0.7 59 16.6 18.7 119 261 43 22
29E 07 20 07 29 126 146 108 306 39 23
299G 07 19 215 07 150 59 211 167 98 217 47 20
Grl 09 13 403 -0.7 -150 1.0 356.9 17 42 343 207.6 20
30Top 12 274 246 0.7 -150 24 M62 189 49 584 2343 29
30A 14 27 10 66 3526 184 348 567 271 27
31Top 07 94 215 07 150 26 83 133 182 418 1865 24
31AE 10 92 07 28 3202 99 202 506 2052 22
31B 13 2439 53 155 328 92 15.8 396 204.2 10.0
32Top 08 73 215 07 150 1S 1534 67 99 354 1369 31
32A -0.7 176 =215 -0.7 -150 19 1529 5.7 108 388 143.6 25
32GB 08 1378 215 09 150 09 193 64 158 S0 1986 29
326G 14 7430 991 24 150 76 2459 107 235 365 2218 63
33Top 07 63 322 07 150 24 514 98 94 267 880 28
33AE 11 44 0.7 20 53.7 9.7 10.7 286 898 21
33G 11 208 09 122 1388 365 238 174 66.7 26
A 07 20 361 07 150 31 750 458 263 48 60 1S
35Sap 09 37 25 08 150 90 1538 167 179 181 191 07
36Top -1.0 15.9 =215 1.6 -150 65 23.0 111 98 k23 94 22
36E -11 272 -215 3.2 -150 6.4 49 110 95 280 98 23
3B 08 64 215 21 150 287 617 206 146 287 199 1S
37A 08 55 =215 09 -150 11.3 4.6 270 10.7 329 118 15
378 08 65 13 250 611 363 126 323 138 13
RA 08 68 215 09 150 139 709 358 192 37 147 1S
38B 09 72 -0.8 235 1088 491 276 238 13.8 14
38BC 08 54 08 75 1019 644 304 262 153 07
39Sap 11 156 0.7 635 1916 162 M4 167 157 07
40Top 0.9 138 1.0 58 41.2 19.0 18.2 189 74 19
40E 09 129 ‘1.2 54 474 20.2 18.7 163 13 1.6
40B 09 13.1 28 260 1400 225 276 148 99 11
41Top 0.8 129 =215 -0.7 -150 4.2 263 10.3 145 157 6.2 1.7
41E 08 179 7 15 159 654 104 9.7 74 5.6 1.7
41B1 -0.9 214 3.2 282 1506 175 13.6 116 95 21
41B2 09 209 28 295 1545 176 109 135 98 15
42Top 07 111 0.7 24 204 81 130 167 53 19
42B 09 234 24 267 1530 183 138 133 11 1.6
43Top 038 15.6 -215 -0.7 -150 44 16.8 10.3 114 162 51 21
43AE 038 155 0.7 4.0 18.6 17 11.9 168 5.0 24
43E 08 246 09 17 183 169 15 8 31 23
43G 09 235 468 14 -150 59 1704 201 16.0 133 11.8 1.7
44Top -1.0 256 =215 24 -150 54 679 30.9 312 373 11.0 19
44A2 -11 398 3.0 5.1 7.3 259 332 307 11.2 26
4B 09 94 =215 15 -150 28 1685 296 539 232 11.7 12
44C 08 72 =215 038 -150 110 1435 448 6 279 134 14
4R 0.8 45 =215 038 -150 -1.0 1033 1160 470 340 150 12
45A 07 31 215 07  -150 39 310 149 135 465 83 14
45BA 0.7 29 0.7 6.1 376 14.7 14.0 407 9.9 11
45B 11 9.6 =215 19 -150 9.7 675 16.0 214 269 14.2 19
46A 0.8 84 =215 .13 -150 36 23.7 95 10.6 568 11.0 15
46B1 08 6.8 1.0 48 30.7 88 11.2 454 12.0 14
46B2 -1.1 412 89 84 46 75 108 321 128 27
46C 09 182 28 145 301 90 143 421 176 21
47Top 08 44 -215 12 -150 32 40.6 193 11.1 522 9.7 11
47A1 08 55 =215 1.1 -150 22 454 223 12.3 482 10.6 12
47B1 08 70 -215 -0.7 -150 1.6 513 229 12.3 467 117 11
47B2 -1.0 333 =215 53 -150 38 45.7 183 22 242 12.8 26
47C 09 11.2 -215 11 -150 712 438 439 13.8 239 209 15
47A2 0.7 49 0.7 37 50.1 294 14.9 547 115 09
2Afr -0.6 54 05 1.7 28 6288 444 7 04 10
fer_a 09 08 80 -0.7 474 5.6 9020 509 14 1.0 11
fer ¢ 05 04 1.1 04 1.6 0.7 273 04 1 03 03
ferd 08 08 53 07 145 125 6812 497 9 10 06
fer e 0.7 06 89 0.6 6.1. 21 6163 430 10 0.6 0.6
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Table App-3 (part ¢): Concentrations of trace elements in ppm. Negative numbers
refer to concentrations below the LLD. ICP-MS: analysed using Inductively Coupled
Plasma Mass Spectrometry. XRFS: analysed using X-Ray Fluorescence Spectrometry.

Mo cd Sn - Sa Sb I 1 w Pb Bi Th U

Sample ICP-MS ICP-MS XRFS ICP-MS ICP-MS XRFS ICP-MS XRFS XRFS XRFS XRFS XRFS
1A 31 -36 21 17 21 14 12

1E 18 -36 166 20 21 20 -1

2A 20 33 181 28 21 15 -1

2E ' 25 33 158 25 21 17 11

3A 23 33 190 16 21 20 -11

4A 13 0.7 18 08 21 88 201 106 33 21 15 13

SA .23 74. 114 252 23 106 24

6AE 33 39 13 264 23 119 22
6B 63 86 87 24 26 19 37

7A 47 38 _ 130 136 23 126 17

8A 40 50 84 117 26 148 21

8B 9.6 161 123 172 29 323 25

9%A 34 37 185 50 22 39 12

10A 23 _ 37 194 28 21 14 -1
1A - 31 54 134 70 25 44 12
11E 16 -33 166 22 22 23 -1
2A , 63 : 41 9.6 87 24 163 33
12B 96 94 40 159 30 240 17
13AE 30 41 12 127 24 91 21
16Top 20 0.7 22 09 8.1 23 1 263 17 23 14 12
16A 21 07 17 0.7 1.4 23 01 27 20 23 17 21
16B 17 0.7 20 0.6 1.0 23 Q1 186 -17 23 14 13
17Top -18 36 240 17 23 14 13
17A 18 37 270 17 23 14 -l
17E : 22 , 44 259 17 23 14 -l
18Top 19 : 37 243 17 23 14 -1
19A 29 0.7 27 06 28 36 Q1 279 17 23 14 14
20Top 19 0.7 26 0.7 09 66 03 208 16 22  -14 -1l
21Top 2.3 0.7 -18 0s 20 36 Q1 48 25 23 14 14
23Top 23 37 218 39 24 20 19
4Top 25 0.7 23 12 03 37 1 203 32 23 28 14
A 25 0.7 29 1.0 42 38 01 202 28 24 34 19
24G 19 0.7 100 3s 23 150 04 126 174 26 127 34
2Top 25 27 236 13 24 45 0.1 26 103 31 64 22
2A 41 24 184 88 24 87 26
255G 8.9 129 144 352 29 215 30
26AE 23 0.7 20 08 03 50 0.1 179 63 24 - 35 12
2B 3s 158 139 148 25 713 26
2A 45 46 155 s8 23 38 17
BE 30 44 113 121 28 68 27
28B 21 63 166 152 25 92 22
9Top 18 0.7 -18 11 13 85 02 189 S0 24 46 22
29Top, , 0.0 209 46 23 30 19
29E -18 5.1 219 46 24 33 14
2G 13 0.7 28 36 . 03 93 0.1 nS 47 24 24 14
Gl 17 07 73 24 03 25 01 25 110 177 309 49
WTop 34 0.7 21 31 0.9 39 01 4261 138 56 308 63
30A 173 39 181 134 26 320 63
31Top 30 0.7 77 21 11 38 Q01 195 89 25 183 48
31AE 8.6 40 143 73 25 179 38
31B 70 5.1 354 159 64 483 61
32Top 34 0.7 42 0s 03 24 1 199 168 24 119 33
R2A 25 0.7 50 13 03 30 201 179 34 24 103 30
2GB 27 0.7 45 16 63 44 01 98 72 31 238 46
2G 8.0 0.7 116 8.1 8.0 125 0.9 2S5 430 S0 1650 130
B¥Top 27 07 466 12 03 37 w1 95 17 23 5S4 23
33AE : 64.7 a7 167 24 23 S22 22
3G 78 95 246 151 25 240 48
MA 16 0.7 22 17 0.6 59 0.1 155 171 24 120 29
3SSap 08 0.7 72 52 19 282 01 56 25 29 170 82
36Top 24 0.7 28 17 2.1 31 1 81 21 31 109 28

36E 26 0.7 27 1.7 29 57 03 - 64 M4 -3.8 20.0 5.0

continued ...
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Mo Cd  Sn Sn sb 1 1 W P B T U
Sample ICP-MS ICP-MS XRFS ' ICP-MS ICP-MS XRFS ICP-MS XRFS XRFS XRFS XRFS XRFS
%B 08 01 60 54 17 296 17 71 R4 27 181 44
YA 17 -7 29 21 17 172 01 - 103 22 27 92 36
378 48 319 87 246 28 136 44
38A 12 07 36 31 16 311 14 88 219 28 132 40
38B 44 1524 86 240 29 163 33
38BC 58 1126 78 215 28 191 36
39Sap 65 72 81 125 25 170 35
40Top 36 4.6 118 230 28 80 44
40E 38 ‘ 79 14 288 29 86 34
40B 64 86.0 721 86 28 153 11
41Top 18 01 23 16 28 48 02 142 99 25 61 22
41E 42 159 13 163 27 83 36
41B1 19 98.1 93 2246 29 1721 63
4182 93 2090 95 192 29 171 62
42Top 25 46 171 89 25 S0 27
42B 96 _ 55.9 78 22 29 184 67
43Top 21 07 20 10 16 41 01 134 101 25 44 26
43AE 20 44 185 118 25 33 21
43E 23 92 149 158 27 44 21
43G 12 07 103 16 58 494 04 74 21 29 1718 30
4Top 19 01 45 22 127 S50 01 17 32 32 133 26
44A2 50 55 130 404 36 162 21
#B 08 07 47 47 70 157 01 108 195 27 185 42
4C 13 07 34 43 77 191 01 159 162 27 138 25
4R 10 07 40 33 34 27 01 96 189 27 130 30
45A 15 07 30 16 06 38 01 128 89 24 38 24
45BA 23 62 88 96 24 65 26
45B 14 07 45 43 12 27 33 10 217 31 137 S5
d6A 16 07 27 16 05 41 01 85 100 27 124 25
46B1 26 179 65 12 27 114 25
46B2 58 164 $7 34 38 51T 45
4sC 63 : 17 86 22 30 37 44
4TTop 15 07 19 12 15 62 02 105 103 25 719 31
47A1 11 07 20 16 16 8 01 65 113 25 69 20
4Bl 15 01 27 2 11 138 09 49 127 26 100 26
aTB2 24 07 57T 36 30 85 04 90 421 39 43 S0
47C 11 07 64 48 13 &2 0S8 84 352 29 - 263 51
47A2 20 175 67 110 25 89 32
2fr 65 M4 19 26 43
fera 14 22 27 214 25 258 37
fer_c 24 -12 14 10 14 09 07
fer d ‘ 17 35 ‘ 40 139 25 261 25

fer e -14 -2.8 6.6 695 -19 193 34
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Table App-4: Concentrations of 1 M NH,NO, extractable element fractions in ppm.
The analyses were performed using ICP-AES. The method for extraction is given in
Appendix-II and discussed in section 2.5. Negative numbers refer to concentrations
below the LLD.

Sample Na Mg Al | 4

[72]
=
£
<
0
e ]
&
Z
0
B

145 0025 005 020 025 005 013
103 0025 005 038 025 005 013

2Top 33 45 05 07
BTop M 21 18 S
UTop 10 22 05 22
A 9 12 33 05
UG 410 3 0S5 05
2Top 15 16 05 16
25A 18 .
256 520 493 05 05

180 -0.025 0.08 -0.05 0.25 -0:05 0.18
18 183 0.025 .05 -0.05 -0.25 0.05 -0.13
105 -0.025 0.05 -0.05 £0.25 -0.05 -0.13

1A 14 30 18 0.5 4 5 185 -0.025 -0.05 052 025 -0.05 043
1B 10 18 1.0 05 3 4 83 -0.025 -0.05 0.35 025 -0.05 -0.13
4A 80 248 85 183 20 20 1740 -0.025 0.05 8.00 0.82 -0.08 088
SA 13 17 5.5 05 4 38 68 -0.025 -0.05 0.18 £0.25 -0.05 020
6AE 21 55 14 05 4 28 190 . -0.025 0.0 0.10 -0.25 -0.05 023
8A 17 100 05 1.0 7 40 355 0.025 0.05 0.08 .25 0.10 0.15
8B A 13 25 10 28 45 423 0.025 -0.05 057 0.25 -0.05 0.25
9A 28 17 13 05 7 28 53 -0.025 0.05 0.73 025 -0.05 050
10A 68 65 12 13 13 63 258 0.025 .05 185 0.25 -0.05 0.75
12A 15 20 53 £S5 6 A 138 0.025 .05 0.20 0.25 -0.05 9.25
12B 28 58 11.0 0s 16 28 125 0.025 .05 0.68 0.25 .05 -0.13
16Top 17 35 0.5 1.0 4 8 200 -0.025 .05 0.30 025 -0.05 0.13
16A 13 30 05 05 3 4 148 0.025 0.05 0.27 .25 0.0 0.13 .
16E 10 17 13 05 3 S 48 -0.025 .05 0.60 025 -0.05 -0.13
17Top 16 30 1.7 0.7 5 6 250 0.025 .05 045 0.25 .05 0.18
17A 14 20 11 05 4 3 140 0.025 -0.05 0.38 £0.25 -0.08 £0.13
17E 17 45 10 05 3 1 83 0.025 .05 0.13 0.25 0.05 £.13
18Top 15 25 05 07 -4 3 128 0.025 -0.05 0.22 £0.25 .05 0.13
19A A 28 0s 1.0 5 2 83 -0.025 -0.05 0.30 £0.25 -0.05 0.13
2Top 173 305 0.9 38 30 8 665 -0.025 0.05 0.62 0.40 .05 043
5 10
3 9
-1 15
-1 13
1 38
-1

—
~
[=]
L -]
s
[V
0

—
—
w

9 95 528 -0.025 0.10 -0.05 0.35 -0.05 033

26AE 23 4 05 05 -1 28 158 -0.025 0.0 0.0 025 0.05 0.25
26B 480 418 13 05 4 155 458 0.050 0.15 -0.05 0.38 -0.05 0.53
29Top 23 133 0.5 06 13 23 218 -0.025 -0.05 0.05 -0.25 0.0 0.20
29Top, 118 113 05 0.6 4 25 230 -0.025 0.05 0.05 0.2s 0.05 0.15
29E 98 68 05 05 4 13 100 -0.025 0.0 005 = 025 -0.08 -0.13
299G 1210 340 05 05 45 23 218 -0.025 0.05 0.05 £0.25 005 013
Grl 663 12 0.5 05 4 558 65 0.025 -0.05 -0.05 £0.25 .05 -0.13
30Top p>:] 68 0.5 05 -1 80 203 0.025 -0.05 .05 0.25 0.0 0.13
30A 23 43 9.0 £5 -1 5§ 103 -0.025 0.0 -0.05 -0.25 0.0 -0.13
31Top 19 58 05 21 -1 48 450 0.025 0.0 0.05 0.25 0.0 0.13
31AE 3 53 05 05 -1 19 25 -0.025 -0.05 -0.05 0.25 -0.05 £0.13
31B 420 175 14 05 70 257 28 -0.025 -0.05 -0.05 0.25 -0.05 -0.13
32Top 2 3B 0.5 09 1 25 180 0.025 -0.05 0.05 0.25 -0.05 0.13
32A 13 17 25 05 1 17 I 0.050 -0.05 -0.05 0.2 0.0 0.13
32GB 20 22 0.6 £S5 -1 4 25 0.025 -0.08 .08 0.25 005 © 013
326 23 53 13 0.6 2 16 335 0.0s0 0.13 .05 0.32 -0.05 0.28
33Top 65 45 0.9 1.2 4 30 120 0.025 -0.05 0.20 £0.25 -0.05 040
33AE 28 35 11 05 -1 18 70 0.025 -0.05 -0.05 £0.25 .05 -0.13
33G 725 810 45 1.0 14 33 575 0.100 0.20 0.75 0.68 0.08 0.75
HA 18 35 23 05 4 22 108 -0.025 0.0s .08 0.2s -0.05 023
358ap 161 370 0.5 05 43 8 88 0.025 0.0 -0.05 0.2s -0.05 0.18
36Top 48 & 19 0.6 8 30 173 -0.025 -0.05 0.87 £0.25 0.05 0.28
36E p>:] K 45 L5 S5 19 130 -0.025 -0.05 1.38 .25 -0.05 0.15
36B 8 408 208 05 25 33 180 0.025 0.08 120 025 0.05 0.43
37A n 138 05 16 15 S5 478 -0.025 -0.05 .05 0.27 -0.08 0.38
37B 258 283 0.5 05 13 23 423 0.025 -0.0s 0.05 £0.25 -0.05 0.35
38A 105 283 0.5 10 11 43 665 0.025 0.05 0.0s 0.38 -0.05 045
38B 610 613 1.0 11 48 38 863 0.100 0.18 013 0.73 0.08 0.75
38BC 838 695 11 13 120 35 1103 0.100 020 ° o010 0.90 0.10 1.00
39Sap 6900 370 0.6 05 243 1 r 0.075 0.10 .05 025 0.05 0.18
40Top 38 35 0.6 21 13 & 508 0.050 -0.05 0.15 0.38 0.0 033
40E 2 AU 0.7 14 9 38 730 0.075 -0.08 0.13 0.50 0.08 048
40B 45 8 15 07 23 4 713 0.075 0.05 055 . 050 .05 048
41Top 38 33 05 10 11 33 355 0.025 -0.05 -0.05 025 . 005 023

continued ...
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Fe Ni Cu Zn

Sample Na Mg Al P S$ K Ca v Cr
41E 225 260 3.0 06 25 45 385 -0.025 0.05 195 0.32 0.05 0.35
41B1 425 540 170 06 63 43 3 0.050 0.13 775 0.40 -0.05 045
41B2 598 673 6.0 07 13 35 285 0.050 0.13 205 0.40 0.05 045
42Top 33 55 13 09 9 2 250 0.025 -0.05 0.15 025 0.05 0.83
42B 880 983 8.0 28 93 88 525 0.050 0.18 0.78 0.60 0.05 0.68
43Top 83 1 05 25 11 14 318 0.025 -0.05 0.40 -0.28 -0.05 033
43AE 238 S0 05 05 19 9 115 -0.025 005 005 025 -0.05 0.13
43E 288 N 45 05 18 19 110 -0.025 005 005 025 0.05 0.13
43G 1825 58S 08 07 53 48 358 -0.025 0.10 045 0.35 0.05 043
44Top 33 38 95 58 8 4 535 0.025 0.05 020 035 0.05 0.35
44A2 3 43 045 05 S5 35 483 -0.025 005 -00S 030 0.05 0.28
4B 8 325 1.1 07 10 75 975 0.075 0.10 0.22 0.68 -0.05 0.65
4C 60 265 05 45 17 35 645 0.050 0.08 0.05 0.47 0.05 043
4R 128 403 05 0.6 7 100 780 0.050 0.10 -0.05 0.60 0.05 0.60
45A 28 43 05 21 13 6 268 -0.025 0.0 0.05 028 0.05 048
45BA AT | 45 05 11 68 173 0.025 005 005 025 -0.05 025
45B 50 88 14 05 63 190 405 0.025 -0.05 062 . 027 0.05 0.25
46A 4 A 0.6 12 8 35 328 0.050 0.05 0.10 025 0.05 0.23
46B1 4 60 05 05 18 25 258 -0.025 -0.05 0.20 0.25 -0.05 0.13
46B2 30 195 07 05 43 35 340 0.025 0.05 022 030 0.05 0.28
46C 3 19 08 05 3 AU 250 -0.025 0.05 0.40 025 -0.05 0.20
47Top 19 43 0S5 07 4 38 195 -0.025 005 005 025 0.05 -0.13
47A1 19 53 045 05 S5 17 305 0.025 0.0s 035 0.25 -0.05 0.25
47B1 235 8 495 05 9 2 373 -0.025 20.05 0.05 027 0.05 023
47B2 50 1% 08 06 25 70 550 0.050 0.08 0.20 047 -0.05 043
47C 48 258 11 11 43 70 1055 0.075 0.10 0.32 0.73 0.05 0.70

Table App-5: Concentrations of 1 M NH,NO, extractable element fractions in ppb. The
analyses were performed using ICP-MS. The method for extraction is given in
Appendix-II and discussed in section 2.5. Negative numbers refer to concentrations
below the LLD.

Sample Be B V C Cu As Se Mo Cd Sb Ba m P Bi U
1A 65 <363 , 9 -13 -103 -70 875 50 17 -2 767 . -3 53 -3 -30
1E 65 -363 9 <13 -103 -7 -12 S50 17 -2 407 <3 53 -3 -3
4A 65 1318 16 20 160 -7 -12 S50 4 -2 935 -3 % -3 -3
SA 65 -363 9 6 -103 -70 -875 -50 -17 23 1802 3 53 3 -3

6AE 65 -363 9 36 -103 -70 875 S50 2 23 3360 <3 53 3 -3
8A 65 -363 9 -13 -103 -70 875 50 17 -2 1159 <3 53 -3 -3
8B 65 n 9 -13 -103 -70 -875 50 -17 -23 1738 3 53 3 -3
9A 65 -363 9 16 -103 -70 875 -50 -17 -23 196 3 58 3 -3
10A 65 -363 9 13 -103 -70 -875 50 -17 -3 532 3 53 -3 -3
12A 65 -363 9 37 -103 -70 875 50 -17 -23 1929 3 583 -3 -3
12B 65 -363 9 32 -103 -70 -875 50 17 -3 2918 7 53 -3 -3

16Top 65 -363 9 13 -103 -70 875 -50 -17 23 9 <3 -5 -3 -3
16A -65 -363 9 -13 -103 -70 875 50 -17 -2 675 3 95 3 -3
16E -65 -363 9 -13 -103 -70 -875 50 -17 -2 502 <3 583 -3 -3

17Top 65 -363 9 -13 -103 -70 -875 -50 -17 -23 730 -3 400 -3 -30
17A 65 -363 9 <13 -103 -70 875 -0 -17 -23 3% 3 583 3 -30
17E -65 -363 9 13 -103 -70 -875 -50 -17 -23 583 -3 150 3 -30

18Top 65 -363 9 13 103 -7 875 50 -17 -23 532 <3 53 -3 -3
19A 65 -363 9 13 -103 -70 -875 50 -17 -23 229 -3 82 3 -

20Top 65 -363 9 <13 250 -70 -87s -50 -17 82 997 3 -3 3 -3

21Top -65 -363 9 13 242 <70 -875 50 -17 -3 615 3 7 3 -3

23Top 65 -363 9 -13 -103 -70 875 50 -17 23 795 <3 59 3 30

24Top 65 -363 1mn 16 -103 -70 875 -50 -17 -23 684 3 53 3 -3
A6A -65 415 9 -13 143 -70 -875 50 17 -23 742 -3 14 -3 -30
4G -65 648 9 -13 -103 -0 875 -50 -17 -23 3486 s 53 3 -3

25Top 65 -363 9 16 -103 -0 -875 -50 -17 -23 961 -3 B -3 -3
25A 65 -363 9 38 -103 -0 -875 50 -17 -3 1888 -3 53 3 30
G 65 1509 9 -13 140 -0 875 -50 -17 -2 4783 10 103 -3 -3

26AE 65 -363 9 21 333 -70 875 -50 -17 -23 678 <3 53 3 -3
26B - 65

1219 9 -13 103 -7 875 50 -17 23 2892 7 169 -3 57

continued ...
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Sample Be B V C Cu As Se Mo Sb Ba m P B U
29Top -65 -363 12 24 S -0 875 50 17 35 1373 3 105 -3 -3
29Top, -65 -363 -9 47  -103 -0 875 S50 17 .23 1240 3 53 3 -
29E -65 -363 9 2 198 -0 875 50 17 -3 524 3 58 3 -3
299G -65 966 102 -13 -103 -0 875 50 -17 -3 1061 <3 53 3 30
Grl -65 -363 9 <13 -103 -0 875 S50 -17 -3 1227 4 53 -3 -3
30Top -65 -363 9 -13 -103 -0 875 50 -17 -3 1933 -3 53 3 -3
30A -65 -363 9 -13 -103 . -0 875 50 17 -3 1414 3 53 3 -3
31Top -65 -363 9 13 -103 -7 875 50 -17 -3 1639 <3 53 3 -
31AE 66 -363 10 -13 -103 -2 875 S0 17 -3 810 <3 53 3 -3
31B -65 24 -13 -103 N 875 S0 17 -3 1565 -3 314 3 30
32Top -65 499 9 <13 -103 -0 875 S0 -17 -3 930 3 53 3 -3
32A 65 sn <9 -13 -103 -0 -875 S50 -17 -23 &9 S B3 -3
32GB -65 -363 9 -13 -103 -10 875 S0 -17 -3 473 -3 53 -3 -3
R2G 65 -363 9 -13 -103 52 -12 S50 -17 -23 3685 8 53 3 -3
33Top -65 -363 18 -13 -103 -0 875 S0 17 -3 761 3 53 3 -3
33AE 65 -363 9 13 -103 -0 875 -0 -17 -23 514 -3 53 -3 -3
33G 65 -363 9 13 -103 -0 875 -50 -17 -3 7334 21 83 3 -3
MA -65 -363 9 17 -103 -1 875 -50 -17 -23 4119 5 53 -3 -30
35Sap -65 8885 69 -13 -103 86 875 -50 -17 -23 1395 -3 288 -3 -3
36Top -65 -363 9 52 -103 -0 875 -50 17 -23 2732 4 53 3 -30
36E -65 -363 9 16 -103 -10 875 -50 -17 -23 273 3 53 3 30
3B 65 546 9 -13 -103 -70 -875 -50 -17 -23 6257 4 S53 3 -3
J7A -65 459 10 19 -103 -7 875 50 -17 42 9161 4 53 -3 -0
3B 65 -363 9 -13 -103 -0 875 50 17 -23 12860 3 53 -3 -3
38A -65 -363 -9 2% 155 -0 875 61 -17 -3 18129 7 53 -3 -3
38B 65 607 4 -13 129 -0 875 50 -17 -3 14602 4 53 -3 66
38BC -65 1201 27 -13 -103 -0 1012 -50 -17 -23 9T 7 53 -3 -30
39Sap - 65 -363 214 -13 -103 1M 2118 -50 -17 140 1074 s 53 3 -3
40Top 65 -363 11 13 -103 -10 912 50 21 -3 6856 6 -53 -3 -3
40E -65 -363 -9 -13 -103 -0 875 61 -17 -23 7458 -3 53 3 -3
40B -65 -363 n 13 -103 -70 875 -50 20 -23 172 14 53 -3 30
41Top 65 649 9 31 -103 -70 875 50 23 -3 6198 -3 53 3 -3
41E -65 -363 1 27 -103 -0 -875 50 17 -23 11099 6 -53 -3 -30
41B1 65 1799 112 30 443 -10 22884 -50 -17 -3 7806 16 219 6 -3
41B2 65 18%4 6 19 39 85 23883 -50 43 .23 3187 12 211 6 -30
42Top 65 -363 9 8 -103 -1 875 50 18 M 13526 3 53 -3 -3
42B 65 1025 8 31 -103 -70 -875 -50 -17 -23 13812 9 297 -3 -0
43Top 65 -363 9 3 -103 -70 875 -50 17 -23 3092 -3 53 -3 -3
43AE 65 -363 9 14 -103 -70 875 -50 -17 28 3137 -3 93 3 -3
43E 65 -363 1 -13 -103 -7 875 -50 17 -23 7801 3 53 3 -3
43G 68 -363 37 -13 -103 -70 875 50 -17 -23 10821 <3 53 3 -3
44Top 65 -363 21 23 -103 83 875 -50 -17 -23 4206 <3 53 3 -3
44A2 65 -363 9 20 -103 90 875 54 2 -3 10167 6 53 6 -3
44B 65 -363 11 13 473 -70 875 50 25 37 27534 <3 60 3 -3
4C 65 -363 17 -13 -103 -0 875 50 27 28 32646 -3 -53 -3 -30
4R 106 -363 27 13 118 2 875 50 23 27 22769 4 53 3 -3
45A 70 -363 18 32 103 B 1087 50 27 25 2800 s 53 -3 -3
45BA 134 -363 9 22 -103 109 875 50 4 -3 1724 -3 85 -3 -3
45B 80 -363 13 21  -103 L 1353 50 -17 -23 5013 10 -53 -3 -30
46A 65 -363 - 10 20 -103 -0 -875 -50 -17 -3 1838 3 53 3 -0
46B1 .65 -363 9 28 -103 -70 -875 S50 -17 -3 5302 3 53 -3 -3
46B2 65 -363 9 32 .-103 -7 -12 -50 -17 -23 6784 3 53 3 -0
46C 65 -363 9 -13 -103 -70 875 -0 -17 -23 9N 3 53 -3 -3
47Top 65 -363 9 20 -103 -70 875 -50 -17 -23 4529 3 53 3 -3
47A1 65 -363 9 -13 -103 -70 875 -50 -17 23 10925 3 59 -3 -3
47B1 65 -363 9 -13 -103 -70 ° 875 50 -17 -23 14042 -3 53 -3 30
47B2 65 -363 9 15 -103 -0 875 50 -17 -23 18529 -3 53 -3 -3
47C 65 656 9 13 -103 -7 875 -50 -17 -23 4354 -3 53 -3 68
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Table App-6: The pH(KCI) values, the conductivities of the water-suspended soils in
uS cm™ [Cond.] and the proportions of gravel, sand, mud, LOP, silt and clay in weight
percent of the total sample. The weight percentages of the particle size classes unified
according to a Principal Component Analysis (section 2.8) are given on the right site of
the table: CS = coarse sand, MS = medium sand, FS = fine sand, CST = coarse silt,
F = fines and FC = fine clay. The range of particle sizes in the various classes is listed
in Table 2.14.

Determined as outlined in section 2.7. Based on results obtained with a settling column
and a sedigraph (Table App-7)

Sample : pH Cond. { Gravel Sand Mud LOP Sum : Sit Clayi CS MS FS CT F FC
1A 48 -] 0.0 %9 14 14 997 : 11 02 14 650 306 08 04 01
1E 5.0 51 00 %81 16 03 1000 12 591 378
4A 13 210 1.9 8.1 17 113 1000: 16 04 06 344 498 10 08 02
SA 43 3 86 808 102 04 1000: 61 40 : S04 193 112 38 36 27

GAE 45 30 215 678 101 0S 1000: SS 45 : 386 211 82 28 45 27
9A 48 116 74 846 78 03 1000: 51 26 : 459 255 132 30 29 18
10A 52 173 29 914 38 19 1001: 25 12 : 304 27 385 1.7 13 08
16A 54 42 0.1 981 13 06 1001: 1.1 01 1.3 740 28 07 06 00
16E 52 24 0.1 9%s 13 02 1001 22 N2 A1
17A 5.0 31 0.2 9%82 09 07 1000 15 76 252

18Top 50 2 0.1 987 07 05 1000 38 7.1 217
19A 4.1 n 02 981 09 09 1001 28 726 227

20Top 42 402 0.1 97 24 68 1000 25 9 172

21Top : 49 47 01 983 10 06 10060 55 ™7 141

UTop | 52 54 12 947 35 07 1001: 1.2 14 : 246 354 344 07 08 1.0

24A 46 56 28 910 60 03 1001: 47 20 :313 296 294 38 15 1S
4G 5.1 124 130 558 307 03 999 : 34 271 : 26 159 172 19 32 253

25Top 52 55 53 511 430 06 1000: 286 138 : 278 151 88 199 126 100

25A 4.9 2 6.1 86 67 06 1000: 48 17 ;438 241 188 32 23 11
25G 55 153 23 22 495 66 986 : 67 427 :12 58 43 22 16 396

26AE 54 64 38 881 77 05 1000: 5.1 29 : 311 308 237 34 29 18
26B 57 218 6.0 591 268 81 999 32 235 :193 237 161 18 18 231
28A 43 47 24 820 158 12 1014: 98 58 : 173 266 384 63 52 41
28E 42 27 764 190 44 02 1000 : 24 20 42 69 80 15 16 13
28B 4.6 27 66.4 174 139 21 998 75 6.2 37 58 80 37 62 38

29Top 55 463 0.0 89 97 15 1001 : 46 5.0 25 262 603 18 44 33
29E 55 174 : 03 922 70 05 1000 : 32 37 23 242 659 15 31 23

29G 635 2000 ¢ 01 837 159 03 1000: 40 128 : 25 211 592 26 39 103

30Top 5.0 4 i 56 748 175 21 1000: 112 65 : 316 166 264 70 63 44

30A : 43 45 45 762 185 07 998 i 120 61 346 2.7 194 13 74 35

31Top : 58 m 4.0 806 139 12 9.7 97 41 i 417 205 184 55 57 27
31AE 52 35 51 784 156 08 999 : 127 33 {312 240 29 83 59 18
31B 49 610 513 330 149 06 9981 99 48 (125 86 121 49 64 35
32Top §{ 52 105 54 872 65 09 999 33 06 :536 190 172 18 21 00
R2A 45 2 38 879 76 0S 998! 54 22 {535 215 128 31 33 12
2GB i 52 47 45 87 116 01 99 95 21 {247 299 291 53 51 12
32G 49 130 0.6 385 587 24 1001: 175 410 { 130 184 73 49 26 310
3Top § 48 27 45 897 48 10 1000 653 158 85

3BAE | 45 7 37 %08 50 05 1000! 29 26 670 157 77 18 15 22
33G 41 521 54 469 467 09 999 i 26 440 : 11 54 401
A 45 4 127 712 153 07 99 : 84 72 360 196 153 50 53 54
36Top i 44 114 364 318 246 10 998 145 48 185

36E 43 62 64.1 174 181 04 1000: 106 74 i 76 21 78 48 713 59
36B 40 101 0.1 132 82 16 1001 191 659 : 25 09 101 S8 167 624
37A s1 210 144 346 492 18 1000 299 187 93 55 204 131 230 125
37B 51 281 245 266 478 11 10003 260 216 : 77 45 146 101 226 149
38A $7 189 119 322 51 19 1001 324 210 % 87 59 183 130 265 138
38B 65 687 120 204 666 12 1002 181 483 i 81 42 83 60 216 388
38BC 72 1044 3.2 216 718 37 1002% 357 357 : 38 22 160 98 397 218
40Top i S8 174 424 37 191 09 1001 128 133 117

40E 64 93 482 328 184 06 1000 123 118 87

40B 48 1M 280 221 493 08 1002% 171 319 i 105 63 52 38 197 256
41Top : 53 185 525 345 125 0S5 1000 27 54 53

41E i 44 301 5 99 116 00 1010 76 12 11

continued ...
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Determined as outlined in section 2.7. Based on results obtained with a settling column
: and a sedigraph (Table App-7)

Sample : pH Cond. { Gravel Sand Mud LOP Sum : Sit Cay{ CS MS FS CST F FC
41B1 42 600 41.0 80 513 01 1002: 54 457 : 55 13 14 08 87 416
41B2 42 783 74 129 82 02 1003: 99 M2 : 56 40 34 21 148 632
43Top 54 in 458 411 128 03 1000 41 84 184
43AE 52 456 50.0 388 111 01 1000 1.7 122 147

43E 6.1 354 811 130 62 00 1004 42 20 69
43G 68 1470 80 82 843 00 1005: 112 728 : 28 14 44 24 198 617

44Top 59 167 278 459 257 07 1002 132 97 227
4A2 57 47 58.9 250 160 02 1001 90 43 114
4B 59 101 27 193 780 04 1003: 146 634 : 24 34 132 39 2S5 527
4C 64 19 . 32 40.1 566 04 1003: 215 353 : 42 65 294 72 244 251
45A 49 291 04 764 24 09 1001 93 197 4638
45BA 47 142 0.7 05 281 07 1000: 118 159 : 56 194 458 71 100 107
45B 54 256 13 380 597 11 1001: 161 433 : 58 122 204 46 173 3715
46A 48 122 79 696 214 10 999 ) 179 196 309
46B1 49 127 214 522 259 06 1001 164 163 194
46B2 51 154 569 161 263 08 1001: 82 179 : 44 43 76 27 86 148

46C : 53 9N 28 356 606 13 1002: 184 421 : 88 119 149 47 181 377
47A1 56 59 54 616 25 06 1001 189 255 230 '

47B1 6.0 49 86 5726 335 06 1003: 115 222 : 147 226 200 64 82 191
47B2 59 106 404 36 254 08 1002 148 106 82

47C 78 203 24 29 742 11 1006: 214 525 : 6.6 71 95 34 302 403
47A2 59 58 30 624 337 10 1001: 153 182 : 191 182 227 81 119 135

Table App-7: The proportions of individual phi units for the -2 mm sieved soil fraction
as determined with the sedigraph and the settling column. The proportions are
expressed in weight percent of the entire sample. Soil samples which have low totals
have high proportions of gravel or organic matter.

phi units:  >-1 >0 >1 >2 >3 >43 >5 >6 >7 >8 >9 >10 >11 <11 Total
Sample

1A 0.2 0.1 1.2 650 289 1.7 04 04 01 0.1 0.1 0.1 0.0 01 933
1E 03 01 09 591 354 24 ) 98.1
4A 0.1 0.1 04 344 478 20 06 05 0.2 02 02 0.1 0.1 02 868
SA 02 104 398 - 193. 70 42 15 23 1.0 06 0.7 0.7 0.6 27 90
6AE 0S5 72 309 211 47 35 1.0 18 11 08 0.9 0.9 0.9 27 79
9A 04 120 336 255 78 55 1.1 1.9 10 06 05 04 04 18 923
10A 0.2 63 239 227 326 59 08 09 03 03 03 0.2 02 08 953
16A 03 00 1.1 740 214 14 0.3 04 0.2 0.1 01 0.1 0.1 00 994

16E 03 08 11 712 28 14 985
17A 0.9 04 10 76 236 15 98.2
18Top 04 02 36 71 204 13 98.7
19A 0.6 05 17 76 211 16 98.1
2ATop 07 02 20 79 166 0.6 ’ 90.7
21Top 03 0.1 51 77 138 03 983

ATop 02 32 211 354 278 6.6 00 07 02 01 0.2 0.2 02 1.0 99
UA 0.7 71 234 296 218 7.6 24 14 03 02 03 03 03 15 970
4G 0.1 48 177 159 128 44 0.9 11 05 03 0.7 1.0 0.7 253 862

25Top 02 62 215 151 54 34 87 111 39 25 24 20 18 100 941
25A 1.9 113 306 241 128 6.1 15 1.7 07 05 04 04 03 11 933
25G 0.0 41 61 58 25 19 0.9 1.3 1.7 14 14 12 19 6 697
26AE 04 41 265 308 162 75 18 16 08 05 05 05 0.6 18 936
26B 0.1 29 163 237 123 37 0.7 11 0.7 05 0.2 0.1 02 231 858
28A 02 20 151 266 269 115 25 38 15 11 09 09 . 08 41 978
28E 02 03 37 69 60 20 06 09 04 03 03 03 04 13 224
28B 0.0 07 30 58 52 28 13 24 16 - 11 11 11 14 38 313

29Top 0.1 0.2 21 22 505 9.9 0.8 10 08 09 1.0 09 08 33 %S
29E 03 0.0 20 242 513 146 07 08 06 06 0.6 0.7 0.7 23 992
229G 07 04 22 211 502 9.0 15 11 05 03 06 1.0 15 103 996

30Top 03 57 256 166 162 102 29 41 18 12 12 12 0.9 44 923
30A 08 73 265 2.7 94 10.0 30 43 19 14 14 14 13 35 928

continued ...
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phi units:  >-1 >0 »>1 >2 >3 >43 >S5 >6 >7 >8 >9 >10 >11 <11 Totat
Sample
31Top 05 102 309 205 124 60 20 34 18 13 11 09 0S5 27 %44
31AE 01 65 246 240 138 91 42 41 19 13 12 1.0 05 1.8 940
1B 0.1 34 90 86 74 47 15 34 23 15 13 0.9 05 35 479
32Top 1.0 140 386 190 105 6.7 06 12 06 05 0S5 04 0.2 00 937
32A 05- 163 367 215 88 41 14 17 09 07 07 0.7 03 12 955
2GB 08 21 219 99 223 69 17 36 21 12 09 0.6 03 12 953
2G 0.7 1.3 110 184 52 21 12 37 45 39 42 41 59 310 971
BTop 17 221 414 158 66 1.9 ‘ 89.7
3B3AE 01 191 478 157 49 27 11 07 04 03 03 03 0.2 22 958
33G 03 08 07 01 06 12 27 401 467
A 02 92 267 196 81 72 22 28 14 10 10 10 09 54 865
36Top 02 53 90 48 100 85 378
36E 03 35 33 21 137 4.1 14 34 26 19 12 08 07 59 35S
36B 1.6 02 07 09 40 6.1 09 49 55 49 29 21 14 624 984
37A 02 29 63 S5 93 112 49 82 66 57 45 33 30 125 838
3B 02 19 55 45 73 74 32 69 57 53 49 37 31 149 M4
38A 1.0 1.6 61 59 93 9.0 40 90 74 65 55 40 31 138 83
33B 11 20 49 42 39 44 23 37 35 39 47 48 47 388 870
38BC 11 06 21 22 84 7.6 34 64 76 82 101 86 53 218 933
4QTop 03 33 91 mn3 17 40 317
40E 0.1 30 92 118 48 9 : 28
40B 05 15 85 63 23 29 08 30 41 46 47 39 25 256 09
41Top 01 101 136 54 29 24 45
41E 0.0 31 44 12 07 04 9.9
41B1 0.0 23 32 13 07 0.7 01 08 14 14 18 20 21 4.6 593
41B2 04 15 37 40 14 1.9 05 16 22 25 31 32 38 632 90
43Top 15 43 83 84 114 70 ' 410
43AE 05 41 72 122 838 59 388
43E 05 20 18 20 40 29 130
4G 0.0 05 22 14 19 25 01 23 22 23 42 44 6.7 617 925
4Top 04 79 S50 97 144 83 459
4A2 04 60 27 43 82 32 250
4B 0.2 11 12 34 90 43 09 31 33 36 38 39 6.9 527 972
4C 28 02 12 65 187 107 20 52 45 42 56 50 5.1 31 %7
45A 27 05 61 197 336 132 764
45BA 04 02 51 194 328 129 30 41 17 12 18 24 29 107 986
45B 02 10 46 122 151 53 15 31 43 33 39 26 31 315 97
46A 34 14 131 196 284 75 68.4
46B1 16 - 21 126 163 153 41 : 522
46B2 09 .06 29 43 52 23 07 20 20 18 18 15 16 148 424
46C 12 08 68 119 94 55 11 36 52 46 38 29 16 377 %1
47A1 09 30 150 255 151 79 : 675
47B1 0.3 21 123 26 123 17 29 35 18 15 19 17 14 191 910
47B2 0.1 26 121 106 58 24 . 336
47C 0.1 11 s4 71 175 20 07 27 53 58 68 57 65 403 971
47A2 44 16 132 182 166 60 32 49 28 21 23 24 23 135 935





