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Abstract
Soil (n = 299), surface water (n=91) and plant (n=16) samples were collected from Ballarat,
Creswick and Maldon in the Golden Triangle region of Central Victoria (Australia). Naturally
high background soil values impacted by mining activities have resulted in elevated levels of As
(>1500 mg/kg) and other heavy metals (Fe, Al, Mn, Pb, Zn, Cu, Ni, Cr, Co, Cd, Se, B and Mo) in
the study area. The soils were moderately acidic with low organic matter content (average LOI ~
5.3%) and low cation exchange capacity (average CEC ~ 9.41 cmolc/kg). The silt (2 - 20 µm) size
fraction dominated the clay and sand size fractions in most of the soils. The clay minerals
identified by XRD analysis showed the order of abundance as: kaolinite >> illite> smectite >
mixed-layer ≈ vermiculite. Clay minerals did not show a significant role in the fixation of
metalloid/metals in soils. Overall, As content correlated with Fe, Al and Mn contents in soils,
possibly due to the high retention capacity of these oxides for As. Among the alkali and alkaline
earth metals, the abundance was observed in the order of Mg>Ca>K>Na in all soils.
The surface waters (rivers, creeks and lakes) were found to be neutral to alkaline (pH~ 6.7 to
9.4), oxidised (average Eh ~130mV) and showed highly variable concentrations of dissolved ions
(EC values ~ 51 to 4386 µS/cm). The concentrations of dissolved major cations in the surface
waters were found to be in the order of Na>>Mg>Ca>K. While Na was the least abundant in
soils, it registered the highest dissolved cation in surface waters. Under relatively alkalineoxidative conditions, low mobility of dissolved As was observed in most of the surface waters
with a few higher values (up to 11.5 mg/l) around mine tailings and sewage disposal sites. Arsenic
concentration changed seasonally with the highest in autumn and the lowest in spring depending
upon rainfall and flow conditions. Oxidation of arsenopyrite mineral (as revealed by SEM
analysis) in mine waste material released As into the surface waters. The dissolved As
concentrations were found to be below the recommended guideline values (ANZECC, 2000) for
recreational surface waters (lakes, creeks and rivers) in the study area. The efficient sink of Fe
(hydr)oxides appears to act as a barrier against extreme As release under neutral-oxidising soil
conditions.
High concentrations of As in plants (up to 6.0 mg/kg dry weight) indicated its bioavailability
and corresponded to high levels of As in soils contaminated by mining operations in the past.
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Chapter 1 – Introduction

1. Introduction
1.1 Primary motivation
According to the USEPA (1996) and ATSDR (1989), arsenic is one of the top three elements
identified as having adverse public health effects based on its toxicity. It has been recognized as
being poisonous to humans since ancient times. Elevated arsenic levels in soil/rock are one of the
major sources of arsenic contamination of surface, ground and drinking water throughout the
world and recently have become the focus of investigation of the possible source, mobility and
fate of arsenic in local environments (Smedley and Kinniburgh, 2002; Grosz et al., 2004;
Mahoney et al., 2005). The toxic effects of arsenic on plant, animal and human health have
become a global issue due to the potential risk posed by arsenic entering the food chain. The
historical and indisputable impact of As-toxicity on human communities (e.g. in Bangladesh and
China) necessitates extensive research on arsenic dynamics to ensure understanding of arsenic
mobilization in field conditions. Specifically, mining activities and elevated natural background
soil levels of metal/metalloids have posed a threat to the health of the environment: the soil–
water–plant system in the Central Victorian region, Australia. An understanding of arsenic
distribution, behaviour and chemistry will help to better manage the health of the environment.
Arsenic levels as high as 1000 mg/kg have been recorded at various locations across Australia
(Smith et al., 1998) highlighting the need to study the arsenic geochemistry at these sites. The
mobility and bioavailability of potentially toxic elements in the soil environment are affected by
important soil properties and components such as clay (Lim et al., 2002), silt, organic matter
(Gerritse and Driel, 1984), metal oxides, pH (Masscheleyn et al., 1991), Eh (Sadiq, 1997) and
biological activity (Smedley and Kinniburgh, 2002). Most environmental problems are the result
of mobilization under natural conditions, however, the added impact of mining activities in the
study area has increased the threat to the environment. This thesis addresses the arsenic
distribution and mobilization in the soil-water system in three areas, which differ slightly in
natural environments (e.g. rainfall, land use and mining activities) and represent the
environmental conditions in the Golden Triangle region of Central Victoria (Fig. 1.1).
Arsenic is naturally associated with elements such as Pb, Zn, Cu, Fe and Au in ores. Mining
operations in the past and present have produced waste materials that contaminated soils, surface
waters and plants in Central Victoria (Lamb et al., 1996; Giblin, 1997; Taylor et al., 2000). The
high soil arsenic content is due to the elevated background soil levels and fixation of arsenic onto
the secondary oxides of Fe, Al and Mn. These elevated arsenic concentrations in soils were the
result of the presence of arsenopyrite in the parent rock material and the mining activities in the
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area. This work, therefore, has focused on the nature and dynamics of arsenic in soils and surface
waters in field conditions.

1.2 Methods
1.2.1 Sampling
Three sampling campaigns were conducted in the Ballarat, Creswick and Maldon areas. The
sampling area is part of the Golden Triangle region (highlighted trail in Figure 1.1) where
significant gold-mining activities took place from the 1850’s to the present day. Geochemical
analysis is required to establish the fate of potentially toxic metals in the study area and other
parts of the region. Therefore, from an environmental point of view, it is important to understand
the geochemistry of metal/metalloids in relation to natural abundance and anthropogenic input
caused by past mining operations. The sampling locations were recorded using GPS for map
development in GIS Mapinfo® software.

Figure 1.1. Location of sampling areas (Ballarat, Creswick and
Maldon) along the Golden Triangle region of Central Victoria,
Australia (modified after Goldfields of Victoria (2005)).

Victoria

N
0

10
Scale
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A total of 299 surface (0~10 cm) and subsurface (10~20, 20~30 cm) soil samples were
collected for analysis. A hand auger of about 10 cm in diameter was used for soil sampling (Plate
1.1). Soil samples were stored in clean containers for later analysis. Further details of sample
analysis are given in appropriate chapters. A small systematic soil sampling program on a 10 and
50 metre grid in a few selected sites in Maldon allowed detailed geochemical study of this work.
Random soil sampling in Ballarat, Creswick and Maldon allowed different environments and
wider areas to be covered within the Golden Triangle region of Central Victoria. The sampling
area covered a range of land use environments such as urban, agricultural and forest.

Plate 1.1. Soils from
various horizons (0~10,
10~20, 20~30 cm)
covering a range of
environments were
sampled.

Soils sampled also allowed for the determination of the background levels of metal/metalloids.
The soils of the region have wide and varied properties due to the differences in geological parent
matter (igneous, sedimentary and metamorphic), relative relief, rainfall, age of the landscape (e.g.
weathering) and land use. The majority of the land is composed of volcanic plains and
stratigraphically overlies the variety of rocks exposed in the pre-volcanic landscape (Dahlhaus et
al., 2003). Soil geochemical maps are drawn to show the spatial distribution of metals.
Surface water samples (n= 91) were collected for analysis from rivers, creeks, lakes and
standing water bodies in the study area. Eh, pH, EC and temperature were measured on site by
using standard portable metres. Measurement of turbidity was deemed unnecessary given the
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extremely low turbidity of surface waters sampled. A rain gauge was also installed to record the
individual rainfall events for seasonality studies at the University of Ballarat. Surface water
quality is affected by erosion, lack of vegetation cover on stream banks, eutrophication, pollution,
changes to hydrology and irrigation (Dahlhaus et al., 2003). Research by Jones (1995), on the
effect of climate change on the hydrological budgets of lakes in Victoria, has suggested that the
precipitation to evaporation ratio has changed over the past century to a drier state. Plate 1.2
shows surface water sampling in the Maldon area.

Plate 1.2. Surface
water samples
were collected
from creeks, rivers
and lakes in the
study area.

Plant samples (n=16) were also analysed to assess the bioavailability of potentially toxic
metals at selected contaminated sites in the study area. The study did not focus on plant samples
and a small number of plant samples were included to determine arsenic uptake only.
Opportunistic plant sampling broadens the base of the study, but the focus remains on soil and
water. The plant samples included several common species of trees and native grasses in the area
(Plate 1.3). The plant samples were collected near the soil sampling locations by clipping the
stems and leaves about 5 cm or more above the soil surface using sharp stainless steel scissors.
Particle size analysis of clay (< 2µm), silt (2-20 µm) and sand (20-2000µm) size fractions of
soil < 2 mm (EPA, 1989) was performed using a Malvern® Instrument by laser scattering at 510% sample obscuration. This work did not involve separation of various soil size fractions and
correlate to element contents. Speciation of As was also not the focus of this study and can be
found elsewhere (Cullen and Reimer, 1989; Smedley and Kinniburgh, 2002).
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Plate 1.3. Plant
samples included
various common
species in the area.

1.2.2 Instrument operating conditions and QA/QC program
Instrumental operating parameters for each of the elements determined were set according to
the manufacturer’s recommendations (Varian Spectra AA-20 atomic spectrophotometer). A
standard QA/QC protocol was adopted throughout this study. For example, with Atomic
Absorption Spectrometers absorption values for the calibration standards for each metal analysed
were noted and checked to make sure theses values did not change significantly each time the
instrument was used for the analysis of a particular metal. The absorption readings for calibration
standards were checked against the manufacturer’s recommended values.
All reagents used were of appropriate high purity, viz AnalaR equivalent or better. Reagents
were checked for metal blank concentrations prior to use. The aqua-regia (3:1, HCL: HNO3) was
made just prior to requirement (~ 30 minutes) for effective results. Deionised water, EC < 0.8
µS/cm, was used through the sample preparation and analytical process. All digestion vessels and
volumetric ware were acid washed, rinsed thoroughly with deionised water and dried prior to use.
Duplicate samples were brought through the whole sample preparation and analytical process.
The normal protocol was to include a duplicate for every 20 samples. Certified reference material
was included in every analytical batch. Both field and laboratory blank samples were included in
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each analytical batch prepared by using the same reagents, quantities, (and vessels), used in the
sample preparation.

1.3 Choice of location
Locations were chosen to evaluate arsenic distribution in soils, surface waters and plants in
different environments. Easy access to sampling locations allowed detailed scientific sampling,
especially in the seasonality study. The different range of environments such as agricultural, state
forest, mining, urban and rural provided an opportunity to compare the concentrations of arsenic
and other elements in the study area. The study of the three selected areas combined provided
further understanding of possible exposure and pathways through which arsenic can get into the
food chain.
Site one was Maldon, a rural town in Victoria (Fig. 1.1), which experienced major European
growth when gold was discovered in 1853. Deep Quartz Reef Mining commenced in about 1860
and Maldon became one of the richest goldfields in the world, second only to Bendigo in Victoria
(Morgan and Woodland, 1990). Mining operations in Maldon involved the extraction and
crushing of ore rich in metals (As, Pb, Cd, Cu, Ni, Zn, Ag). Following processing, the metalbearing rock was disposed of as mine tailings, which are still present in many locations in and
around Maldon. The relics of the historical mining industry in Maldon can be seen in remnants
from this period such as chimneys, batteries, waste dumps and mine workings. The risk of dust
inhalation remains in public places like the study site at Maldon and enrichment of toxic heavy
metals in soils can endanger fauna and flora if bioavailable. At sites where there is no vegetation
cover, the dust from contaminated sites is a possible route of exposure. Therefore, a study of
arsenic and other potentially toxic metals in the area is very important from the point of view of
human health.
The district of Creswick was a second site, which includes regional historical gold mining
towns and agricultural settlements (Fig. 1.1). Cainozoic alluvial placer deposits derived from the
orogenic gold deposits were mined for gold (Taylor et al., 2000) in Creswick. A detailed study to
identify and quantify soil clay minerals, heavy metals and arsenic in the Creswick area was a vital
part of this project. Clays, besides serving as excellent hydraulic barriers, can attenuate
contaminant migration via the geochemical process such as adsorption, precipitation, and
coprecipitation. Clays can act as an adsorbent (Barrow, 1999; Bors et al., 1991) or as a catalyst for
remediation processes that attenuate contaminated soil environments (Barrow, 1999; Harter,
1983; Van der Merwe et. al., 2002).
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The third site was Ballarat; being an important city during and after the gold rush, provided an
excellent opportunity to study the affected sites. From about 1856 until 1918, the hard rock reef
sources in Ballarat yielded about 65 t of gold and much of this area now lies beneath the city. The
modern revival of goldfield exploration in the 1990s reported a probable resource of 306,000 t of
gold in the Ballarat area (Taylor, 1998). It is important to document the levels of arsenic in soils
and surface waters in Ballarat with a population of about 100,000. In particular, mine tailings
where houses have been built pose a threat of exposure to arsenic and other metals and a risk to
human health. Bi-monthly sampling at Canadian creek helped to establish the seasonality of
metals in the surface water.

1.4 Objectives
The objective of the study is to: (1) measure levels of heavy metals/metalloids in soils, water
and plants in various environments; (2) identify whether the heavy metals/metalloids are mobile
and bioavailable; and (3) understand the importance of clays and oxide complexes in the fixation
of metals. From an environmental point of view, this study characterise the mobility of
metal/metalloids in the area (Creswick, Ballarat and Maldon). The study is also significant in
terms of comparison of the data of arsenic distribution and the mechanisms of mobilization in
contaminated and relatively uncontaminated areas around the world.

1.5 Hypothesis
Elevated heavy metal/metalloid levels in soils, either due to mining activities, agricultural or
natural occurrences, pose a threat to the environment if mobile and/or bioavailable. Whether these
are mobile or immobile in the soil-water environment will depend upon the mineralogy, texture,
organic matter content, redox potential, pH and concentration of other elements (e.g. Fe, Al, Mn)
of the soil. Contaminant mobilization is primarily controlled by contents of Fe-Al-Mn oxides
under appropriate redox-pH conditions besides the parameters such as type and proportion of
secondary minerals. Oxidizing and near neutral conditions in the soil-water system favour
retention of metalloid/metals as compared to reducing and acidic conditions. Rainwater chemistry
has an impact on adsorption-desorption reactions in the soil system, for example, an acid rain
event may trigger a significant amount of the adsorbed proportion of heavy metals/metalloids in
the soil to become mobile which otherwise would remain stable under the prevailing conditions.
This study addresses the mechanisms of heavy metal/metalloid mobility in the soil-water
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environment in the goldfields region of Central Victoria. The significance of such a study in a
world-class goldfield (Morgan and Woodland, 1990; Gao and Kwak, 1997) is vital to understand
the impact of mining activities on the natural environment. This project documents geochemical
survey findings of metals/metalloids in the area affected by mining activities where soils and
surface waters have been impacted by the mining operations.

1.6 Why arsenic?
Arsenic is listed as one of the most hazardous elements because of the potential risk to human,
animal and plant health (WHO, 1981; USEPA, 1996). Unfortunately, arsenic is widely found in
various environmental compartments due to both natural occurrence and anthropogenic activities.
Ore mining operations have exposed huge quantities of sulphide minerals containing arsenic on
the Earth’s surface which, under appropriate conditions, can mobilize and contaminate the
environment. Therefore, knowledge of the chemical behaviour of arsenic in soils in the prevailing
soil environment in Central Victoria is extremely important in terms of As-related risk and
exposure. Identification and quantification of arsenic concentration in soils and water will assist
with better management of natural resources for future generations.

1.7 Heavy metals associated with arsenic
Arsenic is used as an indicator of contamination, but it does not occur alone. It is, therefore,
significant to investigate levels of As-associated heavy metals in the environment. Arsenic is
associated with sulphide minerals found in mining materials in Central Victoria (Taylor et al.,
2000), therefore, a brief description of the heavy metals is given here. A study of the metal
content of soil is useful in mineral exploration, soil contamination monitoring and in
understanding the element dynamics at the Earth’s surface. Also, knowledge of heavy metals
serves as a tool in the analysis of sites affected by either naturally elevated or anthropogenically
enriched metal values.
Heavy metals entering the soil become partioned among various compartments such as soil
solution, the adsorption surface of clay and organic matter, precipitated forms, Fe-Al-Mn oxides,
carbonates and silicate lattices. The solubility and bioavailability of these heavy metals depend
primarily on pH, Eh, organic matter content, clay content and type of soil-water system (Cullen
and Reimer, 1989; Smedley and Kinniburgh, 2002). Ligands (such as Cl-, SO42-, PO43- and NO23-)
also affect the nature of the metal species in soil solution. In terms of pH, cationic metals (e.g. Pb,
Cu, Cr, Zn and Ni) have a higher retention capacity in the alkaline soils than the acidic soils
8
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(Lindsay, 1979). The steep rise in heavy metal sorption with increasing pH is usually explained
by means of sorption edges and the location of the edges depends upon the potential of the metal
cation to hydrolyse and the nature of sorbent material (Stumm, 1992). Soil pH is a particularly
important factor in controlling polar species, which become charged with changing pH and then
are sorbed onto the charged clay particles within soil. Naidu et al. (1994) found that increased
sorption of metal ions, particularly Cd, Pb and Cu, with rising pH is due to both the increased
negative surface charge of soils containing large quantities of Fe-Al oxides and the increased
concentration of the MOH+ species in the soil-water system. Oxidising environments generally
have a higher retention capacity than the reducing environments. With respect to soil type and
organic matter content, clay rich soils favour fixation of metals. Soil with a high organic matter
content tend to have more retention capacity than a soil with low organic matter content. It is due
to the organic matter that surface soils generally retain higher concentrations of metals than the
subsurface soils.
Owing to the potential human and environmental health hazards, heavy metal (e.g. Pb, Ni, Cu,
Cr, Zn and Se) concentrations in soils, waters and plants have been studied around the world
(McKeague and Wolynetz, 1980; Zhulidov et al., 1997; Tarvainen and Kallio, 2002). Regulatory
authorities worldwide (Commission for the European Communities, 1986; Jaagumagi, 1993;
USEPA, 1996; ANZECC, 2000) have established risk-based soil and water screening levels as
references for site-specific cleanup levels for potentially toxic metals. Mean soil values for the
selected metals are shown in Table 1.1.
Zinc is one of the most commonly occurring heavy metals in rocks, soils, water, air and plants.
Shacklette and Boerngen (1984) reported the baseline concentration of 12.6-183 mg/kg of Zn in
US soils. Mobility and availability are usually associated with low pH soil conditions. Gueguen et
al. (2004) found that Zn and Cu concentrations were at potentially toxic levels in the algae in a
polluted river in Poland. In trace amounts, Zn is an essential plant micronutrient.
Zhulidov et al. (1997) reported the range for the background concentration of Pb as 0.02-0.36
µg/l in waters from a pristine region of Russia. Merry et al. (1983) reported Pb concentration in
surface soils of orchards in Australia to be in the range of 6-550 mg/kg (n= 98). Lead is also
highly reactive and in the presence of abundant surface sites found in soils, it is rapidly removed
from the solution by an adsorption process. Laboratory and field studies suggest that Pb is
strongly complexed with organic matter and highly associated with colloidal Fe-oxyhydroxides
(Erel and Morgan, 1992; Wang and Benoit, 1996). Soil colloid size material plays an important
role in the subsurface transport of contaminants including lead. Lead has no known biological
function and causes chronic health effects. Therefore, due to the toxic effects of Pb on biological
systems, stringent concentration limits are imposed by regulatory bodies for the discharge of Pbbearing wastewaters (Yohn et al., 2004). It is important to note that lead ranks second on the
priority list of hazardous substances after arsenic by ATSDR (2003).

9

Chapter 1 – Introduction

Table 1.1. Mean soil values of selected heavy metals (mg/kg)
Element

Canadian soilsa

US soilsb

World soilsc

Cr

43

53

200

Mn

520

560

850

Co

51

10

8

Ni

20

20

40

Cu

22

25

20

Zn

74

54

50

Se

0.26

0.45

0.01

Cd

<1

-

0.5

Pb

20

20

10

Sources: a & b:McKeague and Wolynetz (1980), c: Vinogradov (1959)

In natural waters, Cu occurs as a free ion complexed with both organic and in organic
molecules and as carbonates. Copper is an essential element in the normal metabolism of both
animals and plants. Agricultural soils in US are reported to have average background levels of
20-30 mg/kg of Cu (Baker, 1990). Merry et al. (1983) reported an average value of 101 mg/kg of
Cu in Australian orchard soils, which is 25 to 35 times higher than the uncontaminated
agricultural soils. The adsorption capacity for Cu decreases in the order: organic matter> Fe, Al,
and Mn oxide>> clay minerals (Baker, 1990). Zhulidov et al. (1997) observed the range for the
background concentration of Cu as 0.23-6.2 µg/l in waters in Russia.
A range of 5-50 and 20-30 mg/kg of Ni is found in Canadian (McKeague and Wolynetz, 1980)
and world soils (Aubert and Pinta, 1977), respectively. Lottermoser (2002) reported a range of 20
to 2030 mg/kg of Ni in surface soils at Port Macquarie (Australia). Plants containing more than
100 mg/kg develop symptoms of toxicity.
An average value of 53 and 43 mg/kg of Cr has been found in US and Canadian soils,
respectively. Chromium is prevalently found in Cr(III) and Cr(VI) forms in nature. The former is
less toxic and less abundant than the latter species. Major anthropogenic sources include both
domestic and industrial emissions. Chromate, hydrochromate and dichromate are highly mobile in

10

Chapter 1 – Introduction
aquatic environments due to their high solubility. Chromium is an essential minor element to
humans and animals and functions in a mammalian glucose metabolism.
Selenium is an essential nutrient in trace amounts for animals. Levels higher than 5 mg/kg in
food cause disease in humans. Average soil Se levels are 0.01 and 0.45 mg/kg in US and world
soils, respectively (Table 1.1). Selenium competes with S in soils due to a similarity in chemical
behaviour.
Cadmium occurs naturally in phosphate rocks and is introduced into the soils through the use
of fertilizers rich in Cd. Cadmium concentration as high as 5 mg/kg has been found in
phosphorites in East Europe (Il'in and Kiperman, 2001). An average value of 0.5 mg/kg of Cd is
found in world soils (Table 1.1). Cadmium is biologically not beneficial and regular consumption
of plants containing Cd 3.0 mg/kg can cause adverse health affects by accumulating in the kidney,
spleen and liver (Eisler, 1985). Lackovic et al. (2003) studied the adsorption potential of Cd(II)
onto kaolinite, illite and goethite in Australian soils. Their modelling showed the order of
adsorption as: goethite >illite>>kaolinite. The greater adsorption capacity and higher buffering
capacity of soils could significantly minimise the bioavailability of Cd to plants. McLaughlin et
al.(1994) noted the increase in Cd uptake by potatoes caused by saline water rich in Cl- and other
ligands. Cl- in solution affected the nature of Cd species and in turn increased the uptake.
It is, therefore, vital to identify and understand the processes by which contaminants pass from
soils to surface/groundwater and plants. This study looks at heavy metals in general, but will have
a particular focus on arsenic in soils and surface waters in Central Victoria. A periodic table of
elements is given in Appendix 1.

1.8 Thesis overview
This thesis presents a study of soils (n=299), surface waters (n=91) and plant (n=16) samples
collected from Creswick, Ballarat and Maldon in Central Victoria (Australia) presented in ten
chapters. The first part deals with the study of surface waters (Chapters 3 and 4) and the second
part (Chapter 5, 6, 7 and 8) focuses on soils in the study area. The chapters of the thesis are
presented as a series of papers intended for publication, therefore minor repetition (e.g.,
introduction, site description, analytical methods) occurs in the body of the thesis. The
comparison to guideline values (e.g. WHO (1981), ANZECC (2000)) is adopted in the discussion
sections of the chapters.
Chapter 1 presents the introduction to the thesis. It also introduces sampling details, an
overview of the thesis and contains information relevant to the overall PhD project.
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Chapter 2 produces a literature review to relate previous work to the context of the
environmental conditions of the study area. It also presents background data of arsenic and heavy
metals as observed in the light of solid-interactions. It includes an overview of significant works
with a view to summarizing the distribution, mobilization and health affects of arsenic on our
environment. This chapter also relates the theoretical knowledge to the actual field conditions
encountered in regional Victoria.
Chapter 3 describes arsenic and major cation geochemistry of surface waters in the Creswick
and Ballarat areas. It explains the distribution of arsenic in creeks, lakes and rivers and
mechanisms of its mobility from soils into surface waters. Major cation concentrations are also
compared with the global average values of rivers.
Chapter 4 describes arsenic hydrogeochemistry and seasonal changes in arsenic concentrations
in one of the contaminated sites in the Ballarat area. This chapter presents a study of seasonal
changes in dissolved As concentration. The study involved a fortnightly sample collection from
two sites for 10-months along the Canadian Creek (Ballarat). It is not the number of samples, but
the timing of sampling collection and quality of the data that determines the research significance.
Manu et al. (1990) studied rain water (n = 12) sulphate concentration variation by monthly
sampling. Harabaglia et al. (2002) have established the seasonal trends of element concentrations
by monthly water sampling. This chapter also deals with the temporal variation of dissolved
arsenic in the surface waters of Canadian Creek by comparing a highly contaminated downstream
sampling site with the least contaminated upstream sampling site. The focus of this investigation
is on the short-term temporal changes in dissolved arsenic concentration.
Chapter 5 explains the distribution of metal/metalloids in the soils at Creswick and Ballarat.
Soil content, as described by Fe, Al, Mn, Zn, Pb, Cu, Cr, Ni, Co and As concentration in relation
to geology and mining waste material, is also described in this chapter. Arsenic and Zn soil
background levels were found to be higher than the world average soil values, a possible link to
ore mineralization in the area.
Chapter 6 outlines the soil clay minerals analysed by XRD and their role in retaining As, Pb
and Cu in the Creswick areas. The predominance of kaolinite in mildly acidic soils probably
reduced the ability of soils to fix heavy metalloid/metals, and pointed to the importance of oxides
of Fe, Al and Mn. No significant role of soil clay minerals was observed in retaining arsenic in
soils in the study area.
Chapter 7 and 8 discuss the soil levels of Ca, Mg, Na, K, Al, Fe, Mn, As, Pb, Zn, B, Ni, Cd,
Mo, Se, S and P in the Maldon area. Soils around the historic ‘battery’ site, where ore was
crushed and processed, were found to contain elevated levels of potentially toxic metals. Acid
mine drainage by sulphide mineral oxidation contained high levels of dissolved arsenic, which
pose a significant threat to the environment in the area. These manuscripts highlight the risk of
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dust ingestion and inhalation from contaminated soils as well as mobility mechanisms in soilwater systems.
Chapter 9 combines the studies of water and soil geochemistry of Ballarat, Creswick and
Maldon areas in a collective discussion. It finds links between the various physical and chemical
parameters of soil-water systems observed during the study with arsenic as the focus.
Chapter 10 presents a summary of major findings drawn from the study of soils, surface
waters and plants of Central Victoria.

1.9 Measurement units
All soil, water and plant data in the thesis are reported in the following units.
%: Unit for content of sand, silt and clay size fractions in soils. Organic matter content in soils.
cmolc/kg: Unit of cation exchange capacity (CEC) of soils.
mg/kg: Unit for concentration of the Ca, Mg, Na, K, Al, Fe, Mn, As, Pb, Zn, B, Ni, Cr, Cd, Mo,
Se, S and P in soils.
g/kg : Unit for concentration of Al and Fe..
mg/l: Unit for concentration of the dissolved elements (Ca, Na, K, Mg, Fe, Al, As and Co) in
surface waters.
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2. Literature review: A survey of arsenic mobility in the landscape
drawing on case histories to illustrate significance
2.1 Arsenic Chemistry
2.1.1 Arsenic (General)
Arsenic (As) is the 20th most abundant element in the Earth’s crust with sedimentary rocks
generally containing higher levels than other rock types (Smedley and Kinniburgh, 2002). Arsenic
is a metalloid belonging to subgroup V of the periodic table (Group 15 in Appendix 1). Its atomic
number is 33, atomic mass 74.9216 and outer shell electronic configuration of 4S2 4p3. Arsenic
occurs in several oxidation states (-3, 0, +3 and +5), but +3 (as in AsF3) and +5 (as in AsF5) are
the most common forms in environmental compounds (Cullen and Reimer, 1989; Smedley and
Kinniburgh, 2002). The As-X bonds are polarised (Asδ+-Xδ-) when X= C, O and S, depending on
the electronegativities of the atoms involved. The chemical behaviour of arsenic is similar to
phosphorus (P) and competes for adsorption sites in the natural environment. Arsenic is
ubiquitous and is present in the atmosphere, rocks and soils, surface/ground waters, plants and
organisms (Frankenberger, 2002).

2.1.2 Arsenic compounds
Arsenic has an affinity for oxygen and forms oxyanions. Arsenite (As(III)) and arsenate
(As(V)) are the two most abundant inorganic oxyanions in the environment (Cullen and Reimer,
1989). Compounds of arsenate and arsenite are highly soluble in water and change valency states
depending on the pH and Eh conditions. For example, equilibrium constants (pKa) for arsenic acid
(H3AsO4) and arsenous acid (H3AsO3), major arsenic compounds in aqueous solutions, are 2.2
and 9.22, respectively (Smith et al., 1998). Arsine (AsH3) gas, the most toxic arsenic compound,
has been detected in hot springs and anaerobic wastewater treatment facilities (Michalke et al.,
2000). Arsenic compounds commonly detected in the environment are: arsenous acid (H3AsO3),
arsenic

acid

(H3AsO4),

methylarsonic

acid

(CH3AsO(OH)2),

dimethyarsenic

acid

((CH3)2AsO(OH)), arsenobetaine, arsenocholine and arsenosugars (Francesconi and Kuehnelt,
2002). A detailed description of organic arsenic compounds can be found in Cullen and Reimer
(1989) and in the Environmental Chemistry of Arsenic by Frankenberger (2002).

2.1.3 Arsenic minerals
There are about 245 minerals that contain arsenic as a major constituent and include native
arsenic, arsenides, sulphides, oxides, arsenates and arsenites (Smedley and Kinniburgh, 2002) of
which about 60% are arsenates and 20% sulphides (Baur and Onishi, 1969). Some of the most
common primary arsenic minerals are arsenopyrite (FeAsS), realgar (AsS), orpiment (As2S3),
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arsenian pyrite (Fe(S,As)2), niccolite (NiAs), enargite (Cu3AsS4), cobaltite (CoAsS), proustite
(Ag3AsS3) and native arsenic (Nordstrom, 2000).
These primary minerals occur in hydrothermal vein deposits, high temperature deposits,
metamorphic rocks, volcanic sublimation products and in hot springs. The common secondary
minerals include scorodite (FeAsO4.2H2O) and arsenolite (As2O3), formed by chemical
weathering of arsenic primary minerals (Langmuir et al., 1999; Gaskova et al., 2003).

Table 2.1. Typical arsenic concentration in common rock-forming minerals
Mineral

Mineral type As concentration range (mg/kg)

Reference

Pyrrhotite

Sulphide

5-100

Boyle and Jonasson (1973)

Galena

Sulphide

5-10000

Fleet and Mumin (1997)

Sphalerite

Sulphide

5-17000

Baur and Onishi (1969)

Chalcopyrite Sulphide

10-5000

Baur and Onishi (1969)

Haematite

Oxide

up to 160

Baur and Onishi (1969)

Fe oxide

Oxide

up to 2000

Boyle and Jonasson (1973)

Magnetite

Oxide

2.7-41

Baur and Onishi (1969)

Quartz

Silicate

0.4-1.3

Baur and Onishi (1969)

Feldspar

Silicate

<0.1-2.1

Baur and Onishi (1969)

Biotite

Silicate

1.4

Baur and Onishi (1969)

Olivine

Silicate

0.08-0.17

Baur and Onishi (1969)

Calcite

Carbonate

1-8

Boyle and Jonasson (1973)

Siderite

Carbonate

<3

Boyle and Jonasson (1973)

Arsenic concentration in pyrite and sphalerite can reach up to 77000 mg/kg and 17000 mg/kg,
respectively (Smedley and Kinniburgh, 2002). An arsenic concentration in the range of 34-1000
mg/kg has been observed in jarosite (Smedley and Kinniburgh, 2002).

Among the oxide

minerals, the Fe (III) oxyhydroxides could concentrate arsenic as high as 76000 mg/kg (Pichlerr et
al., 1999). A list of commonly occurring minerals with arsenic concentration is given in Table 2.1.

2.1.4 Interconversion of arsenic forms
Arsenite and arsenate are dominant inorganic forms in the natural environment particularly
under surface atmospheric conditions. In natural waters, a thermodynamic equilibrium between
the As(III) and As(V) oxidation states does not exist, but a steady state may

prevail

(Frankenberger, 2002). In such cases the ratio of As(III) to As(V) is an indication of the apparent
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redox levels. The change of As(III) to As(V), or As(V) to As(III) may or may not be rapid to
allow sufficient time for analysis for arsenic speciation after sampling. A sample speciation
preservation protocol is therefore required for accurate determination of arsenic species. For
example, As(III) was found to be dominant in geothermal waters, but it rapidly converted to
As(V) at high temperatures (30-40°C) once all of the sulphur was oxidized (Cullen and Reimer,
1989).
Oxidative conversion of arsenite to arsenate is one of the protective mechanisms in the natural
environment in which the former, a more toxic form, is converted to the latter, a less toxic form,
by geochemical and/or biogeochemical processes. The mineral, orpiment (As2S4) is oxidised by
Ferrobacillus ferrooxidans to arsenate. Realgar (AsS) is stable under the same conditions,
however, arsenopyrite (FeAsS) is attacked by bacterial action with the release of arsenate. The
reduction of arsenate to arsenite is generally carried out by aquatic bacterium called Pseudomonas
fluorescens. Wine yeast also reduces arsenate to arsenite (Crecelius, 1977). The Waikato River
water in New Zealand has a high arsenate level (up to ~80 µg/l), but during the spring and
summer season arsenite often predominates (Cullen and Reimer, 1989). The epiphytic bacteria are
thought to be responsible for a significant part of the conversion of arsenate to arsenite. Cullen
and Reimer (1989) have described in detail the conversion of other forms of arsenic such as
arsenate and arsenite to arsine. Arsenic cycling in soils and natural waters is greatly influenced by
redox processes in abiotic and biotic systems. Therefore, an understating of factors controlling
chemical and microbiological arsenic transformation is significant in terms of both mobility and
toxicity.

2.1.5 Methylation
Arsenic undergoes methylation and demethylation biotransformations in soils. Methylation is a
biological process in which a methyl group is added to an arsenic(III) ion by micro-organisms
(e.g., fungi, bacteria), which subsequently may volatilise organic arsenic into the atmosphere
(Cullen and Reimer, 1989; Vaughan, 1993; Skowronska et al., 2004). Organic forms are usually
minor as compared to inorganic forms of arsenic (Cullen and Reimer, 1989) and, therefore, are
ignored in most cases (Azcue and Nriagu, 1995). This thesis reports the total inorganic arsenic
contents in soils and surface waters. Methylation is controlled by both biotic and abiotic factors.
The biotic factors include bacterial activity, which is affected by temperature and presence of
organic substrates. The abiotic factors that affect the biomethylation are pH, redox conditions, soil
temperature and presence of chemical species. Until recently, methylation was thought to be a
detoxification process, based on the finding that the most common forms of monomethylarsonic
acid (MMA) and dimethylarsinic acid (DMA) are readily excreted (Gebel, 2002), but
methylarsenic could be more toxic than arsenite (Frankenberger, 2002). The biotransformation
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pathways for arsenic follow the order: arsenate

→ arsenite → monomethylarsonate →

dimethylarsinate. Most mammals methylate inorganic arsenic to methylarsonic acid and
dimethylarsinic acid forms, whic are rapidly excreted in the urine (Vahter et al., 1995; Goering et
al., 1999; Hindmarsh, 2000). Methylation of inorganic arsenic to organic forms in humans is
poorly understood as compared to other animal species (Cullen and Reimer, 1989).

2.2 Arsenic: historical context
Arsenic was known to metallurgists, physicians and professional poisoners in the 5th century
B.C. It has been over half a century since Challenger (1945) identified the presence of “Gosio
gas”, an arsenic-containing gas of garlic-like odour (Cullen and Reimer, 1989) in painted
wallpapers. Gosio gas (Trimethylarsine (Me3As)) was responsible for a number of deaths. A large
body of literature relating to arsenic has been published with significant summaries and reviews
(Cullen and Reimer, 1989; Smith et al., 1998; Frankenberger, 2002; Smedley and Kinniburgh,
2002; Lengke and Tempel, 2005). Onishi and Sandell (1955) presented a review of the
geochemistry of arsenic. They documented the average arsenic concentrations in lithosphere (2
mg/kg), sedimentary (5 to 15 mg/kg), igneous (2 to 5 mg/kg) and metamorphic (1.5 to 3.5 mg/kg)
rocks. Their work also included the average arsenic levels in deep-sea sediments (average ~ 10
mg/kg), volcanic material (average ~ 3.6 mg/kg) and common rock forming minerals such as
quartz, feldspar and other aluminosilicates. They also suggested that arsenic is likely to be lost
during metamorphic processes. Ferguson and Gavis (1972) presented the review of occurrence,
cycling and chemistry of arsenic in aqueous systems. They summarised the thermodynamic
information on arsenic and presented an Eh-pH diagram for an As-S system. Arsenic was found to
occur in sulphide minerals in association with other heavy metal ores and this study advanced the
knowledge of arsenic chemical behaviour in sulphide dominated soils. Boyle and Jonasson (1973)
discussed the geochemistry of arsenic in relation to the geochemical prospecting of heavy metals
and regarded it as an indicator element due to As-S association. Arsenic content in minerals has
been given in this thesis for comparison purposes.

Hess and Blancher (1976) noted the

geochemical factors of arsenic mobilization in contaminated soils. Geochemical behaviour of
arsenic was also documented which furthered understanding of oxyanion sorption in polluted
sites. A considerable contribution to the study of arsenic was the publication of books by the
National Research Council (NRC, 1977) and the National Research Council of Canada (NRCC,
1978). These books documented the effects of arsenic in the environment and possible health
risks. NRC (1977) also listed over 245 arsenic containing minerals in nature, which contributed to
the knowledge of the solubility of inorganic arsenic minerals. Most notably, the guideline values
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presented aided in the management of natural resources, specifically arsenic, on a local scale and
served as source documents until a WHO report was published.
The WHO (1981) report highlighted the potential threats of arsenic to the health of the
environment. The arsenic guideline levels in drinking water were revised in the light of arsenic
toxicity to humans and biota. The provisional guideline value of 0.01 mg/l for arsenic was
introduced replacing previously established 0.05 mg/l of arsenic in drinking water. A report by
Crecelius et al. (1986) described a geochemical model, which was particularly informative
regarding the general thermodynamic parameters of arsenic in the soil-water system. This model
was found to be useful in understanding the fate of contaminants in the natural environment. The
work by Nriagu (1988) stimulated debate on the effects of human health from exposure to arsenic
and other toxic metals. It particularly furthered the understanding of the chemistry of organic
arsenic compounds. Tanaka (1988) discussed arsenic levels in the natural environment with a
particular emphasis on rocks and soils. The soil arsenic values in this thesis have been compared
to the background arsenic soil levels documented by Tanaka (1988), which have also been widely
referred to in other publications. The review by Cullen and Reimer (1989) was the first to fully
discuss arsenic compounds in various environmental compartments. They discussed in detail the
organic and inorganic compounds, thermodynamic and analytical considerations, and cycling of
arsenic. This review also discussed the range of environmental conditions (e.g. pH~4-8)
encountered in most of the field studies under which arsenic occurs.
Work by Masscheleyn et al. (1991) in the beginning of the 1990’s was based on laboratory
experiments on contaminated soils, which presented great insight into the solubility of arsenic
depending upon redox-pH conditions. They found that at higher soil redox levels (500 to 200
mV), arsenic solubility was low and up to 98% of the arsenic was in As(V) form. The work
particularly contributed to our understanding of contaminated sites affected by anthropogenic
activities, e.g. mining, as found in the study area, Central Victoria, where soil conditions are
observed to be oxidising and alkaline. Nriagu’s (1994) work highlighted the arsenic effects on
human health and the ecosystem. His work provided large descriptions of organic arsenic
compounds and their functions. Sadiq (1997) studied geochemical processes that affect the
transport and toxicity of arsenic in soil using thermodynamic numerical modelling. A subsequent
review by Smith et al. (1998) focused on arsenic in the soil environment with a particular focus on
Australian environmental conditions. They also documented the estimates of atmospheric
contribution of arsenic (~ 73540 t year-1), with a 60-40 split between natural and anthropogenic
sources. Several other studies have been particularly devoted to marine systems because of the
high arsenic concentrations in marine organisms (Edmonds et al., 1993; Francesconi and
Edmonds, 1997). Extensive research has focussed on the arsenic problem in the West Bengal
region of India and Bangladesh and has contributed significantly to the understanding of arsenic
mobility (Islam et al., 2003), remediation/removal technology (Bajpai and Chaudhuri, 1999) and
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the health impacts (Mandal et al., 1997; Rahman et al., 1998). This work is pivotal in showing
arsenic release under natural conditions where dissolved arsenic levels reached up to 1.96 mg/l
(Islam et al., 2000).
More recent works have focussed on the ways to remedy the arsenic affected sites and
prediction of arsenic mobilization in the affected environments. Frankenberger (2002) assessed
arsenic levels in the air, soil, water and plants, and detailed the latest advances in the control of
arsenic compounds in the environment. Frankenberger (2002) also documents the characterization
of compounds, toxicology, bioremediation techniques and the most recent analytical methods for
the detection of arsenic. A comprehensive review by Smedley and Kinniburgh (2002) covered the
source, behaviour and distribution of arsenic in natural waters and provided a theoretical
background to arsenic adsorption-desorption, precipitation-dissolution and solubility controls of
arsenic. Arsenic concentrations (average ~ 15 µg/l) in surface waters sampled from the Central
Victoria study area were generally found to be in agreement with the values suggested by
Smedley and Kinniburgh (2002).

Thomas et al. (2004) studied pathways in biomethylation of

inorganic arsenic to organic forms in animals. Their research elucidated the molecular basis of the
steps leading to the formation of methylated and dimethylated arsenicals.

A recent review by

Yudovich and Ketris (2005) on arsenic in coal, covered topics including historical, analytical,
occurrence, distribution and environmental aspects of arsenic. The significance of this work is the
discussion related to environmental impacts of arsenic through coal combustion. The value of
arsenic content in coal, a permissible concentration for industrial utility or toxicity threshold, was
reported to be in the range of 100 to 300 mg/kg. Lengke and Tempel (2005) used geochemical
modelling as a tool to predict the arsenic released into the environment. Their work predicted an
arsenic release from orpiment and realgar oxidation in contaminated soils, which exceeded the
current U.S. National Drinking Water Standard (50 µg/l), approximately in 200–300 days at the
lowest initial dissolved oxygen concentration (3 ppm) and a reactivity factor of 1%. This study of
arsenic sulphide mineral oxidation in the mining environment can be used to model other
contaminated sites around the world with necessary changes to suit the particular environmental
conditions.

2.3 Arsenic in soil-water interface
2.3.1 Primary controlling factors of mobilization
Murray et al. (2004) described seven metal/metalloids associations in soils as: (1) dissolved in
soil solution; (2) occupying exchange sites on inorganic matter; (3) adsorbed on inorganic matter;
(4) associated with organic matter; (5) precipitated as a mixed solid; (6) secondary minerals; and
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(7) in the structure of primary minerals.

The metals that have been introduced into the

environment by anthropogenic activities are linked to the first five forms of association. The most
noticeable physical and chemical factors controlling the migration of metal/metalloids are: (1)
redox potential; (2) pH; (3) metal oxides (e.g. Fe, Al, Mn); (4) organic matter content; and (5) soil
type (Jaagumagi, 1993). Among elements, arsenic mobility has been observed to occur under
various environmental conditions such as oxidising and reducing, acidic and alkaline, and humid
and temperate.
Redox reactions play a very important role in controlling arsenic mobility in soils and
sediments. For instance, under strongly reducing conditions, the reductive dissolution of elements
triggers the release of adsorbed species, e.g. Fe (III) mobilizes redox sensitive species including
arsenic in Swiss lake sediments (Wersin et al., 1991). However, laboratory experiments by
Masscheleyn et al. (1991) showed that a significant amount of arsenic was liberated before iron
dissolution possibly by the desorption mechanism from the Fe-oxides instead of a reductive
dissolution process. Up to 10 % of the total arsenic was observed to be released by a
solubilization processes. The reductive dissolution is, in fact, a combination of processes such as
desorption, dissolution and structural rearrangement of the oxides (Smedley and Kinniburgh,
2002). Reynolds et al. (1999) showed that even under mildly reducing conditions (< 100 mV)
associated with flooding and subsequent aeration sequences in soils, that desorption of arsenic as
As(III) occurred. However, under most natural surface soil conditions, oxidizing environments
dominate over reducing environments as supported by thermodynamic data (Smedley and
Kinniburgh, 2002), therefore, As(V) being the stable form is more abundant than As (III). Due to
the low kinetics of oxygenation, especially in the moderately acid range (pH~5.0), the redox
equilibrium is often achieved slowly in a soil-water environment.
Another major factor in controlling speciation and mobility of arsenic in soils is pH. A pH
around 5 prevents major changes in the in situ speciation of arsenic (Eary and Schramke, 1990).
High evaporation combined with mineral weathering reactions in the low rainfall regions raise the
pH which in turn promotes the desorption of arsenic. Piver (1983) found that As (III) is five to
eight times more mobile than As (V) in sandy soils, but at a pH of around 5.8 the As(V) became
more mobile than As (III). He also noted that as the pH changes from acid to neutral, As(III)
mobility increases. Overall the absolute mobility of both As(III) and As (V) increases with
increasing pH. Drever (1994) described an expression for the change in the release rate of
metalloids and metals (Pb, Cu and Cd) as a function of pH as:
Release rate = k [H+]a

OR

Log (release rate) = - a pH + log k
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where ‘k’ is a rate constant and ‘a’ an empirical constant. The release of metal cations due to the
chemical weathering of soil minerals follows a simple rate law and arsenic is postulated to follow
this rule.
The presence of oxides of iron, aluminium and manganese is another major controlling factor
in the mobility of trace metals and arsenic (Edwards, 1994). Hydrous ferric oxide can have an
arsenic loading of about 15000 mg/kg when in equilibrium with 1 µg/l of As(V) at neutral pH and
prevents widespread arsenic toxicity in many natural environments (Smedley and Kinniburgh,
2002). Iron hydroxide is perhaps the most commonly occurring form of oxide in natural soils. The
desorption/dissolution of arsenic from the Fe oxides could also work as a geochemical trigger due
to the slight change in redox-pH system. This minor shift of adsorption isotherm could be quite
rapid in weakly buffered systems with a lower capacity to withstand changes. Oscarson et al.
(1983) showed that the Mn oxide surfaces catalyse the oxidation of arsenite.
Organic matter, silica and alkali carbonates are also important soil components providing
exchange sites for arsenic (Mitchell and Barr, 1995). Lee et al. (1997) indicated that clay content
was the most important soil property in metal distribution in Oklahoma soils. Particle size
distribution plays an important role in retaining potentially toxic elements. Soils with a higher
clay size (< 2 µm) fraction tend to retain elements due to the larger number of absorption sites as
compared to soils with a higher sand size fraction. The temperature and ionic strength of the
elements involved also affect the retention and release of metal/metalloids in the soil-water
environmental system (Merry et al., 1986). The effect of ionic strength on the sorption of ions
largely depends on the properties of the sorbent material. Naidu et al. (1994) noted that sorption
of Cd decreased with increasing ionic strength in soil solution. For example, divalent cations
(M2+) will retard the sorption of other divalent cations due to the competition and, hence, increase
their phytoavailability. Different metal contaminants in soil solutions compete with each other for
the same adsorption sites.

2.3.2 Solid-solution interactions
The concentration of arsenic in natural waters is controlled by solid-solution interactions just
as with other trace metals. Geochemically, the mineral-water interactions are of two types: (1)
precipitation-dissolution and (2) adsorption-desorption reactions. The former involves the build
up or removal of mineral structural ions, i.e. elements in the chemical formula of the mineral. The
solubility of minerals controls dissolution and can be predicted by thermodynamic data. The latter
(adsorption-desorption reactions) involves the binding of elements to the surface of solids (e.g.
mineral, organic matter) due to the charge imbalances in sorbent materials and can be described
by adsorption/desorption isotherms. The conventional adsorption equations used to describe
metallic/non-metallic sorption characteristics of soils are:
Langmuir: (C/(x/m) = 1/kb)…. (1)
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Freundlich: (x/m = a Cb)…….(2)
Temkin: (x/m = a + b ln C)… (3)
Where ‘C’ is the equilibrium element concentration in mg/l; ‘x/m’ is the mg of element sorbed per
kg of soil; ‘b’ is the maximum adsorption capacity; and ‘k’ is the constant related to binding
strength. The transport of arsenic is closely related to these adsorption isotherms as showed by
Gulens et al. (1979) using a series of experiments with columns of sand and water. In dynamic
conditions when competitive sorption of many interacting ions results in a complex breakthrough
pattern, simple monocomponent adsorption equations (Equation 1, 2 and 3) cannot be used. The
general approach is to understand the adsorption properties of the sorbent material. The
precipitation-dissolution reactions are slower than the adsorption-desorption reactions and often
do not attain thermodynamic equilibrium in practical time scales.
Ion exchange is another type of surface binding of an ion or group of ions to replace another
ion or group of ions (e.g. Ca2+ replaced by 2 Na+). Surface complexation sites provide an
additional means of ion adsorption onto the sorbent material such as minerals and organic matter.
Coprecipitation is a natural process in which an element is incorporated into a mineral structure
during the process of formation. It might involve both adsorption and precipitation at the same
time, e.g. the As and P coprecipitation during the formation of Fe-oxides. Clay minerals also
adsorb arsenic (Manning and Goldberg, 1997) by oxidation of As(III) to As(V) in alkaline
solutions (pH>9). Geochemical modelling is an effective tool for identification of the major
controls on the distribution and speciation of arsenic in the environment (Cullen and Reimer,
1989).

2.3.3 Solubility of arsenic
With over 245 arsenic containing minerals, it is possible that the formation of such solids
might control environmental arsenic concentrations. Orpiment (As2S3) was found to be arsenic
over saturated in the presence of sulphide at low Eh and low pH with slightly greater solubility at
higher pH. Thus, orpiment may provide a solubility control on dissolved arsenic at low pH and Eh
in sulphide waters. Under the new drinking water standards, the values are set to 7 µg/l in
Australia (ANZECC, 2000) and 10 µg/l by WHO (2001). Generally, the solubility of arsenic
minerals in the natural environment can not provide water with arsenic concentrations lower than
this threshold. Hering and Kneebone (2002) present that for a solid with an arsenic content (M),
specific gravity (D) and porosity (φ), the fraction (f) of arsenic that would be released to give
dissolved arsenic concentration ([As]diss in µg/l) in the contacting pore water can be calculated as:
f = [As]diss (φ) / (M)(D)(1 – φ)(1000)
For typical values of crustal abundance of 1.8 mg/kg of As, specific gravity of 2.6 g/cm3 and
porosity of 0.3, it requires the solubilization of only 0.09% of the arsenic contained in the solid to
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support a dissolved arsenic concentration of 10 µg/l. Despite this, a substantial proportion of
groundwaters have arsenic concentrations below 10 µg/l. Arsenic in soils, sediments, and rocks
subject to chemical weathering is present largely in association with metal (hydr)oxides (e.g. Fe,
Al, Mn, Ti etc) which serve as scavengers in the fixation of arsenic. The association of arsenic
with the other solid phases explains the differing susceptibility to mobilization. Solubilization of
chemical contaminants, including arsenic, can be significantly controlled by the proper adjustment
of pH in environments where a huge potential of contaminant release remains.

2.3.4 Mechanism of mobilization
Important mobility mechanisms of heavy metal/metalloids in soil solution include leaching to
ground/surface water, plant uptake and volatization. It has been proposed that arsenic enters the
surface/ground water dominantly through changes in redox-pH in the geochemical environment.
Arsenopyrite, a major naturally occurring arsenic mineral, oxidises under surface conditions and
releases arsenic which then might be transported by moving water. Rimstidt et al. (1994)
presented the likely major mechanism of arsenic liberation through the decomposition of
arsenopyrite (FeAsS) as:
FeAsS(s) + 13Fe3+ + 8H2O → 14Fe2+ + SO42- + 13H+ +H3AsO4(aq)
Aqueous H3AsO4(aq) is the dominant form of arsenic in most oxidized waters. However, limited
information is available on the concentration and nature of arsenic in soil solutions under field
conditions (Smith et al., 1998). The drinking water limit (7, 10, 25, 50 µg/l depending upon the
country’s regulatory guidelines) of arsenic is very low in relation to the overall abundance of
arsenic in the natural environment (Cullen and Reimer, 1989). High solid/solution ratios (3-6 kg/l)
in soils and aquifers present extensive problems in areas even with low arsenic background values
(2-10 mg/kg). As low as 1 mg/kg of As present in sediments in labile form might produce 3-6
mg/l of As upon complete dissolution/desorption (Smedley and Kinniburgh, 2002), which is
above the current WHO guideline value (WHO, 2001). Most of the arsenic is immobilized due
the presence of various minerals including Fe and Al oxides. This oxide bound abundant source of
arsenic can become mobile under the appropriate geochemical conditions. A sudden pH change
by acid rain (pH < 4.5) and reduction in redox (Eh < 100 mV) by flooding may cause mobility
and transport of a significant amount of arsenic, which is generally stable under prevailing
environmental conditions. McGeehan et al. (1998) studied the effects of drying-flooding
sequences under aerobic-anaerobic soil conditions. They found that flooding resulted in a
decrease in soil redox potential and drying conditions favoured arsenic sorption. The mobility and
transport of arsenic depends on the ease with which arsenic is liberated by the water passing
through the pores of soils or sediments and can be determined by the slope of an adsorption
isotherm. This can be expressed by the partition coefficient (Kd); the greater the Kd value, the
slower the arsenic release from the adsorbed sites as noted by Appelo and Postma (1994). Owing
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to the non-linear nature of adsorption isotherms, meaning Kd varies with concentration, complex
behaviour applies to the transport of arsenic. The transport of metals/metalloids also depends
upon the aquifer geochemistry and the chemistry of moving water, e.g. the phosphate from
fertilisers might compete with arsenic(V) and lead to rapid movement. Under oxygenated aquatic
and aerated soil conditions, arsenic acid (As(V)) species (H3AsO4, H2AsO4-, HAsO42-, and AsO43-)
are the most stable on thermodynamic grounds. In general, in the Eh-pH range encountered in
fresh water, 89% of As(V) is in the form of HASO42- (Cullen and Reimer, 1989). Transport of the
contaminant also depends on the other characteristics of the aquifer such as porosity, permeability
and flow pattern.
The reduction in surface area of oxide minerals due to ageing, reduces the number of
adsorption sites in a crystallized form as compared to a disordered one (Inskeep et al, 2002). In
nature, where adsorption protects many natural environments from metal/metalloid toxicity,
ageing retards such mechanisms. While the maturing process releases adsorbed arsenic, the
process of surface structure change in oxide (crystallisation) may be compensated with the
incorporation of arsenic as a solid (Cullen and Reimer, 1989; Smedley and Kinniburgh, 2002).
The two processes of release and fixation may operate at the same time under suitable
environmental conditions.

2.3.5 Modelling the contaminants
Prediction of the fate of the contaminants is required for risk assessment associated with metal
dispersion in the environment and for the evaluation of suitable remediation methods. In this
regard, experimental data dealing with thermodynamic equilibrium at the solid-liquid interface is
significant (Smedley and Kinniburgh, 2002; Andre et al., 2005). Studies investigating the
behaviour of metals and metalloids in the soil-water system have identified speciation as one of
the most important factors in controlling mobility, availability and toxicity in the environment.
Geochemical modelling is a powerful tool to identify controls in the distribution and forms of an
element in the soil-water system. Geochemical models are obviously dictated by the scope and
quality of the thermodynamic data and apply only to systems in equilibrium. However, models
can be used in studies involving natural conditions encountered in the field other than at
equilibrium. The geochemical models enable the prediction of processes such as dissolution,
redox, acid-base reaction and exchange to explain the spatial variability in surface/groundwater
composition (Andre et al., 2005).
Prediction of the movement of a contaminant requires a geochemical numerical modelling
approach based on a conceptual model to link actual field processes such as chemical weathering,
local groundwater hydrology, limnology and climate to molecular–scale effects of mineral
dissolution and precipitation, reactivity of minerals, adsorption-desorption and in situ Eh-pH
conditions. Lengke and Tempel (2005) used models to predict the arsenic sulphide (orpiment and
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realgar) kinetics in mining environments. The models compared the oxidation rates of Assulphide minerals at higher and lower pH (~ 2.0) values and found that significant quantities of
arsenic had been released into waters. Many researchers have employed PHREEQC (Parkhurst
and Appelo, 1999), which is a computer program designed to perform geochemical calculations
and model contaminants including arsenic. This software also determines the species by using
inputs like pH, redox potential, concentration of elements, activities of aqueous species and
transference of mineral mass. To predict the fate of arsenic in soils and waters of Central Victoria,
geochemical modelling is a useful tool to understand and identify the possible geochemical
triggers, which might lead to widespread contamination.

2.4 Arsenic in the Environment
2.4.1 Sources
The common sources from which arsenic is introduced into the environment include: mining
waste materials, volatilisation from soils, industrial processes fossil fuel combustion, pesticides,
and herbicides (Smith et al., 1998). Logan and Traina (1993) noted that the most important
pathways linking humans with contaminated soils were soil-plant-human and soil-human.
Naturally elevated levels of arsenic in soils are attributed to the presence of As-containing
minerals such as arsenopyrite. The anthropogenic input of arsenic from smelter operations is
mainly in the form of As(III)2O3 and the rainfall affected by smelting could contain tens of µg/l
(Crecelius, 1975; Cullen and Reimer, 1989). Owing to the toxicity of arsenic, all emission types
are potentially dangerous to the biosphere and, in particular, to human health. Finkelman et al.
(1999) reported that at least 3,000 people suffered from arsenic poisoning through direct
inhalation of domestic coal-fire smoke and from the consumption of foods dried over coal fires in
the southwest part of China. Smoke produced by the combustion of coal containing arsenic as
high as 35000 mg/kg has been reported in China (Finkelman et al., 1999) and has been postulated
as a major cause of lung cancer. Elemental arsenic and As2O3 are highly toxic components of
coal, which are released into the atmosphere by coal burning processes (Yudovich and Ketris,
2005).

2.4.2 Toxicity
The toxicity of arsenic is more dependent on its chemical form than on its total concentration.
The inorganic forms are generally more toxic than the organic forms. The toxicity of arsenic
compounds decreases in the following order: arsine (AsH3)>arsenite>arsenate>> methylarsonic
acid ~ dimethylarsinic acid>> arsenobetaine, trimethyarsine oxide (Cullen and Reimer, 1989;
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Vahter et al., 1995; Goering et al., 1999). Human exposure to arsenic occurs mainly from drinking
contaminated water and the consumption of contaminated food (USEPA, 2000). Inhalation of
airborne arsenic associated with smelting operations and dust from polluted soils is another major
route of arsenic poisoning in proximity to a point source, although dermal absorption of arsenic is
considered a low risk route of exposure (Nriagu, 1994; Le, 2002). The fatal human oral dose of
arsenic is as low as 20-60 µg/kg/day (ATSDR, 1989) depending on age, sex and other factors
(WHO, 1981). The total human body content of arsenic has been estimated to be 3-4 mg (National
Academy of Science, 1977) and arsenic accumulates in nails and hair where it binds to keratin and
cysteine (Le, 2002). Owing to the chemical similarity of arsenic to phosphorus, the former has
been reported to replace the latter in the phosphate groups of DNA (Patra et al., 2004). Merry et
al. (1986) observed the competitive interactions of arsenic with nitrogen in uptake by silver beet
tops.
The adverse health effects associated with exposure to high levels of arsenic include various
types of cancer, as well as epidemiological, cardiovascular and neurological problems (Nriagu,
1994; Goering et al., 1999; NRC, 1999).

2.4.3 Arsenic levels
2.4.3.1 Water
It is the occurrence and mobility of naturally occurring arsenic in soils and rocks, which is
contaminating water in some parts of the world. The average concentration of arsenic in
precipitation originating from the ocean is 0.019 µg/l and 0.46 µg/l from terrestrial air masses
(Frankenberger, 2002; Smedley and Kinniburgh, 2002).

Rainwater infiltrates through the

soil/rock or aquifer material and is altered in composition as a product of chemical weathering.
Being a great solvent, water dissolves arsenic from soils and rocks, which can reach toxic levels.
The As content of water, therefore, is characterised by the inputs to rivers, lakes, and reservoirs
and from the evolution of chemical composition during the residence time of water in that system.
Surface waters differ in composition from ground water due to less soil-water contact time, which
results in diluted waters with minor alteration of rainwater chemistry. The contact time
significantly dictates the chemical make up of waters. A range of 0.1 to 80 µg/l of arsenic is
generally found in fresh surface/ground waters. The highest arsenic concentration reported is 340
mg/l in acid waters (pH= -1.0) draining sulphide waste material at Iron Mountain, California,
USA (Nordstrom, 1991). Devastating inorganic arsenic concentrations of several thousand µg/l
are found in well water in India, Bangladesh and China (Smedley and Kinniburgh, 2002). Arsenic
concentration in seawater is typically 1-3 µg/l and is subject to seasonal changes due to the
biological uptake. Arsenic in drinking water poses a significant threat to human health around the
world, therefore, WHO reduced the guideline value for arsenic in drinking water from 50 to 10
µg/l. The Commission of the European Community is aiming at standards in the range of 2-20
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µg/l and the interim maximum permissible concentration for Canadian drinking water is 25 µg/l
(Smedley and Kinniburgh, 2002). Japan and Germany have reduced the guideline value for
recommended arsenic in drinking water to 10 µg/l (Driehaus et al., 1998). Water quality
guidelines in Australia differ and depend on usage. For example, the drinking water standard is 7
µg/l while the recreational water quality limit is 50 µg/l of As (ANZECC, 2000). Guideline values
of water are given in Appendix 2.

2.4.3.2 Soil
An average concentration of arsenic in crustal rock is 2 to 3 mg/kg (Francesconi and Kuehnelt,
2002) with a slightly higher concentration range (5-10 mg/kg) in sedimentary rocks (Webster,
1999). Boyle and Jonasson (1973) found an average baseline arsenic concentration of up to 7.2
mg/kg in world soils. A baseline concentration of 5 to 10 mg/kg of arsenic has been reported by
Smedley and Kinniburgh (2002) with higher values depending on the concentration in the parent
rock material from which soils have been derived. Primarily, the oxidation of sulphide mineral
phases (e.g., pyrite, arsenopyrite, etc) in terrains, including shales with hydrothermal veins, can
lead to the enrichment of arsenic in soils. Gustafsson and Tin (1994) reported elevated levels of
arsenic, up to 41 mg/kg, in acid sulphate soils in Vietnam. Dudas and Pawluk (1980) concluded
the background arsenic concentrations to be 5 mg/kg in Canadian soils. Arsenic concentration in
soils contaminated by mining activities can reach up to several thousand mg/kg due to the
abundance of Fe arsenates and other sulphide oxidation weathering products. Merry et al. (1983)
reported an arsenic concentration of 3.9 mg/kg in soils from South Australia, while soils in the
gold mining areas of Australia were found to contain higher arsenic values due to the presence of
As-containing minerals and mine tailings. Tiller (1992) found background arsenic concentrations
in the range of <0.2 to 16 mg/kg in urban soils of Australia. This variation in arsenic
concentrations in soils reflects the wide variability in parent rock materials on which soils have
developed. ANZECC (2000) have recommended maximum arsenic levels in soils for the
management of contaminated sites. Soil investigation levels of As(total) for standard residential
garden/accessible soils are 100 mg/kg and for recreational open space they are 200 mg/kg
(ANZECC, 2000). The recommended sediment quality permissible lower limit is 20 mg/kg dry
weight to a maximum value 70 mg/kg dry weight (ANZECC, 2000). Soil guideline values are
given in Appendix 3.

2.4.3.3 Atmosphere
Low temperature volatilisation and volcanic activity are the biggest natural processes to
introduce arsenic into the atmosphere (Frankenberger, 2002). Anthropogenic activities resulting
from mining operations and fossil fuel combustion significantly contribute to arsenic levels in the
atmosphere.

Smith et al. (1998) reported a ratio of 70:30 between natural and anthropogenic
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sources of atmospheric arsenic. Since arsenic is a natural component of Pb, Zn, Cu and Au ores,
smelting and processing of such ores release As2O3 to atmosphere. Arsenic concentrations around
10-5 to 10-3 µg/m3 have been noted in unpolluted areas, 0.003 to 0.18 µg/m3 in urban areas and
more than 1 µg/m3 in polluted industrial areas (WHO, 2001). Total arsenic annual deposition rates
have been calculated in the range < 1 to 1000 µg/m2 (Smedley and Kinniburgh, 2002). Much of
the atmospheric arsenic is in particulate form and is transported to the water bodies and surface
soils by wet or dry deposition. Owing to the low arsenic concentration in the atmosphere, no
health effects by direct inhalation have been found except those associated with industrial
accidents (Smedley and Kinniburgh, 2002). Atmospheric arsenic arising from coal burning in
South China has proven dangerous due to the direct inhalation of smoke from domestic coal fires.

2.4.4 Arsenic removal/treatment
Arsenic is now recognised as the most serious inorganic contaminant in soils and drinking
water worldwide (Cullen and Reimer, 1989; Smedley and Kinniburgh, 2002). Owing to the
negative effects of arsenic on human health and the environment, there is a great need to remove
or treat arsenic contaminated soils and waters to meet the local and WHO guidelines. New
techniques have been introduced, both cheap and expensive, slow and fast, and biological and
inorganic to remove arsenic from contaminated soils and waters (Clifford and Ghurye, 2002). The
typical remedial investigation (RI) includes the collection and chemical analysis of sites,
including surface/ground water, soils, sediments and biota. The most widely used technology in
arsenic removal is based on the principle of either precipitation or adsorption. Ion exchange,
solvent extraction, nanofiltration, foam flotation and biological treatments are also being used
depending on the suitability of a particular method. Several studies involved synthesised resin to
remove arsenic from water, soils and sediments (Kartal and Imamura, 2005). The most important
solid phases binding arsenic are Fe, Mn and Al oxides (Scott and Morgan, 1995), organic matter,
and carbonates (Sadiq, 1997). The amorphous hydroxides of Fe (e.g., Fe2O3, Fe(OH)3) have been
used effectively in the removal of dissolved As (Cullen and Reimer, 1989). Ferrioxyhydroxide
precipitation has been successfully used for the removal of As(V) under specific conditions and is
the most utilised treatment technology for arsenic removal by the mining industry (Driehaus et al.,
1998). Clifford and Ghurye (2002) have described methods of arsenic removal by metal oxide
adsorption, ion exchange, iron(II) coagulation-microfiltration, lime softening and enhanced
coagulation in detail. An effective removal of arsenic in water occurs at the Ca/As mole ratio at
pH > 9 by lime precipitation technique. Therefore, soil pH adjustment is one of the most easily
managed methods to increase the retention capacity of contaminated soils. Surface adsorption of
arsenic by titanium oxide has also been used for removing arsenic from aqueous phase solutions.
Activated carbon can be used for treating arsenic bearing discharge waters at relatively low
concentrations. Experimental work (Subramanian et al., 1997) has resulted in the proposed use of
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manganese greensand filtration (MGSF) for the removal of arsenic from water. Manganese
dioxides are used for the oxidation of As(III) and subsequent removal of As(V) and can be
regenerated for reuse.
The removal of arsenic by solar oxidation is a possible economic and simple technology to
treat contaminated waters as studied by Garcia et al. (2004). Dutre and Vandecasteele (1998)
studied the immobilisation mechanism of arsenic in waste material by reducing the leachability of
the contaminants. This treatment significantly lowered the arsenic concentration in the leachate
extracted from the waste material. Phytomining, in which certain plants (hyperaccumulators)
extract the metal/metalloid of interest from soil, is a novel environmental friendly technology for
cleaning contaminated soils (Nedelkoska and Doran, 2000).

2.4.5 Arsenic measurement techniques
In 1786, Hahnemann, the German physician described the determination of arsenic at trace
levels with respect to forensic medicine. Forty years later, Marsh developed a test for the
determination of arsenic, specifically for the famous arsenic poison, As2O3 (Frankenberger, 2002).
These old methods of arsenic determination were not sensitive enough to measure the arsenic in
uncontaminated biological samples. The development in instrumentation with time allowed
accurate measurements of arsenic in water, soil, rock and biological samples. These included:
flame atomic absorption/emission spectrometry; graphite furnace atomic absorption spectrometry;
neutron activation analysis; inductively coupled plasma atomic emission spectrometry and
inductively coupled plasma mass spectrometry. Sample preparation methods were also refined to
determine arsenic down to parts per trillion levels. At temperatures up to 260°C, microwaveassisted heating in Teflon® bombs is a widely used technique in sample preparation and the loss
of arsenic can be effectively prevented. For higher temperature digestion, quartz vessels are
employed. Hydride generation (HG) with atomic absorption spectrometry was employed for the
determination of arsenic concentration in surface water samples in this study. Hydride generation
is one of the most widely used methods for the measurement of arsenic at trace levels. It can be
easily connected to various detection systems and improves the detection limits of almost all
methods one hundred fold (Goessler and Kuehnelt, 2002). Arsenic in soil and water samples was
measured in this study using a Varian Spectra AA-20 and hydride generator VGA-76 Atomic
Absorption Spectrophotometer (HGAAS).

2.5 Arsenic: A global issue
Arsenic related problems have been documented in various parts of the world and new cases
are likely to be discovered as arsenic measurement becomes routine for drinking water analysis
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(Frankenberger, 2002; Smedley and Kinniburgh, 2002). Arsenic in drinking water has posed the
greatest environmental health disaster in Bangladesh (Anawar et al., 2004) this century. Other
countries affected by arsenic problems include: China (Gustafsson and Tin (1994); India (Das et
al., 1995); Vietnam (Gustafsson and Tin, 1994); Taiwan (Liu et al., 2004); Argentina; Chile
(Romero et al., 2003); Romania; Hungary (Varsanyi, et al., 1991); Switzerland (Fabian et al.,
2003); Russia (Gaskova et al., 2003); Japan (Takatsu and Uchiumi, 1998); New Zealand (Craw et
al., 2002); Iceland (Arnorsson, 2003); France (Le Guern et al., 2003); Italy (Frau and Ardau,
2003); Sweden (Widerlund and Ingri, 1995); Dominica; Ghana (Smedley, 1996), and USA (Foust
et al., 2004). Each resident in coal-affected parts of southern China takes up an average 7.88 mg
of arsenic daily in winter, when coal stove heating is high. The annual arsenic pollution rate in
some soils from the Czech Republic is estimated to be 10 kg/m2. Mortality of bees at a distance of
up to 30 km downwind from the source of contamination (e.g. smelters) was observed in Russia
(Yudovich and Ketris, 2005).
NEPC (1999) estimated that there might be as many as 200,000 arsenic affected sites in
Australia. Smith et al. (2002) reported that there are more than 10,000 highly contaminated
arsenic sites in Australia. Arsenic is present in the Australian environment both naturally (Assulphide minerals) and through activities such as pesticide use and mining. The concentration of
arsenic varies considerably depending upon the regional geology, agricultural and mining
activities. As high as 36,000 mg/kg of arsenic in surface soils have been reported in Australia
(Hinwood et al., 1998). Lamb et al. (1996) reported that a minimum of 30,000 tonnes of arsenic
has been brought to the surface by gold mining activities in the Ballarat region (Australia).

2.5.1 Examples of arsenic mobility in reducing and oxidising environments
Arsenic is mobilized under both oxidising and reducing, and acidic and alkaline conditions.
The following considers examples where arsenic mobility occurs under reducing and oxidising
conditions.
The mobilization of arsenic in the West Bengal (Bangladesh and India) basin is an example of
a reducing environment where arsenic mobility is occurring by a complex combination of redox
changes. Owing to the rapid burial of the alluvial and deltaic sediments, reduction of the solidphase As to As(III) is taking place. This natural process is accompanied by reductive dissolution
of oxides and consequently desorption of arsenic from Fe oxides. Arsenic concentration in
groundwater from South West Taiwan ranged between 10 and 1800 µg/l (n= 126). The release of
arsenic appears to occur under strongly reducing conditions as observed by the As(III)
concentration in waters (Smedley and Kinniburgh, 2002).

Wang (1984) found arsenic

concentration in waters from the Xinjiang Province in China to be as high as 1200 µg/l. Arsenic
concentration from deep groundwater was higher than shallow groundwater due to a longer
interaction time period in soil-water. In the Huhhot basin in Mongolia, arsenic is found in
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groundwaters from alluvial and lacustrine aquifers under highly reducing conditions (Smedley
and Kinniburgh, 2002). The groundwater from the deltas of Mekong and Red Rivers in Vietnam
are usually strongly reducing with high concentrations of Fe, Mn and NH4. Other examples
include groundwater from Hungary and Romania where concentrations of up to 150 µg/l have
been reported in the Great Hungarian Plain, which are further examples of arsenic release under
reducing conditions.
The Lagunera Region of Mexico is arid and groundwaters are predominantly oxidising with
alkaline pH. Groundwaters are contaminated with arsenic concentration as high as 624 µg/l in the
form of As(V). High evaporation and alkaline pH conditions are the possible causes of high
arsenic in groundwaters (Smedley and Kinniburgh, 2002). However, the geochemistry of the
arsenic affected region is not well understood. High arsenic groundwater from Chile is
accompanied by high salinity resulting from a longer residence time in the aquifer. Groundwaters
in this region have also been affected by geothermal inputs from the El Tatio Geothermal field
and mining activities. Lack of dilution by rain and mixing of old and young waters might be the
possible cause of the elevated arsenic in the groundwaters. The Chaco-Pampean Plain of central
Argentina is one of the largest regions of arsenic affected groundwaters in South America.
Symptoms typical of arsenic poisoning such as skin lesions have been reported in the area.
Arsenic is found to be associated with deposits of loess intermixed with volcanic ash (Smedley
and Kinniburgh, 2002). Desorption of arsenic from the (hydr)oxides of Fe and Mn from the soil
and aquifer material under alkaline pH conditions is thought to be the main source of dissolved
arsenic.

2.5.2 Arsenic in Victoria
The discovery of gold at Clunes in mid-1851 sparked Victoria’s first ‘official’ gold rush. The
Golden Triangle region in Central Victoria became one of the most extensively mined areas in
Australia (Taylor, 1998). Thousands of small alluvial mines were excavated by individuals in rich
shallow placer deposits. Diggers also rushed to Ballarat and Creswick and the population peaked
at 30,000 in late 1854. By the late 1850s, most placers had been traced to a hardrock source, often
below the water table and pumping technology was required for wet mining (Taylor et al., 2000).
Later, cyanide treatment became popular to recover the considerable amount of fine gold lost to
tailings. Many deep mines were capped or filled during rehabilitations undertaken by the Mines
Department that concluded in 1976. Modern ventures reworked the mine tailings and new
explorations targeted new sites in Central Victoria. Ramsay et al. (1998) reported a total recorded
production in the order of 2,460,000 kg gold from Victoria of which some 60% was sourced from
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extensive alluvial deposits. Mineralisation in the gold field region of Victoria was generally
accompanied by an abundance of minerals such as galena, arsenopyrite, pyrite, chalcopyrite and
sphalerite (Taylor et al., 2000). Haupt (1982) and Morgan and Woodland (1990) have described
the sulphide minerals in the gold fields of Victoria (Maldon) in the order of decreasing abundance
as: pyrite (FeS2), arsenopyrite (FeAsS), sphalerite (ZnS), galena (PbS), pyrrhotite and marcasite.
Scorodite (FeAsO4.2H2O) was found as crystals occurring as an alteration product of arsenopyrite.
Lollingite (FeAs2) occurred in association with pyrite. Sulphide-rich gold ore processing resulted
in mining waste materials rich in As, Cu, Pb, Zn, Ag, Bi, Sb, Se and Cd.
The regolith in Victoria consists of weathered material, both transported and in situ, that
overlies the fresh rock. The geochemical signature of the regolith has been used in the exploration
of gold ore bodies. Oxidation of sulphide minerals (i.e. arsenopyrite, pyrite) in regolith has
resulted in a slow release of arsenic into the environment in some sites in the area.
In Victoria, concentrations of arsenic as high as 12,000 µg/l have been reported in the
groundwater of old mine shafts and 300,000 µg/l in surface waters from abandoned mines (Macy
and Santini, 2002). In Australia, one of the major pathways of exposure to the contaminants such
as copper, lead, cadmium and arsenic is through the food chain (Oliver and Naidu, 2003) rather
than direct exposure. Both mining activities and natural background soil levels have contributed
to elevated heavy metal levels in the soils and water in this region. Heavy metals that accumulate
in soils may impact on all aspects of the ecosystems (Gupta et al., 1996).

2.6 Conclusion
A review of literature reveals that arsenic is one of the most widely distributed contaminants in
soils and waters. Both natural abundance (average crustal concentration of ~1.8 mg/kg) and
anthropogenic activities (e.g. mining operations) have greatly affected the natural environment.
Arsenic is ubiquitous and its distinctive chemical behaviour in the water-soil system might cause
arsenic dispersion in the environment under the prevailing redox-pH conditions. Arsenic release
under both oxidising and reducing conditions and alkaline and acidic conditions causes
environmental contamination. Arsenopyrite (FeAsS) is the major naturally occurring sulphide
mineral in rock and soils associated with ore bodies in some parts of the world. Despite large
bodies of published thermodynamic data, it is still difficult to predict the fate of arsenic in
polluted soils and waters, although recent developments in geochemical modelling have
effectively produced quality interpretation in mining environments with elevated arsenic levels.
With the development of clean sampling methods and detection down to nanogram levels, the
ability to identify at risk ecosystems will increase. The (hydr)oxides of Fe, Al and Mn are the
single most important barriers against larger arsenic mobilization under oxidising conditions and
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at most surface soil conditions. Organic matter content and secondary clay minerals play a lesser
role in arsenic mobilization in the study area.
There are many countries where arsenic levels are elevated in soils and surface/ground water,
but Bangladesh and China are the most prominent as millions of people are regularly exposed to
arsenic toxicity. In Victoria, Australia, the gold mining operations during the gold rush and today
have resulted in waste rock piles and tailings rich in arsenic. In addition to mining, the natural
occurrence of arsenic containing minerals is also the reason for elevated levels of arsenic in soils.
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3. Arsenic and major cation hydrogeochemistry of Central Victorian
(Creswick-Ballarat) surface waters

3.1 Abstract
This study reports the major cations (Ca, Mg, Na and K) and arsenic (As) compositions of
surface waters collected from major creeks, rivers and lakes in Central Victoria (Australia). The
surface waters were found to be neutral to alkaline (pH~ 6.7 to 9.4), oxidising (average Eh
~130mV) and showing variable concentrations of dissolved ions (EC values ~ 51 to 4386 µS/cm).
The concentrations of dissolved major cations in surface waters were found to be in the order of
Na>>Mg>Ca>K, and in soils the contents of metals followed an order of abundance as:
Ca>Mg>>K>Na. While Na was the least abundant in soils, it registered the highest dissolved
cation in surface waters. Of the four major cations, the average concentration of Na (98.7 mg/l)
was attributed to the weathering of feldspars and atmospheric input. Relatively high dissolved
concentrations of Na and Mg, compared with the world average values of rivers, reflected the
weathering of rock and soil minerals within the catchments.
The As soil level is naturally high (linked to lithology) as reflected by high background soil
values and mining operations are considered to be a contributory factor. Under relatively alkalineoxidative conditions, low concentrations of dissolved As (average~7.9 µg/l) were observed in
most of the surface waters with a few higher values (> 15µg/l) around mine tailings and a treated
sewage disposal site. Arsenic in soils is slowly released into water under alkaline and/or lower Eh
conditions. The efficient sink of Fe, Al and Mn oxides acts as barrier against As release under
near neutral-oxidising conditions. High As content (average~28.3 mg/kg) in soils was found to be
associated with Fe-hydroxides as revealed by XRD and SEM analysis. The dissolved As
concentration was found to be below the recommended maximum levels for recreational water
(ANZECC, 2000) in all surface waters (lakes and rivers) in the study area. Catchment lithology
exerted the fundamental control on surface water chemistry. Sites impacted by mining waste
dumps showed a diminished water quality.
This study evaluates the water quality of rivers, creeks and lakes in Central Victoria where
mining activities have influenced the landscape. It focuses on As geochemistry because of this
element’s potential health association.
Keywords: Surface water, Major cations, Arsenic, Soil, Australia
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3.2 Introduction
The major cation composition of fresh water reflects the various sources (e.g. precipitation,
rock and soil weathering) of dissolved material, which strongly influence its suitability for
domestic, industrial and agricultural use (Meybeck, 1981; Kim et al., 1999). Catchment lithology
and mineral abundances have been recognized as the most important controls on river water
composition (Berner and Berner, 1987; Stallard and Edmond, 1987). Apart from natural sources
affecting water quality, pollution sources are responsible for high concentrations of
metal/metalloids in freshwaters (Smith et al., 1998)
Arsenic is naturally widespread throughout the Earth’s crust and additional input from
anthropogenic activities (e.g. mining) has posed major health risks in various parts of the world
(Smedley and Kinniburgh, 2002 and references therein). Arsenic release from solid material
phases to a liquid phase depends primarily upon the following factors: pH; redox conditions;
organic matter; and sorption/desorption by oxides of Fe, Al and Mn (Jain et al., 1999; Frau and
Ardau, 2003; Le Guern, et al., 2003). An understanding of the processes critical to surface water
quality helps assess natural and/or anthropogenic impacts on the aquatic environment and
drinking water quality. The occurrence and mobility of As in natural waters have been studied
around the world (e.g. China, Bangladesh and Chile) due to the adverse effects of As on human
health.
The catchment hydrology in Victoria has been significantly altered by anthropogenic activities
such as land clearing, water harvesting and water storage, and this has adversely affected water
quality and aquatic ecosystems (OCE, 1988). High concentrations of arsenic have been reported
in surface soils, 36,000 mg/kg, and in groundwater, 300 mg/l, in Victoria (Hinwood et al., 1998).
The ANZECC and NHMRC (1992) health investigation guideline for arsenic in soils is 100mg/kg
and for drinking water is 7 µg/l. Large mine dumps present a visible environmental impact in the
study area due to the mining operations in the past. Waste mining material contains arsenic
primarily as arsenopyrite and as sorbed species on oxides and hydroxides of Fe (Lamb et al.,
1996).
This investigation of the major element composition of the river/creek systems maps the basic
water quality aspects in the Central Victorian region. The study examines hydrogeochemical
processes controlling major cations and As concentration in surface waters.

3.3 Study area
The study area (latitude 37°16’S-37°38’S; longitude 143°35’E-144°00’E) is situated 120 km
NW of Melbourne, Australia and includes the city of Ballarat and the smaller historical gold
mining town of Creswick. It covers an area of approximately 1100 km2 with an altitude ranging
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from 300 to 744 m above sea level. The landscape consists of undulating low hills of Ordovician
bedrock separated by plains of Tertiary basaltic lavas. Average seasonal maximum temperatures
range between 6 0C in winter and 18 0C in summer. The total average annual precipitation ranges
between 600 and 700 mm, most of which is received in winter (Taylor et al., 2000).
The study area comprises the headwaters of numerous creeks. The north-flowing upland creeks
are Creswick, Birch and Middle (Fig. 3.1), which drain into the larger drainage of Tullaroop
Creek.

Creswick Creek traverses highly modified farmland with a small forested area

(downstream) and has previously been mined for gold. The Yarowee is a south-flowing river and
also carries treated sewage effluent from Ballarat city. Westward flowing Burrumbeet Creek is
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Figure 3.1. Sampling locations in the study area (Central Victoria, Australia).
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one of the major waterways of the sub-catchment within the Hopkins Basin. Streams within the
area are numerous and, hence, small and record negligible flow during the summer and autumn.
Most streams are subject to rapid runoff and flood discharges subsequent to storms. The area also
contains several fresh water lakes, namely Burrumbeet, Learmonth, Wendouree and Saint George,
all of which have been sampled (Fig. 3.1). The levels of water in these lakes have decreased due
to drought an increased use of catchment pastures, growth of grasses and high retention of rain at
the expense of run off. Lake levels have also declined in other parts of Victoria due to land use
changes and hydrogeological factors on the water budget (Jones et al., 2001) and in which
recharge occurs under seasonal climatic influences.

3.4 Methods
3.4.1 Sampling
Surface water samples were collected from 40 different locations in Central Victoria from
creeks, rivers and lakes. Samples (n = 40) of approximately 100 ml were collected using a syringe
attached to a filter (0.45 µm) and placed into pre-cleaned polyethylene bottles. These were
acidified (pH<2) with analytical grade HNO3 for stabilisation. Surface water pH, Eh, electrical
conductivity (EC) and temperature were measured in situ by precalibrated portable standard
metres. This sampling regime represented the surface water samples from the low-flow period
(January to March).
Surface soil (0~10 cm, n=22) samples were obtained using a hand auger around the rivers,
creeks and lakes. An effort was made to obtain soils on the various rock units in the area. The
location map of water and soil samples is shown in Figure 3.1. A GPS was used to record the
Australian Map Grid (AMG) coordinates for all sampling locations.

3.4.2 Geology
The bedrock geology of the study area consists of the broad groupings of lower Ordovician
bedrock, Devonian granitic intrusions, Tertiary Newer Volcanics and Quaternary alluvium
(Taylor et el., 2000). The main geological unit is the Castlemaine Group of Ordovician age,
consisting of marine deposits of metasandstone and slate. The Ordovician bedrock is host to a
variety of gold deposit styles. Pyrite (FeS2) and arsenopyrite (FeAsS) are widely distributed
through the gold-bearing areas and disseminated in the sedimentary strata (Houston, 1956).
Devonian biotite granodiorite occurs only in limited areas. Tertiary Newer Volcanics cover much
of the study area. The flows are mostly porphyritic olivine basalts to hawaiites and contain
phenocrysts of clinopyroxene (augite) and plagioclase (andesine to labradorite) (McKenzie et al.,
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1984; Taylor et al., 2000). The composition of alluvium is variable and reflects various rock type
sources including sandstone, slate, quartz, granite and basaltic detritus (Taylor et al., 2000).

3.4.3 Analysis
Water samples low in dissolved elements were preconcentrated by sub-boiling evaporation on
a hotplate as described by Sherrell and Ross (1999). About 1.0 g of soil (<2mm) sample was
digested in about 15 mls aqua-regia (3:1, HCl: HNO3) for approximately 2 hours, using a hot
plate. This method is suitable for the analysis of elements like arsenic and serves as an extracting
media for mobile, mobilizable and pseudo-total fractions (Gupta et al., 1996). It is not a total
decomposition analysis and released up to 90-95 % of metal/metalloid into solution.
The concentrations of Ca, Mg, Na, K, Fe, Al and Mn were determined by graphite furnace
atomic absorption spectroscopy (GFAAS) on a Varian Spectra AA-400 multi element instrument.
Arsenic determinations were performed using a Varian Spectra AA-20 and hydride generator
VGA-76 Atomic Absorption Spectrophotometer (HGAAS) at the University of Ballarat. Prior to
analysis by HGAAS, potassium iodide (50% KI) was added to reduce the arsenic to As (III) form.
From certified aqueous standards (BDH Spectorsol®), intermediate standards of various
concentrations were prepared. Standard reference material (GBW-07401) was analysed for the
QA/QC program. The results were verified by standard-addition measurements of selected
samples. Accuracy and precision were ±10% or better. Appropriate batch blanks were included
with each set of samples. All reagents used were of high quality and ultrapure deionized water
(resistivity ≈ 18MΩ cm) was used during the analysis.
Soil pH (pH1:5) was determined in 1:5 soil: distilled water (w/v) suspensions after shaking for
1 hour on an end-over-end shaker followed by 1 h equilibration (Rayment and Higginson, 1992).
These suspensions were used to determine the water-soluble concentrations of elements (Beckett,
1989).
Bulk soil samples were analysed under a scanning electron microscope (SEM) to determine the
mineral composition. These were prepared in an epoxy resin diluted with acetone, allowed to set
and dry, then polished and carbon coated. X-ray diffraction (XRD) traces were obtained using a
Siemens diffractometer D501 with Co-Kα radiation, generated at 40 kV and 20 mA in the School
of Science and Engineering, University of Ballarat.

3.5 Results
3.5.1 Water
Table 3.1 summarises the physico-chemical parameters of surface waters. As the sampling was
carried out during summer, the surface water temperature was relatively high and varied between
14.4 and 26.7°C with an average of 19.5°C. The EC values ranged from 51 to 4386 µS/cm (Fig.
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3.2). The highest EC was measured in the water of Lake Burrumbeet and the lowest value was
recorded in the upstream water from Burrumbeet Creek. Overall waters draining Ordovician
bedrock had lower EC values than waters draining Quaternary deposits. Some high EC values, for
example along Birch Creek (location C31), were found to be due to the interaction of infiltrating
water with the waste-rock dumps as a point source. The higher EC values were also associated
with low flow conditions and evaporation in the area.
Surface water pH varied from 6.7 to 9.4 with an average value of 7.8. All lake waters recorded
high pH values (pH~9.0) except those of Saint George Lake (C3, pH=7.0). While Middle Creek
registered a pH increase of 0.25 pH units, Birch Creek of 0.92 pH units, Burrumbeet Creek of 0.4
pH units and Creswick Creek of 0.9 pH units, the Yarowee River did not register a systematic pH
change downstream. The high pH values could be due to the abundance of carbonates and the
high concentration of dissolved solids due to carbonate and silicate weathering. SEM analysis
showed the presence of Mg containing minerals (Fig. 3.4(a)). The near neutral pH water could be
due to the agricultural and urban development at a few locations (Creswick Creek). A pH value
>9.0 is above the guidelines for recreational water quality (ANZECC, 2000).
The redox potential (Eh) varied from –135 to 253 mV. Generally, the surface waters were
oxidising (average~130 mV) with the exception of two locations, C5-I and C5-II, on the Creswick
Creek where waters were observed as being reducing, -135 and –70 mV, respectively.
Dissolved Ca concentrations ranged from 0.84 to 112.0 mg/l with an average value of 22.6
mg/l. The highest Ca value was measured in sample (C31) from a standing water body along
Birch Creek near mine tailings and the lowest value in Creswick Creek (C26) flowing through the
state forest area. Overall, lower Ca concentrations were recorded in surface waters draining
Ordovician bedrock due to low contents of Ca-containing minerals.
Magnesium varied from 1.7 to 189.0 mg/l with an average of 34.8 mg/l. The downstream
surface waters draining Ordovician bedrock recorded more than a two fold increase in Mg
concentration (average~ 42 mg/l) when compared to the upstream locations draining basalt
bedrock (average~ 16 mg/l), with few exceptions along Birch and Middle Creek. The soils
developed on basalt bedrock had a two fold higher Mg content (average~1750 mg/kg) than the
soils derived from Ordovician bedrock (average~ 870 mg/kg). This observation requires further
research to understand the mechanism of Mg dissolution and mobilization in soils developed on
Ordovician and basalt bedrocks. Olivine (up to 20 wt.%) weathering in basalts might be the
possible source of high Mg in surface waters. Mg was the second most dominant cation (Fig. 3.2)
after Na, which was mainly a function of catchment geology.
Dissolved Na concentrations varied between 13 and 428 mg/l and had the largest average
concentration of 98.7 mg/l of the major cations. Sodium showed the greatest spatial variability of
all the major cations and did not show systematic change along the path downstream. The
dissolved Na showed a correlation with K (r2= 0.57), which indicated the contribution by
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Table 3.1. Chemical composition of surface waters of the study area.
Location

Temp.

Eh

pH

EC

Mg

Ca

(µS/cm)

K

Na

10.01

2.05

25

8.5

(mg/l)

As

(°C)

(mV)

C1

15.0

139

7.0

241

10.6

(µg/l)

C2

15.7

122

6.8

174

3.77

2.2

0.63

26

6.8

C3

20.2

136

7.0

273

10.2

9.03

1.78

28

4.8

C4-I

19.5

88

7.5

510

22.2

14.6

3.01

63

11.5

C4-II

18.4

102

9.4

324

8.4

16.7

6.8

35

8.9

C5-I

23.0

-135

6.7

816

30.4

22.4

4.41

82

6.8

C5-II

24.1

-70

6.8

795

30.7

23

4.43

81

8.5

C6

24.2

50

7.8

1214

38.5

12.4

5.39

174

5.0

C7

25.9

48

8.1

683

43.7

37.8

18.77

279

7.8

C9

19.3

74

7.3

640

18

14.3

9.55

82

10.2

C10

21.5

69

7.8

560

23.9

21.6

3.62

55

8.5

C11

15.3

96

7.9

264

7.2

16.1

6.03

24

6.8

C12

26.2

71

8.0

319

15.8

20.9

6.17

25

5.4

C13

20.0

108

7.7

984

34.7

25.5

5.94

106

7.5

C14

15.0

234

7.4

2934

116.5

43.6

8.5

291

6.9

C15

14.5

156

7.7

1126

54

33.4

5.09

98

5.1

C16

17.9

145

9.4

456

20.5

16.8

5.92

70

13.6

C17

14.8

170

9.0

4386

189

44.6

72.8

428

10.4

C18

14.4

169

7.8

974

23.1

26.3

55.7

91

10.2

C19

14.5

162

7.5

1885

65

46.1

4.5

202

16.2

C20

15.4

165

8.0

1558

56

43.4

10.92

214

6.8

C21

16.0

20

7.8

102

5.7

3.59

4.52

15

6.5

C22

19.5

107

8.1

166

4.22

1.59

5.61

24

17.0

C23

17.0

133

7.9

51

1.96

0.91

2.5

13

15.3

C24

14.8

82

7.2

478

19.4

14.3

5.1

62

8.5

C25

14.7

145

6.7

470

17.2

17.1

4.13

56

8.4

C26

23.0

162

8.0

79

1.7

0.84

1.38

18

5.4

C27

26.3

83

7.0

1471

37

10.7

11.43

192

6.8

C28

17

104

7.6

312

13.2

11

0.89

32

5.2

C29

19

168

7.4

1673

75

45.8

4.2

190

6.8

C30

16

202

7.6

1356

70

48.1

7.25

128

4.8

C31

23

253

7.5

2921

166.5

112

26.74

255

5.1

C32

25

195

8.2

311

12.4

11.4

0.86

32

4.1

C34

24

225

7.6

401

14.9

14.4

8.83

44

6.9

C35

26.7

185

8.5

217

12.3

10.6

0.83

31

7.3

C36

24

128

9.24

733

27

19.7

6.44

104

8.5

C37

19

139

8

1151

36.1

14.9

5.7

164

5.1

C40

21

41

8.1

160

4.94

3.7

3.92

23

7.2

C41

19.5

155

7.9

870

46.5

53.1

3.43

59

7.1

IB

18

152

7.5

165

5.7

9.21

5.71

26

6.8
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Table 3.2. Soil pH (1:5) and element concentration data of surface soils (0~10 cm) of
Central Victoria.
Location

pH1:5

Mg

Ca

K

Na

Fe

Al

Mn

As

(mg/kg)
C1

6.4

367

751

106

68

44288

4536

123

25.5

C3

6.3

163

85

452

106

29927

5696

9

22.3

C9

6.4

1017

1594

560

100

54134

6166

119

56.7

C11

6.0

168

319

635

69

27276

7162

140

41.5

C13

6.6

491

748

505

145

24831

3686

87

22.4

C14

6.3

403

835

798

46

40868

6770

590

31.8

C16

8.1

1190

1389

1003

392

41202

9743

737

46.0

C17

6.2

173

361

214

31

4160

3629

89

7.4

C18

6.2

2335

3139

1097

429

23035

14322

550

27.7

C19

6.6

3255

2516

1205

417

29111

21259

360

38.8

C20

6.9

670

926

291

282

26122

8177

382

18.7

C21

5.6

1248

730

631

158

18346

9582

57

24.9

C24

5.4

469

686

206

51

14448

4810

143

18.8

C25

6.0

2808

1643

1123

165

28278

9209

474

31.0

C27

5.9

3041

1391

416

108

25517

4708

255

10.5

C29

6.5

883

375

516

256

39587

8821

444

30.9

C30

6.4

4582

9895

1061

1940

165422

13930

680

64.0

C31

6.6

1351

1565

711

131

74900

12233

633

56.6

C32

6.5

1531

1971

123

162

51000

12053

326

28.4

C34

6.3

644

905

75

90

20681

7495

540

24.3

C40

7.5

641

1626

515

104

26161

12147

633

27.2

IB

6.1

154

555

193

54

8499

6479

32

9.9

weathering. The Na concentration was also affected by the contribution of precipitation as the
predominant cation in the local rain is Na (Sultan and Dowling, 2003).
The potassium concentration ranged between 0.63 and 72.8 mg/l with an average of 8.8 mg/l.
Burrumbeet Creek and Lake Burrumbeet surface waters measured the highest K values (> 55.0
mg/l) but generally dissolved K concentration was relatively constant. High average K values as
compared to the world average K concentrations in rivers (<5mg/l) reflected the weathering of Kcontaining minerals (e.g. muscovite) in the catchment area.

The WHO guideline for K

concentrations in drinking water is 12 mg/l.
The dissolved concentrations of arsenic ranged from 4.1 to 17.0 µg/l with an average value of
7.9 µg/l. Higher values (>15µg/l) were found in water samples around a sewage disposal site and
mine tailing sites. The dissolved As concentration did not show significant spatial variation and
about 80% of sampled waters were below 8.5 µg/l (Fig. 3.6(b)). This distribution of As indicated
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the presence of initial sources in soils, with additional sources being mining waste dumps. There
were significant gold mining activities in the area and a high concentration of As resulting from
dissolution of As-minerals is expected. Stability of As under prevailing soil conditions explained
the lower total concentrations in surface waters.

Figure 3.2. Plot of major cations v. EC values in surface waters (n=40).

3.5.2 Soils
Table 3.2 presents soil data on Na, Ca, Mg, K, Fe, Al, Mn and As contents, and soil pH (1:5).
Soil values of Na, Ca, Mg and K ranged from 31-1,940, 85-9,895, 154-4,582, and 75-1,205
mg/kg, respectively. Calcium was the most dominant element in soils developed on basalt and Mg
in soils developed on Ordovician bedrock. Na was the least abundant among the four base metals
(Ca, Mg, Na and K) in all soils. Ca and Na contents were highly correlated (r2=0.89) to each other
and to Fe contents, r2=0.78 and r2= 0.71, respectively.
Arsenic content in soils varied from 7.4 to 64.0 mg/kg. The highest value was in soil sampled
from mining waste material (C30). This is five fold higher than average As content (28.2 mg/kg)
as compared to world soil average, 5-6 mg/kg (Cullen and Reimer, 1989) and reflected elevated
natural background levels in soils. High levels of As retained in the upper soil (0~10 cm) could
also be due to the atmospheric input from smelting activities during the gold rush period. A map
showing the distribution of As in soils is shown in Figure 3.6(a). Arsenic showed a positive
correlation (r2=0.62) with Fe. This could be the result of weathering of arsenopyrite and
adsorption of As onto the Fe hydroxides. SEM analysis revealed the presence of arsenopyrite
grains and XRD analysis showed the presence of Fe hydroxides (Figs. 3.4(b) & 3.5, respectively).
Arsenic did not show a good correlation with soil pH.
Soil Fe content ranged between 4,160 and 165,422 mg/kg with an average of 36,132 mg/kg.
Soils of basaltic bedrock origin had about two fold higher Fe contents than soils derived from
Ordovician bedrock, a result reflecting bedrock composition. Al contents varied from 3,629 to
2,1259 mg/kg, Mn contents from 9 to 737 mg/kg, with average values of 8,755 and 337 mg/kg,
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respectively. Fe, Al and Mn contents in soils were correlated with each other (r2 > 0.4; n=22). Soil
pH (1:5) varied between 5.4 and 8.1 with an average value of 6.4.

3.6 Discussion
The overall order of abundance of dissolved major cations in surface water was
Na>>Mg>Ca>K. In soils, the contents of metals followed an order of Ca>Mg>>K>Na, while Na
was the least abundant element in soils, registering the highest dissolved cation concentration in
surface waters. This is most likely due to extensive leaching of Na from soils. The dissolution of
Mg-containing minerals in the rock, soil and clays appeared to be due to the major weathering
process in the area. Overall, neutral to alkaline-oxidative conditions were recorded in surface
waters. Among the four sampled lakes, Lake Burrumbeet had about 3 times higher EC values than
the creek flowing into it, which was probably due to evaporative concentration and recharge
through groundwater. The dissolution and precipitation of carbonates is postulated to control EC
values downstream. Dissolved As concentration in lakes was 5.7-11.6 µg/l, well below the water
quality guideline (~50 µg/l) by ANZECC (1992) for recreational fresh waters. The plot of major
cation concentration versus EC (Fig. 3.2) showed a strong correlation in surface waters. Dissolved
Na and Mg are the highest contributors to EC of surface waters. In the absence of limestonebearing rocks, calcite (CaCO3) and Ca-bearing silicate minerals are the possible sources of Ca in
the study area. Near neutral to alkaline surface water pH is due to the presence of acid neutralizing
minerals as indicated by high Ca and Mg soil contents (Fig.3. 4(a)).
The triangular diagram of major cations (Mg v.Ca v.Na+K; Fig. 3.3) indicates that the surface
waters are dominated by Na+K with little influence from Mg and Ca. The percentage composition
of Na+K is much higher than the average value for global rivers and reflects the link of catchment
geology with surface water composition. These results can be explained by the strong weathering
of Na-containing minerals and atmospheric input. Unfortunately, since Cl was not measured in
water samples, the atmospheric input cannot be confirmed. For the individual creeks, Creswick
Creek showed the most variability in Na+K ionic concentration. The data tends to fall above the
composition line (Ca = Mg) of Ca and Mg in the triangular plot demonstrating the enrichment of
Mg over Ca. Weathering of olivine and pyroxene, dominant minerals in basalt, is the most likely
reason for higher dissolved Mg over Ca in surface waters. Mineral hydrolysis is probably the
primary controlling process of hydrogeochemistry of most surface waters. In plagioclase, a
common rock forming mineral, the Na end-member (albite) is dominant over the Ca end-member
(anorthite) and weathers to produce soils of kaolinitic nature. While Na content is the lowest in
soils, dissolved Na concentration dominates in all surface waters as a major cation. This can be
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Figure 3.3. Triangular diagram of major cation composition, Mg v. Ca v. Na+K.

explained by the leaching of Na as a result of chemical weathering. Dissolution of plagioclase
(albite) which produces kaolinite plus Na cations can be written as:
2NaAlSi3O8 + 2CO2 + 11H2O →

Al2Si2O5(OH)4 + 2Na+ + 4H4SiO4 + 2HCO3-

(1)

Kaolinite (Al2Si2O5(OH)4) is one of the most common clay minerals in the study area (Chapter
6) and generally secondary clay minerals follow an order of abundance as: Kaolinite >> illite >
smectite > vermiculite ≈ mixed-layer. Ca and Mg can exchange for the sorbed Na on soil mineral
particles. The high concentration of Na in surface water averages 98.7 mg/l, which is more than
thirty times the average concentration of 3.1 mg/l (Sultan and Dowling, 2003) in rainfall and
indicated evaporation/evapotranspiration can not alone be responsible for high Na; rather this
points towards the significant input by weathering of rock/soil minerals. Surface water in creeks
draining Ordovician bedrock are lower in Na content than other bedrock sources and support the
catchment lithology control over water chemistry. Agricultural activities could be an additional
source contributing to the increase of dissolved Na.
Relatively high arsenic in soils developed on Ordovician bedrock is due to the presence of
arsenopyrite (FeAsS) (Taylor et al., 2000) as also revealed by SEM analysis in one of the soil
samples (Fig. 3.4(b)). The weathering of sulphides produces Fe oxide/hydroxides (e.g, FeOOH,
Fig. 3.5), which serve as sink or source for As, depending upon prevailing pH-Eh conditions.
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Figure 3.4(a). Backscattered-electron (BSE) image of fragments of
magnesium siderite [1] found in surface soils near mine tailings. In the
field also chlorite and illite [2] occur as flakes, black region at lower
right is mounting resin. (Sample C9: AMG 753946-5857251).
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(a)

(b)

Figure 3.6. Map showing the distribution of arsenic in soils (a) and surface waters (b) of the study area.
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Figure 3.7. Plot of As contents vs. combined Fe+Al+Mn contents in soils.

Under near neutral soil pH conditions, the oxides and hydroxides of Fe, Al and Mn tend to (co-)
precipitate (Brookins, 1988) and, hence, act as scavengers for As. Sorption of As on the
(hydr)oxides of Fe (Equation 3), Al and Mn possibly prevents

As

mobilization in As-

contaminated soils. Figure 3.7 shows the correlation between As and combined contents of Fe, Al
and Mn in soils. Fordham and Norrish (1979) reported that Fe oxides were more important in the
adsorption of arsenic in soils in comparison to clay minerals and did not highlight the role of Al
and Mn. Under lower Eh and alkaline conditions, the mobility of As may increase (Stumm and
Morgan, 1996; Smedley and Kinniburgh, 2002) by desorption processes. The oxidation of the iron
sulphides (FeS2) from tailings and bedrock by infiltrating rainwater will produce acidification and
form Fe-oxyhydroxides. The acid generated is neutralised by carbonates (Equation 4, M= Ca2+,
Mg2+). The reaction processes are represented by the following equations:
2FeS2 + 7 O2 + 2H2O →
2+

4Fe

+ O2 + 10 H2O
+

MCO3 + H

→

2Fe2+ + 4SO42- + 4H+
→
2+

+

4 Fe(OH)3 + 8H

M + HCO3

-

(2)
(3)

(4)

XRD analysis showed the presence of secondary oxides of iron (Fig. 3.5). Average surface water
pH (~7.8) was observed to be 1.4 pH units higher than soil pH1:5 (~6.4), which was probably due
to dissolved HCO3-. Some waste rock dumps of loose materials, subject to strong erosion, may
cause a significant flux of As into streams as the result of storm events. Rain in the area has a low
pH (average pH=5.8) (Sultan and Dowling, 2003). The recharging water may follow unique paths
and supply unprocessed, metal/metalloid rich water to streams. Low concentrations of As in
surface waters might be due to the oxidation of arsenopyrite and/or release to waters by
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desorption mechanisms under slightly reducing conditions. Moderate annual rain (~ 700 mm/y) in
the area could be an important factor allowing slow mobilization and transport of As from solid
phases into water.

3.7 Conclusion
In the goldfields region of Central Victoria, catchment lithology exerts a fundamental control
over the surface water chemistry, which was found to be locally impacted by mining waste
dumps. The weathering of the primary silicate minerals, Na-plagioclase, and atmospheric input
contribute high amounts of Na to surface waters. Although Na content was found to be low in
soils, it dominated in surface waters among the major cations, which indicated extensive leaching
of Na. Major cations composition was not within the average value for global rivers as Na+K
registered higher with little influence of Ca and Mg.
The arsenic adsorption affinity for Fe and Al (hydr)oxides under neutral to slightly alkalineoxidative conditions prevents significant mobilization of the element into surface waters. A
gradual and slow release possibly occurs when low redox-alkaline conditions prevail. Arsenic
trapped in soils is slowly released under relatively lower redox and alkaline conditions.
Human activities (e.g. mining) have altered the environments of creek/river catchments in the
area, however, all four lakes sampled registered As levels well below the ANZECC (1992)
guidelines. Generally, the slow release of arsenic from soils with high background arsenic
concentration was observed, but arsenic concentrations in surface waters (lakes, river and creeks)
were found to be below the guideline values for the water quality for recreational fresh waters
(ANZECC, 2000).
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4. Seasonal changes in arsenic concentrations and hydrogeochemistry of
Canadian Creek, Ballarat (Victoria, Australia)

4.1 Abstract
A 10-month study of hydrogeochemistry in Canadian Creek (Ballarat, Victoria, Australia)
showed the significant influence of historic gold mining waste material and local urban drainage
inputs. For most dissolved major and trace elements (Na, Ca, Mg, K, As and Co) in surface water,
the concentrations decreased with the increasing rainfall and flow conditions except for Al and Fe.
Two sites selected along the creek (< 1 km apart) allowed evaluation of the possibility that mining
waste materials are contributing to the elevated arsenic concentrations (up to 145 µg/l) in surface
water downstream. Arsenic concentration varied more than 28 fold seasonally and was highest in
autumn and lowest in spring. Elevated concentrations of As at the downstream site indicated the
presence of a source of As in both surface and subsurface soils. Oxidation of arsenic sulphides
under aerobic conditions with redox fluctuations (7 to 201 mV) could explain elevated arsenic
levels in the creek. Significant statistical correlations among the major cations (Ca, Na and Mg)
point to a common source(s) and interaction of infiltrating water with soil/bedrock results in
neutral to slightly alkaline (pH ~ 6.5 to 7.8) surface water. Iron and Al secondary phases under
oxidising conditions are a significant controlling mechanism for the mobilization of As in highly
contaminated soils (> 1500 mg/kg) in the study area. The large As adsorption capacity of Fe and
Al could be limiting As mobilization into water. Rainfall with relatively low pH is possibly
causing mobilisation of Al, Fe and As from highly alkaline soils (pH ≈ 9.0) into the creek.
High concentrations of As in plants (2.1 mg/kg dry weight) indicate its bioavailability and
correspond to high arsenic levels in contaminated soils (1946 mg/kg) in the study area.
This investigation focussed on the hydrogeochemistry of the surface waters, soils and plants in
order to document the levels and seasonal trends in major, minor and trace element geochemistry
in the creek and identify the process by which arsenic is released from the soil/waste mining
material to surface waters.
Keywords: Arsenic, Metal cations, Mining, Seasonality, Surface water, Victoria.

49

Chapter 4 – Seasonal changes in arsenic hydrogeochemistry

4.2 Introduction
Contamination of the environment by metal/metalloids and the elucidation of their pathways
through various environmental compartments (Cullen and Reimer, 1989; Smith et al., 1998) such
as incorporation into surface water and, ultimately, the food chain is of global significance
(Fergusson, 1990). Metals can dissolve directly into river water from abandoned waste material
located along the river, or indirectly by surface runoff and/or contaminated groundwater (Warner,
1998; Grabowski et al., 2001). Elevated concentrations of arsenic pose risks to plant (Baker et al.,
1976), animal (Porcella, 1987; Golub et al., 1998) and human health (Harrington et al., 1978;
Smedley and Kinniburgh, 2002 and references therein; Hinwood et al., 2003). Among the biggest
sources of As are ore deposits with sulphide minerals, which may contain percent levels of
arsenic. In mining, the processing of ores leads to concentrations of As-sulphide minerals, which
weather geochemically to release As (Nriagu and Pacyna, 1988; Garcia and Alvarez, 2003) and
become local sources of pollution. Among the toxic elements, it is the presence of arsenic that has
aroused concern in the Central Victorian region of Australia. Arsenic has a high natural
background soil value in the region and is contributed to by anthropogenic activities such as gold
mining. The current health limit of As in soils is 100 mg/kg as per the guidelines of ANZECC and
NHRC (1992) and there are many sites that exceed this limit (Hinwood et al., 1998). Hughes et al.
(1997) have demonstrated that Victorian gold mining industries have produced waste materials
with high arsenic concentrations and that this material is often built over for housing and has
become part of the urban environment.
Owing to the chemical resemblance of arsenate (As(V)) to ortho-phosphate, the former can
replace the latter in chemical/biological processes. Arsenite (As (III)) may react with a thiol group
on proteins and seriously damage their functionality in biochemical reactions (Hughes, 2002) and,
therefore, poses a much higher risk than As (V). Health risks have prompted the World Health
Organization (WHO, 1993) to reduce the maximum contamination level (MCL) of arsenic in
drinking water from 50 to 10 µg/L. The National Health and Medical Research Council has
recommended As concentration of 7 µg/L in Australia (NHMRC, 1996). The mobilization of
arsenic in soil systems depends upon factors such as soil chemistry, pH-redox conditions, the
presence of adsorption sites by clays, organic matter and Al and Fe oxides. Water-soluble arsenic
in soils is in a form that is readily available for plant uptake, but terrestrial plants show some
resistance to toxicity in contaminated soils as reported by Alloway (1990) in his description of the
plant-soil relationship.
Old mining dumps in the area have been continuously releasing As into surface water which
has the potential to contaminate groundwater. This study highlights the importance of
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management in preparing a site for waste mining material. The potential adverse environmental
impacts should be recognised and evaluated on a long-term basis.

4.3 Methods
4.3.1 Study area
The study area is located in Ballarat, approximately 120 km NW of Melbourne, Australia, near
the suburb called Canadian. It is located on the Ballarat (7622) 1:100 000 scale map sheets (Fig.
4.1). The sampling area is located near the famous gold mining and now tourist site of Sovereign
Hill in Victoria and is similar to many of the other deposits in the Ballarat gold province (Taylor,
1998). The two sampling locations along the Canadian Creek, named “Bridge” site (upstream)
and “Trail” site (down stream), were about 1 km apart (Fig. 4.1). The Canadian Creek carries
discharges from upstream catchments and urban drainage and drains into Yarowee Creek locally.
Creek flow is high in winter and spring.
The elevation of the two sampling sites are 423m (Trail site) and 438 m (Bridge site) above sea
level. The climate of Ballarat is temperate with four seasons. The mean daily maximum
temperature for January is 24.9°C in summer and the mean daily minimum temperature for July is
3.2°C during winter. The mean annual rainfall is 702 mm (Houston, 1956), 59% of which is
received from May to October.
Mining operations have produced waste piles of heterogeneous nature that have undergone
crushing and occasional chemical treatment resulting in a mineralogical complex material. These
waste piles are difficult to locate because much of the area now lies beneath the City of Ballarat
due to urbanisation. This material is reacting over time with varying amounts of atmospheric
input,

seasonally

producing

contamination

to

Canadian

Creek.

In

this

paper,

the

hydrogeochemical features and controls of Na, Ca, Mg, K, Al, Fe, As and Co in the catchment of
Canadian Creek are discussed.

4.3.2 Geology
The geological rock units of Ordovician age covering most of the study area are slate,
sandstone, sub-greywacke and mudstone (Clark et al., 1988; Ramsay et al., 1998; Taylor, 1998).
Mesothermal quartz veins in the Ballarat goldfield are hosted by a thick sequence of Ordovician
greywacke, which is interbedded with highly carbonaceous, pyrite-bearing shale (Arne et al.,
1998; Bierlein and McNaughton, 1998). The underlying rocks are of Quaternary age (alluvium,
silicious sand and gravels). Younger volcanic rocks of Quaternary to Tertiary age, including
basalt, are also present. Ballarat gold deposits, like other central Victorian gold deposits (Gao
and Kwak, 1996), are typically sulphide-rich with pyrite (FeS) and arsenopyrite (FeAsS) up to
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several percent of total sulphides (Phillips and Hughes, 1996). Loellingite (FeAs2) is also present,
but less widespread than arsenopyrite. Carbonate minerals reported by Phillips and Hughes (1996)
include calcite (CaCO3), dolomite (CaMg (CO3) 2), ankerite and siderite (FeCO3).

Figure 4.1. Map of the study area showing sampling locations on the
Canadian Creek.

4.3.3. Sampling
Surface water samples (n = 40) were collected along the Canadian Creek during a 10-month
period from 16th March 2003 to 2nd January 2004. Collecting samples in those months facilitated
a comparison between the seasons in the study area. The two sampling locations (Bridge site as Btype samples and Trail site as T-type samples, Table 4.1 & 4.2) were selected with the aim of
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comparing the hydrogeochemical changes along the creek near a point pollution source. The
Bridge sampling site is located upstream and Trail site is located downstream of such a source
near an historic mining waste dump (Fig. 4.1). Degradation caused by gold mining during and
after the gold rush period had left the Trail sampling sites as a wasteland. At both sampling
locations, surface water samples were collected at about two-week intervals to determine total
dissolved inorganic concentrations of major (Na, Ca, Mg and K), minor (Al, Fe) and trace (Co,
As) elements. The samples were filtered through cellulose nitrate filters (0.45 µm pore size) and
acidified with ultrapure HNO3 to pH ≤ 1.0 in the field to prevent precipitation/adsorption on
storage. To avoid contamination during sampling and in subsequent handling of samples, trace
metal-clean procedures were employed.
Water samples were stored in high-density polyethylene containers, which were previously
washed with ultrapure 0.1 N HCl and rinsed with Milli-Q deionised water (≤ 18 MΩ-cm).
Eight soil samples including both surface (0 ~10 cm) and subsurface horizons (10~20 and
20~30 cm) were collected to measure total concentrations of eight elements from the two
sampling sites. A hand auger (~10 cm diameter) was used for soil sampling and samples were
stored in clean plastic containers. Also, six plant samples were collected (leaves of trees or grass
with stems and leaves) to assess the bioavailability of contaminants. There was a good ground
cover of grasses and sedges along the creek bank. Cation exchange capacity (CEC) of soils was
determined by extracting with an unbuffered NH4Cl (1 M, 12 h) solution following methods
described by Sumner and Miller (1996) and exchangeable cations were measured by graphite
furnace atomic absorption spectroscopy (GFAAS).
Rainfall in the study area was also recorded during the sampling period to monitor its influence
on the hydrogeochemistry of the two sampling sites. A rain gauge was installed on a School of
Science and Engineering building at University of Ballarat’s Mount Helen campus.

4.3.4 Analysis
On site analysis included Eh (Pt electrode), pH and EC (electrical conductance) of surface
water by using portable standard kits. Particle size distribution of soil samples was determined
using a Malvern instrument (model Mastersizer 2000) by laser scattering at 10% sample
obscuration. Soil pH (pH1:5) values were measured at a soil: water ratio of 1:5 (w/v) following the
method described by Rayment and Higginson (1992).
About 1.0 g of plant sample was weighed into 250 mm or 300 mm (diameter) Pyrex glass
tubes, 6-8 ml nitric acid were added and the sample tubes were placed in a programmable
digestion block capable of ~200 0C. After dissolution, samples were diluted to volume, mixed and
filtered prior to analysis. About 4-5 g of soil sample was digested in about 15 ml aqua-regia (3:1,
HCl:HNO3) for approximately 2 h, using a hot plate as a heating source. This method is suitable
for the analysis of elements like arsenic and serves as an extracting media for mobile, mobilizable
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and pseudo-total fractions (Gupta et al., 1996). It is not a total decomposition analysis, but
released up to 90-95 % of metal/metalloid into solution.
Preconcentration by evaporation of a 20 ml aliquot of each <0.45 µm filtrate was done to
overcome the detection limit for the analysis of Al, Fe, Co and As in surface waters following the
method described by Sherrell and Ross (1999). All other metals (Ca, Na, Mg and K) were
analysed directly. Metals were analysed by graphite furnace atomic absorption spectroscopy
(GFAAS) on a Varian Spectra AA-400 multi element instrument. Arsenic determinations were
performed using Varian Spectra AA-20 and hydride generator VGA-76 Atomic Absorption
Spectrophotometer (HGAAS) at the University of Ballarat. Prior to analysis by HGAAS,
potassium iodide was added to samples (final concentration in the sample was 10% KI) to reduce
the arsenic to As (III) form. From certified aqueous standards (BDH Spectorsol®), intermediate
standards of various concentrations were prepared. Standard reference material (GBW-07401)
was analysed for the QA/QC program. The results were verified by standard-addition
measurements of selected samples. The precision of the method was assessed by analysing a
single sample 10 times. The relative standard deviation (RSD) varied between 5 and 10%. Both
field and laboratory blanks were below the detection limits for all elements in this study. Bulk soil
samples were analysed with a scanning electron microscope (SEM) to examine the composition of
certain minerals at the University of Ballarat.

4.4 Results and discussion
Calcium contents in soils ranged between 216 and 4,663 mg/kg. Magnesium concentrations
varied from 499 to 6,370 mg/kg. Mg was dominant among major elements and results are in
agreement with the work of Bierlein et al. (1999) who reported Mg-rich carbonates in the Ballarat
area. Sodium concentrations in soils ranged from 53 to 753 mg/kg. Na registered the minimum
concentration among the four major elements and values of Na in the subsoil were about 3 fold
lower compared to the topsoil. This is probably due to leaching at the Trail site. Prevailing soil
conditions favour the solubilization of Na by interaction with percolating water. Potassium levels
varied from a minimum of 291 to a maximum of 2,166 mg/kg. K in soils was positively correlated
(r2 = 0.69) with the clay size fraction (φ <2 µm), suggesting its fixation in secondary clay
minerals. The order of abundance in soils for base cations was Mg > Ca >> K >>Na. Generally,
higher values were from the Trail site soils, while lower values were observed for the Bridge site
soils. Fe and Al contents varied from 9.6 to 35.8 g/kg and 2.5 to 18.9 g/kg respectively.
Enrichment of Fe in soils has been observed, which is consistent with natural background values.
High values of Al in soils are correlated (r2 = 0.65) to K values because both from secondary
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Trail site

Bridge site

Location

10~20

20~30

0~10

T3S

T4S

10 ~ 20

B4S

T2S

0 ~ 10

B3S

0~10

10 ~ 20

B2S

T1S

0 ~ 10

(cm)

ID

B1S

Depth

Sample

58.1

59.0

42.9

10.1

6.5

43.6

8.7

9.9

32.1

7.0

46.9

42.0

11.6

5.7

48.4

(2 ~ 20 µm)

Silt (%)

12.1

(< 2 µm)

Clay (%)

50.6

30.9

32.0

47.4

47.7

61.0

46.4

39.5

(20 ~ 2000μm)

Sand (%)

8.9

9.1

9.0

9.1

7.0

7.2

6.5

6.9

pH1:5

30.3

35.0

45.9

58.6

7.7

7.6

3.4

6.4

(cmolc/kg)

CEC

3488

4297

4098

4663

790

855

216

367

Ca

Table 4.1. Physical and chemical properties of soils.
K

254

233

248

5337

3049

56

499

6153

53

711

753

147

501

6370

168

494

835

620

1059

382

291

1958

2166

(mg/kg)

Na

1057

Mg

769

1819

1946

1616

50

54

35

38

As

20.6

5.7

6.8

6.1

5.7

4.7

6.8

9.0

Co

Al

30.4

14.1

27.7

32.2

9.6

11.8

35.8

35.0

17.5

8.7

2.5

4.8

4.2

3.6

18.9

16.6

(g/kg)

Fe
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16MAR '03

04APR '03

17APR '03

01MAY '03

23MAY '03

05JUN '03

23JUN'03

04JUL'03

21JUL'03

03AUG'03

19AUG'03

10SEP'03

17SEP'03

06OCT'03

16OCT'03

01NOV'03

12NOV'03

03DEC'03

17DEC'03

02JAN'04

2B

3B

4B

5B

6B

7B

8B

9B

10B

11B

12B

13B

14B

15B

16B

17B

18B

19B

20B

Date

1B

ID

Sample

7.6

7.6

7.8

7.7

7.7

7.8

7.8

7.8

7.7

7.5

7.4

7.6

6.9

7.0

7.5

7.4

7.2

7.0

7.1

7.0

pH

990

1290

880

1110

380

1010

694

691

1040

704

535

366

322

321

383

280

518

340

493

642

(μS/cm)

EC

68

18

15

17

55

18

6.8

94

95

150

114

172

142

166

160

143

135

157

154

112

(mV)

Eh

21.2

12.1

25.3

12.1

25.1

25.6

22.1

16.6

11.1

12.6

12.6

38.4

39.2

22.0

23.0

9.4

21.1

12.5

14.7

10.8

8.5

13.1

13.9

10.3

9.8

11.8

12.8

7.9

9.0

8.0

9.5

10.6

7.9

11.8

13.1

9.0

14.3

29.8

Ca

16.1

20.6

(oC )

Temp.

48.7

52.1

32.9

41.1

12.5

35.7

22.7

23.2

37.1

11.6

18.4

12.3

10.9

10.3

9.6

9.2

14.8

11.0

13.6

15.7

Mg

132

174

109

148

51

136

90

93

140

54

75

49

46

43

45

39

70

50

65

75

Na

4.2

4.1

2.6

3.6

3.4

3.5

4.0

3.7

4.4

3.0

4.0

2.8

2.8

2.8

2.9

2.9

3.6

3.7

4.4

6.3

(mg/L)

K

1.40

1.49

1.30

0.94

1.46

1.13

1.11

0.96

0.91

0.93

1.62

1.17

1.01

0.85

0.24

1.05

0.24

0.98

0.73

0.07

Fe

Table 4. 2. Chemical composition of surface waters from Canadian Creek (Bridge site)

0.16

0.19

0.03

0.05

0.35

0.07

0.21

0.31

0.07

0.38

0.37

0.20

0.25

0.23

0.09

0.24

0.03

0.32

0.04

0.01

Al

0.20

0.20

0.15

0.18

0.17

0.17

0.24

0.12

0.15

0.19

0.14

0.20

0.21

0.15

0.12

0.22

0.18

0.22

0.23

0.20

Co

7.1

6.1

13.3

8.3

5.1

9.2

8.2

8.2

26.3

10.2

7.1

14.3

6.1

16.3

8.2

5.1

5.1

8.2

23.5

6.1

(µg/L)
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17APR '03

01May '03

23MAY '03

05JUN '03

23JUN'03

04JUL'03

21JUL'03

03AUG'03

19AUG'03

10SEP'03

17SEP'03

06OCT'03

16OCT'03

01NOV'03

12NOV'03

03DEC'03

17DEC'03

02JAN'04

3T

4T

5T

6T

7T

8T

9T

10T

11T

12T

13T

14T

15T

16T

17T

18T

19T

20T

MAR '03

04APR '03

2T

Domestic

16MAR '03

Date

1T

ID

Sample

8.1

7.4

7.5

7.7

7.6

7.5

7.7

7.6

7.7

7.4

7.2

7.2

7.3

6.5

6.8

7.4

7.0

6.8

6.6

6.8

6.8

pH

710

810

800

820

1140

390

950

683

681

980

708

550

401

290

408

573

323

1205

395

496

538

(μS/cm)

EC

-

19

66

60

78

65

80

78

120

135

163

102

160

173

191

191

175

201

196

185

154

(mV)

Eh

36.8

11.6

23.1

13.1

-

24.1

24.2

21.1

19.5

12.1

13.6

15.1

18.3

23.6

24.2

24.1

26.3

10.5

21.2

14.3

14.8

10.7

9.5

13.7

14.7

11.0

9.0

12.6

16.3

8.0

9.5

8.3

8.5

9.0

9.0

8.6

14.6

8.5

14.2

15.5

Ca

15.1

20.1

(oC )

Temp.

24.6

28.8

29.3

36.3

42.1

13.0

32.3

22.8

21.8

34.0

11.0

19.3

13.6

10.2

14.3

18.6

10.3

49.6

10.6

14.4

14.8

Mg

86.0

144

97

110

144

49

126

92

87

134

46

76

51

37

58

81

42

166

56

64

69

Na

3.9

4.0

4.0

2.2

4.7

4.3

4.4

4.4

3.9

4.9

3.0

4.0

2.8

2.7

3.4

3.8

2.9

6.8

3.8

5.1

4.2

(mg/L)

K

-

0.43

0.57

0.41

0.35

1.33

0.95

2.00

0.92

1.04

1.12

1.71

1.86

1.20

1.59

0.99

1.53

0.26

0.69

1.04

0.14

Fe

Table 4.2. (continued) . Surface waters from Trail site and domestic water.

-

0.32

0.34

0.14

0.20

0.56

0.10

0.39

0.21

0.17

0.44

0.28

0.18

0.30

0.18

0.08

0.36

0.08

0.62

0.26

0.03

Al

-

0.18

0.18

0.21

0.20

0.20

0.22

0.16

0.23

0.11

0.21

0.16

0.29

0.16

0.16

0.28

0.20

0.19

0.26

0.14

0.09

Co

-

113

103

129

87

45

67

32

38

100

86

63

107

67

85

104

62

70

112

145

118

(µg/L)

As

Chapter 4 – Seasonal changes in arsenic hydrogeochemistry

57

Chapter 4 – Seasonal changes in arsenic hydrogeochemistry
silicate minerals. The Co contents ranged between 4.7 and 20.6 mg/kg. Arne et al. (1998) have
also reported the enrichment of Co in soils of the study area. The highest arsenic value measured
was 1,946 mg/kg (T2S) at the Trail sampling site and the lowest value was 35.0 mg/kg (B2S) in
soils from the Bridge location. Arsenic in soils was greatly elevated from the Trail site (769-1,946
mg/kg) as compared to the Bridge site (35-54 mg/kg) (Table 4.1). The maximum concentration
was in mining waste material dumped at the Trail location near the Canadian Creek. When
comparing the As contents of soils at these two sites, all the values recorded in soils from the Trail
site (n = 4) exceeded the Australian guideline limits (ANZECC, 1992). Average As
concentrations (44.2 mg/kg) in soils from the Bridge site represent high background values, which
suggests this site has also been affected by mining operations in the past. More than 34-fold
higher average As (1,537 mg/kg) content in soils at the Trail site compared to the Bridge site
indicates the presence of As-rich material. All physical and chemical data of soils are shown in
Table 4.1.
Soil pH1:5 values were in contrast, neutral and alkaline, in soils from the two sampling
locations. Both surface (0 ~ 10 cm) and subsurface (10 ~ 20 cm) soils were neutral at the Bridge
site (average pH1:5 ~ 6.9) and alkaline (average pH1:5 ~ 9.0) at the Trail site (Fig. 4.2). Soils from
the Trail site were higher by 2.0 pH units as compared to soils from the Bridge site. The highly
alkaline soils are possibly due to the enrichment of Ca and Mg carbonates. The relatively constant
pH (≈ 9.0) of top and subsurface soils at the Trail site seems to be regulated by Ca and Mg
carbonate buffering.
Cation exchange capacity (CEC) varied from 3.4 cmolc/kg (B2S) to 58.6 cmolc/kg (T1S).
Soils from the Trail site had more than six times higher CEC values (average ~ 42.5 cmolc/kg)
than the Bridge site soils (average 6.3 cmolc/kg). Ca and Mg were the dominant exchangeable
cations in soils from the Trail site and also contributed to increasing the soil pH and the
neutralization capacity. CEC was greatest in topsoil (58.6 cmolc/kg) in the T1S soil sample from
the Trail site and it was substantially less in soil sample B2S (3.4 cmolc/kg) from the Bridge site
indicating a lack of exchangeable Ca content (Table 4.1 and Figure 4.2). CEC generally decreased
along the depth profile in soils from both locations. Low CEC values in subsurface soils are

CEC (cmolc/kg)

attributed to the limited clay size fraction and organic matter content.
70
60
50
40
30
20
10
0

Trail site

Bridge
6.0

7.0

8.0

9.0

10.0

PH1:5
Figure 4.2. Plot of CEC versus pH1:5 of soils from the
two sampling locations.
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The clay, silt and sand contents varied between 5.7-12.1%, 32.1-59.0%, and 30.9-61.0%,
respectively in soils from the Trail and Bridge sites (Table 4.1). While the silt size fraction was
dominant in soils from the Trail site, the sand size fraction registered highest at the Bridge site.
The clay size fraction measured lowest in soils from both sampling locations. The silt fraction
showed a poor positive correlation (r2=0.56) while the clay and sand fractions showed a negative
correlation with soil CEC. This can be explained by the association of organic matter content with
the silt fraction as studied by Peinemann et al. (2000).
Arsenic in plants varied from 0.4 to 2.1 mg/kg (dry weight) with higher values at the Trail site
(Table 4.3). Variation in As concentrations in plants was likely due to different As levels in soils
where plants were growing, and to differences in types/species of plants and other factors
described by Baroni et al. (2004) and Villares et al. (2002). Plants from the Bridge site showed
low values, which correspond to low As in soils of this site. Near neutral soil pH favours arsenic
bio-methylation by producing relatively less toxic As-organic compounds as reported by
Carbonell-Barrachina et al. (2000). The uptake of arsenic by plants clearly showed its availability,
as levels of arsenic in plants at the Trail site are higher than those in plants from the Bridge site.
This finding agrees with results from the Maldon area in Central Victoria (Chapter 7) where As
levels in plants were related to As concentrations in soils. The myrtle wattle, a native shrub,
showed particularly high levels of arsenic (T1P sample, Table 4.3) and can serve as a bioindicator
of contamination in the area, however, further research including a larger sample set is required.
Various plant species have been known to concentrate certain metals from soils (Villares et al.,
2002; Haritonidis and Malea, 1995) under different soil environmental conditions and, therefore,
can be used as bioindicators. Low levels of arsenic in plants (B1P and B3P) reflect the lower
background soil As values in the area.

Table 4.3. Concentrations of total inorganic arsenic (dry weight) in
plant samples from the two locations.
Location

Bridge site

Trail site

Sample ID

Type of plant

Common name

As (mg/kg)

B1P

Grass

Tussock grass

0.40

B2P

Ground fern

Austral bracken

0.73

B3P

Shrub

Myrtle Wattle

0.65

T1P

Shrub

Myrtle Wattle

2.10

T2P

Shrub

Myrtle Wattle

1.67

T3P

Tree

Eucalyptus

0.93
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The Eh values of surface waters varied from slightly reducing, 6.8 mV, to oxidizing, 201 mV.
Higher Eh values, average 130 mV, at the Trail site than the Bridge site, average 100 mV,
indicated oxidizing conditions. Eh changed seasonally with higher values in autumn and lower
values in summer, although data for the whole summer were not available. Eh showed a negative
correlation (r2= 0.71) with pH in surface waters (Fig. 4.3). The variable redox conditions (10-fold
variation) contributed to interaction between water and redox sensitive minerals such as sulphides.
Surface water temperature varied from 8.0°C in winter to 25.5°C in summer and generally it
increased downstream (Table 4.2). Temperature was higher at the Trail site throughout the
sampling period, except in autumn when it was slightly higher at the Bridge site. A weak positive
correlation (r2=0.44) between As and surface water temperature is possibly due to a temperature
influenced desorption and mobilization of arsenic.

250

Eh (mV)

200
150
100

Bridge site

50

Trail site

0
6

6.5

7

7.5

8

pH
Figure 4.3. Values of pH and Eh of the creek waters.

Total rainfall measured during the surface water sampling period was 602 mm, which was
about 30 mm higher than average rainfall from March to November (570 mm). There were 99
rainy days during the sampling period. The rainfall amount was negatively correlated with the
dissolved concentrations of major cations (Ca, Mg, Na and K) in surface water due to a dilution
effect (Fig. 4.4). Dissolved Fe and Al concentrations in surface water were positively correlated
(r2 = 0.42 and 0.61, respectively) to rainfall amount, which indicates the mobilization of these
labile ions from soil into water by runoff and/or groundwater flow. Rainfall, which has a much
lower pH (average~5.9) than the soil pH1:5 (8.5 to 9.1), could in principle dissolve pH-sensitive
elements like Al from soil. However, the high buffering capacity of soils increased their resistance
to pH changes and prevented appreciated Al solubilization and mobilization. The hydraulic
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flushing allows already built up metals in the soil column to move to surface waters by infiltration
of low pH rainwater.
The surface waters were near neutral (pH ~6.5-7.8) with lower pH values at the Trail site
(Table 4.2). The lowering of pH (average decrease of 0.3 pH units along the creek in less than a
kilometre) suggested input by some acid generation process at a downstream sampling site.
Electrical conductivities (EC) varied between 280 to 1290 μS/cm depending upon the season (Fig.
4.4). In general, creek water chemistry showed an urban drainage signature, which was diluted by
rainfall and then affected by solute acquisition between the two sites. The EC increased slightly
from an average of 650 µS/cm (n = 20) at the Bridge site to an average of 657 µS/cm (n = 20) at
the Trail site, although it noted that this result is not substantially significant. The inconsistent
variations in EC values and dissolved elements may be attributable to soil processes and/or
irregular rainfall events (Fig. 4.4). EC values showed a weak negative correlation with the rainfall
amount, which was possibly due to the dilution effect. During a large rain event with more than
77 mm falling in two weeks, surface water EC increased due to the contribution of solutes from
soils (Fig. 4.4), but overall the area received more of its rain as light showers. Such irregular
storm events are the cause of a sudden increase in solute concentration as weathering products are
exposed to runoff and local flow through soil pores, as indicated by dissolved As and Al contents
in surface water.
Dissolved Ca concentrations in the creek waters varied between 7.9 to 39.2 mg/l and registered
lowest during the winter/spring period (Fig. 4.4). Overall, Ca concentration decreased slightly
downstream from an average of 18.0 mg/l at the Bridge site to 17.0 mg/l at the Trail site. Mg
ranged between 9.2 and 52.1 mg/ with the lowest values in the winter season and did not register a
significant statistical change between the two sampling locations along the creek. Sodium, the
concentrations of which was low in soils, was in contrast the most dominant among major cations
in all surface waters with average concentrations of 84.2 and 86.5 mg/l at the Bridge and Trail
sites, respectively. An extremely strong positive correlation (r2=0.97) between Na concentrations
and EC values showed its significant contribution at both sampling locations. Potassium
concentrations in surface waters varied from 2.2 to 6.8 mg/l along the path and a slight addition
occurred from the upstream to the downstream site. Concentrations of major cations followed
more or less similar trends, by decreasing during winter (June, July, August) and increasing in
spring (September, October, November). In general the order of abundance was Na > > Mg > Ca
>> K in all water samples. The influence of rainfall in the dilution of cations was observed, with
rainfall showing a weak negative correlation with concentrations of Ca, Mg and Na. Cobalt
concentrations in the creek water varied between 0.09 and 0.29 mg/l. They showed a relatively
high average in waters at the Trail site compared to the Bridge site however the change was not
significant Cobalt was leaching from soils at the Trail site and, thus, measured higher
concentrations in surface waters.
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Dissolved Fe and Al concentrations in the water ranged from 0.07 to 2.0 mg/l and 0.01 to 0.62
mg/l respectively. Al increased from an average concentration of 0.18 mg/l to 0.26 mg/l along the
creek path, which showed its addition at a downstream location. Slightly higher Fe
concentrations, average 1.01 mg/l, at the Trail site as compared to Fe values, average 0.98 mg/l, at
the Bridge site are due to the presence of Fe-minerals in the mining waste material, or could
represent a natural variation. Lower than expected values of Fe at the Trail site might be due to its
fixation by oxidation and subsequent precipitation as secondary phases. Lamb et al. (1996)
reported the presence of iron precipitates as ferrihydrite (Fe(OH)3.nH2O) in the treatment of
mining waste from the Ballarat area. Dissolved Fe and Al followed a similar pattern of seasonal
variation with a few exceptions (Fig. 4.4). All surface water data are shown in Table 4.2.
Arsenic concentrations in the surface waters varied from 5 to 26 µg/l at the Bridge site and 32
to 145 µg/l at the Trail site. While it generally remained consistent (average ~ 10.0 µg/l) at the
Bridge site, it showed more than a 4-fold seasonal variation downstream at the Trail site.
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Figure 4.4. Time series data of Canadian
Creek area.
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During winter and spring the As levels in surface waters decreased although exceptions were
observed. It also showed a trend by increasing in summer and autumn (Fig. 4.4).
The lowest values of arsenic (lowest 5.0 µg/l and average 10.0 µg/l) at the Bridge site reflect
the natural background As level (Table 4.2) in the area. A more than eight fold increase of As
from the upstream Bridge site to the downstream Trail site within 1 km confirms a contamination
source between the sampling locations. Two likely mechanisms that could be controlling the
arsenic release at the Trail site are: 1) oxidation of arsenic bearing sulphide minerals, 2) the
remobilisation of arsenic from secondary phases of Fe and Al. The pH values of the surface water
at the Trail site were less (average ~ 0.3 pH units) than the pH of the surface water at the Bridge
site. It seems that the acid being produced is well neutralised due to the high buffering capacity of
the soil material as shown by high Ca and Mg concentrations in soils, as high as 4,663 mg/kg and
6,370 mg/kg, respectively. The second possible mechanism of As release under predominantly
oxidising (up to 200 mV) and alkaline pH water conditions is its remobilisation from secondary
phases of Fe and Al. The negative correlation between As and Fe (r2= 0.43) reveals that some
arsenic is being desorbed while redox conditions are favouring Fe fixation as secondary phases.
This weak correlation coefficient shows As release from the Fe and Al oxides is occurring
through a complex process of adsorption and desorption.
The oxidation of arsenopyrite at the Trail site by exposure to oxygen and water produces acid,
which is being neutralized by a high content of carbonates of Ca present in soils from mining
waste dumps. The possible acid producing (equation 1 and 2) reactions and subsequent
consuming (equation 3) reaction are shown as:
2FeS2 + 7 O2 + 2H2O →
Fe3+ + 3 H2O

→

CaCO3 + 3H+ →

2Fe3+ + 4SO42- + 4H+

4 Fe(OH)3 (s) + 3H+
Ca2+ + HCO3-

(1)
(2)

(3)

Highly alkaline conditions in soils indicate that, in addition to naturally occurring carbonate
minerals, the soils might have been limed for AMD control. Dolomite is typical in carbonate
alteration in Ballarat style orogenic gold deposits as confirmed by SEM analysis in this study
(Fig. 4.5). Illite is also identified as the second dominant clay mineral after kaolinite in the central
Victorian soils (Chapter 6). Neutralization processes produce enough alkalinity to raise soil pH (≈
9.0) and ferric hydroxide forms as observed by a yellow to light orange colour in soils. This
secondary phase of iron acts as a sink for arsenic depending on prevailing redox-pH conditions
and results in a complex As release and adsorption process. SEM analysis showed the
arsenopyrite oxidising to iron oxide hydrates and arsenic is dispersing away from the iron phases
(Fig. 4.5 (c)). The absence of meaningful correlations indicates the significance of more than a
single process in this water-soil environment determining As solubility.
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Likely seasonal changes in soil water content due to varying rainfall, changes the
concentration and mobility of metal/metalloids with depth and the infiltrating water serves as the
transport pathway into surface water. Considering that the soils at the Trail site are contaminated
with arsenic, the overland flow is an important transport pathway during high rainfall periods.

a

c

d

b

Figure 4.5. Scanning electron microscopy (SEM) results showing: (a). Selected element x-ray maps obtained from
polished section of ferroan dolomite grains, which are relatively abundant and can be recognised by inspection of
the Cak and Mgk map panels, quartz is brighter in the Sik panel and arsenopyrite is bright in As in the panel, illite is
brighter in the Kk map. (b). EDX x-ray spectrum obtained from typical carbonate grain occurring in soil sample of
ferroan dolomite. (c). SEM back-scattered image showing arsenopyrite (bright) oxidising to iron oxide hydrates
(light grey rim on arsenopyrite) –other phases in the field include quartz, illite and chlorite. (d). AsKα element x-ray
map showing dispersion of arsenic away from the iron phase.

The variations in As and Fe concentrations are most likely the result of interaction of water
(rain water and/or groundwater) with sulphide rich mining waste under oxidising conditions. The
seasonal influences suggest that infiltrating water in the contaminated soil probably did not have
long residence times prior to entering the creek. The fixation of As in soils is largely a result of
their high Fe (up to 35.8 g/kg) content, which is serving as a sink.
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Figure 4. 6. Scatter plot of dissolved As content versus Fe in
waters of the Trail site (n = 20).

Dissolved As concentrations weakly correlated (r2= 0.43) with dissolved Fe concentrations
(Fig. 4.6). This relationship between As and Fe implies that some other chemical reaction is
taking place, because usually their solubility increases or decreases simultaneously (Guo and
Burau, 1997). Under the redox-pH conditions, oxidising and neutral respectively, encountered in
this study, As (V) will be the dominant species. In aerobic soils, 90% of dissolved As is present as
pentavalent arsenate (O’Neill, 1995), which strongly binds to Fe and Al hydroxides more strongly
than As (III) (Cullen and Reimer, 1989). Most of the arsenic sorbed to Fe and Al present in the
soils can become soluble if subjected to moderately reducing conditions. Higher amounts of sand
and silt size fractions in the surface and subsurface soil horizons increase infiltration and favour
oxidising conditions. Arsenic solubility is perhaps also limited by the formation of insoluble Assulphide minerals as reported by Ferguson and Gavis (1972). Arsenic concentrations were
positively correlated (r2 = 0.60) with the silt size fraction (2 ~ 20µm), which indicates the
substantial enrichment of adsorption sites by the type and amount of clay minerals, and Fe and Al
secondary phases. The behaviour of As in soils at the Trail site is complex as only a fraction of it
is leaching; the high content of As in soils appear to be stable under prevailing conditions. This
limited mobility of As is explained further by examining the amorphous oxides, clays and organic
matter present in the soils.

4.5 Conclusion
A systematic seasonal variation in surface water arsenic and other measured elements (Ca, Mg,
K, Na. Fe and Al) has been observed. A significant finding is that the concentration of arsenic
changed significantly between seasons with the highest in autumn and the lowest in spring. The
study also showed the possibility that the As concentrations in surface water are related to
discharge and/or rainfall input in the area.
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Seasonally high arsenic levels in urban drainage may affect water usage downstream and limit
the use of waste material as soil. The eight-fold increase of As from the upstream Bridge site to
the downstream Trail site within 1 km confirms the contamination source between the locations.
While upstream waters are influenced by domestic water drainage, the surface water downstream
carries a clear signature of mining chemistry. Primary oxidation of As-bearing sulphide phases
generate acid, which is well neutralized by Ca and Mg minerals in the soils. High As retention
capacity of soils and temporal trends of As may be used to understand the potential risks posed to
the environment.
Owing to the oxidising conditions, As solubility has been observed as being low, which could
increase considerably under moderately reducing conditions. In highly contaminated soils at the
Trail site, the mobilization of As is controlled by oxidising conditions and the presence of Fe and
Al secondary phases. Also, the presence of buffer materials such as carbonates and high CEC
values are significantly contributing to the retention capacity of soils.
The results showed the relationship between the As contents in soils and plants of the two
sampling sites, which confirmed the As bioavailability particularly at the Trail site. The results
obtained can serve to increase understanding of the seasonal changes of arsenic concentrations at
contaminated sites.
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5. Distribution of metals in soils of the Creswick and Ballarat areas with
an emphasis on Arsenic in relation to geology and mining activities

5.1 Abstract
A soil sampling campaign was conducted to identify and map heavy metal contamination in
the Ballarat-Creswick area of Central Victoria, Australia, with respect to mining activities and
natural background levels in soils. The distribution and concentration of both lithology sensitive
(Fe, Al and Mn) and contamination sensitive elements (Zn, As, Pb, Cu, Cr, Ni and Co) were
documented in surface soils (0~10 cm, fraction <2 mm, n= 85). The total heavy metal/metalloid
content in soils decreased in the order Fe >> Al >> Zn > Mn >> As > Pb > Cu ≈ Ni ≈ Cr > Co.
Mean levels (mg/kg) of Zn (273) and As (39) in soils were well above the normal global ranges
and could be of local importance as a source of contamination. Elevated soil levels of Ni, Cr, Pb
and Fe were found in old mining waste material and confirmed the anthropogenic influence on the
environment. Most of the measured elements showed marked spatial variations except Co. The As
content was significantly higher than the tolerable level (ANZECC (1992) guidelines) with values
up to 396 mg/kg around the mine tailings site. Manganese soil content was strongly associated
with Co and Ni contents in most soils. High Fe content (average ~ 41465 mg/kg) in soils
developed on basalt bedrock were correlated with Zn content (average 400 mg/kg) and it is highly
likely that Fe-oxides serve as sinks for Zn under near neutral soil pH (6.3) conditions. Between
the two major bedrock lithologic units, Ordovician sediments and Tertiary basalt, a clear
enrichment of metals was found in the latter that was reflected in high background levels of
elements. Among the various size fractions, silt (average ~ 45.1%) dominated most of the soils. In
general, the concentrations of measured elements did not show significant correlations to other
measured soil parameters, e.g. clay, silt and sand size fractions, organic matter (LOI), soil pH and
cation exchange capacity (CEC), with a few exceptions.
The results obtained here define various metal distribution patterns in Central Victorian soils.
Key words: arsenic, heavy metals, distribution, mining activities, Australia.
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5.2 Introduction
There is a need to understand the heavy metal background levels in soils and the influence of
anthropogenic activities on these levels due to the potential risk to the natural environment (Smith
et al., 1998; Murray et al., 2004). The concentrations of heavy metals in undisturbed soils depend
mainly on bedrock lithology and this imprint on soil geochemistry changes with age due to pedogenetic processes. The reactivity and/or mobility of heavy metals in soils and, thus, their toxic
potential depends on physical and chemical processes occurring in soils. In evaluating the effect
of soil contamination, it is of fundamental importance to map the potentially toxic metals and
their association. Determination of concentrations of potentially toxic elements in soils is also
important in assessing the health of ecosystems as these elements, either in deficiency or in
excess, can impact on plant, animal and human health (Fergusson, 1990; Hindwood, 2003 and
references therein).
Arsenic and other potentially toxic elements can represent a threat to human health by entering
the food chain or by inhalation of dust from contaminated surface soils (Smedley and Kinniburgh,
2002; Craw et al., 2003). The main natural source of arsenic is deposits containing sulphide
minerals, which can contain up to several thousand times higher arsenic (Smith et al., 2002) than
the crustal average of 2 mg/kg (Boyle and Jonasson, 1973). Establishing the environmental levels
of various heavy metals in specific environments of interest is useful to agricultural (Wilcke et al.,
1998) and land use planning.
Mining activities during and after the gold-rush period (from the 1850s until today) have
produced wastes rich in fine-grained ore minerals containing potentially toxic metals/metalloids in
the Central Victorian region. The objectives of this study are: (1) to determine the concentrations
of heavy metals/metalloids in surface soils; (2) to evaluate natural and anthropogenic influences
and, (3) to understand the relationships between the measured elements in the goldfield region of
Central Victoria, Australia.

5.3 Methods
5.3.1 Sampling
A total of 85 surface soil samples were collected using a hand auger of about 10 cm in
diameter and were stored in clean containers. Soil samples included surface (0~10 cm) horizons
covering a range of environment and land uses, such as forest, agricultural and old mining areas in
the Ballarat – Creswick region of Central Victoria. The sampling area (37°15’-37°40’S; 143°40’144°00’E; Fig. 5.1) is located in Central Victoria, about 120 km northwest of Melbourne,
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Australia. The study area (≈ 1000 km2) is an important part of the Golden Triangle region in
Victoria. The presence of both highly disturbed soils by gold rush mining activities, leaving more
than century old waste materials and relatively undisturbed soils from the state forest region,
make the study area appropriate for evaluating human impacts on the environment. The area
receives an annual rainfall of about 750 mm, with cold and wet winters, and warm dry summers
(Taylor et al., 2000).
A GPS was used to record the Australian Map Grid (AMG) coordinates of all sampling
locations. Sampling sites also included some urban areas to cover a range of representative soils
of different environments in the Ballarat and Creswick regions. This allowed documentation and
comparison of measured elements in areas where the mining activities occurred in the past with
natural background soil values developed on different lithologic units.

5.3.2 Geology
The geology of the study area (Ballarat-Creswick, Central Victoria) has been described in
detail by Douglas and Ferguson (1988), Finlay and Douglas, (1992), Taylor (1998) and Taylor et
al. (2000). The bedrock hosting the goldfields is several kilometres thick, Lower Ordovician,
Castlemaine Supergroup consisting of interbedded greywacke, mudstone, sandstone, shale and
chert of marine origin, and will be referred to as Ordovician in this paper. The upper Devonian
biotite Granodiorite intrudes into Ordovician sedimentary rocks in places with small outcrops.
The dominant lithologic unit is the Newer Volcanics of Tertiary to Quaternary age consisting of
tholeiitic to alkaline basalts, minor scoria and ash, covering most of the terrain surveyed. In places
the bedrock is overlain by Tertiary fluvial deposits comprising gravel, sand and silt. There are
numerous occurrences of mineralised zones within the Ordovician. Pyrite and arsenopyrite
accompany this mineralization, especially in the gold producing regions. A simplified geological
map is shown in Figure 5.1.

5.3.3 Analysis
Surface soil samples (0~10 cm, n = 85) were air-dried and hand crushed to pass through a 2mm sieve. Samples (~1.0g) were dissolved in 10 mls of aqua-regia (3:1, HCl: HNO3) using a
hotplate as a heating source. This method serves as an extracting media for mobile, mobilizable
and pseudo-total fractions (Gupta et al., 1996), for various metals/metalloids. It is not a total
decomposition analysis and releases up to 90-95 % of metal/metalloid into solution.
Arsenic determinations were performed using a Varian Spectra AA-20 and hydride generator
VGA-76 Atomic Absorption Spectrophotometer (HGAAS) at the University of Ballarat. Prior to
analysis by HGAAS, samples were added to potassium iodide (10% KI) to reduce the arsenic to
As (III) form. All other nine metals (Fe, Al, Mn, Cu, Zn, Cr, Ni, Pb and Co) were analysed
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directly by graphite furnace atomic absorption spectroscopy (GFAAS) on a Varian Spectra AA400 multi element instrument. The cation exchange capacity (CEC) of soils was analysed by
extraction with an unbuffered NH4Cl (1M, 12 h) solution following methods described by Sumner
and Miller (1996) and exchangeable cations were measured by GFAAS. Reproducibility was
tested by reanalysing 10 % of the samples. Both field and laboratory digest blanks were added to
the different batches. Standard reference material (GBW-07401) was analysed for QA/QC
program. The relative standard deviation (RSD) was between 5% and 10%.

Figure 5.1. Simplified geological map of the study area (Ballarat-Creswick).

Soil pH was determined in 1:5 soil:distilled water (w/v) suspensions after shaking for 1 hour
on an end-over-end shaker followed by 1 h equilibration. Particle size analysis of clay (< 2µm),
silt (2-20 µm) and sand (20-2000µm) size fractions was performed using a Malvern® Instrument
by laser scattering at 5-10% sample obscuration. Most of the procedures followed were essentially
similar to those described in Chapters Three and Four. The percentage of organic matter was
estimated by measuring weight loss on ignition (LOI%, ~5 g, 4 h at 500°C) of the oven dried soil
samples (Allen et al., 1974). Bulk soil samples were analysed with a scanning electron
microscope (SEM) to examine the composition of certain minerals at the University of Ballarat.
Samples were prepared in an epoxy resin diluted with acetone, allowed to set and dry, polished
and carbon coated. The spatial concentration distribution maps were developed by using
MapInfo® GIS software.
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5.4 Results and discussion
The total concentrations of elements and soil properties are shown in Table 5.1. Loss on
ignition (LOI) values of 0.82 to 17.09%, with an average value of 5.3%, indicated that the organic
matter content of soils was quite variable. Higher values were found in forest soils and lower
values near the battery sites.
Soil pH (pH1:5) ranged from 3.9 to 9.1 with an average of 6.2. The lowest pH was found in
soils from mine tailings due to the presence of acid generating minerals such as pyrite (Fe content
> 26000 mg/kg). Soils from Ordovician bedrock were slightly acidic (average pH~5.93) as
compared to the soils of basaltic bedrock origin (average pH~ 6.3). It is likely that low carbonate
and/or high sulphide minerals in soils developed on Ordovician bedrock lower the soil pH
resulting in a reduced buffering capacity. Lower values of metals in soils from Ordovician
bedrock compared to basalt bedrock can be explained due to the leaching of elements from
slightly acidic soils, the former is on average 0.3 pH units lower than the latter. Among the
elements, only Mn and As contents showed a weak relationship with soil pH, r2= 0.33 and
r2=0.32, respectively. Soil pH was variable and influenced metal/metalloid adsorption, retention
and mobility. A soil pH map is shown in Figure 5.6.

Table 5.1. Summary of analytical results of soil samples (n = 85)
Analyte

Minimum

Maximum

Mean

Median

Standard Deviation

LOI (%)

0.82

17.09

5.31

4.78

2.93

Clay (%)

3.89

24.56

11.09

10.10

3.80

Silt (%)

16.55

76.68

45.08

43.51

12.03

Sand (%)

6.09

79.56

43.83

45.07

14.05

pH1:5

3.90

9.10

6.16

6.20

0.82

CEC (cmolc/kg)

1.17

72.88

9.41

6.00

11.60

Fe(mg/kg)

802

165400

29462

26161

25317

Al(mg/kg)

563

21300

7936

6440

4920

Mn (mg/kg)

1.0

1015.0

213.3

88.7

249.2

Zn (mg/kg)

28.0

1393.0

273.2

248.1

191.5

As(mg/kg)

7.44

395.80

39.04

28.41

51.27

Pb (mg/kg)

0.23

78.30

16.58

13.28

13.71

Cu (mg/kg)

1.00

202.71

13.95

9.19

22.97

Ni (mg/kg)

0.95

88.00

12.54

7.94

14.28

Cr (mg/kg)

0.85

86.09

13.25

8.36

13.47

Co (mg/kg)

0.01

37.95

9.76

5.52

9.60
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The mean cation exchange capacity (CEC) was 9.41 cmolc/kg and ranged from 1.17 to 72.9
cmolc/kg. The highest CEC was found in soil from mine tailings (AMG 753924-5857276), which
increase the buffering capacity against acidification of the waste material due to the enrichment of
carbonate minerals. Lower CEC values (<4.0 cmolc/kg) were found in soils from the state forest
areas. The soils from the basalt bedrock area had significantly higher CEC (average 14.3
cmolc/kg) compared to the soils from Ordovician rock (average 6.9 cmolc/kg). In general, the CEC
values are typical for silty and sandy soils as more than 75% of soils registered CEC < 10.0
cmolc/kg. Lower CEC values were found in highly weathered mature soils. Between the CEC and
the element contents, there were no significant correlations with the potential exception of Ni
(r2=0.54).
The mean clay size fraction was 11.09 % and varied between 3.89 and 24.56%. The mean silt
size fraction was 45.08% and varied between 16.55 and 76.68%; the sand size fraction varied
between 6.09 and 79.56% with a mean value of 43.83%. The silt size fraction dominated over the
clay and sand size fractions. Generally, grain size did not show any association with the
concentrations of most of the elements. Soils sampled from Quaternary sedimentary deposits were
higher in sand size fractions (up to 72.0% and average 48.3%). The soils are classified as coarse
textured loam to silty loam (Fig. 5.2).

100 % CLAY

LOAM
SANDY
SILT LOAM
100 % SAND

100 % SILT

Figure 5.2. Textural classification of sampled soils.

Aluminium. The Al content varied between 563 and 21,300 mg/kg. The highest concentration
of Al was found at a site around an old battery where ore was crushed. Other high Al values (>
15000 mg/kg) were found in soils sampled near Burrumbeet Lake. The higher values were found
in Quaternary deposits (gravel, sand and silt). Crawford et al. (1995) reported that values of
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extractable Al greater than 15 mg/kg were found to be toxic in soils from Victorian pastures
depending upon the soil pH. Al is pH sensitive and becomes mobile in acidic environments (pH <
5). About 80% of sampled soils had Al content less than 1000 mg/kg.
Manganese. Mn varied from 1 to 1015 mg/kg with an average value of 213 mg/kg. A wide
range of variation in soil Mn content has been measured in this study. Higher values were found
in the soils around Lake Learmonth and Lake Burrumbeet. The lowest values were recorded in
soils from the state forest location and in soils developed on Ordovician rock (average < 90
mg/kg). Most soils had Mn content between 10.0 and 70.0 mg/kg. Mn showed a strong to weak
correlation with Co (r2= 0.80), Ni (r2= 0.55), Zn (r2= 0.47) and Cr (r2= 0.39). These results also
correspond with the data presented by Li et al. (2003). Mn content in soil influence the Co
content and appear sensitive to soil pH. The oxides of manganese have strong specific adsorption
for various elements (e.g. Pb, Co, Zn) and serve as a sink (McKenzie, 1980).
Arsenic. The As content varied from 7.4 to 395.8 mg/kg. The average concentration of As
(39.0 mg/kg) was markedly higher than the EPA recommended maximum for soils and the
ANZECC (1992) environmental level of 20 mg/kg. All soils sampled in this study recorded
values higher than the world soil average, 6.0 mg/kg (Alloway, 1990). Arsenic was slightly
elevated (average 42.6 mg/kg) in soil samples in the Ordovician bedrock area compared with the

Figure 5.3. Back-scattered electron (BSE) image and element x-maps showing arsenopyrite
(FeAsS), bright in BSE image, weathering. Note dispersion halo in iron oxide rim reduced in
concentration compared to the sulphide (i.e.) some arsenic has been released. (Sample location
AMG 753323-5835317)
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average level of soils from basalt (38.7 mg/kg) due to enrichment of As-bearing minerals in the
former bedrock parent material. Soils from forest areas registered lower As values (< 15.0 mg/kg)
possibly due to lower or no contamination by mining activities during and after the gold rush
period. The elevated arsenic levels (> 190.0 mg/kg) in soils were found in areas of mine tailings
and battery sites. Arsenic was related to Zn and Pb contents in soils derived from Ordovician
sedimentary rock due to gold-mineralization associated with galena (PbS) and sphalerite (ZnS).
Arsenic was also related to Fe content (r2=0.73) in soils of basalt bedrock in the fine-grained (<2
µm) size fraction. Arsenic is highly correlated to Fe content due to the presence of sulphide
minerals such as pyrite (FeS2) and arsenopyrite (FeAsS) and can reach up to 30 times background
as reported by Phillips and Hughes (1996). The SEM image (Fig. 5.3) shows the weathering of
arsenopyrite in soil sampled from the Ballarat area. The high Fe, Al and Mn soil contents are the
most effective elements in controlling the mobility of arsenate (As(V)), the most abundant form of
arsenic in soil. This study showed that Fe and Mn were the most important elements in the
fixation of As in topsoils. A correlation between the soil pH and As content revealed its
enrichment in mildly acidic to near neutral pH (5.5 to 6.5) soils, however, exceptions were
observed (Fig. 5.4). Under both acidic and alkaline soil conditions As desorption takes place. The
As distribution in surface soils at selected sites is shown in Figure 5.6.
400

As (mg/kg)

n= 85
300
200
100
0
3.5

4.5

5.5

6.5
Soil pH

7.5

8.5

9.5

Figure 5.4. Soil pH vs. arsenic contents in soils.

Zinc. Zn ranged from 28 to 1,393 mg/kg with an average content of 273 mg/kg. The highest
value was measured in a soil sample (AMG 755761-5867850) near the old mine tailings, which
was up to 6 times higher than the tolerable soil level (200 mg/kg). The lowest values were
recorded in the soil sample (AMG 735756-5847224) near a lake in the Creswick area. More than
65% of soils sampled had Zn content >200 mg/kg (ANZECC (2000) ecological investigation
level, Appendix 3), which indicates the impact of mining activities in the area. Phillips and
Hughes (1996) reported high Zn content associated with sphalerite (ZnS) in gold deposits of
Victoria (Stawell). Zn is a mobile metal under low pH conditions and was found at half the levels
in soils developed on Ordovician bedrock than in the soils that originated on basalt bedrock. The
enrichment of Zn (average 400 mg/kg) in soils developed on basalt is due to the near neutral soil
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pH (average ~ 6.3) regime generated by carbonate minerals (e.g. calcite), which prevent its
extensive mobility. The high average Zn value is due to the parent lithology and the addition of
aeolian material to soils containing metals as suggested by Wasson (1987). The distribution map
of Zn is shown in Figure 5.6.
Iron. The Fe content was seen to vary between 801.5 and 165,400 mg/kg. Iron had the highest
average content (29,462 mg/kg) of the measured elements and was highly variable. The high
levels of Fe around the mining tailings and ore crushing battery sites can be explained by the
weathering of pyrite (FeS2) as observed by the reddish soil colour. More than 60% of soil samples
contained Fe > 2000 mg/kg. The mean Fe content (41465 mg/kg) in soils developed on the basalt
bedrock was higher than all other geological rock units in the area.

1600

Zn (mg/kg)

S o il ( O rdo v ic ia n be dro c k )
S o i ( B a s a lt be dro c k )

1200

S o il ( Q ua t e rna ry )
S o il ( G ra nit e be dro c k )

800

Soil samples near
battery

400

0
0
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150000

200000
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Figure 5. 5. Fe contents vs. Zn contents in soils developed on various bedrock units.

Irving and Green (1976) have reported up to 12.5 % FeO concentration in Newer Basalts in
Victoria. High Fe content in soils may result in Fe-toxicity depending upon the oxidation state
(Fe2+ or Fe3+), soil pH and plant type (Schmidt, 2003). The Fe content was strongly correlated to
the Zn content, r2= 0.89, pointing to common source(s) for these metals, or iron oxide acting as a
scavenger as suggested by Wilde et al. (2004) (Fig. 5.5). Manceau et al. (2000) showed that Zn
released during mineral weathering could be incorporated into Fe oxides. The elevated levels of
both Fe and Zn were found in soils near the old crushing battery site.
Lead. Pb ranged between 0.23 mg/kg and 78.3 mg/kg with 16.6 mg/kg as an average. A range
between 10 to 67 mg/kg is reported from soils throughout the world (Jaagumagi, 1993; Navas and
Machin, 2002). The higher Pb content, 78.3 and 59.7 mg/kg, were found in soils sampled from
mining waste material (AMG 753946-5857251) and a treated sewage disposal site (AMG
749775-5844379), respectively. The sewage waste contained a significant concentration of Pb and
other heavy metals (Coker and Matthews, 1983; Madyiwa et al., 2002). Other higher values of Pb
might be the result of the contribution of galena (PbS) mineral associated with the gold
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mineralization in the Ballarat zone as reported by Phillips and Hughes (1996). Most soils had Pb
content around 20 mg/kg and matched the Pb background levels in Australian and Canadian soils
as presented by Wilde et al. (2004) and McKeague and Wolynetz (1980), respectively. A slight
positive correlation (r2= 0.65) was found between Pb and Cu. Pb did not show a linear correlation
to any other measured element or any measured soil property in the area. The distribution map of
Pb is shown in Figure 5.6.

Figure 5.6. Geochemical distribution maps of Pb, As and Zn contents, and soil pH map of the study area.
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Copper. Cu varied from 1.0 to 203 mg/kg with an average value of 14.0 mg/kg. The greatest
Cu content was found in the surface soil of a mullock heap indicating the presence of Cu-bearing
mineral phases. Most of the sampled soils had Cu content around 10 mg/kg and were consistent
with background levels. Elevated Cu concentrations are associated with native copper or
chalcopyrite (CuFeS2) found in gold deposits in Victoria (Canavan, 1988).
Nickel. Ni content ranged between 0.95 and 88.0 mg/kg. The highest Ni content was found in a
soil sample (AMG 753924-5857276) near a mullock heap and the lower values (< 3.0 mg/kg)
were recorded in the state forest soils. Ni was positively correlated with Co (r2=0.72). Most of the
soils had Ni content around 10 mg/kg and more than 85% of soils were less than 20 mg/kg. The
Ni content was the most closely related to soil pH (r2= 0.64) on basalt bedrock and slightly
positively correlated (r2=0.50) with the soil pH on Ordovician bedrock soils. The presented values
are similar to those reported by Wilde et al. (2004) for weathered bedrock material (saprolite) in
the Stawell area.
Chromium. The Cr content ranged between 0.85 and 86.09 mg/kg. The mean Cr content of
13.3 mg/kg was much less than the mean value in Canadian and USA soils, 43 mg/kg and 53
mg/kg, respectively (McKeague and Wolynetz, 1980). High Cr values occurred in soil samples
near old mining waste material sites. Chromium showed a positive correlation with Ni and Co,
r2=0.50 and r2=0.54, respectively. Most soils had Cr content below 20 mg/kg that represent the
background level in the study area. The two times higher Cr content in soils on basalt bedrock
(average ~21.5 mg/kg), compared to soils on Ordovician bedrock (average ~ 7.8 mg/kg), is
possibly due to its leaching under a relatively acidic soil environment. It is also likely that the
difference in Cr content between the two groups of soils reflects differences in bedrock
composition.
Cobalt. Co varied from 0.01 to 37.95 mg/kg and had the lowest mean concentration (9.8
mg/kg) among all measured elements. Co was the least variable element as compared to other
heavy metals and most soils registered Co content below 10 mg/kg. The lowest values were found
in soils around Lake Burrumbeet and Lake Learmonth. Similar Co concentrations have been
measured by Navas and Machin (2002) in soils of northeast Spain and by McKeague and
Wolynetz (1980) in soils of USA. Both Mn and Ni contents in soils showed correlations with Co
content, r2=0.80 and r2=0.72, respectively. It appears the soil weathering processes favour the
retention of Co onto oxide materials such as Mn oxides. This observation confirms the affinity
between the two elements. McKenzie (1972) reported an average of 79% of Co in some
Australian soils being associated with Mn oxides.
Soils in an environment that has been exposed to mining activities in the past are likely to be
enriched in certain elements. The elevated values of Pb, Cr, Cu, Ni and As were particularly
associated with the mining waste materials. Overall, lower levels of measured elements
represented the natural background values derived from the parent rock and reflected limited
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human impact. Between the two major bedrock units (Ordovician and Basalt), the physical and
chemical soil properties differed significantly. Ordovician soils were lower in organic matter, pH,
CEC and metal contents. The weathering process leached the mobilizable elements under
relatively acidic soil conditions due to the lack of acid neutralizing minerals. Soils derived from
basaltic bedrock had higher metal contents and the near neutral soil pH favoured their retention in
soils. Changes in soil properties due to land use and/or atmospheric input can mobilise and leach
potentially toxic elements (e.g. As) into surface and ground water in some contaminated sites.

5.5 Conclusion
All measured elements have shown large spatial variability due to parent materials, weathering
processes and mining activities in the study area. Metals did not record a systematic change with
depth.
Arsenic and Zn concentrations were elevated in the study area and were found to be high in
historic mining waste materials. Most sampled soils had As and Zn contents that did not comply
with established permissible soil levels and are, therefore, a potential source of contamination.
The concentrations of Fe, Al, Mn, Zn and As contents showed wide variations between samples
indicating heterogeneous distribution due to differences in parent rock lithology and mining
activities. The study indicated that Fe-oxide possibly serves as an important sink for Zn over a
wide soil pH range especially under near neutral soil pH conditions in soils derived from basalt
bedrock.
The mean values for Cr, Ni and Cu contents were found to be below the mean world soil
values. While the contents of Pb and Co did not exceed tolerable soil levels, Cr, Ni and Cu
contents were slightly higher in a few samples from mine waste materials, but were still within the
maximum permissible values set by ANZECC and NHMRC (1992). This study has indicated a
strong association between Mn and Co contents in soils.
Soils derived from Ordovician bedrock were characterized by coarse texture, low CEC and
low content of heavy elements due to a high degree of weathering as compared to metal-rich soils
from basalt bedrock areas.
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6. Clay mineralogy of Central Victorian soils: Clay mineral contents as a
tool of environmental analysis

6.1 Abstract
The clay mineralogy and heavy metal/metalloid (As, Pb and Cu) contents of soils developed
on the various rock units in the Central Highlands environment in Victoria (Creswick, Australia)
have been investigated. The clay minerals identified showed an order of abundance as: kaolinite
>> illite> smectite > mixed-layer (ML) ≈ vermiculite. The soil clay mineralogy from six different
locations did not change systematically with depth (0~10, 10~20 and 20~ 30 cm) and showed
large variations spatially. The high proportion of kaolinite was probably due to the removal of 2:1
phyllosilicates by the formation of 1:1 kaolinite through weathering, which reduced the CEC and
EC1:5 of soils by aging. Soils were classified as silty loam to loam with a low clay size (≤2µm)
fraction. The soils were acidic to moderately acidic with pH ranging from 4.5 to 7.1, averaging
5.7.
Concentrations of As, Pb, and Cu (average values 24.3, 16.7 and 11.0 mg/kg, respectively)
were not associated with clay mineral contents except vermiculite. The occurrence of smectite and
mixed-layer clay contents, although far lower than kaolinite and illite, contributed significantly to
CEC of soils. The study area was affected by mining and high natural background As values
dominate the area, however, the role of clay minerals in the fixation of metalloid/metals was
found to be minimal. Low organic matter content (average 6.5%), low soil surface area (average
1.0 m2/g) and the high proportion of kaolinite mineral content result in a limited ability to fix
heavy metals. The role of Fe oxides appeared to be important in the fixation of As and other
potentially toxic metals in the soils.
This work highlights the importance of clay mineral type and amount determined for the
management of soils. Documentation of the clay mineralogy and its capacity to retain heavy
metals enhances our ability to manage mine affected environments.
Keywords: XRD, Clay minerals, CEC, Heavy metals, Soils, Victoria
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6.2 Introduction
Clay minerals are recognised as important in influencing the retention capacity and
bioavailability of heavy metals and their mobility in specific environments (Salomons, 1993; Saha
et al., 2003; Boonfueng et al., 2005). The influence of common clay minerals such as kaolinite
(Zhou and Gunter, 1992), smectite (Jongmans, 1998), and illite (Post and Borer, 2002) on soil
properties including cation exchange capacity (Asadu et al., 1997), organic matter character
(Peinemann et al., 2000) and dispersivity (Singer, 1994) have been studied in detail (Dixon and
Weed, 1989; Neaman et al., 1999). The contribution of bedrock types to soil clay mineralogy is
dependent on the intensity of weathering, which differs from one environment to another; factors
like relief (Johnsson, 1993), climate (Ruffell et al., 2002) and vegetation, and different bedrocks
react differently to chemical weathering, resulting in various landscapes and weathering products
(Pye, 1986; Twidale, 1990; Dultz, 2000).
Clays act as adsorbents (Barrow, 1999; Bors et al., 1991) or as catalysts for the
remediation/attenuation of contaminated environments (Chen et al., 2000). Clay minerals are
essential phases in soil chemistry and play an extremely important role in ion exchange reactions
(Harter, 1983; Brigatti et al., 1996; Barrow, 1999). Soils, which are texturally and chemically
similar, may still be different in character due to the presence or absence of small amounts of
particular clay minerals (Van der Merwe et. al., 2002). For example, smectite clays are versatile
and strong cationic exchangers and their presence can greatly influence the mobility of potentially
toxic elements. Vermiculite has been widely used in the study of short to medium term variations
(seasonal and annual) in soil processes (Ranger and Nye, 1994; Monterroso and Macias, 1998).
Lin and Puls (2000) demonstrated the importance of clay minerals in the oxidation/reduction of
arsenic due to age dependent processes. Clay minerals can also influence ground/surface water
chemistry through precipitation, dissolution and ion exchange. Trace amounts of heavy metals are
always present in rocks and soils (Bianchini et al., 2002) and their natural background
concentrations will vary due to different bedrock lithologies and heterogeneous distribution
among the various geochemical environments. The capacity for entrapment and adsorption of
heavy metals by phyllosilicate minerals is a key parameter for the evaluation of geochemical
vulnerability of an ecosystem (Augusto, 2001; Bianchini et al., 2002).
There are two main potential sources of heavy metals in the soils of Central Victoria: (1)
naturally occurring phases, often sulphides, resulting from mineralization in the bedrock and (2)
anthropogenic concentration due to mining activities during the gold rush period. This study is
part of a broader project that focuses on concentrations of heavy metals in soils and surface waters
in the area. Gold mining in the study area involved extraction and crushing of ore rich in heavy
metals followed by the disposal of metal-bearing rock as mine tailings, which are present
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throughout the study area. This work facilitates the management of contaminated sites by
investigating the capability of clays to immobilize arsenic (As), lead (Pb), copper (Cu) and other
heavy metals under various prevailing soil conditions from acidic, neutral and slightly alkaline.
The background values of a few elements of concern (e.g. As, Pb) are high (Taylor et al., 2000),
which raises the risk of mobility and bioavailability to the ecosystem. The identification and
quantification of clay minerals in the area aids management of areas of Central Victoria with a
similar environmental and geological setting. This study is also important in terms of the disposal
of contaminants, because of stringent environment protection regulations.

6.3 Study area
Creswick, set in pine forests and natural bushland, is a former gold-mining township about 120
km northwest of Melbourne (Australia). The area is generally undulating to flat and often the
rocks are deeply weathered. The study area is largely agricultural with significant land covered by
state forest. The regolith and present landscape surrounding Creswick have evolved over millions
of years; significant landscape features have evolved under the influence of Permian glacial
activity, Mesozoic and later tectonics, Tertiary and Quaternary fluvial activity and Cainozoic
volcanism (Joyce et al., 1998). The soils of the area are derived from a variety of parent materials.
Broadly, soils can be divided into three groups: podsolic soils of the uplands; red loams and heavy
grey soils on basalt, the detail of which has been described by Houston (1956). The main streams
in the area are Creswick Creek, draining to the north, and Burrumbeet Creek, draining in a
southwest direction as shown on the map in Figure 6.1. The climate is cool and relatively moist
with monthly average temperatures ranging from +6.4°C (July) to + 19.1°C (February). The
average annual precipitation is 724 mm (Taylor et al., 2000). Elevation ranges between 400 to 668
m above sea level. The vegetation is dominated by natural grass, forest and cultivated crops.

6.3.1 Geology
The landscape consists of several large areas of low hills of Palaeozoic sedimentary bedrock,
separated by plains of Cainozoic basaltic lava (Taylor et al., 2000). The bedrock consists of
monotonous sequences of strongly folded Lower Palaeozoic sedimentary rocks and Devonian
granitic plutons, which are overlain in many areas by a cover of Cainozoic sediments and Newer
Volcanics (Clark et al., 1988; Douglas and Ferguson, 1988). A simplified geological map of the
study area is shown in Figure 6.2. The surface of the multiple basalt flows has developed an in
situ thick regolith of weathered clay that has deepened over time to a mature kaolinitic clay
(Houston, 1956; Taylor et al., 2000). As a whole, the region contains undulating plains and a
plateaux of folded Ordovician rocks, basalt plains and other minor rock types covered with
alluvium above which rise monadnocks.
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Figure 6.1. Location map of the study area.

Lithologically, the Ordovician rocks consist of grits, sandstones, mudstones, shales and slates.
Granite outcrops in windows and covers a small area and has limited physiographic importance in
the study area. The basalt from the base of the regolith profiles is composed of plagioclase,
olivine, and pyroxenes. Numerous volcanic vents associated with Newer Basalt activity are
observed and most of these display partially eroded original forms (Yates, 1954). In the cool
moist climate of these hills, fertile friable brown and red soils have developed on the basalt.

6.4 Methods
6.4.1 Sampling
A total of 18 soil samples from 8 different locations, including surface as well as subsurface
material were collected during December 2003 using a hand auger (diameter 10 cm) at depth
intervals of 0~10, 10~20 and 20~30 cm. All sampling locations (except C10 and C20) include
both surface and subsurface soil horizons to observe vertical variation in clay mineralogy and
heavy metal contents.
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Kilometres

Fig. 6. 2. Geological map and sampling locations of the study area.

After sampling, the soil was packed in a polyethylene bag to prevent exposure to air. All
sample locations were recorded with a global positioning system (GPS). This sampling campaign
was carried out covering a range of environments, including forest, agricultural, mining and
urban, over a small geographical spread. Sample locations are presented in Figure 6.1. An effort
was made to sample soils representative of the main geological units in the area, as shown in
Figure 6.2.

6.4.2 Analysis
The air-dried samples were passed through a 2-mm sieve. About 80-100 g of soil sample was
dispersed in sodium metahexaphosphate, and then shaken mechanically. To the sample thus
obtained, 1 L distilled water was added and the suspension was shaken mechanically. It was
allowed to settle under gravity for more than 6 hours and the ≤ 2 µm fraction was siphoned off
from a depth of 10 cm after sand and silt fractions had settled; the exact time was evaluated from
the methods described by Jackson (1979). Separate sub-samples were equilibrated with 1 M
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MgCl2, 1 M KCl and 3 M LiCl solution for 12 hours. A suction method was used for orientation
of clay samples on ceramic platelets, which were dried at room temperature and stored in a
desiccator. Excess salt was removed by washing with distilled/deionized water. The mineral
composition of the clay fraction was determined by X-ray diffraction (XRD) on oriented samples
after a treatment involving saturation, solvation by ethylene glycol (EG) and heat.
X-ray diffraction (XRD) traces were obtained using a Siemens diffractometer D501 with CoKα radiation, generated at 40 kV and 20 mA in the School of Science and Engineering, University
of Ballarat. Kaolinite, illite, smectite, mixed-layer and vermiculite were determined using the
intensity of the reflections at 7.16, 10.0, 17.5, 26.6, and 14.6Å, respectively. The peak areas of the
kaolinite (001), illite (002), smectite (001), vermiculite (001) and mixed-layer (001) reflections
were measured using computer software. The sum of the peak areas was referred as the total area
from which a specific mineral was expressed as percentage developed by the principal of 2θ
reflections. Specimens were scanned between 2.9 and 35o angles at a speed of 2.00°/min. Clay
mineral identification is based on XRD patterns for Mg, K and Li saturated samples. Mg-saturated
samples were treated with ethylene glycol. Li-saturated oriented samples followed heating at
280oC for 4 hours and K-saturated at 400oC for half an hour.
Ethylene glycol solvation permits the differentiation of swelling clays (Reynolds, 1980) on the
basis of layer charge (Harward and Brindley, 1965). The Greene-Kelly (1953) test differentiates
dioctahedral smectites on the basis of the layer charge. After Li-saturation and heating to 280°C,
irreversibly collapsed interlayers denote montmorillonite, while re-expanding interlayers are
ascribed to beidellite (Van der Merwe et al., 2002). Bulk soil samples were analysed with a
scanning electron microscope (SEM) to examine the composition of minerals.
Soil samples (< 2 mm, ~1.0g) were dissolved in 10 mls of aqua-regia using a hotplate as a
heating source. This method serves as an extracting media for mobile, mobilizable and pseudototal fractions (Gupta et al., 1996) for various metal/metalloids. It is not a total digestion analysis
and releases up to 90-95% of metal/metalloid into solution. Arsenic concentrations were measured
by using a Varian Spectra AA-20 and hydride generator VGA-76 Atomic Absorption
Spectrophotometer (HGAAS) at the University of Ballarat. Prior to analysis by HGAAS, samples
were added to potassium iodide (10% KI) to reduce the arsenic to As (III) form. Copper and Pb
were analysed directly by graphite furnace atomic absorption spectroscopy (GFAAS) on a Varian
Spectra AA-400 multi element instrument. Cation exchange capacity (CEC) of soils was analysed
by extraction with an unbuffered NH4Cl (1M, 12 h) solution following methods described by
Sumner and Miller (1996) and exchangeable major cations were measured by GFAAS. Standard
reference material (GBW-07401) was analysed for the QA/QC program. The relative standard
deviation (RSD) was between 4% and 10%. Both field and laboratory digest blanks were added to
the different batches.
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Soluble salts (EC1:5) and pH1:5 values were measured at a soil:water ratio of 1:5 (w/v). This
measured the water-soluble concentrations of elements including exchangeable (Beckett, 1989)
and/or specifically adsorbed forms.
Particle size distribution was determined using a Mastersizer 2000 by laser scattering at 10%
sample obscuration. The percentages of three grain size fractions: clay (<2 µm), silt (2 - 20 µm)
and sand (20 µm - 2 mm) were used for textural classification. The percentage of organic matter
was estimated by measuring weight loss on ignition (LOI), 4 hours at 500°C, of the dried samples
(Allen et al., 1974). The coefficient of variation from triplicate determinations averaged 4.1%.
The maps were developed by using AMG (Australian Map Grid) coordinates by MapInfo® GIS
software.

6.5 Results
The clay mineral contents, As, Pb and Cu concentrations, CEC, EC1:5, pH1:5, EC, LOI and
particle size fractions of the 18 soil samples are given in Table 6.1. The soil pH1:5 ranged from 4.5
to 7.1. Soils were identified as acidic to mildly acidic with an average value of 5.7.
Surface and subsurface soil samples at location C2 measured low pH values (<4.8) which is
consistent with soils developed on Ordovician bedrock being deficit in acid neutralizing minerals.
The low values could also be due to the oxidation of sulphide minerals occurring naturally and/or
by mining activities, although these were not observed. The highest pH value, 7.1, was measured
in soil C20 on colluvium material. The soil pH is an indicator of the degree of weathering, which
tends to be acidic in highly leached soils or soils, with a low abundance of neutralizing minerals
(Van Breemen et al., 1984; Sultan, 2003).
Cation exchange capacity (CEC) varied from 1.2 to 17.3 cmolc/kg. CEC did not change
systematically with depth and, generally, soils had low CEC values, averaging 6.6 cmolc/kg. The
highest value was measured in sample C2 (10 ~ 20 cm), which was taken from the state forest
area. CEC showed a strong correlation with EC1:5, r2= 0.92. The EC1:5 (electrical conductivity of
1:5, soil:H2O) values of soils varied from 10 to 284 μS/cm. EC1:5 is a measure of the total quantity
of soluble salts per unit weight of soil (Slavich and Petterson, 1993). A poor correlation (r2=
0.30) between clay contents and EC1:5 values can be explained due to variations in clay
mineralogy and the occurrence of phyllosilicates in the coarse soil fraction. The results showed
that the contribution of the silt size fraction to soil CEC and EC1:5 was significant. The results also
showed that organic matter correlated to the EC (r2= 0.53). Thompson et al. (1989) reported that
organic matter contributes greatly to the cation exchange capacity of soils.
Organic matter (LOI) content varied from 1.3% to 17.1% and decreased with depth. A dark
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Table 6.1. Soil data of Creswick area.

65.4

74.5

75.5

80.9

86.9

54.5

71.4

77.0

57.8

68.3

68.8

88.9

44.0

45.7

60.3

50.5

38.6

43.5

33.2

8.2

8.8

7.6

4.9

27.8

27.4

18.8

39.3

25.2

27.4

5.2

8.7

6.9

11.9

18.6

21.5

37.0

Kaolinite Illite

1.4

17.3

13.8

1.8

3.6

15.6

1.2

4.1

0.6

0.6

1.0

5.9

47.3

47.4

27.8

21.5

33.1

13.7

Smectite
[%]

.

.

1.4

2.9

0.8

.

.

.

.

.

.

.

.

.

.

9.4

6.8

5.8

Mixed-Layer

.

.

0.5

6.8

3.8

2.1

.

.

2.3

5.9

2.8

.

.

.

.

.

.

.

Vermiculite

Chapter 6 – Clay mineralogy of Central Victorian soils

86

Chapter 6 – Clay mineralogy of Central Victorian soils
colour was closely related to the organic matter content in surface soil samples. LOI increased
with increasing silt fraction and mixed-layer clays percentage, and decreased with increasing soil
pH. Soil organic matter was positively correlated with clay + silt contents, which was in
agreement with the findings of Burke et al. (1989) and Amelung et al. (1998).
In terms of grain size, the soil samples were classified as silty loam to loam with a low clay
size fraction. The average value for clay, silt and sand size fractions was 12.2, 49.1 and 38.1%,
respectively. The order of abundance was silt >> sand >clay. Low clay size content is most
usually associated with high rainfall as a large proportion of clay size fraction is washed and
collected by the drainage system as alluvium down the slope. In general, no trend of particle size
distribution with depth was observed and changes in size fractions were large and abrupt at a few
locations. Overall, clay mineral contents were not strongly correlated to soil texture. Textural
classification of soils is shown in Figure 6.3. The specific surface area of soil varied from 0.74 to
1.61 m2/g (Table 6.1). The surface area was generally < 1.0 (m2/g) for > 50% of soil samples. The
low surface area (average 1.02 m2/g) is linked to the low clay size proportion in soils.

Figure 6.3. Textural classification of Creswick soils.

The presence of well-crystallised clay minerals was verified in <2 µm particle-size fractions by
clear peaks in the diffractograms. Among the clay minerals identified, from eight different
locations, kaolinite, illite and smectite were detected in all soil samples. The amounts of mixedlayer clays and vermiculate were below the level of detection in most of the samples. Mixed-layer
and vermiculite clay contents were present in smaller, nearly equal amounts, averaging 4.5% and
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3.5% respectively, only in a few samples (Table 6.1). The general pattern of clay mineral
dominance in the study area is given as:
Kaolinite >> illite > smectite > mixed-layer ≈ vermiculite
The kaolinite peaks (7.16 Å) on XRD traces were sharp, suggesting a regular crystalline
structure (Fig. 6.4). On glycolation, kaolinite was essentially nonexpanding. Well-crystallised
kaolinite was the dominant clay mineral and ranged from 38.6% to 88.9% with particularly high
proportions in soils from Palaeozoic sedimentary rocks at site C23. Relatively lower values of
kaolinite were measured at locations C2 and C9 with averages of 44.2% and 44%, respectively.
Kaolinite contents were positively correlated with the sand size fraction and negatively correlated
with silt size fractions in soils. Kaolinite contents generally decreased with depth, but the trend
was not strong. Kaolinite proportion increased with decreasing CEC and EC1:5, a finding
consistent with an increased degree of weathering.

Figure 6.4. X-ray traces of the clay fraction of soil (<2µm, oriented sample C2 (10~20 cm)
and sample C9 (0~10cm)).

Illite, the second clay mineral in order of abundance, is characterised by a 10 Å peak (Fig. 6.4)
that remained unaltered by ethylene glycol, potassium saturation and heating with basal reflection
at 4.98 Å and 2.89-2.92 Å. Illite contents ranged between 4.9% and 39.3%. Soil profiles (C14 and
C20) developed on material of alluvium and colluvium nature documented higher illite mineral
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contents. Illite content did not show a systematic trend in general with depth. The various clay
mineral contents against depth are shown in Figure 6.6.
Both ordered and random types of mixed-layer clay interstratification were identified. A
diffraction peak at 26.6Å on Mg-saturation was present, as shown in Figure 6.4. The minerals
corrensite, illite-vermiculite and illite-smectite were present and were called mixed-layer clays in
this study. The diffraction traces, both regular (ordered) and random interstratification (Reynolds,
1980), were observed and most likely represent mixed illite-smectite in varying proportions. Only
two sampling sites (C2 and C23) recorded mixed-layer clay phyllosilicates, which were located
on soils derived from Palaeozoic rocks and varied from 0.8% to 9.4%. Mixed-layer clay
proportions increased with depth.

Figure 6.5. X-ray traces of the clay fraction of Creswick soils (<2µm, oriented sample C9
(10~20 cm) and sample C14 (10~20cm)).
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The Greene-Kelly (1953) test verified the presence of montmorillonite of the smectite group
(Fig. 6.4 & 6.5) and is referred to as smectite in this study. Smectite yielded X-ray diffraction
patterns characterised by glycol saturation and heating. When saturated with ethylene glycol the
peak shifted and collapsed on heating. Li-saturation and ethylene glycol treatment swelled the
reflection to 17.5Å, which collapsed after heating to 280oC for 4 hours (Fig. 6.4). The amount of
collapse is related to the exchange cations present in the soil sample. The highest value 47.4%
was measured in soils developed on basalt. The lowest value 0.6% was recorded in soils derived
from alluvium material. Smectite showed more variations among measured clay minerals both
spatially and vertically in the soil profiles.
Vermiculite was detected in three soil samples, locations C14, C20 and C23. The first two
sampling locations were on alluvium/colluvium material and the third on Ordovician sediments.
Vermiculite yielded an X-ray peak at 14.6Å on Mg-saturation that did not expand upon solvation
with ethylene glycol (Fig. 6.5). Vermiculite clay content ranged between 0.5% and 6.8% (Table
6.1). Vermiculite contents were positively correlated with mixed-layer clay contents. There was
one unidentified peak in samples C22 and C23 at 6.2 Å, which was possibly due to the presence
of lepidocrocite.
Arsenic concentration varied from 7.4 to 41.2 mg/kg with an average value of 24.3 mg/kg
(Table 6.1). Soil As values were high when compared to world average soil content of 7.2 mg/kg

Figure 6.6. Relative distribution of soil clay minerals with depth.
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(Boyle and Jonasson, 1973; Tanaka, 1988); most likely due to the presence of arsenopyrite
(FeAsS) and/or As adsorbed onto secondary minerals in soils. SEM analysis of soil (C10, 0~10
cm) revealed the presence of arsenopyrite and its weathering under mildly acidic soil conditions
(Fig. 6.7). Pb concentrations ranged from 1.7 to 58.3 mg/kg with an average of 16.7 mg/kg. A
high Pb concentration was found in a soil sample (C9; 0~10 cm)) near mine tailings. Soil Cu
content varied from 1.4 to 57.5 mg/kg with an average value of 11.0 mg/kg. High Cu content was
measured in a soil sample around mine tailings (C9) and had the lowest content in soils from the
state forest location (C2), which revealed the anthropogenic influence in the study area. Arsenic,
Pb and Cu contents in soils did not show systematic vertical change with depth.

6.6 Discussion
The soils in the study area were classified as acidic to mildly acidic. The soil acidity is due to
the effect of leaching, erosion and deposition occurring on the soil parent material as indicated by
pH, EC, CEC (cation exchange capacity) and buffering capacity. Generally, soils exhibited low
CEC and EC1:5 values. According to the soil map published by Ford et al. (1993), the soils of
Victoria were classified as alkaline sodic soils and acidic sodic soils and were dominated by a silt
size fraction with generally low organic matter contents. A positive relationship between CEC and
silt percentage suggested the exchange capacity of this size fraction is significant in metal binding
in the soils.
On the whole, the clay minerals did not present distinct compositional preferences in
agreement with the parent geological units except mixed-layer clays, which were only found in
soils derived from Palaeozoic sedimentary rock. While kaolinite, illite and smectite appeared in
all soil samples, mixed-layer and vermiculite were found only in a few soil sampling locations.
Vermiculite, appeared in soils both from alluvium and Ordovician rocks. The analysis of X-ray
diffraction scans of clay minerals in the soil profile at different depths showed no change in clay
type, however, changes in amount of clay minerals were observed.
High smectite occurrence at site C9 on basalt is probably linked to the silica base-rich volcanic
soils. Weathering of basalt resulted in the formation of smectite as the initial crystalline
weathering product under moderate leaching conditions. Among all clay minerals smectite was
more concentrated in silt size than clay size contents, although a weak trend was observed as
shown in Figure 6.8.
Kaolinite dominated in soils derived from both Ordovician sedimentary rock and basalt.
Quartz was the dominant mineral as observed by powder X-ray diffraction. Stability of quartz in
coarse size fractions was probably due to the enrichment by eluviation and disappearance of
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Figure 6.7. Backscattered electron (BSE) image and element X-maps obtained from
polished sections showing arsenopyrite (FeAsS), bright in BSE image. Note dispersion of
arsenic away from iron oxide secondary phase (location AMG 759868-5857701). Part of
the released arsenic is retained by secondary Fe oxide phases.

weatherable minerals. By contrast, the feldspars break down during weathering to form kaolinite.
A high proportion of kaolinite is possibly the result of chemical reactions which have taken place
and can be depicted by the following chemical equation:
4NaAlSi3O8 + 2H3O+ + 2H2O → Al4Si4O10 (OH) 8 + 4Na+ + 2OH- + 8SiO2
(Feldspar)

(Kaolinite)

The percentage of kaolinite increased with the decrease of illite, smectite (Fig. 6.9(a)) and mix
layer clays. Kaolinite is the advance stage weathering mineral product stable in the study area. It
is an important secondary mineral when the removal of silica by leaching is not complete. Soils
derived from volcanic ash and lava may contain 2:1 layer-type clays whose genesis could be
hydrothermal, from mafic primary minerals (Violante and Wilson, 1983), from metastable shortrange-ordered phases in advanced weathering, or solid-state transformation of volcanic glass to
illite mineral (Shoji et al., 1981). Such results can be expected from the uphill erosion and later
downhill mixing of clay minerals generated both from fresh substratum and the removal of the
soil horizon. A negative correlation between kaolinite and smectite, kaolinite and mix-layered,

92

Chapter 6 – Clay mineralogy of Central Victorian soils

75

Silt [%]

65
55
45
35
25
0

10

20
30
Smectite [%]

40

50

Figure 6.8. Plot of smectite contents against silt size fraction.

and kaolinite and illite showed that probably 2:1 intergrades may form through Al interlayering
and transform to 2:1 to 1:1 interstratification as observed by Wada and Kakuto (1983) and
Nurcholis et al. (1998). It reflected an advanced stage weathering in which these clay minerals
could be regarded as a transitional phase in the pedogenic transformation of 2:1 to 1:1 kaolinite
mineral. When kaolinite percentage increased CEC of soils decreased (Fig. 6.9(b)). Kaolinite,
being a nonexpanding (1:1 layer) clay mineral, has only negative sites at the edge of the mineral
that are not satisfied, so CEC is very low compared with expandable forms of clays. Kaolinite
clay rich soils are easier to acidify because their ability to hold basic cations is low.

Figure 6.9. Kaolinite vs. CEC values and smectite contents
of Creswick soils.

During pedogenesis, the oxidation of ferrous iron (Fe2+) likely plays an important role in the
initiation of structural disorder and ultimately transforming one mineral to another. The study area
is rich in Fe derived from parent materials including pyrite (FeS2). In Victorian soils, 14% of Fe
has been reported by Radojkovic (1998) and 4.23% by Taylor et al., (2000). General soil acidic
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conditions and high iron content in soils favours the formation of vermiculite (Grim, 1962;
Douglas, 1977). Probably, vermiculite was formed by the alteration of micaceous minerals as
suggested by Moore and Reynolds (1997). Micas in acidic soil transforms into mixed layer
minerals (Aoudjit et al., 1996) and then into hydroxy-Al interlayered vermiculite. Monterroso and
Macias (1998) showed that vermiculite underwent mineralogical and geochemical changes in
soils rich in sulphides.
Mixed-layer clays may form by weathering involving the removal or uptake of cations (e.g.
K), or removal of hydroxyl interlayers, and may represent an intermediate stage in the formation
of swelling minerals from non-swelling minerals or vice versa (MacEwan and Ruiz-Amil, 1975).
The identified mixed-layer clays included: illite-vermiculite, illite-smectite and corrensite. Mixedlayer clay contents showed a positive correlation (r2= 0.85) with CEC, hence revealing a high
proportion of exchangeable/soluble salts. Mixed-layer clays were also positively correlated to < 2
µm size fraction and surface areas of soil particles. The larger the specific surface areas, the more
ions can be bound by the clay minerals.
Soil acidification promotes cation release and, in such cases, pH exerts a strong influence in
the adsorption/desorption of metal cations. Above pH 5.5, the precipitation of certain metals like
Al in the interlayer may take place, which could cause a decrease in the extractable and/or
exchangeable portion of metals. The pH of the solution affects the ionisation of the adsorption site
on clay mineral sites. Coles and Yong (2002) also reported pH dependence of the uptake of Pb by
kaolinite.
Arsenic, Pb and Cu concentrations did not show a linear correlation with kaolinite, illite and
smectite clay contents, but were positively correlated with vermiculite contents. Kaolinite forms
the weakest of the clay-cation bond due to its low negative charge (Varadachari et al., 1994), so it
is not unexpected that no correlation with As, Pb and Cu contents was found. The variable charge
minerals such as Fe, Al, and Mn oxides carry charges varying from negative to positive,
depending on pH, and have a high retaining capacity and are expected to retain As, Pb and Cu by
adsorption in soils of the study area. Therefore, soil Fe contents are more important in fixing
arsenic and heavy metals (Chapter 3, Fig. 3.7 and Chapter 5) and require further study. Inspection
of the Fe and As maps (Fig. 6.7) showed that some As was retained in the secondary Fe phase, but
that part of it was liberated.

6.7 Conclusion
The identified clay minerals in the 8 soil profiles of the study area followed an order of
abundance: Kaolinite >> illite > smectite > mixed-layer ≈ vermiculite. The relative amount of
clay minerals indicated the degree of weathering with kaolinite as an end product, although the
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entire mechanism was unknown. The presence of kaolinite in high proportions was a notable
feature of these soils. The transitional phases of smectite and mixed-layer are probably
transforming pedogenically from 2:1 to 1:1 kaolinite mineral and the sorption capacity of clays is
decreasing. An age-dependent decrease in the capacity for cation retention on structural-charge
sites is likely.
Mixed-layer clays were present only in 2 of the 3 soils derived from the parent material of
Palaeozoic sedimentary rock and proportions decreased with the increase of kaolinite. Although
mixed-layer clays make up only a small percentage of the clay fraction, their presence increased
the retention capacity of soils for metals.
Overall, no significant role of clay minerals in the fixation of As, Pb and Cu in soils was
observed in the study aea. Only vermiculite showed a weak association with As, Pb and Cu
concentrations. Therefore, the ability of soils in the area to retain heavy metals could be highly
variable depending on the type and amounts of clay mineral present. The role of Fe oxides is
important in the fixation of As and other heavy metals as compared with the clay minerals. In
addition, low organic matter content and high silt and size fractions reduced the adsorption
capacity of mildly acidic soils in the study area.

95

Chapter 7– Arsenic in soils, surface waters and plants in the Maldon area

7. Determination of inorganic arsenic in surface waters, soils and plants
from Maldon, Australia

7.1 Abstract
Arsenic concentrations in surface water, plant and soil (< 2 mm fraction) samples collected
from six different sites in Maldon (Victoria, Australia) are reported. The study area is affected by
mining activities and the area is arsenic enriched due to geogenic processes. Concentrations in
excess of 1000 mg/kg of arsenic were recorded in topsoils (0-10 cm) and more than 51% of soil
samples reported concentrations >500 mg/kg. Concentrations of As both in soils and surface
waters exceeded the ANZECC (2000) permissible limits. Total arsenic concentrations in all soil
samples were higher than those found at non-contaminated sites; specifically, the State Battery
location recorded elevated levels of As (up to 3265 mg/kg). The arsenic was bioavailable as
indicated by plant concentrations in the range ~ 0.18-6.9 mg/kg of As (dry mass) with variations
depending on site location and plant species.
The Maldon district has been mined for gold since 1853 and, as a result, waste rock and
tailings rich in sulphides cover a substantial area, including the town itself. Oxidation of these
sulphides results in the mobilisation of As and other heavy metals into runoff, which drains into
local tributaries and water bodies and might contaminate the groundwater. A wide range of pH
(3.8 ~ 8.3) and Eh (-286 ~ +396 mV) values have been measured in surface waters. Total
dissolved inorganic As in surface waters was observed to be as high as 11.5 mg/l in mine drainage
waters and possible adsorption onto Fe oxides preventing extreme mobility. This work focused on
the identification of localized contamination of As and its possible mobility and bioavailability.
KEYWORDS: Arsenic, Soil, Contamination, Mobility, Surface water, Mine, Australia
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7.2 Introduction
Arsenic is ubiquitous and, in addition to its natural occurrence, is added to the environment
through the use of organometallic compounds, pesticides and herbicides which can pose a threat
to the environment (Davenport and Peryea, 1991; Vaughan, 1993; Smith et al., 1998; Smedley
and Kinniburgh, 2002). In response to changing environmental factors such as redox changes,
acidification, adsorption, precipitation and long term weathering reactions, it is important to
predict the mobility of contaminants like arsenic in the soil environment (Koch et al., 2000).
Arsenic is widely distributed in biological systems and, recently, its toxic effects on plants
(Geiszinger et al., 2002) and animals (Groen et al., 1994; Geiszinger et al., 1998) have been found
in contaminated environments (Takamatsu, 1982; Reuther, 1992). In the USA, elevated levels of
As have been reported in children living in areas near a smelter and in cattle which were located
10 km from the source (Crecelius et al., 1974). Arsenic is toxic to humans and has been linked to
carcinogenicity, cardiovascular and skin ailments (Wilson and Hawkins, 1978). Through the
enrichment of As in soils and its uptake by vegetation, it can find its way through the food chain
and chronic health effects are likely to happen as has been observed in the USA (Frost et al.,
1993; Welch et al., 2000), South East Asia (Islam et al., 2000) and in many European countries
(Mitchell and Barr, 1995; Navas and Machin, 2002).
The exploitation of metalliferous ore deposits has resulted in the creation of areas affected by
arsenic and other potentially toxic metal wastes. The scale of such toxic metal dispersion through
natural and anthropogenic processes might lead to concentrations in excess of potentially toxic
metals and public health is potentially at risk. Acid mine drainage caused by surface mining, deep
mining or waste piles is typically highly acidic with elevated levels of toxic metals (Blowes et al.,
1991; McKnight et al., 2001). The highest reported arsenic content of 850,000 µg/l was from an
acid seep in the Richmond mine at Iron Mountain, California (Nordstrom and Alpers, 1999).
Arsenic has been found in conjunction with ores of sulphide related assemblages (Kucha and
Plimer, 1999) and is commonly present in minerals (Bagga and Peterson, 2001) as elemental As,
arsenides, sulphides, oxides, arsenates and arsenites (Smedley et al., 2002).
Due to the chronic toxicity of arsenic, WHO has lowered the drinking water standard to 10
µg/L (Smedley and Kinniburgh, 2002). The Commission of the European Community is aiming at
a standard in the range of 2-20 µg/l (Driehaus et al., 1998). In Australia, the permissible level in
drinking water is 7 µg/l (ANZECC, 2000). Kelsall et al. (1999) showed that Victorian soils are
prone to arsenic leaching, along with other metals, and that significant spills of chemicals can
pose threats to surface water.
A more sophisticated risk-based approach is needed to predict the mobility of arsenic within
the soil environment under prevailing redox and acidic conditions. It is vital to identify and
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understand the pathways by which contaminants pass from soils to surface waters. Sulphide
oxidation-weathering processes produce low pH in which toxic metals are actively dissolved and
water becomes richer in metals. This study reports arsenic concentrations in soil, surface water
and plants in the Maldon area. The significance of the study is the identification of arsenic
reservoirs in a small community and the assessment of As mobility between these media.

7.3 Methods
7.3.1 Study area
The study area was centered at Maldon, about 120 km NW of Melbourne, Victoria. The
location map of the study area is shown in Figure 7.1. The site includes extensive underground
mining remnants (Morgan and Woodland, 1990) of more than 20 reefs (Mason and Webb, 1953).
The relics of the historical mining industry can be seen as a chimney, a battery, waste dumps and
other disrupted surfaces of mine workings. The altitude ranges from over 560 m above sea level in
the west to around 300 m above sea level in the east and north-west. There are only a few
perennial streams in the area, but localised small-scale depressions fill with water during the wet
season. Average annual temperatures range between 6 0C in winter and 18 0C in summer. Average
annual rainfall is around 600 mm (DPI, 2005).

7.3.2 Sampling
Soil (n=104), water (n= 11) and plant (n=10) samples were collected in and around mining
sites in this study. The study sites included South German Mine, State Battery, Sandbay, Target
Gully and Road (a site along the road to the town) as shown in Figure 7.1. The grid sampling at
the State Battery site allowed a detailed study of the distribution of elements in the study area.
However, to cover a larger area, random sampling was carried out at other locations in the study
area. Dependent on location and exposure potential, surface water and plant samples were
collected by the author and soil samples were sourced from material collected by the arsenic
research group at the University of Ballarat over two years (Dowling et al., 2005).
The surface water samples were collected by submerging acid-washed polyethylene bottles
just below the surface. The bottles were rinsed three times before the samples were collected.
Other samples were selected within the constraints of accessibility. The water samples were
filtered immediately upon return to the laboratory with a disposable syringe and filter (0.45 μm
pore size). Samples for As and other cation analysis were acidified to pH < 2 by adding 1% v/v
HNO3. The bottles were filled to the top to avoid any air entrapment and were stored in a cool

98

Chapter 7– Arsenic in soils, surface waters and plants in the Maldon area
place until analysis. On site analysis included Eh (Pt electrode), pH and EC (electrical
conductivity) of water determined with portable standard kits.
Soil samples were collected from areas where the soil had not been recently disturbed. Rocks
and large organic fragments were removed from the samples. Topsoil (0-10 cm) samples were
collected using a hand screw auger with a diameter of 10 cm.
Plant samples included several common species of grass in the area. The plants were taken
near the soil sampling plot by clipping them about 5 cm or more above the soil surface using
sharp stainless steel scissors. Sampling locations are shown in Figure 7.1.

7.3.3 Analysis
Soil and plant samples were oven-dried at < 40°C for ~2 days, then hand ground gently to pass
through a 2 mm sieve and finally stored in clean, dry plastic (polypropylene) containers.
About 1.0 g of soil sample was digested in about 15 mls aqua-regia for approximately 2 hours,
using a hot plate as a heating source. After dissolution, samples were diluted to volume, mixed
and filtered (0.45 µm) prior to analysis. Samples containing organic and carbonaceous materials
reacted vigorously when concentrated acids were added to them. This caused excessive frothing,
which was controlled by adding a low boiling point alcohol, eg n-Octanol. The above method is
suitable for the analysis of elements like arsenic and serves as an extracting medium for mobile,
mobilizable and pseudo-total fractions (Gupta et al., 1996). It is not a total decomposition analysis
and released up to 90-95% of metal into the solution. All reagents were checked for metal blank
concentrations prior to use. About 5g of soil sample was mixed with deionised water (25 ml) at a
ratio of 1:5 and shaken for 1 h. After standing for 30 min, the pH and EC of the supernatant
aqueous phase was determined. This measured the water-soluble concentrations of cations and
anions and measured the readily exchangeable (Beckett, 1989), or weakly adsorbed forms.
Plant samples were carefully washed with distilled water followed by 0.01 N HCl and
deionized water rinsing. About 0.5-1.0g of plant sample was weighed into 300mm (diameter)
pyrex glass tubes, 6-8 mls nitric acid was added and the sample tubes were placed in a digestion
block capable of ~200 0C. After dissolution, samples were diluted to volume, mixed and filtered
prior to analysis. Some plant samples contained siliceous material, which being a precipitate, was
removed by filtration.
For quality control, each analytical batch included a minimum of 2 digest blanks, a standard
sample, standard solution for recovery tests, duplicate samples and spiked samples. Soil samples
were analysed by Inductively Coupled Plasma Mass Spectrometry (ICP-MS) at the CSIRO
laboratory in Adelaide. Surface water and plant samples were analysed by Varian Spectra AA-20
and hydride generator VGA-76 Atomic Absorption Spectrophotometer (HGAAS).
Arsenic, As(V) in the prepared samples, was reduced to trivalent arsenic As(III) using
potassium iodide (10% KI). The nitric acid used in dissolution produces a number of oxides of
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Figure 7.1. Sketch map of the Maldon area showing topography, main town and sampling locations.

nitrogen formed, which might interfere with the production of As-hydride by re-oxidising the
analyte. A 2 % urea was added to samples to reduce the effect of any NOx compounds (Uggerud
and Lund, 2000). The detection limit for the method was about 0.0002 mg/l. Appropriate
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measurements were taken to guard against analytical interferences for the metal being analysed.
All reagents were of analytical grade or better, and distilled, deionised water was used throughout.
The standard deviations for analysis of replicate samples were less than 10% and the results of
analysis of reference material (GBW-07401) used were within 10% of the recommended values.
SPSS® software was used for statistical analysis (e.g. frequency distribution).

7.3.4 Geology and geochemistry
Maldon is located in the Bendigo- Ballarat zone and consists of a 110 km wide belt of folded,
cleaved and faulted Ordovician quartz-turbidites (Castlemaine Supergroup), intruded by Late
Devonian granitoids (Douglas and Ferguson, 1988). The gold quartz reefs lie in a belt of marine
clastic sediments (Harris and Thomas, 1934) of early Ordovician age adjacent to the late
Devonian Harcourt Granodiorite. Contact metamorphism of the Ordovician sediments produced
the predominant hornfels, which is composed of varying proportions of quartz, biotite, cordierite
and andalusite (Morgan and Woodland, 1990).
Haupt (1982) and Morgan and Woodland (1990) have described the sulphide minerals in the
Maldon goldfields in the order of decreasing abundance as: pyrite (FeS2), arsenopyrite (FeAsS),
sphalerite (ZnS), galena (PbS), pyrrhotite and marcasite. Scorodite (FeAsO4.2H2O) was found at
Beehive mine as crystals occurring as an alternation product of arsenopyrite. Lollingite (FeAs2)
occurred in association with pyrite. The average arsenic concentration in sedimentary rocks (1.7 ~
400 mg As kg–1) is higher than igneous rocks (1.5 ~ 3.0 mg As kg–1) and has been enhanced by
anthropogenic inputs (Smith et al., 1998).

7.4 Results and Discussion
All soil, surface water and plant samples data are shown in Tables 7.1, 7.2 and 7.3. The
frequency distributions of arsenic in Maldon soils are shown in Figure 7.2 and suggest that all the
soils have high arsenic levels. The predominant component of the overall arsenic distributions in
soils is illustrated by the corresponding histograms. The arsenic content in soils showed a
distinctive distribution pattern. The concentrations of As, Cu, Cr and other parameters are shown
in Table 7.1. The arsenic levels of 104 soil samples ranged from less than 24 mg/kg to as high as
3265 mg/kg. About 25% of the samples had concentrations less than 150 mg/kg of As, 27%
samples had As between 150 to 500 mg/kg and 15% of samples contained more than 1000 mg/kg
of As. The highest values were observed in the soil from the State Battery location where ores
were processed. Other extreme values of arsenic, above 1500 mg/kg of As, were also recorded
around the State Battery sites. Both 50 m grid and 10 m grid soil samples from the State Battery
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Table 7.1 Arsenic concentration in soil samples from various locations in the Maldon area.
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sites recorded the highest arsenic values in this study. About 75% of the soil samples from the 50
m grid State Battery were less than 500 mg/kg of arsenic. Soil from sites of the 10 m grid State
Battery showed a higher arsenic content and about 40% of samples had an As level more than
1000 mg/kg due to their close proximity to the battery. The arsenic level decreased gradually with
distance from the battery.
The As concentrations of Road site soil samples (n = 12, Fig. 7.2(a)) ranged from 27 mg/kg to
899 mg/kg and 75% of the samples contained less than 175 mg/kg of arsenic. The arsenic content
in soil samples from South German mine (Fig. 7.2(d)) ranged from less than 130 mg/kg to 1109
mg/kg. Only one sample recorded an As value more than 1,000 mg/kg. Figure 7.2(b) shows As
levels in soil samples from the Sandbay site, which varied from 112 mg/kg to 968 mg/kg and
none measured above 1,000 mg/kg. Most of the values were between 400 mg/kg to 700 mg/kg of
As.
The Cr content was the highest (69.8 mg/kg) at the State Battery site and the lowest (2.13
mg/kg) in soils from the South German site. Copper concentration was observed to be as high as
398 mg/kg at the State Battery site in which arsenic was also the highest in the same sample. The
lowest Cu, 6 mg/kg, was observed in soils from the Road site. Mean phosphorous content in the
Road site soils was 769 mg/kg, which was the highest followed by a mean value of 292 mg/kg in
soils from State Battery. Soils from both the State Battery and South German sites reported higher
values of S, 2370 mg/kg and 1110 mg/kg, respectively (Table 7.1).

Table 7.2 Arsenic concentrations in surface waters.

Location

Site

Eh

As

(mV)

(mg/l)

pH

M1

6.6

396

0.06

M2

8

224

2.43

M3

7.8

208

8.24

M4

3.8

151

11.54

M5

4.7

199

10.66

M6

6.3

-286

3.72

M7

6.4

-248

2.86

M8

6.8

-264

3.54

MT1

8

44

0.07

MT2

9.1

125

0.05

MT3

8

128

0.07

South German

Target Gully
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Table 7.2 Arsenic concentrations in plant samples.
As
Location

Site
mg/kg (dry weight)

South German

Target Gully

M1P

0.89

M2P

1.56

M3P

2.43

M4P

5.23

M5P

6.86

M6P

4.1

M7P

1.71

MT1P

0.95

MT2P

0.18

MT3P

0.24

The common plant species at various sites around the South German mine area showed quite
variable arsenic levels. The arsenic level varied from a minimum of As 0.18 mg/kg to a maximum
of 6.86 mg/kg (Table 7.3). Concentration of arsenic up to and above 6 mg/kg (dry weight) are
evidence that arsenic is available to plants and uptake by plants is occurring. Plants growing on
the South German mine sites showed high arsenic content. A higher concentration of arsenic and
other heavy metals may occur in unwashed herbage and require further investigation.
No overall correlation was observed between the total arsenic and other measured elements,
Cu, Cr, S and P. Some relationships between As and P, and As and S were observed for soils from
the State Battery site. Scatter plots of soil As contents against Cu, P, S, Cr and soil pH are shown
in Figure 7.3. Use of P in fertilizers has the potential to alter arsenic mobility as reported by
Davenport and Peryea (1991). Phosphate and arsenate, the dominant form of As, exhibit
similarities in their physiochemical nature and compete for sorption sites. Soil arsenic
concentration and soil pH(1:5) did not show a correlation (Figure 7.3) possibly due to the variations
in soil prevailing conditions. Most of the values are plotted between soil pH(1:5) of 6.0 to 7.0. Due
to the heterogeneity of the soil composition the variation in soil pH (2.5 ~8.3) is observed. The
concentration of arsenic was not linked to the accumulation of one particular metal as noted by
the lack of correlation between arsenic and other metals. Due to mining activity, the soils were
reworked and transported which resulted in heterogeneity of soil phases.
Arsenic and copper showed the greatest degree of enrichment, reflecting the local gold
mineralization in the area. Arsenic and copper were positively correlated with coefficients of 0.74
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and 0.71 for soils from State Battery and Sandbay respectively. The high As concentrations near
the State Battery site indicate that ore workings contaminated this site. The soils from the Target
Gully site contained lower levels of arsenic (average ~ 44 mg/kg) as compared to other sites,
which are closer to the background level (~ 39 mg/kg of As, Chapter 5)
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of the goldfields region of Central Victoria (Dowling et al., 2005). The slightly elevated arsenic
concentrations in the soil of Target Gully may be due to a natural abundance of the parent
material in relatively uncontaminated sampling locations. These levels are above the world
average for soils, 7.2 mg/kg (Tanaka, 1988; Smedley and Kinniburgh, 2002) and ANZECC
(2000) ecological investigation levels (Appendix 3). Most of the arsenic residues remain near the
soil surface although significant downward redistribution by infiltrating rainwater might occur.
The prevailing winds, topography and dust can affect a larger area as reported by Crecelius et al.
(1974). Even in the absence of mining activity, soils from such mineralised parent rock tend to
have a higher As concentration than normal. The concentration of As in the topsoil is variable,
probably as a result of different extents of contamination and possible seasonal effects are

H3AsO4o

unknown.

H2AsO4-

AsO43-

H3AsO3o

H2AsO3-

AsO33-

Eh (mV)

HAsO42-

HAsO32-

pH
Figure 7.4. Dissolved As stability fields as a function of Eh and pH at
25°C. Symbol (●) represents samples from Maldon (modified after
Smedley and Kinniburgh (2002)).

The pH value of surface water from the South German site was measured as low as 3.8. The
total arsenic concentrations in water samples showed a negative correlation (r2 = 0.61, n = 11)
with pH, Figure 7.5. The solubility of arsenic containing minerals was dependent on the pH with
lesser dependency on redox potential as no correlation was noted. At a few sites, the redox
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potential was higher and the arsenic mineral, for instance arsenopyrite, was not stable and
eventually dissolved partly or completely to produce As into surface waters. The dissolution of
sulphide minerals has led to large quantities of acid (H2SO4), which lowered the local pH to as
low as 3.8 at the South German site. Heavy metals under this acidic environment became more
mobile and arsenic concentration was reported to be higher (11.5 mg/). Iron concentrations in
surface water were not measured, but a thin layer of orange precipitate was visible on site.
However, the precipitated iron could have acted as a strong sorbent for anions like arsenate at low
pH, otherwise an even higher concentration of As would have occurred. The availability of
adsorption sites probably reduced arsenic mobility in the soil-water environment.
The geochemistry of acid drainage is primarily a function of the geology and hydrology and
resulted from the interactions of certain sulphide minerals such as pyrite (FeS2). The principal
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Figure 7.5. Arsenic concentrations against pH in Maldon
surface waters.

sulphide mineral, pyrite, and other minerals such as arsenopyrite (FeAsS), chalcopyrite (CuFeS2),
produced acidic solutions upon oxidation. The possible acid generation process at the South
German mine sites is given as:
2FeS2 + 7O2 →

2Fe2+ + 4SO4 + 4H+

4 Fe2+ + O2 +4H+ → 4Fe3+ + 2 H2O
4Fe3+ 12H2O →
FeS2 + 14 Fe3+ + 8H2O

4Fe(OH)3 ↓+ 12 H+
→

15Fe2+ +2SO 42-+ 16 H+

The variation in redox potential in neighbouring sites of the South German location may be
due to the development of micro environmental conditions as a result of diffusion of O2 towards
the dissolving particles. A relatively wide range of chemical conditions occurred over a small area
in the soil system in terms of Eh (from –0.29 to 0.23 volt) and pH (from 3.8 to 8.0) values (Fig.
7.4).
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Changes in redox potential cause interconversion of arsenic species, catalysed by biochemical
reactions, and result in the liberation or fixation of arsenic. Exposed arsenic containing minerals
might have oxidised generating high arsenic bearing waters (As > 11 mg/l) with low pH values
(Fig. 7.5). Under the reduced environment conditions (Eh < -0.25 volts) arsenic mobility is
occurring.

7.5 Conclusion
The oxidation of arsenopyrite, and other arsenic minerals through weathering under prevailing
environmental conditions, has released arsenic into the environment. Former gold mining
activities in South German mine led to the high arsenic contamination in surface waters. Under
both oxidative and reductive conditions, the mobility of arsenic in surface waters is observed in
this study. Under the acidic to near-neutral and aerobic conditions, As was found to be adsorbed
by oxide minerals as the arsenate form, thereby preventing the occurrence of extremely high
levels of contamination. In prevailing conditions, as pH increases, especially in a highly alkaline
environment with pH > 8.5, arsenic desorption could occur causing widespread toxicity problems.
Plants growing on contaminated soils are being affected by high levels of As occurring in the
soils and the bioavailability of As should be studied at other contaminated sites in the area. This
study has indicated that the arsenic content of plants reflects, in part, the degree of soil
contamination.
The presence of specific sulphide mineral phases, that contain the major contaminant present
on site, will have particular relevance in future attempts to predict the stability of the sites and the
likelihood of the mobility of As into surface water. This study is part of an ongoing project that
includes hydrogeochemical and biogeochemical investigations of the sources of As in soils and
surface waters of Central Victoria with the intention to aid in the management of public lands.
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8. Arsenic and heavy metals in contaminated soils from historic
Maldon battery site, Australia

8.1 Abstract
Gold mining activities in Maldon during and after the gold rush (from the 1850s until today)
have produced arsenic and other heavy metal waste materials. Mill tailings are non-economic
crushed gangue minerals that remained after gold recovery at the study site. Analysis of As, Pb,
Zn, B, Ni, Cd, Mo, Se, Co, Mn, Al, Fe, Ca, Mg, Na and K in the standard soil < 2 mm fraction in
topsoil (0 ~ 10 cm, n = 62) samples reported enrichment of a few potentially toxic metals (e.g. Zn,
Pb). Arsenic concentration as high as 3265 mg/kg was found and showed a negative correlation
with soil Fe contents. Among the alkali and alkaline earth metals the concentrations were in the
order of Mg > K > Ca > Na, while heavy trace metals followed the abundance as: Zn > Pb > Ni >
Co > B > Cd > Mo > Se. Most of the heavy trace elements showed a similar pattern in distribution
and enrichment. Low concentrations of Ca suggest that Ca containing minerals are being
dissolved due to acid generation within waste piles, or were less abundant in the waste material.
High Mg contents might be due to enrichment in source rocks and have been reported to be high
in Australian soils (Williams and Raupach, 1983). Accumulation of trace metals in surface soils
exceeded the natural levels and large variations in concentration were observed. The weaker
correlation coefficient among As and other elements suggested the heterogeneity within source
material and/or processing of ore feed. Large variations in molar ratios of elements supported this
assumption.
Natural oxidation reactions in mine waste containing pyrite, or other sulphide minerals can
result in the formation of acid mine drainage and the potential for desorption/dissolution of toxic
metals. High concentrations of inorganic As were noted near the battery itself and decreasing
contents were registered more or less radially.
Owing to the close vicinity of waste mine materials to the town, the findings of high
concentrations of arsenic and other toxic metals were of considerable interest.
Keywords: Arsenic, Heavy metals, Toxicity, Soil, Australia.
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8.2 Introduction

Chronic exposures to As at concentrations significantly above 50 µg/l are numerous
(Armstrong et al., 1984; Islam et al., 2000; Smedley and Kinniburgh, 2002) and include skin,
haematological, cardiovascular, respiratory disorders and other illnesses (Vahter et al., 2000;
Kwong et al., 2001). Vahter et al. (2000) reported that children retain more arsenic in their tissue
and are more sensitive to exposure than adults. The risk of dust ingestion remains in public places,
like the study site, while enrichment of heavy metals that may enter the food chain can endanger
fauna and flora (Lepp et al., 1996) by becoming bioavailable (Geiszinger et al., 2002). Growth
depression of rice has been observed in paddy fields irrigated with water contaminated by mining
waste in Japan (Takamatsu et al., 1982). Possible exposure to arsenic includes dust ingestion and
inhalation from contaminated sites, while drinking water remains the most significant source
worldwide (Hindmarsh, 2000). Soil ingestion is certainly more significant when vegetation is in
short supply, especially during dry seasons; in particular, as reported by Mitchell and Barr (1995)
where arsenic uptake by cattle was high from contaminated soils. Severe groundwater
contamination by As has been associated with gold mining (Frost et al., 1993), for example, in
western Poland cases of chronic arsenic poisoning were reported among people living around
gold mines (Geyer, 1977) as the spring water supply ran through waste rock tailings with elevated
arsenic levels.
The current WHO guideline value of As in drinking water is 10 µg/l, although many countries
still adopt the former WHO guideline value of 50 µg/l of As and the arsenic level has become a
matter of more widespread concern since the reduction of its maximum contaminant level (MCL).
The end results of historical mining are piles of waste rock, which were not economic to
process. Concentrations of As and other metals are usually high in such waste material (Webster
et al. 1994; Plumlee et al. 1995) and oxidation of such mine wastes can lead to the lowering of pH
(Nordstrom et al., 2000) and the mobility of certain toxic metals might take place. It takes time for
heavy metals to attain chemical equilibration in the soil environment (Chlopecka et al., 1996), so
anthropogenically deposited heavy metals, usually young in age, are less strongly bound which
favours their mobility from soils.
The State Battery was a crushing plant for gold extraction in Maldon, capable of crushing
tonnes of ore to the consistency of sand or even finer grade. Since its closure most of the plant has
been removed, but part of the structure is still standing as a tourist attraction. Concentrations of
As and heavy metals were measured in soils around and near the battery in this study.

111

Chapter 8– Arsenic and heavy metals in Maldon battery soils

8.3 Methods

8.3.1 Study area
The study area is located in Maldon, 120 km NW of Melbourne, Victoria, Australia. The area
sampled was approximately 1.14 km2 situated on the eastern side of the township of Maldon. The
location map of the study area is shown in Figure 8.1. Maldon is a historic gold mining area in
Central Victoria. The battery tailings near the town itself have high concentrations of heavy
metals and arsenic. Historic gold rush activities in the area included the driving of adits and shafts
and open cut mining to access the sulphide-bearing ore and resulted in waste material of
uneconomic value. From 1857 until 1926, a recorded production of more than 50 t of gold was
mined from more than 20 reefs (Mason and Webb, 1953). Sulphide minerals are common
constituents of tailings throughout the pile and high sulphur (S) contents, up to 2,370 mg/kg, have
been measured in the soils of the study area in a companion study (Chapter 7).
Average annual rainfall is around 600 mm. Average annual temperatures range between 60C in
winter and 180C in summer. Runoff, which results after rainfall, might be enriched in As as a
result of geochemical processes occurring in sulphide minerals. Surface soil samples (n= 62) were
taken using a hand auger (10 cm diameter) around the historic battery site. The majority of soil
sampling and laboratory analysis was done by members of the arsenic research group from 2001
to 2003 (Dowling et al., 2005).

8.3.2 Geology and Mineralogy
The gold quartz reefs lie in a belt of marine clastic sediments (Harris and Thomas, 1934) of
early Ordovician age adjacent to the late Devonian Harcourt Granodiorite. Major mines in the
study area were situated within 3 km of the Granodiorite contact. Contact metamorphism of the
Ordovician sediments produced the predominant hornfels, which is composed of varying
proportions of quartz, biotite, cordierite and andalusite (Morgan and Woodland, 1990).
Morgan and Woodland (1990) documented the sulphide minerals in the Maldon gold fields in
the order of decreasing abundance as: pyrite (FeS2), arsenopyrite (FeAsS), sphalerite (ZnS),
galena (PbS), pyrrhotite (Fe1-xS) and marcasite. Oxide accessory minerals are mainly ilmenite and
rutile. Haupt (1982) has also described the mineral species recorded from the Maldon district in
detail. Scorodite (FeAsO4.2H2O) was found at the Beehive mine as crystals occurring as an
alternation

product

of

arsenopyrite.

Another

uncommon

mineral

pharmacosiderite

(KFe4(AsO4)3(OH)4.6-7H2O) was found in association with arsenopyrite in cavities in the Beehive
and German reefs in the area. Lollingite (FeAs2) occurred in association with pyrite.
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Figure 8.1. Map of the State Battery showing distribution of As concentrations in Maldon soils.

Arsenopyrite was widespread in auriferous quartz reefs with specimens of individual crystals up
to 1 cm.

8.3.3 Analysis
Sampling sites were recorded using a portable global positioning system (GPS). Large soil
fragments were removed from the top and soils were stored in clean polypropylene sample
containers. The samples included material from the 0 soil horizon, A-horizon or upper B-horizon.
Samples were air-dried and sieved through a 2 mm sieve to remove overly large material such
as leaves and gravel. Soil samples (~1.0 g) were digested in aqua-regia (3:1, HCl: HNO3).
Quantification for Pb, Zn, B, Ni, Co, Cd, Mo, Se, Fe, Mn, Al, Ca, Mg, Na and K was determined
by inductively coupled plasma mass spectroscopy (ICP-MS), whereas arsenic was determined by
hydride generation AAS (Atomic Absorption Spectrometry) techniques on original digestates.
Method accuracy was monitored using standard reference material (GBW-07401) for the QA/QC
program at CSIRO Adelaide Laboratory, South Australia. From certified aqueous standards,
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intermediate standards of various concentrations were prepared and a control sample was
analysed every 20 samples. Analytical results from certified reference materials agreed with the
accepted values to better than ±10%. The concentration distribution map of As was developed by
using MapInfo® GIS software.

8.4 Results and Discussion
Based on the spatial distribution of < 2 mm fraction, the topsoils in the State Battery tailings
area were found to be heterogenous across the sample area with multifold concentration ranges as
shown in Table 8.1. Although there is scatter in the data, there is a decline in As concentration
from the battery structure (Figure 8.1). Arsenic in the soils originated from arsenian pyrite formed
during gold mineralization and spatial distribution was controlled by transportation and
processing of ore materials. It varied from 24 mg/kg to 3265 mg/kg of As with average
concentrations of 663 mg/kg. Weaker correlation coefficients for As against other measured
elements were observed. Different molar ratios between As and heavy metals suggest the
distribution abundance of elements in tailings was dominated by minerals in the ore feed, which
had various sources. Another cause might be the preferential geochemical weathering that
promoted leaching of one element, while retention of other. High concentration of As in
background soils have been observed in Creswick and Ballarat area, which was 39 mg/kg of As
(Chapter 5). Smith et al. (1998) documented background As concentrations in Australian urban
soils as high as 45 mg/kg, which is far higher than the world soil average value of 7.2 mg/kg
(Boyle and Jonasson, 1973; Tanaka, 988). The concentrations of As in topsoils from the State
Battery site are shown in Figure 8.1.
Iron content ranged between 6.83 and 34.2 g/kg, with a mean value of 17.2 g/kg and positively
correlated with Al (r2 = 0.59). Pyrite, which is present in waste rock material, oxidised to produce
acidic solutions that accelerated silicate and carbonate weathering and reduced the acid
neutralization capacity of soil. Fe content is particularly important as an oxidant in acidic
environments (Stumm and Morgan, 1996). Fe concentration as high as 34 g/kg is probably due to
the presence of haematite or iron oxyhydroxides as indicated by the reddish brown colour of soils.
Arsenic has a geochemical association with Fe (Lalor et al., 1999), but a weaker negative
correlation between As and Fe suggests the heterogeneity within waste material due to various
sources and/or processing of ores (Figure 8.2(d)). Fe-oxides or oxyhydroxides in the soil provide
adsorption sites for As (Smedley et al., 2002; Driehaus et al., 1998). Another possible explanation
of the negative correlation could be the precipitation of Fe in secondary minerals while As
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remained mobile under the prevailing pH conditions, for example from near neutral to alkaline
conditions, however some As is fixed by secondary oxides of Fe.
Aluminium concentration varied from 2.5 g/kg to 12.6 g/kg in soil samples. Such high
concentrations of Al can affect the growth of plants (Bradshaw and Chadwick, 1980) and can be
toxic under highly acidic conditions (Johnson et al., 1981. High Al levels in soils can pose a threat
of Al-toxicity when actively mobilised by dissolution in acid mine drainage (Nordstrom, 1982). A
weak negative relationship has been observed between Al and As; the scatter plots are shown in
Figure 8.2. (C). Owing to the fixation of Al in secondary minerals, relatively high concentrations
have been measured.
The concentration of K registered 310 mg/kg to 6,144 mg/kg with an average value of 1,892
mg/kg. Such high values of K, as compared to other alkali and alkaline earth metals (Appendix 1),
might be due to less uptake by plants as the vegetation cover is not thick and in places, vegetation
is absent. The other possible explanation could be the fixation of K in secondary minerals, e.g.
clay minerals, as suggested by a slightly better although still poor correlation of K with Al (r2 =
0.46). Both Al and K seemed to be retained in secondary minerals.
Sodium concentration varied from 21 to 369 mg/kg. Na is among the most easily leached
elements and measured least in concentration among the alkali and alkaline earth metals. Ca
concentration ranged from 297 to 9,927 mg/kg with an average value of 1,162 mg/kg. Mg
concentration in soils varied from 388 to 6,115 mg/kg with an average value of 2,010 mg/kg.
Table 8.1. Element concentrations in surface soils (0~10 cm).
Element

Number of samples

Minimum

Maximum

Average

Standard deviation

As

[mg/kg]

62

24

3265

663

621

Na

[mg/kg]

62

22

370

75.6

67.4

Ca

[mg/kg]

62

297

9927

1162

1248

Mg

[mg/kg]

62

388

6115

2010

1322

K

[mg/kg]

62

310

6144

1892

1266

B

[g/kg]

62

0.71

5.98

1.81

1.12

Fe

[g/kg]

62

6.83

34.20

17.18

7.89

Al

[mg/kg]

62

2.48

12.58

5.93

2.40

Mn

[mg/kg]

62

20.2

480

129

102

Pb

[mg/kg]

62

0.15

148

29.7

28.8

Zn

[mg/kg]

62

9.35

387

55.5

65.1

Cd

[mg/kg]

14

< 0.05

5.49

0.82

1.36

Co

[mg/kg]

14

0.34

52.26

7.78

13.2

Mo

[mg/kg]

14

0.15

3.57

0.53

0.88

Ni

[mg/kg]

14

1.69

91.0

13.54

22.7

Se

[mg/kg]

14

< 0.1

102

7.50

27.2
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Fe, Al, Zn, Pb and B are plotted against As contents in soils in Figure 8.2. Soil Zn contents
varied between 9.3 mg/kg to 387 mg/kg with an average concentration of 55.5 mg/kg. A large
variation in Zn content was observed. Zinc was positively correlated with B concentration (r2 =
0.44). Lead concentrations were not very high and ranged from 0.15 to 148 mg/kg with an
average concentration of 29.7 mg/kg. The major source of Pb was ore waste that was processed at
the State Battery. Other possible sources of Pb could be atmospheric inputs. However, there was
no systematic decrease in Pb levels as a function of distance from the State Battery.
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Selenium varied from below the detection limit to 0.24 mg/kg in soil samples. Almost all
selenium levels were low in topsoils. Trace heavy metals like Cd (<0.05 to 0.74 mg/kg), Co (0.34
to 11 mg/kg) and Ni (1.7 to 17 mg/kg) also registered low contents and did not show elevated
levels in the otherwise contaminated soils. Overall, the trace heavy metals followed the order of
abundance as: Zn > Pb > Ni > Co > B > Cd > Mo > Se. Concentrations of heavy metals like Cd,
Co, Mo, Ni and Se showed similar concentration patterns in topsoils and registered very strong
correlation coefficients among themselves, r2 > 0.85 for all.
The contents of Ca, Mg, K, Na and Mn are plotted in Figure 8.3. Soil Mn concentration did not
show a correlation with As concentration, which might be due to the heterogeneity of soils.

117

Chapter 8– Arsenic and heavy metals in Maldon battery soils
Generally, soil Mn oxides provide adsorption sites and, therefore, retain As (Smedley and
Kinniburgh, 2002). Mg and K concentrations showed a weak positive trend with soil As
concentrations (Fig. 8.3 (a) & (c)). Carbonate content of waste material can neutralize the acid,
but low Ca concentrations (average 1,162 mg/kg, as compared to Mg average 2,011 mg/kg) show
that a significant portion of it is used in neutralization. The depletion of Ca in surface soils from
tailings is possibly due to the dissolution of calcite and other carbonates through pH buffering
reactions against the acidification. Calcite (CaCO3) is high in some of the Maldon mining material
(Haupt, 1982). The concentrations of alkali and alkaline earth metals (Na, K, Ca and Mg)
followed more or less the concentration data by Olley and Caitcheon (2000) in sediments from the
Darling-Barwon river catchment, Australia. An order of abundance was observed to be: Mg > K
> Ca >> Na. The dominance of Mg has also been reported in Australian subsoils previously by
Williams and Raupach (1983).
The mine waste materials containing variable amounts of sulphide minerals can serve as a
source of contamination by changes in redox-pH conditions. The drying-flooding sequence can
act as a geochemical trigger by altering redox conditions (McGeehan et al., 1998) and desorption
and mobility of heavy metals might occur. Seasonal extremes in the local weather can influence
waste rock piles when oxidising conditions occur during the dry season with high evaporation
rates promoting weathering of sulphide minerals. During and/or after storms, the resulting
weathered products are transported as runoff and pose a threat to the environment. There was little
evidence of in situ alteration of the tailings as the nearby creek was dry during sampling. The pH
of mine wastes is largely controlled by the mineralogy of the host material. Waste materials at the
study site contained substantial pyrite and arsenopyrite, and oxidation of these results in the
acidification of waters.
The presence of impermeable material can prevent significant dilution and result in an acidic
regime due to longer residence time of water in contact with sulphide. Low pH mine drainage (pH
~ 3.8) was observed in a previous study (Chapter 7) in the Maldon area. Under acidic conditions,
Pb and Zn are readily removed in solution and adsorption onto Fe oxyhydroxides is less likely.
Higher permeability of waste materials favours flushing before reaching extreme acidic
conditions. The As contents are high in the battery tailings and the presence of higher levels of Fe
concentration favour fixation of arsenic under prevailing near neutral soil pH conditions.

8.5 Conclusion
The State Battery tailings area in Maldon is strongly enriched in As. The potential for As
mobility from the adsorbed sites of Fe, Al, and Mn oxide/hydroxides under the prevailing soil
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conditions remains. A negative correlation between Fe and As suggests that precipitation of iron,
while desorption/dissolution of As in soils. The elevated levels of As and other trace metals
detected were sufficiently high to represent a potential threat to the environment. Overall, weaker
correlation coefficients among elements suggested the heterogeneity in ore feed and the
processing of materials.
The enrichment of Mg over Na, Ca and K was observed. Trace heavy metals like Cd, Co, Mo,
Ni and Se showed similar concentration patterns in surface soils and followed the order of
enrichment of Ni > Co > Cd > Mo > Se. Oxidation of sulphide minerals contained in the tailings,
rich in Fe and S, can generate acidic water under which the mobility of toxic metals, e.g. Pb, Al
etc., under highly acidic environments can contaminate surface and ground water. Low Ca
contents in soils indicated a low acid neutralization capacity (ANC).
Low carbonate content and relatively high metal bearing-sulphide minerals cannot neutralize
any acid generated by oxidative processes. The desorption of As from metal oxides, especially Fe,
is considered an important control on its mobility.
Although elevated arsenic levels have been found at the study site, no instances of arsenic
poisoning have been reported. The high values of soil arsenic are enough to merit examination of
the remediation technique.
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9. Collective Discussion
9.1 Soils
Gold mineralization in the three sampling areas (Creswick, Ballarat and Maldon) is generally
accompanied by abundant arsenopyrite and, with oxidation, has resulted in elevated levels of
arsenic in soils. A wide range of arsenic soil concentration, from 1.5 to 3,618 mg/kg, was
observed in soils from Ballarat, Creswick and Maldon areas (Fig. 9.1). These soils were sampled
in a range of environments and land uses such as state forest, agricultural land, reserved areas and
mine affected landscape. About 53% (n = 299) of the sampled soils registered an arsenic
concentration below 100 mg/kg and 12% above 1000 mg/kg. About 28% of soils recorded an
arsenic level of 30 mg/kg, which is closer to the relatively higher background soil levels of the
Central Victorian soils. Almost all soils (98%) sampled in this study recorded values higher than
the world soil average, 6-7 mg/kg (Tanaka, 1988; Alloway, 1990; Smith et al., 1998). Generally,
soils from Creswick showed a lower arsenic content, which is more representative of background
soil levels as compared to those in Ballarat and Maldon. Soils from the Ballarat area were
observed to be either elevated (Chapter 4 and 5) or low in arsenic concentrations, which is due to
the presence of mining waste dumps and relatively less disturbed forest area. While lower soil
arsenic concentration is more representative of background levels, high arsenic concentration
clearly points towards As-enriched waste dumps.

n = 299

As (mg/kg)
Figure 9.1. Frequency distribution of arsenic in Central Victorian soils.
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For example, extreme soil arsenic concentrations, >2000 mg/kg (n= 7), were found in soils from
waste mining dumps. Such elevated arsenic concentrations have been observed to be a local
source of contamination in surface waters in Ballarat (Chapter 4) and Maldon (Chapter 7). These
high arsenic levels in soils from Maldon (South German mine, Chapter 7 and 8) and Ballarat were
the result of gold extraction processes, which left mining material enriched in arsenic.
Arsenopyrite (FeAsS) has been observed to be the dominant arsenic containing mineral in these
waste dumps as has been revealed by the SEM study of soils minerals. The weathering of
arsenopyrite is releasing arsenic into the environment as observed by X-ray maps showing the
dispersion of arsenic away from the iron phase (Fig. 3.4(b), Chapter 3 and Fig. 4.5, Chapter 4). A
sudden change in redox-pH conditions caused by flooding-drying sequences (McGeehan et al.,
1998) and/or low pH rain events may serve as a geochemical trigger of arsenic contamination
(Smedley and Kinniburgh, 2002) to the environment. Therefore, As-contaminated sites require
appropriate treatments based on the knowledge of local environmental conditions. In Victoria,
many mines were capped or filled during treatment undertaken by the Mines Department that
concluded in 1976 (Taylor et al, 2000), although there are numerous sites where arsenic release is
occurring as observed in Maldon and Ballarat areas.
Clay mineral identification and quantification by XRD analysis revealed the dominance of
kaolinite and illite minerals in the soils of Central Victoria (Chapter 6). No significant association
was found between clay mineral content and/or type and the fixation of arsenic and other heavy
metals (Pb and Cu) in the study areas. Low cation exchange capacity (average CEC~ 9.4
cmolc/kg) of soils and the dominance of kaolinite is postulated to be an important factor in
retaining the metals and arsenic in soils. The oxides of Fe, Al and Mn seemed to play an
important role as scavengers of arsenic and other heavy metals in the Central Victorian soils.
Among these oxides, iron (hydro)oxides are particularly important and their abundance in soils is
mostly likely responsible for slow arsenic mobilization in most of the study sites. Pichlerr et al.
(1999) reported that the Fe (III) oxyhydroxides could concentrate arsenic as high as 76,000
mg/kg, which prevent many natural systems from extreme toxicity.
Soil organic matter did not play a significant role in adsorption of arsenic in soils as shown by
a weak correlation between soils’ organic matter content and arsenic concentration. Among the
various soil particle size fractions, silt size fraction was observed to provide more adsorption of
arsenic than clay and sand size fractions. Silt size fraction (average ~ 45%) also dominated over
clay and sand size fractions in soils. Other metals with relatively high concentrations included Cr,
Ni and Cu, which were slightly above the world average in a few samples from mine waste
materials (Chapter 5), but were still below maximum background values set by ANZECC and
NHMRC (1992) for health investigation levels. Zinc concentrations in soils from the mining
waste dumps were above the established permissible soil levels and showed a strong correlation
with iron concentration in soils. Among the alkali and alkaline earth metals, Mg was found to be
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dominant and Na was registered the least abundant in almost all soils sampled in this study. High
Mg contents might be due to enrichment in source rocks and have been reported as high in
Australian soils (Williams and Raupach, 1983).
Among the three areas (Ballarat, Creswick and Maldon) sampled the soils from Maldon
contained higher arsenic content and soils from Creswick registered comparatively lower arsenic
content. Specific sites in Maldon (South German site) and Ballarat (Canadian site) were found to
be the most contaminated with arsenic levels reaching up to thousands of mg/kg.

9.2 Surface waters
Dissolved arsenic concentrations ranged between 4.1 and 11,540 µg/l in surface waters from
Ballarat, Creswick and Maldon areas (Fig. 9.2). About 54% of water sampled recorded less than
10 µg/l arsenic. The extreme arsenic concentrations greater than 2,000 µg/l were measured in
surface water samples from the Maldon area near the South German mine tailing site (Chapter 7).
Surface waters from the Creswick area measured low dissolved arsenic concentrations, less than
15µg/l (Chapter 3). Arsenic concentrations in all four major lakes (Lake Wendouree, Lake Saint
George, Lake Burrumbeet and Lake Learmonth) were found to be below 50 µg/l, which accords
with the ANZECC (2000) guideline value for recreation waters in Australia. No noticeable impact
in terms of dissolved arsenic in the urban (Lake Wendouree) and rural (Lake Burrumbeet, Lake
Learmonth and Lake Saint George ) environments was observed in this study.
Surface waters from the Canadian Creek, Ballarat, were found to be contaminated by arsenic
due to the presence of mining waste dumps. Arsenic was observed to show seasonal changes in
concentration with higher values during autumn. A dilution by rain and flow conditions of the
Canadian Creek might be the possible reasons for the seasonal changes in dissolved arsenic.
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Figure 9.2. Plot of As concentration vs. pH in surface waters of Central Victoria.
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Overall, surface waters were observed to have low dissolved arsenic concentrations despite the
relatively high arsenic (average ~ 39 mg/kg) in soils. All high arsenic concentrations were
measured in surface waters collected around mine tailing dumps and most of them showed acidic
(pH < 5) or alkaline (pH > 8.0) values. Sulphide minerals in mining waste dumps produced
acidified waters, which resulted in dissolution of adsorbed arsenic. Sites where waste mining
dumps have been treated, probably by lime, resulted in highly alkaline pH conditions, which also
favour the dissolution of arsenic. A proper adjustment of pH is therefore necessary for the
stability of arsenic containing minerals (Smedley and Kinniburgh, 2002) in the contaminated
materials.

450

H2AsO4-

300

HAsO4-

Eh (mV)

150

0

H3AsO3°

-150

-300

-450
3

4

5

6

7

8

9

10

pH
Figure 9.3. Eh-pH diagram for aqueous As species observed in
the surface waters of Central Victoria. Dominance of HAsO4- is
observed in most of the surface waters. Diagram after Cullen
and Reimer (1989) and Smedley and Kinniburgh (2002).

Overall, surface waters were slightly oxidized (Eh ~ 110 mV) with a neutral to mildly alkaline
pH (~ 7.5 units). Exceptions included a few surface waters (about 5% of the total) from the
Maldon area, which measured low Eh values, less than -100 mV (Fig. 9.3). The Eh-pH diagrams
based on the thermodynamic data are the most concise to illustrate the predominant soluble
species (Cullen and Reimer, 1989; Smedley and Kinniburgh, 2002). The range of arsenic species
is restricted under the measured Eh-pH values of surface waters on thermodynamic grounds. The
most stable form of arsenic species under prevailing redox-pH conditions are observed to be in the
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order of abundance: HAsO42- > H2AsO4- >> H3AsO3°. Overall, arsenate was deduced to be the
dominant form of arsenic compared with arsenite in all surface waters sampled in the study area,
which is typical of oxygenated waters.
The concentrations of dissolved major cations in surface waters were found to be in the order
of: Na>>Mg>Ca>K. In soils, the contents of metals followed an order of abundance as:
Ca>Mg>>K>Na. It is likely that the surface waters are Na-carbonate type although no anion
concentration data was collected in this study. While Na was the least abundant in soils, it
recorded the highest dissolved cation in surface, which indicated extensive leaching of Na from
soils.

9.3 Plants
Arsenic concentration varied from 0.18 to 6.86 mg/kg (dry weight) as shown in Figure 9.4.
Arsenic concentrations in plants above 5 mg/kg were sampled from waste mining material where
arsenic in the soil was above 2000 mg/kg. Arsenic concentration in plants from the Maldon area
(Chapter 7) was higher than the plants from the Ballarat area, which reflected the soil arsenic
levels in the two areas. Uptake of arsenic by plants was observed in the highly contaminated sites,
but generally plant As concentration was low, less than 1 mg/kg. Labile fraction of arsenic
seemed to be low despite the high soil arsenic content. Plant uptake also depends upon the species
type and soil pH conditions. The myrtle wattle, a native shrub, showed particularly high levels of
arsenic (T1P sample, Table 4.3, Chapter 4) and can serve as an indicator of contamination in the
area, but certainly requires more investigation. The results from this study highlight the need for
further research into arsenic transfer from soil to plants and to investigate the ecotoxicological
risks of arsenic in the area.
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9.4 Arsenic mobility
Background soil arsenic levels in the gold field region of Victoria are high compared to the
rest of Australia and the world. Overall, dissolved arsenic concentrations in surface waters are low
except at a few locations around mine waste dumps where dissolved arsenic reached up to mg/l
levels. It, therefore, appears that the range of water-soluble inorganic arsenic compounds is quite
limited under prevailing redox-pH conditions, which favour the stability and, consequently,
immobilization of the major part of arsenic in soils. The high Fe, Al and Mn contents (average ~
29,462, 7,936 and 213 mg/kg respectively; Chapter 5) in soils play an important part in the
fixation of arsenic. Under oxic soil conditions (pH~ 6), arsenic is commonly present in +5
oxidation state (Smith et al., 1998) and forms more thermodynamically stable compounds when
compared to the +3 oxidation state. The oxidised form of arsenic is subject to chemical and/or
microbial reduction and methylation reactions in soils. The sorption of arsenic, both As(V) and
As(III), by Fe(III)-oxide solid phases is the most important sink for arsenic in aquatic and
terrestrial environments (Inskeep et al., 2002). The Fe(III)-oxide phases can moderate the
discharge of high concentrations of arsenic by accumulating significant quantities by mainly
sorption processes. Short solid-water interaction time in soils, generally dominated by silt and
sand size fractions, might also be a contributory factor to low dissolved arsenic in surface waters.
Although inorganic compounds of As(V) are highly soluble in water (Vaughan, 1993), their
strong affinity for Fe(III)-oxyhydroxides seems to effectively prevent high arsenic mobilization
from soils in the study area. Also, the presence of Mn-oxides, which have been shown to be
effective oxidants of As(III) (Smith et al., 1998), thermodynamically favour As(V) and in turn,
the stabilization of arsenic in the soil-water system.
While most of the physicochemical parameters such as particle size fractions, organic matter
content, CEC, soil clay mineral types and contents, soil pH and EC of the Central Victorian soils
have been discussed in this study, the presence of Fe, Al and Mn oxides should be investigated
further to understand their role in arsenic mobilization. The study of Fe(III)-oxides is of
considerable interest in future studies due to their tremendous potential in the binding of arsenic in
soil-water systems in the Victorian soils environment.
The revision of regulations and guideline values for arsenic in water and soils (ANZECC,
2000; WHO, 2001) has put arsenic on the list of elements tested for quality. A number of aquifers
in various parts of the world (Smedley and Kinniburgh, 2002) have been identified with arsenic
related problems where an arsenic concentration is found above 50 µg/l. These include both
natural sources of arsenic enrichment and mining related sources. Although background soil
arsenic levels are relatively high in Central Victoria, dissolved arsenic water concentration is well
below the WHO and ANZECC water quality guideline values. The relatively alkaline pH and
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oxidizing environment is favouring binding of arsenic and preventing mobilization into waters.
The arid oxidising environments, as observed in Mexico, Chile and Argentina where arsenic is
high in groundwaters, differ from the Central Victorian environment in high evaporation rate, low
dilution rate by rainfall, alkaline pH conditions and relatively lower Fe-Al-Mn oxides contents.
Combined, these environmental factors contribute to the retention of arsenic in the oxidising
environment of Central Victoria.
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10. Summary of conclusions
Soils in the study area were mildly acidic, low CEC, low in organic matter contents and high
silt size fractions. Among the identified clay minerals kaolinite registered as the most abundant.
Enrichment of Mg among the alkali and alkaline earth metals (Na, K, and Ca) in soils was
observed. The role of Fe oxides was found to be significant as a sink in contaminated soils and,
therefore, transport of As was dependent on pH-redox conditions. The potential for As mobility
from the adsorbed sites of Fe, Al, and Mn oxide/hydroxides under the alkaline conditions remains.
No significant role of clay minerals was observed in retaining As and other heavy metals in soils
of the study area. The contents of heavy metals (Fe, Al, Mn, Pb, Zn, Cu, Ni, Cr, Co, Cd, Se, B and
Mo) were mostly within the maximum background values by ANZECC (2000) except in soils
from mining waste material where the levels exceeded the permissible soils levels. The risk of
human exposure to inhalation and ingestion of soil dust, therefore, remains.
Overall, catchment lithology exerted fundamental control of the surface water chemistry
impacted by mining waste dumps at a few sites in the study area. Dominance of Na in surface
waters over other major cations is noted. Na+K concentrations in surface waters registered higher
than the average value of global rivers. Arsenic adsorptive affinity for Fe and Al (hydr)oxides
under neutral to slightly alkaline-oxidative conditions prevent its significant mobilization into
surface waters. A gradual release of arsenic when low Eh-alkaline conditions prevailed in soils
with high background As levels was observed, but As concentration in surface waters (lakes, river
and creeks) were generally below the guideline values for the water quality for recreational fresh
waters (ANZECC, 2000). Arsenic concentration in surface water showed systematic seasonal
variation with the highest in autumn and the lowest in spring depending upon rainfall and
discharge conditions.
The results showed the relationship between the As contents in soils and plants, which
confirmed the As uptake particularly where soils were highly contaminated.
It is necessary to better understand adsorption-desorption reactions occurring under natural
conditions and the role of metal oxides of Fe, Al and Mn as scavengers in most of the soil
environments. Relatively high proportions of Fe in soils that stabilize arsenic under prevailing
pH-redox soil conditions have to be investigated through the development of geochemical
modelling relevant to surface reactions. The effects of the wet and dry cycles on the basic
thermodynamic parameters of soil-water systems and the use of phosphate on agricultural land
impacts on the removal and transport of arsenic in soil and sediments and necessitates further field
and laboratory studies. Future research into the form and content of Fe in soils is very important
to understand As-adsorption in Central Victorian (Australia) soils as well as the development of
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better analytical techniques for the accurate measurement of arsenic and other potentially toxic
elements.
Soils developed on basalt had a two fold higher Mg concentration; dissolution and
mobilization were significantly less and, therefore, a lower Mg concentration in surface waters is
recorded in the Creswick area. The mechanism of dissolution and mobilization is an appropriate
project for future studies. Determination of As species and major anions, especially SO4 2-, in the
surface waters of Central Victoria is also an important work in future studies.
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Appendix 1. Periodic Table of Elements

Key:

Element classification:
Non-Metals
Alkali Metals
Alkaline-earth Metals
Rare Earth Elements
Transition Metals
Other Metals
Semimetals
Halogens
Inert Gases

Source: Environmental Chemistry (2005)
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Appendix 2. Australian drinking and recreational water guidelines

Table. Guideline values for drinking water
Element

Health Guideline values (mg/l)

Arsenic (As)

0.007

Barium (Ba)

0.7

Cadmium (Cd)

0.002

Chromium (as Cr (IV))

0.05

Copper (Cu)

2.0

Lead (Pb)

0.01

Manganese (Mn)

0.5

Nickel (Ni)

0.02

Selenium (Se)

0.01

Silver (Ag)

0.1

Sources: NHMRC/ NRMMC (2004)

Table. Guideline values for recreational water
Characteristics

Guideline values

Temperature

15 - 35°C

pH

6.5 - 8.5

Total dissolved solids

1000000 µg/l

Arsenic (As)

50 µg/l

Cadmium (Cd)

5 µg/l

Chromium (Cr)

50 µg/l

Copper (Cu)

1000 µg/l

Zinc (Zn)

5000 µg/l

Lead (Pb)

50 µg/l

Nickel (Ni)

100 µg/l

Aluminum (Al)

200 µg/l

Iron (Fe)

300 µg/l

Manganese (Mn)

100 µg/l

Silver (Ag)

50 µg/l

Sodium (Na)

300000 µg/l

Sulphate

400000µg/l

Sources: ANZECC (2000), NHMRC (1989)
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Appendix 3. ANZECC (2000) and NEPC (2003) soil guideline values

Table. Soil Investigation Levels
Health Investigation level (mg/kg)
Element

Ecological Investigation Standard residential areas Commercial/Industrial
levels (mg/kg)
with accessible soil
premises

Arsenic (As)

20

100

500

Cadmium (Cd)

3

20

100

Chromium(Cr)

50

210

-

Cobalt (Co)

50

100

500

Copper (Cu)

60

1000

5000

Lead(Pb)

300

300

1500

Manganese(Mn)

500

1500

7500

Nickel(Ni)

60

600

3000

Antimony (Sb)

20

30

820

Tin (Sn)

50

46900

100000

Zinc(Zn)

200

7000

35000

Sources: NEPC (2003), ANZECC (2000)
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Glossary
Acute toxicity: Rapid adverse effect caused by a substance in a living organism.
Adsorption: The taking up of one substance at the surface of another.
Aerobic: Of organisms requiring oxygen for respiration, or conditions where oxygen is
available.
AMD: Acid mine drainage.
AMG: Australian map grid.

ANC: Acid neutralizing capacity.
ANZECC: Australian and New Zealand Environment and Conservation Council.
ATSDR: Agency for Toxic Substances and Disease Registry
Background level: Naturally occurring ambient concentrations in the local areas of a site.
Benchmark: A standard or point of reference.

Bioavailability: Availability of contaminants in a form in which organisms or biota can
assimilate contaminants.
BSE: Backscattered electron image.
Buffering capacity: A measure of the relative sensitivity of a solution to pH changes on addition
of acids or base.

CEC: Cation exchange capacity, measure of a soil’s ability to retain cations.
Chronic toxicity: A slow and continued adverse effect by a substance in a living
organism.
Clean Up: The removal, treatment or containment of soil contaminated with substances at
unacceptable levels.
Contaminant: A substance, which has the potential to present a risk of harm to human
health or any environmental value.
CSIRO: Commonwealth Scientific and Industrial Research Organisation.

EC1:5: The electrical conductivity of a 1:5 soil:water extract.
Exposure: Contact with a chemical, physical or biological agent.
Fate: The disposition of a material in various environmental compartments (e.g. soil,
water)
GFAAS: Graphite furnace atomic absorption spectroscopy.
GIS: Geographical Information System.
GPS: Global positioning system.
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Guideline: Numerical concentration limit recommended to support and maintain a
designated water or soil use.
HG-AAS: Hydride generation atomic absorption spectrometry.
Leaching: The dissolution of a material by water (or any solvent) and its
downward/outward movement from the solid in solution.
LOI: Organic matter content determined by loss on ignition (~ 450°C) and expressed in
percentage.
MCL: Maximum contamination level.
Metalloid: An element with properties of both metal and non-metal such as arsenic (As).
MSL: Mean sea level.
NHMRC: National Health and Medical Research Council.
Oxidation: The combination of oxygen with a substance, or any reaction in which an
atom loses electrons.
pH1:5: Soil pH values measured at a soil: water ratio of 1:5 (w/v).
Phototoxicity: Toxicity of a substance for plants.
Point source: Localised source of contamination such as mine tailing dumps and storage
tanks.
Pollutant: Waste matter that contaminates water or soil.
Precipitation: The formation of solid particles in a solution.
QA/QC: Quality assurance/quality control.
Remediation: Action taken to eliminate, limit, correct or remove any contaminant that
can pose threat to human health and/or environment.
RSD: The relative standard deviation.
Site: An area of land or surface water.
Soil horizon: A layer in a soil profile.
Sorption: Process, whereby contaminants in soils adhere to the inorganic and/or organic
soil particles.
Surface water: All waters accruing above the land surface.
Toxicity: The inherent potential or capacity of a material to cause adverse effects in a
living organism.
Uptake: A process by which materials are adsorbed and incorporated into a living
organism.
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