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Abstract
The effects of existing sediment metals in the mine contaminated Molonglo River, NSW,
Australia on benthic biota were investigated by using the freshwater bivalve Hyridella
australis in an assessment of the river health.

Hyridella australis have not previously been used in sediment toxicological studies; therefore,
the first part of this study involved the assessment of this organism as a biomonitor of
sediment metal contamination in freshwater environments. This involved establishment of
exposure – dose – response relationships for H. australis to single metal spiked sediments in
laboratory microcosms. As zinc, lead and cadmium have been recorded as major metal
contaminants in the Molonglo River sediments, based on ANZECC/ARMCANZ (2000)
interim sediment quality guidelines, H. australis were exposed in three separate exposure
experiments for 28 days to lead, < 0.01(control), 205 ± 9 (low) and 419 ± 16 (high) µg/g dry
mass; cadmium <0.05 (control), 4 ± 0.3 (low) and 15 ± 1 (high) µg/g dry mass; and zinc 44 ±
5 (low), 526 ± 41 (medium), 961 ± 38 (high) µg/g dry mass spiked sediments.

The second part of the study involved identification of the current level of sediment metal
contamination in the river by conducting a sediment metal concentration survey along the
river from 6.5 km upstream to 63 km downstream of the Captains Flat mine.

The third part of the study involved the use of H. australis to investigate the bioavailability
and toxicity of sediment metal contaminants in the Molonglo River. In this study, the
exposure – dose – response relationships of transplanted H. australis were investigated over
28 days at four sites along a metal contamination gradient in the river channel.

In the fourth part of the study, to understand differences in cause and effects of the same
mixture of metal contaminated sediments under field and laboratory conditions, H. australis
exposure – dose – response relationships were investigated in laboratory microcosms to
sediments collected from the Molonglo River cage transplant sites over 28 days.

In all experiments, organism potential metal exposure was measured as metal concentrations
in the sediments and surface waters. Internal tissue dose was measured as metal
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concentrations in the whole organism and individual tissues (labial palps, gill, mantle, visceral
mass and muscle). Sub-cellular distribution of metals in the hepatopancreas tissues was
measured in all experiments after 28 days exposure, to evaluate biologically active metal
(BAM) and biologically detoxified metal (BDM). Metal induced responses were measured
using biomarkers including enzymatic, total antioxidant capacity (TAOC) and lipid
peroxidation and cellular, lysosomal membrane stability in the hepatopancreas tissue.

Metal spiked sediment studies: Despite high concentrations of metals in the spiked sediments,
organisms accumulated low metal concentrations in their whole body tissues after 28 days of
exposure, lead: low treatment; 2.2 ± 0.2 μg/g and high treatment; 4.2 ± 0.1 μg/g dry mass,
cadmium: low treatment; 0.6 ± 0.1 and high treatment; 1.3 ± 0.1 μg/g dry mass and zinc:
medium treatment; 291 ± 10 μg/g and high treatment; 340 ± 20 μg/g dry mass. Lead
concentrations were 2-fold (low treatment) and 4-fold (high treatment) higher than that of
control organisms and for cadmium 8-fold (low treatment) and 16-fold (high treatment)
higher at day 28 compared to control organisms. Compared to these non-essential metals, H.
australis partially regulated zinc uptake and after 28 days accumulated zinc concentrations
were only 1.2-fold higher in organisms in high treatment compared to control organisms.
Accumulated lead, cadmium and zinc concentrations in whole body tissues of H. australis
reflected the sediment metal exposure and exhibited exposure dependent metal accumulation
at day 28. A high concentration of accumulated metals was present in the labial palps of
organisms in lead spiked treatment and gills of H. australis in cadmium and zinc spiked
treatments. Analysis of individual tissue lead and cadmium concentrations, may offer
advantages for monitoring bioavailable lead and cadmium in freshwater environments with
this organism.

Of the accumulated metals in the hepatopancreas, a high percentage was detoxified and stored
in the metal rich granules or metallothionein like protein fractions, which suggests that this
metal detoxification pathway plays an important role in the metal tolerance of H. australis. In
both the cadmium and zinc spiked treatments, more metal was stored in the metallothionein
like protein fraction which accounted for 79 – 96% of cadmium and 64 – 66% of zinc in the
BDM fraction while 68 – 87% of lead in the BDM in the metal rich granules. The majority of
biologically active lead was in the mitochondrial fraction and cadmium was associated with
the lysosome + microsome and mitochondrial fractions while zinc was in the lysosome +
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microsome fraction. Metal concentrations in these fractions increased with increased metal
exposure, particularly for non-essential metals. This suggests incomplete metal detoxification
and the potential for metal induced sub-lethal effects of H. australis in metal spiked
treatments.

Hyridella australis had reduced TAOC which corresponded with increased lipid peroxidation
and lysosomal membrane destabilisation in all laboratory sediment metal exposures. Clear
exposure – dose – response relationships were demonstrated for H. australis to single lead,
cadmium and zinc spiked sediments under laboratory conditions, suggesting the potential of
this organism for assessing the effects of sediment metal contamination and toxicity in
freshwater environments.

Molonglo River sediment metal concentration survey: A clear sediment metal contamination
gradient from the mine site to 63 km downstream was established for zinc, lead, copper and
cadmium in the Molonglo River sediments. The measured metal concentrations in the mine
affected sites of the river were in the order, Zn: 697 – 6818 > Pb: 23 – 1796 > Cu: 10 – 628 >
Cd: 0.13 – 8.7 µg/g dry mass. Zinc was identified as the major metal contaminant in the river
sediments. The highest recorded sediment metal concentrations were Zn - 81 times, Pb – 240,
Cu – 45 times and Cd – 48 times higher than the river background metal concentrations.
Based on this study, four sites, 6.5 km upstream, 12.5, 32 and 47 km downstream of the mine
representing a metal contamination gradient was selected for H. australis in situ caged
experiment. Except for zinc, the highest recorded cadmium, copper and lead concentrations in
this study were all lower than previous studies conducted in 1996.

Exposure of H. australis to the Molonglo River sediments: Sediment metal concentrations of
the four sites covered a broad range from the lowest at the reference site to the site with the
highest concentrations 12.5 km below the mine, Zn: 91 – 6134 (67 fold), Pb: 14 – 472 (34
fold), Cu: 11 – 162 (15 fold), Cd: 1 – 13 (13 fold) µg/g dry mass and total metals (when
combined zinc, lead, copper and cadmium): 2 – 99 (50 fold) µmol/g dry mass. As zinc has the
highest metal concentrations in the river sediments, H. australis was also accumulated
significantly higher zinc concentrations in tissues compared to other metals. In situ organisms
at the mine affected sites accumulated more metals, particularly zinc and cadmium compared
to organisms exposed to the same sediments in laboratory microcosms; for example, in
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organisms from the most contaminated sediments: Zn – 756 ± 42 (field) and 325 ± 20
(laboratory); Cd – 1.5 ± 0.1 (field) and 0.31 ± 0.01 (laboratory) µg/g dry mass total tissue
dose. Accumulated metal concentrations in whole body tissues of H. australis, particularly
zinc, cadmium and total metals decreased with increased distance from the mine and
decreased metal concentrations in sediments. Accumulated zinc, cadmium and the total metal
concentrations in whole organism tissues reflected sediment metal exposure, indicating clear
exposure – dose relationships. These relationships were stronger in the field situation
compared to the laboratory exposures.

Metal accumulation and sub-cellular metal distributions in H. australis was different when
they were exposed to the same mixture of metal contaminated sediments in the field and in
laboratory microcosms. Sub-cellular analysis showed that most of the accumulated metals
(Zn: field – 55 – 76%; laboratory – 58 – 73%, Pb: field – 72 – 81%; laboratory – 86 – 95%,
Cd: field – 37 – 67%; laboratory – 45 – 50% and total metals: field – 42 – 67%; laboratory –
56 – 72%) were detoxified and stored either in the metal rich granules or the metallothionein
like proteins. Concentrations of zinc, lead and cadmium increased in the BAM fraction of H.
australis transplanted in the Molonglo River with increased metal exposure but this was only
evident for sub-cellular lead distributions of laboratory exposed organisms.

Increased metal exposure and dose resulted in decreased total antioxidant capacity and
measurable increases in lipid peroxidation and lysosomal membrane destabilisation in H.
australis caged in the river. Increased metal exposure was related to decreased total
antioxidant capacity and increased lipid peroxidation and lysosomal membrane destabilisation
in laboratory exposed organisms. A dose dependent response was only detected for tissues
cadmium concentrations with TAOC and lysosomal membrane destabilisation.
Based on the exposure – dose – response analysis in these two studies, metals in the Molonglo
River sediments, particularly at sites closest to the mine still have high concentrations of
metals which, based on the responses measured in H. australis, are likely to be affecting the
health of native benthic biota. A significant improvement in the river health status was
demonstrated by the reduction in sediment metal concentration and metal induced effects with
increased distance from the mine. Laboratory and field evaluated H. australis showed it
would be a suitable biomonitor to assess sediment metal bioavailability and toxicity.
x
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1 Rationale
1.1 Background
Metals are mined in many countries worldwide and these mineral resources play an important
role in the economic development of a country (Pegg, 2006). Among mineral extracting
countries, Australia has been one of the world's leading mineral resources nations for the past
century (Bellamy and Pravica, 2011). Australia is the world’s largest producer of bauxite,
ilmenite, iron ore, rutile and zircon; the second largest producer of gold, lead, lithium,
manganese ore and zinc; the third largest producer of uranium; the fourth largest producer of
black coal, nickel and silver; and the fifth largest producer of cobalt, copper and diamond
(Geoscience Australia). The minerals industry is one of the biggest contributors to Australia's
export trade. Mining occurs in almost all states of Australia and Northern Territory (Mudd,
2010) where it provides job opportunities and significantly contributes to the economy’s gross
domestic product (GDP) (Hajkowicz et al., 2011). If the mines are operated in a wellmanaged and controlled way, the environmental and ecological damage caused by their
activities are minimised (Singh, 2008). If not, irreversible and unacceptable metal
contamination will persist for many decades (Brumbaugh et al., 2005), such as damage that
has occurred in the Molonglo River, New South Wales (NSW), Australia and surrounding
floodplains following the Captains Flat mining activities (Hogg, 1990; Weatherley et al.,
1967).

The Molonglo River, downstream of the Captains Flat mining operation formerly supported
good habitat for river fauna, but as a result of mining activities at Captains Flat, the river and
surrounding floodplains were contaminated by metals such as lead, zinc, cadmium and copper
which killed macro-invertebrates and native fish in the river (Norris, 1986; Weatherley et al.,
1967). The inputs of metals to the Molonglo River and floodplain and metal contamination of
river biota have been studied on several occasions after major remedial works were completed
in 1976 (Brooks, 1980; Graham et al., 1986; Nicholas and Thomas, 1978; Norris, 1986).
These studies have identified the remobilization of metals from Molonglo River sediments
and oxidation of tailings material within sediments as one of the major continuing sources of
metals to the river system (Dames and Moore, 1993; Hogg, 1990; Norris, 1986). Existing
metal loads in the riverbed sediments, therefore, may still be having significant adverse
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effects on the river infauna as sediments act as a major reservoir for previously dispersed
metal contaminants. The Molonglo River burst its banks with the heaviest flooding in 2010
since the completion of the 1976 remedial works. As a result of this flood event, the status of
the metal contamination in the river may have changed. In this context, sediment toxicity tests
are needed to investigate the fate and effects of sediment bound metal contaminants currently
in the Molonglo River as part of the assessment of the health status of the river.

Metals are naturally occurring constituents of sediments and biota, some of which, in very
small doses, are essential for metabolic and biological processes (e.g. copper, iron,
manganese, nickel and zinc), all are toxic to biota above threshold levels (Haynes and
Johnson, 2000; Luoma et al., 2008; Wright and Welbourn, 2002). Non-essential metals (e.g.
mercury, cadmium and lead) are not involved in metabolic activities and can be toxic, even in
trace amounts (Gulfaraz et al., 2001; Tüzen, 2003; Yousafzai et al., 2010; Yousafzai and
Shakoori, 2008). Excessive inputs of these non-biodegradable metals exert toxic effects on
aquatic organisms, affect biodiversity and disturb ecosystem functioning (Lebrun et al., 2014).

Metal contaminants discharged into aquatic ecosystems can remain in solution or be adsorbed
to colloids/particles in the water column, which are ultimately incorporated into sediments via
direct diffusion and sorption of dissolved metals by sediment particles at the sediment-water
interface, or via settling of particles (Luoma, 1989; Warren, 1981). Sediments in river beds
therefore, represent a major repository for contaminants discharged into water bodies and
these contaminants may persist over centuries with the potential to be redistributed to the
water column (Arakel, 1995; Macklin et al., 1997), causing a risk to benthic organisms
(Chapman et al., 1998; Lamoureux and Brownawell, 1999; Tessier et al., 1993). Benthic biota
can acquire metals from ingestion of sediment particles, food and the surrounding aquatic
medium (pore water and overlaying water) (Griscom and Fisher, 2004; Hare et al., 2003;
Rainbow, 2002). Benthic biota may also facilitate the mixing, resuspension and recycling of
metals in aquatic environments (Warren, 1981).

Monitoring of metal contaminants in sediments (exposure) is one of the most commonly used
approaches in sediment impact assessment (Berry et al., 1996; Buykx et al., 2000). Analysis
of total metal contaminants in an exposure medium does not, by itself, allow the prediction of
the potential consequences of metals to the biota, both in terms of the deleterious effects on
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the organism as well as those at population and community levels (Bryan et al., 1985;
Cajaraville et al., 2000; Phillips, 1977). Organism exposure to metals via sediment or water
greatly varies due to variations in metal bioavailability (Simpson and Batley, 2007) and
differences in the metal uptake and elimination kinetics of metals in different organisms
(toxicokinetics and toxicodynamics) (Peijnenburg and Jager, 2003; Rainbow, 2002).
Moreover, toxic effects of metals in most natural ecosystems are not a result of a single metal
exposure, but are results of exposure to mixtures of metals, and potentially other stressors
(e.g. low dissolved oxygen or pH).

Monitoring of environmental metal contaminants has also been carried out by measurement of
their bioaccumulation in whole organisms or the partitioning of metals into sub-cellular
compartments (dose/internal exposure) (Rainbow and Phillips, 1994). This indicates
exposure to bioavailable metals, integrating the uptake of metals from multiple pathways and
the prediction of metal effects, therefore, bioaccumulation has been suggested as a better
predictor of toxicity than metal concentrations in the exposure medium (Borgmann and
Norwood, 1999). A variety of sub-cellular sequestration sites such as metal binding proteins,
lysosomes, granules and membrane bound vesicles have evolved in the intracellular
environment to permit the accumulation, regulation, excretion and immobilization of metals
(Mason and Jenkins, 1995). These measurements provide more information about metal
toxicity, tolerance and trophic transfer (Wallace et al., 2003).

External metal exposure and consequent internal dose may result in toxic effects (response)
thus identification of associated biological responses in biomonitor organisms provide useful
information on internal exposure to metal contaminants and resultant effects. Toxic effects
can therefore, be linked to the exposure and dose of relevant metals (Clearwater et al., 2002).
Traditionally, response has been quantified by measures of community structure analysis and
bioassays to evaluate the sensitivity of the species present in the environment of concern.
Bioaccumulation of metals by biota as a result of the metal exposure does not always cause
lethality but can lead to sub-lethal effects, that may affect an organisms biochemistry,
physiology, reproductive success and ultimately the long-term survival of the population
(MacFarlane et al., 2006). Organisms have evolved defences at biochemical and cellular
levels to protect against effects from the beginning of the exposure (Ramos-Gómez et al.,
2011). Responses at sub-cellular levels of biological organization are considered early
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warning tools for detecting environmental stress. In recent studies, biomarkers have been used
successfully to monitor detrimental and specific effects of metals and other xenobiotics
(Taylor and Maher, 2010; 2012b, 2013a). Biomarkers can be defined as biochemical, cellular,
physiological or behavioural variations that can be measured in tissue or body fluid samples,
or at the level of whole organisms, to provide evidence of exposure and/or effects from one or
more contaminants (Depledge, 1994).

In this context, relationships need to be established between external levels of metal exposure,
internal levels of metal tissue contamination and early adverse effects (Van der Oost et al.,
2003) to identify the fate and effects of sediment bound metal contaminants in aquatic
ecosystems. The exposure – dose – response frame work, proposed by Widdows and Donkin
(1992) and further developed by Salazar and Salazar (1997, 2000, 2004) has been widely used
as comprehensive prognostic tool in sediment toxicology studies (Giguère et al., 2003; Taylor
and Maher, 2010; 2012b, 2013a), which integrates metal contaminants in the environment
(exposure) with bioaccumulation (dose) and impairments of the biological systems
(response).

A suitable sentinel organism is required to use within this frame work. A key feature of
sentinel species is the capacity to retain contaminants in their tissues at a high accumulation
potential and to show a positive correlation between the body concentrations and the
environmental mean concentration of bioavailable contaminants at all locations and under all
conditions (Beeby, 2001). Sediment dwelling bivalves which meet these requirements have
been widely used in freshwater (Guidi et al., 2010; Perceval et al., 2006; 2004; Spann et al.,
2011) and marine (Boldina-Cosqueric et al., 2010; Fournier et al., 2002; Taylor and Maher,
2012b, c) sediment toxicological studies. Sediment burrowing bivalves are stationary and
filter relatively large volumes of surface water, including suspended particles and colloids
(Gagné et al., 2002; Naimo, 1995). Their burrowing and feeding activities may result in
remobilization of existing metal loads in the sediments increasing their bioavailability to the
infauna. Use of freshwater sediment burrowing bivalves in sediment toxicity tests is therefore,
appropriate to assess bioavailability and toxicity of metal contaminants in aquatic sediments.
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1.2 Aims
This study aimed to answer the following research questions:
 Can the sediment dwelling freshwater bivalve Hyridella australis be used as a
biomonitor of sediment metal contamination, particularly in the Molonglo River?
 Does the sink of metals in the Molonglo River sediments still pose a risk to the
infauna?

1.3 Specific Research Objectives
To answer the research questions listed above, this study:
1) Assessed H. australis as a potential biomonitor for metal contamination in freshwater
sediment toxicological studies. For this, knowledge of individual metal accumulation,
metal handling strategies and biologically significant effects was gained by:
 linking exposure – dose – response relationships of H. australis to individual
metal spiked sediments for lead, zinc and cadmium under laboratory controlled
conditions.

2) To determine the present levels of metal contamination in the Molonglo River bed
sediments:
 a sediment metal survey was carried out along the Molonglo River channel.

3) To investigate the potential risk of metal contaminants in the Molonglo River
sediments to the river infauna:
 exposure – dose – response relationships were established in transplanted
caged H. australis in the Molonglo River sediments.

4) To compare the metal accumulation and handling strategies of H. australis under field
and laboratory controlled conditions:
 exposure – dose – response relationships of H. australis to contaminated
Molonglo River sediments were investigated in laboratory microcosms.
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1.4 Structure of the study and thesis
A brief outline of the study structure is given below based on the research objectives outlined
in Section 1.3. This thesis consists of published and unpublished work. Published papers are
included in Chapters 3, 4 and 5. Unpublished works Chapters 6, 7 and 8 are written in journal
article format.
As there were multiple authors on the published papers, a short description of each author’s
contributions as follows. For paper I – III, the study design, laboratory works, which involved
sediments spiking, preparing Hyridella australis exposure microcosms, exposure of this
organism under laboratory controlled conditions, samples preparations for the ICP-MS
analysis, results and data analysis and writing of these papers were done by myself. Prof.
William A. Maher and Dr. Anne. M. Taylor, my supervisors, guided, supervised and
instructed and helped me to do the field work and each of the manuscript read and provided
their comments before submit these papers. Sediment spiking, sub-cellular analysis and
biomarker analysis were carried out under the supervision of Dr. Anne M. Taylor. Frank
Krikowa helped me to analyse sample metal concentrations using ICP-MS. Rodney P.
Ubrihien in paper I helped me with counting the lysosomal membrane stability and gave me a
basic idea about SPSS data analysis software.

1.4.1 Usefulness of the freshwater bivalve Hyridella australis as a
biomonitor in freshwater sediment toxicological studies
Cadmium, lead, zinc and copper have been established as the major metal contaminants in the
Molonglo River bed sediments (Sloane and Norris, 2003). For sediment spiking, two nonessentials (cadmium and lead) and one essential metal (zinc) were selected as these metals
have been identified as major metal contaminants in the river sediments. Uncontaminated
reference sediments were spiked with two different concentrations of each metal and each
metal treatment consisted of control sediments that were prepared without spiking of metals.
To investigate the usefulness of the freshwater bivalve H. australis as a biomonitor to assess
the bioavailability and toxicity of sediment bound cadmium, lead and zinc in freshwater
sediments, exposure – dose – response relationships of H. australis to single metal-spiked
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sediments (cadmium, lead and zinc) were investigated for 28 days under laboratory controlled
conditions. This section of the thesis is mainly based on the following papers.

Chapter 3: Hyridella australis lead-spiked sediment study
Marasinghe Wadige, C.P.M., Taylor, A.M., Maher, W.A., Ubrihien, R.P., and Krikowa, F.
(2014) Effects of lead-spiked sediments on freshwater bivalve, Hyridella australis: linking
organism metal exposure – dose – response. Aquatic Toxicology 149(0), 83-93. – Paper I

Chapter 4: Hyridella australis cadmium-spiked sediment study
Marasinghe Wadige, C.P.M., Maher, W.A., Taylor, A.M., and Krikowa, F. (2014) Exposure –
dose – response relationships of the freshwater bivalve Hyridella australis to cadmium-spiked
sediments. Aquatic Toxicology 152(0), 361-371. – Paper II

Chapter 5: Hyridella australis zinc spiked sediment study
Marasinghe Wadige, C.P.M., Taylor, A.M., Maher, W.A., and Krikowa, F. (2014)
Bioavailability and toxicity of zinc from contaminated freshwater sediments: Linking
exposure – dose –response relationships of the freshwater bivalve Hyridella australis to zincspiked sediments. Aquatic Toxicology 156(0), 179-190. – Paper III

1.4.2 Molonglo River, NSW, Australia sediment metal concentration
survey – unpublished work
Chapter 6: The metal contamination gradient in the Molonglo River was established by
analysing metal concentrations in river channel sediments. Sediments were sampled at eleven
sites within the mine contaminated Molonglo River, NSW from 6.5 km above the Captains
Flat mine to 63 km downstream and from three tributaries in December 2012 during low flow
conditions (Chap. 6 - Fig. 1). Sites were selected from previous studies (Sloane and Norris,
2003; Weatherley et al., 1967) to allow comparisons of the present concentrations of metal
contamination in the river sediments with previous studies.
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1.4.3 Hyridella australis in situ caged study in the Molonglo River –
unpublished work
Chapter 7: Following the assessment of H. australis as a potential biomonitor for sediment
metal toxicology studies (Chapters 3-5), H. australis contained in cages were deployed at four
sites (along the metal contamination gradient identified in the sediment metal concentration
survey) in the Molonglo River sediments to assess the bioavailability and toxicity of metal
contaminants in the Molonglo River sediments in order to examine the present health status of
the river. This study also determined the dynamics of multi element bioaccumulation and
handling strategies of H. australis following exposure to mixed metal contaminated
sediments.

1.4.4 Exposure of Hyridella australis in laboratory microcosms to mixtures
of metal contaminated sediments collected from the Molonglo River –
unpublished work
Chapter 8: Sediments were collected from the same sites where bivalve cages were
embedded in the Molonglo River and fate and effects of metal mixtures on H. australis were
established using the same experimental set up as used previously for the sediment spiking
experiments. Emphasis in this study was on synergistic and antagonistic effects of metals
compared to that of the bivalve caged experiments in the Molonglo River. Moreover, this
study also investigated whether single metal contaminant exposure in laboratory spiked
sediments results in different tissue metal uptake patterns and effects for H. australis for the
same metal in mixed metal contaminated sediment collected from the Molonglo River.

1.4.5 Synopsis
Chapter 9: This is a concluding chapter and synthesises the findings from Chapters 3 - 8. An
overview is given of the scientific knowledge obtained from the laboratory experiments and
the major findings in the field monitoring. More specifically, the usefulness of H. australis as
a biomonitor to assess the fate and effects of metal contaminants in freshwater environments
by linking exposure – dose – response relationships under laboratory controlled conditions
and under environmental realistic conditions in the field is discussed. This chapter also
assesses the present status of the metal contaminants in the Molonglo River bed sediments.
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2 Literature Review
2.1 Introduction
Metal contamination in aquatic ecosystems is a wide spread environmental problem due to its
wide occurrence, persistent and significant negative effects on the health of aquatic
ecosystems (Zhou et al., 2008). Large quantities of metal contaminants are continuously
released into aquatic systems by natural sources (e.g. atmospheric disposition, erosion of
geological matrix) or anthropogenic activities (e.g. industrial effluents, domestic sewage,
mining and agricultural wastes) (Ruelas-Inzunza et al., 2011; Vutukuru, 2005). Metal
contamination in freshwater aquatic environments from historic mining activities are of great
concern because they often occurred when environmental damage was poorly understood or
considered and have left a significant legacy of metal contamination. When compared to
modern or present day mining activities, past mining activities produced mine waste with
relatively high concentrations of metals due to technological limitations, insufficient ore
processing techniques and poor recoveries of metals from ore (Lottermoser, 2010). As a
consequence of these activities and inadequate waste management, mine accidents such as
collapses of tailings dumps and dam spills, large quantities of acid generating sulphides,
metals, and metalloids have been released into aquatic environments (Berger et al., 2000; Iain,
1996; Tarras-Wahlberg et al., 2000). Excessive inputs of metal contaminants exert toxic
effects on aquatic biota, affect biodiversity and change the community structure and
ecosystem functioning (Lebrun et al., 2014; Medina et al., 2007).

In the present study, the focus was the sediment compartments in the aquatic environment,
because it provides habitat and food sources for a large diversity of communities such as
macro and micro-invertebrates and also is the largest reservoir of metal contaminants (Ciutat
et al., 2005; Dabrin et al., 2012). Sediment bound metals have the potential to be released into
the water column under suitable physicochemical conditions and through the feeding and
burrowing activities of benthic biota, leading to further contamination of aquatic systems
(Arakel, 1995; Macklin et al., 1997). This poses a risk to aquatic biota, particularly benthic
organisms and those that feed on them and finally may affects the integrity of whole aquatic
ecosystems (Chapman et al., 1998; Lamoureux and Brownawell, 1999; Tessier et al., 1993).
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The purpose of this review is to illustrate the effects of metal mining on aquatic environments,
particularly in the Molonglo River from historic Captains Flat mining activities. This review
will also examine the significance of metal contamination in aquatic sediments to benthic
biota and the use of the exposure – dose – response frame work to assess the health status of
mine polluted freshwater environments.

2.2 Effects of metal ore mining and processing on freshwater
environments
Metals occur as natural constituents of the earth crust and trace amounts can be released into
aquatic environments through the processes of weathering and erosion. Metals released from
these processes are unlikely to cause environmental problems unless the metal is exposed or
mobilised by anthropogenic activities (Batty et al., 2010). The process of extracting useful
minerals from the earth’s crust through mining is one of the major anthropogenic activities
that exposes metal-bearing ores and increases metal mobility (UNEP, 2013).

Mining of minerals dates back to the Neolithic period, between about 3500 and 2000 BC
(Holgate, 1991). In the Bronze Age, man first used metals for the manufacture of simple tools,
weapons and ornaments (Iain, 1996) and a major expansion of mining for copper and tin
occurred at numerous locations in Europe (O'Brien, 1996). As a result of the industrial
revolution (Iain, 1996), increasing human population and expanded technological
applications, demands for metals (e.g. iron, silver, gold, copper and lead) has increased
dramatically (Swart and Dewulf, 2013). As a consequence, contamination has become large in
scale as huge amounts of waste materials are generated which may cause sociological and
environmental impacts and leave a toxic legacy in the environment (Gosar, 2004). The effects
of metals and metalloids released from mining and ore processing were identified as far back
as the nineteenth century (Goudie, 2013; Ouédraogo and Amyot, 2013). Unwanted byproducts generated from mining pose a vast array of problems because of the volume and
chemical composition (e.g. metals, metalloids, acids and process chemicals) (Ripley and
Redmann, 1995). Mine waste can be released into aquatic environments through point sources
(waste canals and pipe line) and non-point diffuse sources (remobilisation of depositions of
mining residues in sediments and flood plain soil, run off from ore piles and waste rock)
(Coetzee et al., 2006; Gruiz et al.) and cause widespread contamination, which may render
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local water bodies uninhabitable by aquatic biota (Hirst et al., 2002; Kucken et al., 1994;
Olaveson and Nalewajko, 2000). After the introduction of environmental laws and regulations
in the 20th century, the mining industry has paid more attention to environmental protection.
In recent years, there has been growing awareness of the effects of present-day and historic
mining activities on the environment (Rodgher et al., 2013; Ruelas-Inzunza et al., 2011; Walls
et al., 2013).

2.2.1 Major steps in metal production, sources and pathways of metal
contaminants into aquatic ecosystems
The production of metals from the earth crust includes, mining – extraction of metals from
ore-deposits; beneficiation – milling or leaching, physical separation (flotation) to separate the
minerals that contain metals from others; processing/ metallurgy – concentration of metals
from their parent materials; and closure and remediation of mining sites (Hudson et al.,
1999). Environmental effects can occur at all of these stages and produce unwanted waste
materials

(Gosar, 2004), however, environmental effects vary greatly with the methods

employed to exploit the mineral deposit, type and extraction of the mineral resources,
adequate contaminant control, waste management strategies and proper reclamation practices
(Luís et al., 2011).

Mine waste does not necessarily cause detrimental environmental effects for example, if mine
wastes (waste rock) are inert and do not contain or release contaminants it can be used for
landform reconstruction, road and dam constructions (Lottermoser, 2010). In this review only
the negative effects of mine waste, particularly metals on freshwater aquatic ecosystem are
considered.

The basic steps in metal production, type of waste products generated from each stage of the
process and possible pathways of contaminant release into aquatic environments are
illustrated in Figure 1. Mining/extraction is the first part of the process, which involves
removing of metal-bearing minerals from the earth, depending on the size, shape and
distribution of metal-bearing ore bodies, these ore deposits can be mined through surface or
underground excavation and the mine can be categorised as an open pit or an underground
mine (Aubertin and Bussière, 2001). During excavation, particularly in open pit mines, large
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amounts of materials (waste rock) that enclose the ore are removed. Waste rock may contain
metals, pyrite and other sulphides, however, concentrations of these contaminants in waste
rock might be low because the concentration of contaminants in waste typically increases with
the degree of processing (Bridge, 2004). Waste rock is usually deposited close to the mine and
contaminants released into river or freshwater environments through erosion, seepage and
surface run-off (Mighanetara et al., 2009). Apart from waste rock, leachates containing high
concentrations of dissolved metals and sulphates may also enter freshwater bodies as drainage
from mine shaft and mine adits (Byrne et al., 2011).

Beneficiation is the second step in the process. After the metal bearing ore deposit is removed
from the ground, it is converted into tiny particles by a milling process to product slurry. After
milling, targeted metals can be separated by different methods such as magnetic separation,
gravimetric methods or chemical leaching (Nerkervis and Hallowell, 1976). Large amounts of
waste slurry/tailings are formed during this process and stored in large ponds, called
“impoundments” or “tailings dumps”.
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Figure 1: Major steps involved in extraction of metals, metal contamination sources,
pathways and their receptors (e.g. Aquatic ecosystem) (adapted from INAP (2009) from
McLemore (2008)).
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Moore and Luoma (1990) showed that the concentrations of metal contaminants in tailings are
significantly higher than in waste rock. Tailings are a mixture of water and fine mineral
particles of sand and silt. These materials contain metal and non-metal substances derived
from ore and other chemicals used for ore processing such as cyanide and strong acids
(Macklin et al., 2006). It has been reported that prior to the implementation of environmental
legislation and contamination control, historic mining activities directly discharged tailings
and other solid and liquid mine effluents into nearby rivers resulting in the introduction of
significant quantities of metals in particulate and soluble forms to aquatic ecosystems (Feris et
al., 2003; Macklin et al., 2006; Salomons, 1995). In addition to the direct discharge of metal
containing tailings, dump failures, seepage, erosion and leaching of tailings dumps also
release vast amounts of metal contaminants into aquatic ecosystems. As reported by Rico et
al. (2008), failure of mine tailing dumps occurs due to:


instability of embankments formed by locally collected fills (soil, coarse waste,
overburden from mining operations and tailings);



lack of regulations on specific design criteria for tailing dumps;



lack of dam stability requirements regarding continuous monitoring and control during
emplacement, construction and operation; and



high cost of maintenance works for tailings dams after closure of mining activities.

Failure of tailing dumps can cause extensive contamination of river systems and surrounding
floodplains and these metal contaminants may persist for several decades, causing significant
effects on ecological integrity (Table 1) (Dennis et al., 2009; Hudson-Edwards et al., 1999).
The long-term effects of mine tailing spills on river system depend on the quantity, quality
and rate at which mine waste is discharged into water bodies and the effectiveness of clean-up
operations (Macklin et al., 2006). Physical remobilisation of metals from abandoned tailings,
waste piles, channel beds and contaminated floodplains also introduce large amount of metal
contaminants into rivers (Biester et al., 2000; Hudson-Edwards, 2003; Hudson-Edwards et al.,
2001).

Instead of milling, some metals (e.g. gold, silver, copper) are concentrated from parent ores
by leaching (Hudson et al., 1999). There are various types of leaching methods (e.g. dump
leaching, heap leaching and in situ leaching) used to extract low-grade metals (Dudka and
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Adriano, 1997). During the process, water containing chemicals such as sulphuric acid or
dilute sodium cyanide are used to leach metals. From this, large amounts of metal depleted
wastes are formed which are potential sources of contamination in aquatic environments.
Further concentration of metals is achieved through the process of smelting and refining
which may produce gaseous and particulate matter emissions, waste water and solid slags
(Dudka and Adriano, 1997). Some slags may contains remnant metals and also be a potential
source of metal release to the environment, however, the amount of metal released from slag
is much less than the metals released from mill tailings (Hudson et al., 1999).
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Southern France
Australia
Southwest France
Canada

Bolivia

Spain

Romania

Australia

The Gardon River watershed mine

Captains Flat mine

Mining sites situated along the RiouMort River

Gold mine, Matachewan, Ontario

Cerro Rico de Potosí

Aznalcollar mine

Baia Borsa, Novat-Rosu tailing dam

Lady Annie Mine Copper Mine in
northwest Queensland
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Country

Name of the mine/dam

2009

2000

1998

1996

1990

1986

1939 & 1945

1976

Year of the
incident

Al, Be, Cr, Co,
Cu, Fe, Mn, Ni
and Zn

Cd, Cu, Pb and
Zn

Saga and Inca
Creek

Agrio River,
Guadiamar River
and Guadalquivir
River
Rivers Novat,
Vaser, Viseu and
River Tisa

Río Pilaya and
Río Pilcomayo

Montreal River

Cd, Cr, Mn, Ni,
Pb, and Zn
As, Sb, Cd, Cu,
Pb, Hg, Ag, Tl
and Zn
Fe, S, Zn, Pb, As,
Sb, Co, Tl, Bi,
Cd, Ag, Hg and
Se

River Lot

Molonglo River

Gardon River

Impacted
freshwater body

Cd and Zn

Metals
discharged
Pb, Zn, Cd, Tl,
Hg, As and Sb
Cd, Cu, Pb and
Zn

Table 1: Examples of mine incidents and resulted in metal contaminated freshwater ecosystems.

(Taylor and Little,
2013)

(Macklin et al.,
2003)

(Grimalt et al.,
1999)

(Hudson-Edwards
et al., 2001)

(Shinn et al.,
2009)
(Draves and Fox,
1998; Leis and
Fox, 1996)

(Hogg, 1990)

(Resongles et al.,
2014)

Reference
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Mine waste water is another major source of metal contaminants (Banks et al., 1997). Water
is used in different stages of the mining process for example, to crush and size the ore during
ore milling, however, at some point water is discharged and released into aquatic environment
through drainage or seepage from mine sites, rainfall etc. (Lottermoser, 2010).

Acid mine drainage (AMD) into aquatic environments from current and historical metal
mining has been identified as the key impact of mining activities on aquatic ecosystems
throughout the world that has caused long-term impairment of waterways and biodiversity
(Akcil and Koldas, 2006; Walls et al., 2013). Generation of AMD by the oxidation of
sulphide minerals is a natural chemical reaction which can be accelerated by mining activities.
The oxidative weathering of sulphidic minerals (e.g. pyrite (FeS2) – equation 1, chalcopyrite
(CuFeS2) - equation 2) results in elevated acidity, mobilisation of sulphate and iron (Younger
and Wolkersdorfer, 2004) and dissolution and release of metals and metalloids such as
arsenic, cadmium, copper, mercury, selenium and zinc previously held on mineral surface
sorption-sites (Azcue, 1999).

4FeS2(s) + 15O2(g) + 14H2O(l)
4CuFeS2(s) + 15O2(g) + 14H2O(l)

4Fe(OH)3(S) + 8SO42-(aq) + 16 H+(aq)

Eq.1

4Fe(OH)3(S) + 4Cu 2+(aq) + 8SO42-(aq) + 16 H+(aq) Eq.2

Upon mine closure rehabilitation aims to prevent or mitigate undesired environmental and
social impacts. Unlike present day mining activities, historic mining activities did not include
this closure step. Compared to historical mining activities, the environmental damage caused
by present day modern mining activities is relatively low due to advancement of mining
practices, regulation of mining and clean-up efforts, however, unfortunately, these practices
are largely only used in wealthy industrialised nations (Lottermoser, 2010).
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2.2.2 Fate of metals in mining affected rivers
River systems throughout the world have become contaminated with a range of metallic
elements from historic and present day mining and processing of metal ores (e.g. silver, gold,
cadmium, copper, lead, zinc etc.) (Taylor and Hudson-Edwards, 2008). Metals that are
released in dissolved forms can form complexes with dissolved organic matter and anions and
remain in solution. Some of the metal contaminants released into aquatic environments are
primary ore minerals, such as cerussite, sphalerite, smithsonite, descloizite, and wulfenite. A
considerable amount of metals are found bound to secondary weathering products, such as Feoxy-hydroxides, Mn-oxides, Fe-oxy-hydroxy sulfates, and Al-silicates. Downstream
attenuation of metals occurs due to physical (e.g. advection, dilution, dispersion and
sedimentation) and chemical processes (e.g. solution reactions, precipitation, coprecipitaion
and adsorption onto river bed sediments or suspended particles) (Salomons, 1995).

When compared to other potential sources of particulate matter into river systems, mine dam
failures release large amounts of metal rich solid wastes. The Novaţ-Roşu tailing dam in
Maramureş Country, Romania for example, failed in 2000 and released approximately 100,
000 m3 of contaminated water and 20, 000 t of mineral-rich solid waste, which was routed
downstream through the Rivers Novaţ, Vaser and Vişeu into the River Tisa (Bird et al., 2008).
These particulates will be partly weathered and contain metals in the form of discrete minerals
which are stable only under the geochemical conditions of the mine site (Salomons, 1995).

Metal-bearing solid waste materials are transported downstream by water and become sorted
and deposited in the river bed sediments according to their textural properties. They may also
disperse and directly deposit on river banks and adjacent floodplains depending on the river
flow regime. Contaminant enriched fine particles move with slow flowing water and may
deposit in deep pool areas and coarse material may deposit in nearby discharge sources and be
transported downstream during modest and high flow events (Iero, 2011). Previous studies
have demonstrated that metal contaminants in bed sediments tend to decrease with increasing
distance from mine point sources due to physical processes; influx of clean sediments from
tributaries, hydrogeochemical reactions and abrasion (Hudson-Edwards et al., 1996; HudsonEdwards et al., 2001), chemical process; chemical weathering, pH buffering, acid
neutralisation (Byrne et al., 2011; Hudson-Edwards et al., 1996), winnowing of sediments that
occurs after successive flood events and biological processes; uptake by benthic biota. Mine
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diffusive sources and changes of hydrological parameters, however, can alter downstream
attenuation and increase influx of metal-bearing sediment load into river system.

2.2.3 Effects on biota
Waste derived from metal mining contains mixture of metals, metalloids, acids and process
chemicals and release of these contaminants into aquatic environment pose significant effects
on fauna and flora in receiving water bodies. According to Younger and Wolkersdorfer
(2004), the particular hazard posed by metals released into aquatic environments depend on
their:


persistence in the environment compartments (water, suspended solids and sediment);



toxicity to specific aquatic organisms;



bioaccumulation by these organisms;



bioamplification along the tropic web; and



indirect effects on the biota.

Aquatic organisms can be exposed metals in receiving streams directly from the water column
or taken up via food or sediments when burrowing in sediments (Allan, 1997; Macklin et al.,
2006). The particular effects of metals on biota can, however, vary greatly from site to site
and depend on specific environmental conditions and the sources of metals. The release of
metals to the aquatic environment may also affect ecosystem functions, such as primary
production, nutrient cycling, energy flow and decomposition (Fleeger et al., 2003; Vuori,
1995), which are important to maintain the integrity of aquatic ecosystems.

The solubility of most cationic metals increases with decreasing pH. In AMD affected
systems, where buffering minerals are insufficient to neutralize the produced acid, increased
acidity increases the solubility and mobility of metal cations. This may also increase the
bioavailability of metals to aquatic biota and cause toxicity, which may leave freshwater
bodies barren of most living creatures (Kimmel, 1988). A decrease in pH may also lead to an
increase in competition between H+ and M2+ for binding to cell membranes sites (Campbell
and Stokes, 1985; Nelson and Campbell, 1991).
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Fish are directly exposed to metals and H+ via the uptake through gills, ingestion of
contaminated sediments and/or fish that lay eggs on metal contaminated sediments. Apart
from metal toxicity, low pH may alter growth and reproduction of fish (Fromm, 1980).
According to equation 1, iron hydroxide (Fe(OH)3) formed by AMD precipitates on river and
stream beds and is visible as an orange/red rusty coating, which may destroy habitat,
eliminate benthic algae and benthic invertebrates, diminish availability of clean gravel used
for spawning and reduce abundance of fish food items such as benthic macroinvertebrates
(Younger and Wolkersdorfer, 2004).

Mine incidents tailings spills and dam failures may occur rapidly and release large volumes of
liquid and solid waste that are contaminated with metals, acids and mine processing chemicals
into nearby water bodies, therefore, there is no possibility for aquatic organisms to adapt to
the changes. As a result of the Porco tailing dam failure in South west Bolivia for example,
there were extensive fish kills and that extended up to 500 km downstream from the tailings
pond (Macklin et al., 1996). Discharge of tailings contaminated with metals and other
processing chemicals into aquatic ecosystems may also reduce aquatic biodiversity further
downstream. The Aznalcóllar tailings dam spill, for example, flooded approximately 40 km of
river banks, significantly depleting aquatic life (Eriksson et al., 2000). Discharge of cyanide,
mercury and metal rich tailings into rivers of the Puyango catchment area from Gold mining
in the Portovelo-Zaruma district in southern Ecuador also reduced aquatic biodiversity further
downstream. Cyanide contamination was lethal to biota close to the source (Tarras-Wahlberg
et al., 2001). In addition to toxicological affects, tailing spills into aquatic environment may
also cause physical effects such as the settling of fine-grained tailings which can change the
particle size composition of the substrate, which may potentially affect benthic organisms and
ultimately reduce the forage base for fish that feed directly on benthic organisms (Draves and
Fox, 1998) as well as smothering spawning sites and reducing substrate heterogeneity for fish
(Dudgeon et al., 2006; Malmqvist and Rundle, 2002).

Apart from toxic effects on aquatic biota from increased metal bioavailability and acidity,
heavy loadings of suspended sediments increase river turbidity. Increased river turbidity
reduces light penetration and primary production, disturbs mating and territorial behaviour of
aquatic biota and causes respiration problems due to clogging of gills with sediments
(Younger and Wolkersdorfer, 2004). Dissolved and particulate metal concentrations in mine
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affected rivers are high near mine sites making these areas uninhabitable for aquatic biota,
however, the extent to which mine-derived metals may affect biota in the lower catchments is
uncertain (Cresswell et al., 2013).

2.3 Metal Contamination in the Molonglo River, NSW
2.3.1 Captains Flat mining activities
At present no active mine operates at Captains Flat. The former Captains Flat mine is located
in NSW close to the Molonglo River, upstream approximately 50 km southeast of Canberra,
ACT. The Captains Flat ore body consisted predominantly of metal bearing sulphide such as
pyrite, sphalerite, galena, chalcopyrite, arsenopyrite, tennantite and gold. Ore deposits were
mined through underground excavation and ore processing – milling, smelting and storage of
waste materials was carried out near the Molonglo River (Fig. 2). Mining at Captains Flat
began in 1882 and continued periodically until the mine ceased operations in 1962. During its
initial activity period 1882-1899, 205,000 tonnes of ore was smelted to produce copper, silver
and gold and a similar amount of slag (203,000 tonnes) was produced by smelting (Dames
and Moore, 1993). The mine was reopened twice, in 1904-1912 and again 1924-1939. The
peak period of the mining was between 1939 and 1962 (Dames and Moore, 1993; Hogg,
1990), during which 4,000,000 tonnes of ore was milled from the mine to produce zinc,
copper, lead, silver and gold. Tailings as slurry of slimes and water, which consisted of small
particles (0.02 – 2. 00 mm in diameter) with high concentrations of sulphur and zinc and other
metals such as lead and copper from ore processing were deposited in two tailings dumps.
Tailings were initially dumped at the north of the mine in above-ground dumps until the dump
burst its banks in 1939 (Brooks, 1980). Afterwards disposal of tailings were in a southern
dump until this collapsed in 1943. These two major tailings dumps were located close to the
bank of the Molonglo River (Fig. 2). Spigot was the technique used to handle mine waste in
northern and southern dumps, which involved the distribution of waste slurry at the edge of
dam and drainage towards the centre of the dam (Dames and Moore, 1993). The coarsest
materials were deposited behind the dam walls and used to increase the height of the dam
walls. To increase the quantity of waste in the dump, the dam walls were also raised (Hogg,
1990).
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As a result of the dams failures the spigot technique was abandoned and dewatering of tailings
was then continued until the mine ceased (Dames and Moore, 1993; Hogg, 1990). In 1962,
the mining ceased and there has been no mining at Captains Flat since. Eighty years of mining
at Captains Flat has left a legacy of metal contamination in the Molonglo River and
surrounding floodplains downstream of the mines.
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Northern and southern
tailings dumps

Figure 2: Map of the former Captains Flat mine and potential path ways of mine
contaminants entering into the Molonglo River (Dames and Moore, 1993).
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Figure 2 description – source from Dames and Moore (1993) and Hogg (1990).
Elliot section (northern)
Central section

designated mine sections

Keating section (southern)
Shafts – run from the surface to the multiple underground levels in the mine
Northern and southern dump – rehabilitated tailing disposal sites
Smelter site – northern end of the southern tailing dump
Quarry – used to backfill sections of the mine and rehabilitation work as source of rock
materials
Forsters Creek and Copper Creek – creeks that empty into the Molonglo River
Springs – result from the high water pressure head in the ground water in the mine

2.3.2 Effects of Captains Flat mining on the Molonglo River
The Molonglo River rises on the western side of the Great Dividing Range and flows through
the township of Captains Flat, where the abandoned mine is located, before the river is joined
by the major tributary (the Queanbeyan River). The river then flows towards Canberra, where
the river has been dammed to form Lake Burley Griffin, and eventually empties into the
Murrumbidgee River, near Uriarra Crossing. River contamination was first recorded in
1911(Brooks, 1980), 29 years after mining commenced during the second active period of the
mine (1904-1912). Discharge of mine waste water from ore processing and smelting and
erosion and leaching of tailings were identified as the early phase of metal contamination
sources to the Molonglo River (Dames and Moore, 1993).
When the mine was reopened in 1924, metal contamination to the river was not severe due to
the condition applied on the lessee to stop the release of waste into the river (Hogg, 1990).
The major metal contamination issues in the river occurred during the peak period of the
mining (1939-1962) (Weatherley et al., 1967). According to Chesnut (1972) study, in 1939,
600 kg/day of zinc and unknown quantities of other metals, acids and processing chemicals
were released into the river. During the peak period of the mining, drainage water from a
slurry pond was discharged into the Molonglo River via Copper Creek (Weatherley et al.,
1967).
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Discharges of metal contaminated tailings into the Molonglo River and surrounding river
floodplains (Foxlow and Carwoola) occurred in August 1939 following the failure of the
northern tailings dump, however, the amount of tailing materials discharged is unknown
(Brooks, 1980; Hogg, 1990; Weatherley et al., 1967). During this event, acid water containing
finely divided tailings with high concentrations of metals such as copper, iron and zinc salts
were released into the Molonglo River. As reported by the same authors, the second major
metal contamination event to the river occurred in July 1943 due to collapse of the southern
tailings dump. This released approximately 30, 000 cubic metre of fine tailings, which
consisted predominantly of pyrite (FeS) and siliceous materials and lesser amounts of galena
(PbS), chalcopyrite (CuFeS2) and spalerite (ZnS) to the Captains Flat water supply dam (Fig.
2). As a consequence of this, a similar amount of water was released into the Molonglo River
and transported downstream. The sudden release of a large amount of water into the river
caused extensive flooding and affected the surrounding floodplain pastures at the Foxlow and
Carwoola. Twenty years after this mine incident, tailing materials were detected on the river
bank and far downstream from the mine source (Weatherley et al., 1967). In addition to
metals, other chemicals (e.g. sulfides, thiocynates, cyanide, cresols, phenols) used for ore
processing were also released into the river. According to the Weatherley (1967) study, the
river contamination from these chemicals was not significant, due to various oxidation and
physicochemical process occurring in the river.

Apart from the tailing dump failures, erosion and leaching from the mine waste dumps, acid
mine water flowing from the mine and remobilisation of existing river bed sediments and
surrounding floodplains have caused significant metal contamination of the Molonglo River
below Captains Flat. After 1943, there were no recorded tailing dump failures at the Captains
Flat mine, however, a major flood in 1945 significantly increased the metal contamination of
the river by remobilisation of deposited sediments in the river bed and surrounding
floodplains (Hogg, 1990).

As reported by Dames and Moore (1993), mine water was not released directly into the river
after closure of the Captains Flat mine in 1962, however, further addition of metals into the
river system occurred through some point sources (e.g. mine water springs, tailing dumps
seepage, ventilation shaft and erosion of waste dumps) and mine site diffuse sources (e.g.
Copper Creek catchment – ore concentrate storage and loading area, Forsters Creek area –
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smelter site and slag dumps and the vicinity of Keatings collapse and contaminated river bed
sediments and surrounding floodplains). Metal and acid contamination from the Copper Creek
catchment, however, were minor as it is assumed that 30 years of erosion in this area has
removed and transported much of the contaminants. Metal contamination from Forsters Creek
area to the river is also considered as minor effect because mining and smelting occurred in
the early period of mining (Fig. 2).

Of the metals, zinc has been found as the highest recorded metal contaminant in the Molonglo
River (Brooks, 1980; Nicholas and Thomas, 1978; Weatherley et al., 1967). A recent study
conducted in 1996 (Sloane and Norris, 2003) reported high concentrations of Cd – 11.8 µg/g,
Cu – 748 µg/g, Pb – 2568 µg/g and Zn – 3534 µg/g dry mass in Molonglo River sediments.
These values exceed the high trigger value of the ANZECC/ARMCANZ (2000) interim
sediment quality guidelines (ISQG) for Cd – 10 µg/g, Cu – 270 µg/g, Pb – 220 µg/g and Zn –
410 µg/g dry mass.

2.3.3 Mine site rehabilitation and aquatic ecosystems
One of the most important parts of mine closure is mine site rehabilitation. According to State
laws in Australia, mine companies need to rehabilitate mine sites at the end of mining (Burton
et al., 2012), however, the vast majority of mineral exporting countries lack appropriate
legislative and policy frame works with regards to mine closure (Clark and Cook-Clark,
2005). Mine site rehabilitation is important to minimize socioeconomic and environmental
problems (Mhlongo et al., 2013). In this review, only the rehabilitation works with regard to
environmental protection of the Molonglo River from historic mining activities at the
Captains Flat are considered.

Remedial works are important to minimise the release of mine wastes into surrounding
environments to improve water, soil and sediment quality in surrounding areas and water
courses and to protect fauna and flora diversity. The environmental damages caused by
mining activities may persist much longer in the environment than the short-term economic
benefits of exploitation of mineral resources.
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Major remedial work at the Captains Flat mine site was undertaken in 1976. Prior to that,
there were several remediation steps undertaken to reduce the release of mine waste
contaminants from the mine site to the river, however, these steps had failed to rehabilitate the
Molonglo River. The ventilation shaft at the northern end of the mine (Fig. 2), which
previously released zinc contaminated (4200 mg/L) mine water at a rate of 400 kL/day was
plugged in 1966 (Dames and Moore, 1993). According to these authors, plugging of this shaft
caused the generation of other mine contamination sources such as increased seepage along
the Molonglo River fault zone and generation of new springs at several abandoned adits to the
river as predicted by (Frenda, 1965).

In 1974, a Joint Government Technical Committee was established by the Commonwealth
and New South Wales Governments to permanently reduce mine waste pollution from
Captains Flat. Before remedial works were undertaken, the committee identified and reported
the following associated contamination problems with the abandoned Captains Flat mine:
increased erosion of mine waste dumps at Captains Flat; the continuing flow of mine water
from the northern spring; the continuing release of acid and metals from river bed sediments;
dumps instability; and the reduction of diluting effect from the Queanbeyan River as a result
of the construction of Googong Dam (Joint Gov. Tech. Comm., 1974). Rehabilitation
involved reshaping the tailings dumps to prevent further collapse, capping them with
impervious clay to prevent leaching and erosion, sowing grasses on reshaped capped dumps
to increase the stability of dumps and drainage modifications to Forsters Creek to minimise
the inflow of water into the mine (Joint Gov. Tech. Comm., 1974). Even though many
hundreds of tonnes of tailings have previously been discharged and deposited in the river bed
and surrounding floodplains from the previous collapses of tailings dumps none of the
remedial works were involved on removing contaminated sediment from the river bed and
surrounding floodplains (Nicholas and Thomas, 1978). The removal of river bed sediments
would be costly and stir up of river bed sediments would additionally cause more
contamination issues such as increasing potential of leaching of contaminants associated with
sediments and also increasing movements of suspended sediments (Joint Gov. Tech. Comm.,
1974).

The effectiveness of these remedial works in terms of water and river sediments quality and
also in biological terms has been evaluated in several studies (Brooks, 1980; Dames and
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Moore, 1993; Graham et al., 1986; Nicholas and Thomas, 1978; Norris, 1986). According to
these studies, the remedial works at Captains Flat have achieved some of the major objectives,
however, they were unsuccessful in rehabilitating the Molonglo River completely (Maher et
al., 1992; Norris, 1986). Even ten years after the rehabilitation work, the concentrations of
metals (zinc and cadmium) in water and sediments as well as biota degradation, were similar
to pre-rehabilitation levels (Norris, 1986). Remobilization of metals previously deposited in
the Molonglo River sediments and oxidative weathering of tailing materials in the sediments
and river banks have been identified as one of the major diffusive sources of metals to the
river system (Brooks, 1980; Dames and Moore, 1993; Hogg, 1990; Norris, 1986).

2.3.4 Biology of the Molonglo River
The Molonglo River formerly supported good habitat for river fauna. The effects of metal
contamination on Molonglo River aquatic life have been investigated on several occasions
since the 1960s. Before the remedial works were undertaken at Captains Flat, fish survived
only a few days in tanks in situ (Weatherley et al., 1967). The same response was also
observed by Graham et al., (1986) after the remedial works had been completed. Nicholas &
Thomas (1978) found that metal contamination had almost eliminated animals and plants
from the Molonglo River many kilometres downstream from Captains Flat and the river bed
immediately below the Captains Flat was virtually lifeless. Norris (1986) reported that zinc
contamination had greatly reduced abundance and diversity of invertebrate fauna in the river.
Increasing macroinvertebrates abundance and species richness were observed with increasing
distance from the downstream of the Captains Flat mine site (Weatherley et al., 1980),
probably as a result of dilution of metal contamination in the river by water and sediments
from nearby tributaries.

Lintermans unpublished data (1992-1993) showed that even 18 years after the remedial work
was completed, the Molonglo River between Queanbeyan and Captains Flat had only minor
recovery of fish species compared to the status of the river before the mining activities
commenced (Trueman, 2012). A study by Sloane and Norris (2003) in 1996 showed that the
observed to expected (O/E) macroinvertebrate ratio in the river generally increased with
distance downstream from the mine, however, this was not continuous as this ratio was low in
the river at the Copper Creek confluence, as a result of high concentrations of metals in
Chapter 2 – Literature Review

28

sediments and the water column. Moreover, the ratio again decreased downstream where
sediment zinc concentrations were greater. Overall, there has been no substantial alleviation
of metal concentrations in the river system, including river biota even though extensive
engineering works at the Captains Flat have been carried out in an effort to reduce the metal
pollution.

2.4 Monitoring the health/integrity of the mine affected rivers
The maintenance of the biotic, structural and functional integrity of the ecosystem is the most
crucial aspect of ecosystem protection. The effects of metal contaminants in natural
ecosystems are diverse, complex and often unpredictable, therefore, in this context, integrated
monitoring of natural ecosystems is important to identify their present status for future
management and sustainable developments (Taylor and Maher, 2010). Metal contaminants
entering aquatic environments are compartmentalised between aqueous (overlaying water,
porewater) and solid phases (suspended particulate matter, sediments and biota) as dissolved
and/or particulate forms (Fig. 3). Partitioning of metal contaminants between these phases is
dynamic and complex (Burton, 1991). These matrices alternatively act as a source for metal
contaminants depending on the changes in biological, physiological and chemical processes
(Black et al., 2008). Among these matrices, more than 90% of metal load into aquatic systems
has been found to be associated with suspended particulate matter and sediments (Calmano et
al., 1993; Zheng et al., 2008). Suspended particulate matter ultimately settles on sediment,
which acts as the largest pool for metal contaminants in aquatic ecosystems (Devesa-Rey et
al., 2010). The ultimate fate of metals in aquatic system is therefore associated with
sediments, which are less bioavailable than metals in the water column (Chapman et al.,
1998).

Elevated concentrations of metals in sediments have been found in many of the mine affected
rivers around the world and identified as future metal contamination sources to aquatic
environments. Sediments in the Gardon River, Southern France for example, are enriched
with arsenic, cadmium, mercury, lead, antimony, thallium and zinc from historical mining
activities at Gardon River watershed during its peak period (from the middle of the 19th
century to 1960) and are still contributing metal contamination in the river (Resongles et al.,
2014). Elevated concentrations of silver, cadmium, copper, lead and zinc have been found in
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sediments of the Antskogå, downstream of the historical Antskog metal works in Finland
(Åström and Nylund, 2000). Sediments act as potential metal contamination sources to the
water column, aquatic biota and affect the overall quality of aquatic ecosystems, thus,
sediment analysis is often carried out as part of an assessment of the health of an aquatic
ecosystem (Birch et al., 2001; Zahra et al., 2014).
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Figure 3: Conceptual diagram of metal partitioning and transport in aquatic ecosystem
(adapted from Eggleton and Thomas (2004) and Black et al. (2008)).

2.4.1 Metals in sediments
As described in section 2.2.2 mine activities discharge metal in soluble and particulate forms
to nearby water bodies. As a consequence of different complex physical, chemical and
biological processes, a major fraction of metals in aquatic environments tends to be associated
with the bottom sediments, which play a major role in the transport, storage and release of
metal contaminants (Birch et al., 2001; Tessier and Campbell, 1987).

Adsorption and retention of metals depends on the composition of the sediments, for example,
content of organic matter and availability of Fe and Mn oxides/hydroxides (Salomons, 1995),
surface area, pH and the type and density of adsorption sites (Black et al., 2008). Adsorption
processes are complex and vary with changing physicochemical (e.g. temperature, pH and
redox potential) and biochemical parameters (Calmano et al., 1993). Metals present in
particulate and dissolved organic matter in the overlaying water are also ultimately
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incorporated into sediments via precipitation and co-precipitation (Salomons, 1995). Metals
incorporated into sediments then undergo different biogeochemical transformations (Thuy
Nguyen, 2008). Metals that are incorporated into different phases in the sediments can change
during diagenesis. Metals that are associated with Fe and Mn oxides and organic matter for
example, can be released into solution and/or resorbed onto other phases in the sediments
(McKee et al., 1989). In aquatic ecosystems, metals are reported to be readily available when
in solution or adsorbed to solids. Metals in organic materials or metallic hydroxides need to
be chemically changed before they are released and are essentially unavailable when formed
as crystal structures of minerals (Gibbs, 1973).

Sediments act as both a carrier and source of metal contaminants in aquatic environments
(Walling et al., 2003) and may remain dormant for several decades as long as sediments
remain undisturbed. Sediment bound metals are not permanently in place and can be
remobilised and released from sediment and sediment porewater to overlaying water and vice
versa by various driving forces; physical (e.g. floods and erosion); chemical (e.g. changes of
pH and Eh); and biological process (e.g. feeding and burrowing activities of benthic biota and
bacterial activity) (Macklin et al., 1996). In mine affected rivers, oxidative weathering of
sulphate bearing waste is one of the most severe problems which results in increased acidity
and long term release of metals into solution.

Porewater is the other important metal partitioning phase in sediment. This is the water within
the interstices of sediment particles (Luoma et al., 2008). Porewaters are mobile and are the
agent by which contaminants including metals are transport from one place to another.
Porewater metal concentrations are generally orders of magnitude lower than metal
concentrations in sediments and depending on the concentration gradients metals can be
diffused from sediments to porewater and porewater to overlaying water by benthic fluxes
(Luoma et al., 2008).

Contaminated sediments are a significant diffuse source of metals into solution and also
contribute substantial amounts of particles and, hence, associated metals into overlaying
waters (Förstner and Salomons, 1980). Thus, contaminated sediments represent a serious long
term threat to the integrity of freshwater ecosystems (Neal et al., 2005; Varol and Şen, 2012)
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and metals stored in river bed sediments act as future metal contamination sources to
freshwater environments (Varol and Şen, 2012).

Downstream attenuation of sediment bound metals in mine affected rivers has been reported
to occur due to the dilution of sediments with uncontaminated sediments from tributaries,
burial of contaminated sediments from newly deposited uncontaminated sediments, discharge
of river sediments to floodplains during flood events and removal of river bed sediments as a
remedial option (Hudson-Edwards, 2003; Luoma et al., 2008). Removal of river bed
sediments, however, may increase sediment oxidation/resuspension and metal mobility.

2.5 Exposure – dose – response framework for the sediment risk
assessment
Contamination of sediments with metals poses a serious threat to aquatic ecosystems due to
their toxicity, persistence and ability to bioaccumulate along food chains (Duman et al.,
2007). Sediment analysis together with biological assessments provides information on the
overall quality of aquatic ecosystems and has been a widely used tool to assess the
integrity/health of the mine affected rivers around the world (Farag et al., 1998; Solà and Prat,
2006). Elevated concentrations of metals in sediments do not always represent their
bioavailability and toxicity, therefore, there is a need to assess the fate and effects of metals in
aquatic sediments as part of the evaluation of integrity of the mine affected rivers, particularly
the Molonglo River.

In the USA Environmental Protection Agency (EPA) frame work of Environmental Risk
Assessment (ERA), Sediment Ecological Risk Assessment (SERA) of metals can be
undertaken by collecting data from different lines of evidence (LOEs): sediment chemistry,
bioaccumulation and biomagnification, toxicity, biomarkers and benthic community structure
(Adams et al., 2005). An effective integrated environmental management strategy to secure
resource sustainability requires an integrated risk assessment (Moore et al., 2004). Integration
of various LOEs in SERA is important to quantify risk posed by contaminants (Iero, 2011),
which provides additional value to assessment of the integrity of aquatic ecosystems.
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The exposure ˗ dose ˗ response (EDR) triad approach proposed by Widdows and Donkin
(1992) and further developed by Salazar and Salazar (1997, 2000), Taylor (2009) and Taylor
and Maher (2012b, 2013a) can provide the link between cause and effects, which can be used
as a model during SERA to integrate LOEs (Iero, 2011). The EDR framework integrates three
different lines of evidence (LOEs) metal concentration in the media (sediment or porewater)
(exposure), concentration of a metal that appears in tissues of benthic biota or internal
chemical exposure (dose) and onset of adverse effects at different levels of biological
organisation or impairment of biological systems (response) (Fig. 4).

The EDR triad is a practical monitoring framework. The relationship between external
exposure concentration, body and/or tissues dose surrogates, and the effective internal dose at
the sites of toxic action tends to be more complex for metals than organic chemicals (McCarty
et al., 2011). As described by Salazar and Salazar (2000), the EDR framework is more
consistent with the US EPA’s risk assessment framework of characterizing exposure and
effects than with the usual sediment quality triad of sediment toxicity assessments, sediment
chemical analyses and benthic community structure studies.
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Figure 4: Exposure – dose – response triad to determine the fate and effects resulting from
metal exposure in aquatic ecosystems (adapted from Salazar and Salazar (2000)).
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2.6 External exposure
External exposure measures the metal concentrations in the medium (sediment, porewater and
overlaying water) to which organisms are exposed (McCarty et al., 2011). This can be used as
the reportable dose metric in toxicity testing. This implies the internal exposure/dose of the
organisms tested. A clear understanding of exposure is essential when evaluating ecological
responses as metal effects are inferred from responses to different exposure concentrations
(Luoma et al., 2008). Under environmentally realistic conditions, metal concentration in
exposure medium varies with time and spatial scales, therefore, temporal and spatial
variability of exposure is additionally important when understanding exposure and effects
relationships (Luoma et al., 2008).

In aquatic ecosystems, metals are partitioned into different media overlaying water, pore
water and sediments, therefore, aquatic biota can be exposed to metals in various ways (Fig.
3). An organism’s exposure to the chemicals in its environment is integrated among media
(Luoma, 1996). Which metal species in the medium that can be taken up by organisms is
organism specific and influenced by the possible uptake routes. Organisms can be exposed to
dissolved metals in the overlaying water, porewaters, burrow waters via passive diffusion
through their integuments and/or gills or particulate metals via ingestion of sediment particles,
detritus, algae and other food sources (Fig. 5). Organism metal exposure is the net result of
metal uptake from different routes of exposure and organisms have more than one route of
metal exposure. Metal analysis of different compartments is, therefore, necessary to
investigate the environmental compartments into which contaminants are distributed (Taylor,
2009) because consideration of single or a particular environmental media is artificial and
inhibits understanding of bioavailability (Luoma, 1996).
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Figure 5: Conceptual model of organisms receptors and their potential exposure routes in
sediments (Simpson and Batley, 2014).
In the aquatic environment, metals can occur in available and non-available forms thus
elevated concentrations of metal in the medium does not necessarily indicate its
bioavailability and toxicity. Total concentrations of metals in the sediments are, therefore,
poor predictors of the toxicity of metal contaminants in the sediments. In this context,
evaluation of effects of metals in sediments requires understanding of factors influencing
metal bioavailability in the sediments. When internal tissue dose is not considered, the
determination of the bioavailability from the exposure medium is precluded (McCarty et al.,
2011).

The assimilable metal fraction is the key component governing bioaccumulation and potential
effects on biota. Bioavailability of metals can be described as “the relative measure of the
fraction of the total ambient metal that an organism actually takes up when encountering or
processing environmental media, summated across all possible sources” (Luoma and
Rainbow, 2008a). Bioavailability of metals in the medium or outside of an organism is
influenced by physico-chemically driven supply processes i.e. metal speciation: precipitates
with Fe and manganese sulphides; adsorption onto organic matter, clay minerals and Fe and
Mn oxides/hydroxides, Al-silicates, sulphide and carbonates; complexation with inorganic
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and organic chelating agents (Vijver, 2005). Changes of oxygen/redox gradient, pH and
temperature affects speciation and bioavailability of metals in aquatic environments (Burton,
1991).

Factors that influence metal uptake by aquatic biota are competition between metals and
essential ions, or metal and hydrogen ions, on the surface and within the uptake channels for
ions in the biota may also limit metal bioavailability (Borgmann, 2000). Depending on how
and where an organism feeds can also alter the metal bioavailability (McCarty et al., 2011).
Organism exposure to metals via sediment or water is thus greatly influenced by metal
bioavailability (Simpson and Batley, 2007).

In some circumstances, even similar concentration of metals in sediments exhibit a range of
toxicity in different sediment types. Analysis of metal contaminants in exposure medium
itself does not allow the prediction of the amounts of metals that are up taken by biota and
effective dose that reach the sites of toxic action to exhibit metal toxicity (Bryan et al., 1985;
Cajaraville et al., 2000; McCarty et al., 2011; Phillips, 1977).

2.7 Internal exposure/Dose
In the EDR frame work, characterisation of internal metal exposure or dose is important to
adequately characterise an organism metal exposure and effects (Salazar and Salazar, 2000).
In a broad sense, dose can be defined as the concentration of a metal that appears in an
organism’s tissues which is the starting point for adverse effects (Luoma, 1996). Aquatic
biota living in or on sediments can bioaccumulate metals into their tissues from dissolved and
particulate forms, therefore, the accumulated metal concentration in the organisms reflects the
overall bioavailability of the metal in the sediment. Internal dose of metals can be estimated
by measuring metal concentrations in individual body tissues or whole organism body tissues.
Tissue concentrations can be a more direct measure of exposure and this can be linked to
exposure and associated responses. If tissue concentrations relate to biochemical, cellular or
organism response, then biologically effective exposures could be determined from direct
measurements of those concentrations, whatever the complexity of the exposure (Luoma,
1996).
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An organisms’ metal dose will directly reflect the bioavailable metal concentration in the
environmental compartments relevant to the organisms’ ecological niche as well as the
organisms’ accumulation and excretion mechanisms for the particular metal (Rainbow and
Phillips, 1993; Rainbow and Wang, 2001). Biological responses are more likely related to the
dose and not necessarily to the external exposure concentration (Rainbow, 2007). As
described in external exposure measurements, temporal aspects or variation in tissue
accumulation over exposure period is important to adequate interpretation of metal toxicity.

After the assimilable metal in media is taken into the organism it undergoes distribution to
various phases, organs and tissues, possible metabolic conversion/degradation, and
elimination from the organism. These factors will determine the ultimate fate of metals in an
organism. As with external factors governing bioavailability of metals in the medium, after
metals are taken in to the body metals are complexed with various ligands namely, proteins
(heat sensitive and heat stable metallothionein like proteins), intracellular and extracellular
granules, vesicles of the lysosomal system, which are cellular level internal metal speciation
sites likely influenced by internal activity of metals (McCarty et al., 2011; Vijver et al., 2004).

Aquatic organisms can take up and accumulate both essential metals that are required for
biological process and non-essential metals that have no known biological functions, all of
which have the potential to cause toxic effects (Rainbow, 2007). Metals that are taken up by
organisms are sequestrated in metabolically available and detoxified forms. Non-essential
metals in the detoxified pool are not available to play a role in metabolism and cannot cause
toxicity , however, essential metals such as copper and zinc that are bound to metallothionein
remain in the cytosol and act as an available reservoir of metals within the cell (Engel and
Brouwer, 1987).

For essential metals, metabolically available forms are important to maintain biological and
physiological functions within the organisms to meet essential metabolic needs. In general,
toxic effects occur when the metal uptake rate exceeds elimination or storage flux, and the
metals bioaccumulate in excess over the metabolically required pool or exceed a threshold
concentration at the specific site of action (Fig. 6) (Rainbow, 2007). Aquatic biota can,
therefore, often regulate essential metals by limiting metal uptake and/or excretion of excess
metals and/or storage in detoxified forms (Rainbow, 2002). For non-essential metals, there is
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no need for metals to be in biologically available forms, therefore, excretion from the metal
excess pool and internal storage without elimination are the major strategies present for
regulating metals in aquatic biota (Rainbow, 2002).
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Figure 6: A schematic representation of partitioning of essential and non-essential metals in
different compartments in the organisms body (adapted from Rainbow (2002)). T = Threshold
metal concentration; M = Metabolically available metals; MTLP = Metallothionein like
proteins; MRG = Metal rich granules.
The analysis of total metal body concentrations to define the effects of metals by itself is thus
not straightforward due to internal compartmentalisation of metals in organisms (Vijver et al.,
2004). In this context, the identification of effective dose or a fraction of the dose that reaches
the targets or a site of toxic action is important, where it can initiate a chain of biochemical
reactions that may lead to adverse effects.
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2.7.1 Sub-cellular partitioning of metals
The relationship between total internal metal burden and the active fraction forming the
effective dose is confounded by complex internal partitioning (McCarty et al., 2011). The
most commonly used approach/models for evaluating metal bioavailability and toxicity is the
use of the Free Ion Activity Model (FIAM) and the Biotic Ligand Model (BLM). The FIAM
attempts to link metal accumulation and toxicity to free metal ion activity (Morel, 1983). This
has been effective in explaining the central role of the activity of the free metal ion as a
regulator of interactions (i.e. uptake or toxicity) between metals and aquatic organisms
(Brown and Markich, 2000). The BLM is an extension of FIAM, which incorporates sitespecific metal competition and assumes that metal toxicity may occur as a consequence of
binding of a metal at physiologically active sites (such as transporter, carrier, and enzymes) at
the biomembrane surface (Di Toro et al., 2001). Both of these models have faced some
challenges (Brown and Markich, 2000; Luoma and Rainbow, 2005) and presently sub-cellular
partitioning as proposed by Wallace et al. (2003) has increasingly been used in metal toxicity
studies as this evaluates the cellular fate of metals.

The sub-cellular distribution of metals reflects the strategies used by organisms to cope with
potentially toxic metals (Rosabal et al., 2012). Furthermore, sub-cellular metal analysis
provides measures of metal toxicity, tolerance and trophic transfer of metal in biota (Wallace
et al., 2003). According to the protocol developed by Wallace et al. (2003) metals can be
distributed between soluble/cytosolic and insoluble fractions. Soluble fractions consist of
metallothioneins and metallothionein like proteins (MTLP) and heat sensitive proteins. The
insoluble fraction consists of metal rich granules, various organelles such as mitochondria,
lysosomes and microsomes and nuclei and cellular debris. Metals sequestered in
metallothioneins, MTLP and granules are classified as biologically detoxified metals (BDM).
Metals sequestered in heat sensitive proteins, mitochondria, lysosomes and microsomes are
classified as biologically active metals (BAM). Metals sequestered in nuclei and cellular
debris are not classified as either BDM or BAM since it contains unbroken cells, cellular
membranes and digested nuclei (Bonneris et al., 2005a).

Metallothioneins are cysteine rich metal binding proteins and are known to be involved in the
metabolic regulation of the essential metals zinc and copper as well as their detoxification
when present in excess amounts and detoxification of non-essential metals (Baudrimont et al.,
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2003). Induction of metallothioneins by metals is specific and metal dependant (Roesijadi,
1996).

Aquatic biota can sequester metals in inorganic granules such as calcium and magnesium
phosphate containing granules, copper and sulphur containing granules and iron containing
granules (Viarengo, 1989). Metals in granules are detoxified and hence not biologically
available to cause metal toxicity. Metals bound to the MTLP are subsequently immobilised
generally within granules, which can then be excreted, limiting the bioaccumulation of excess
essential metals and non-essential metals.
Metals in the BAM fraction have the potential to cause metal toxicity. As described by
McCarty et al. (2011) the BAM varies widely among species and because detoxification is
highly variable among metals, the relationship between total metal concentrations in the
organism and toxicity is often complex.

Sub-cellular partitioning of metals allows the identification of effective metal dose that is
potentially toxic to aquatic biota, however, this does not itself show the type and magnitude of
effect that the dose is having on the organism. Determinations of metal concentration in the
environment/exposure or in biota/dose alone are not necessarily a reliable assessment of metal
toxicity or effects of metals in the environment (Nicholson, 2003; Rank et al., 2007).
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2.8 Metal toxicity
When the rate of metal uptake into an organism exceeds the combined rate of excretion and
detoxification, metals can accumulate in metabolically available fractions, which are available
to interact with important intracellular targets and cause toxic effects (Rainbow, 2002).
According to the “spill over” concept, overwhelming of metal detoxification mechanisms can
lead to metals binding to metal sensitive intracellular targets such as DNA, proteins and
cellular organelles (Langston and Zhou, 1986; Mason and Jenkins, 1995). These sites have
different functions and impairment of these functions causes metal-induced stress in
organisms (Brown and Parsons, 1978; Campbell et al., 2005). When excess metals bind to
proteins, for example, this may block the catalytic active sites of proteins or distort the normal
geometry of proteins which disrupts normal metabolic functions of the proteins (Luoma and
Rainbow, 2008b).

To protect from metal-induced toxicity, aquatic organisms have evolved mechanisms to
detoxify or excrete non-essential and essential metals when excess amounts are present in the
metabolically available pool. Among the mechanisms involved in metal-induced toxicity,
overproduction of reactive oxygen species (ROS) has been identified as one of the most
prominent metal-induced toxicities in living organisms including aquatic biota (Ercal et al.,
2001; Livingstone, 2001; Lushchak, 2011; Regoli and Giuliani, 2014).

2.8.1 Metal-induced reactive oxygen species (ROS) generation in aquatic
biota
In living organisms ROS are generated as intermediates by normal biological process namely,
aerobic metabolism, auto oxidation of certain cellular components (Livingstone, 2001), active
phagocytosis and the activity of several enzymes (Winston et al., 1998). The formation of
ROS by aerobic metabolism is reviewed here. It has been reported that more than 90% of
molecular oxygen consumed by an animal is converted into water via a four electron
reduction in the mitochondrial system of eukaryotes to meet their energy budget (Papa and
Skulachev, 1997) (Fig. 7). Less than 10% of consumed oxygen is reduced via a one electron
scheme giving rise to ROS (Lushchak, 2011). A small portion of ROS can escape from the
protective shield of antioxidant mechanisms (Kehrer, 2000; Valavanidis et al., 2006) (Fig. 7).
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The term ROS refers to free radicals and other oxygen-related reactive compounds such as
1

-.

.

singlet oxygen ( O2), superoxide anion (O2 ), hydroxyl radical (OH ), hydrogen peroxide
(H2O2). As shown in Figure 7, ROS are formed by partial reduction of molecular oxygen.
These are highly active due their unpaired electron except H2O2, which does not have any free
radicals but its activity is higher than molecular oxygen (Lushchak, 2011).
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Figure 7: Routes of oxygen metabolism in aquatic organisms. The upper part demonstrates
complete reduction of molecular oxygen into water. The lower part shows partial reduction of
oxygen and production and elimination of ROS (adapted from Lushchak (2011)).
Reactive oxygen species are essential for living organisms for their physiological control of
cell functions, for example, these ROS act as channel to serve many important functions such
as cell signalling and cell transformation (Monaghan et al., 2009). In addition to normal
biological processes, the formation of ROS is stimulated by a wide range of metals/metalloids
(e.g. arsenic, cadmium, chromium, mercury) and organic chemicals (polyaromatic
hydrocarbons, halogenated hydrocarbons, dioxin) by a variety of direct and indirect
mechanisms (Livingstone, 2001). Metals can be categorised into redox-active metals (e.g.
iron, copper and chromium) and redox-inactive metals (e.g. cadmium, mercury, lead and
zinc). Redox-active metals produce ROS by catalysing redox cycling via Haber-Weiss and
Fenton like reactions (Ercal et al., 2001) due to their ability to donate free electrons. Hydroxyl
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radicals (OH ) are extremely reactive and capable of reacting indiscriminately with cellular
targets including macromolecules such as proteins, lipids and DNA, which will ultimately
lead to protein degradation, enzymatic inactivation, lipid peroxidation, DNA damage and
finally cell death (Winston and Di Giulio, 1991).
.

More toxic hydroxyl radicals (OH ) are formed enzymatically by reaction of less toxic O2

-.

and H2O2 via the Haber-Weiss reaction (Equation 3) (Winston and Di Giulio, 1991). HaberWeiss reaction is thermodynamically unfavourable in biological systems, having a second
order rate constant of zero in aqueous solution, and requires a catalyst to proceed (Kehrer,
.

2000). Transitional metals can catalyse the production of OH . The iron-catalysed Haber–
Weiss reaction is the Fenton reaction (Equations 4 and 5); this is now considered to be the
major mechanism by which highly reactive hydroxyl radicals are generated in biological
systems (Liochev, 1999). In addition to iron and copper, this reaction can be catalysed by
other redox-active metals chromium, cobalt, titanium, vanadium ions and their complexes
(Lushchak, 2011).
3+

Fe + O2

˙-

2+

Fe + H2O2

2+

Fe + O2

Eq. 3
-

Fe2+ + OH˙ + OH

Eq.4

(Fenton reaction)

The net reaction:
H2O2 + O2

˙-

O2 + OH˙ + OH

Eq.5

(Haber–Weiss reaction)
Some metals can react with cysteine leading to generation of thiol radicals (GS˙). The GS˙
radical has the potential to react with other thiol (-SH) containing groups and generate ROS
-

(RSSR˙ ) (Equation 6) that can readily react with molecular oxygen and generate other ROS,
˙-

O2 (Equation 7) (Shi and Dalal, 1988).

GS˙ + RSH
-

RSSR˙ + O2
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The formation of ROS by redox-inactive metals is different to that of redox-active metals. The
imbalance or depletion of antioxidant defences or depletion of thiols by redox-inactive metals
can indirectly increase ROS generation (Ercal et al., 2001; Regoli, 2011). Metals such as
cadmium and cobalt have high affinities for –SH groups of enzymes such as glutathione
(GSH). Interaction of metals with reactive sites in GSH result in oxidation of GSH to
glutathione disulphide (GSSG) or formation of more stable coordination complexes with GSH
(Regoli, 2011). GSH is one of the most important antioxidants present in aquatic organisms
and depletion of GSH would lead to higher steady-state concentration of ROS, which will
cause oxidative stress in aquatic biota.

2.8.2 Metal-induced oxidative stress in aquatic biota
The lifetime of various radicals is only a fraction of a second and varies with the type of
radical formed (Kehrer, 2000). Reactive oxygen species are essential for living organisms for
their physiological control of cell functions, however, deviations from normal levels will
cause stress to organisms. The adverse effects or toxicity of ROS are naturally counteracted
by the cellular antioxidant system, including antioxidant enzymes (e.g. superoxide dismutase
(SOD), catalases (CAT), glutathione peroxidase) non-enzymatic substances (e.g. glutathione
(GSH), ascorbic acid, carotenoids, metallothioneins, and ferritin) by scavenging and reduction
to non-reactive molecules (Livingstone, 2001; Regoli and Giuliani, 2014). Superoxide
dismutase for example, catalyses the conversion of O2- to H2O2. The reduction of H2O2 to
molecular oxygen and water is then catalysed by either CAT or via the glutathione peroxidase
(GPx) enzyme system (Fig. 7). The balance between generation of ROS and removal of ROS
by antioxidant defence systems or regulated production of ROS are important to maintain the
physiological health of organisms including aquatic biota.

Essential metals in excess of metabolic requirements and non-essential metals that are not
detoxified, have the potential to stimulate the production of ROS and other pro-oxidants thus
requiring up-regulation of antioxidant defences. As a result of the increased production of
ROS the antioxidant defence system may be overwhelmed resulting in oxidative stress
(Winston et al., 1998). In general, oxidative stress can be defined as the imbalance between
the generation and removal of ROS by the antioxidant defence mechanisms within an
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organism (Halliwell and Gutteridge, 1999). The imbalance can arise through a depletion of
antioxidant defences or an increase production of ROS or both (Regoli, 2000). Due to the
high reactivity of ROS, it has the potential to react with non-radical cellular targets such as
membrane lipids, proteins and DNA leading to the conversion of target molecule into other
radicals and alteration of their normal functions and finally cell death (Fig. 8). Lipid
peroxidation for example, by ROS reduces the membrane stability of cellular targets such as
lysosomes and ultimately causes cell death.
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Figure 8: Exposure – dose – response to determine possible mechanism for metal-induced
oxidative stress.
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2.8.2.1 ROS induced lipid peroxidation
Lipids are the major constituent in cell membranes, which have both structural and functional
roles in the membrane. Lipids are the most commonly identified substrate for oxidation by
ROS (Lushchak, 2011). The process of lipid peroxidation consists of a set of reactions,
initiation of lipid peroxidation then continued through several propagation steps until it
terminates. Specifically the double bonds found in polyunsaturated fatty acids are the key
targets for free radical attack such as OH˙. As described in section 2.8.1, transition metals
increase the production of OH˙ through Fenton like redox reactions. These radicals initiate
lipid peroxidation by abstracting a hydrogen atom from one of polysaturated double bonds
(LH) and result in the formation of new carbon-centred lipid radicals (L˙) (Equation 8) that
can readily react with molecular oxygen and generate lipid peroxyl radicals (LOO˙) (Equation
9). Lipid peroxyl radicals have the ability to extract a hydrogen atom from another fatty acid
resulting in the formation of lipid hydroperoxide (LOOH) (Equation 10). LOOH is unstable
and easily degraded into several other reactive species including lipid alkoxyl radicals (LO˙),
aldehyde (e.g. malondialdehyde), alkanes, lipid epoxides or it can be reduced to the more
stable alcohol form (Valavanidis et al., 2006). The generation of LOO˙ and LO˙ radicals by
decomposing LOOH is known to be enhanced by the presence of metal ions such as Fe3+ and
Fe2+ (Girotti, 1998). Peroxidised membranes and lipid peroxidation products are a significant
threat to aerobic cells such as ionic channels of the membrane which may be affected.
Inactivation of membrane transport proteins or enzymes and increased permeability results in
disruption of cell integrity and finally cell death (Kehrer, 2000).

From Valavanidis et al. (2006)
Initiation of lipid peroxidation
LH + R˙ or OH˙

L˙ + RH or HOH

Eq. 8

Propagation of lipid peroxidation
L˙ + O2
LH + LOO˙
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2.8.3 Toxicity of lead, cadmium and zinc
Both essential and non-essential metals have the potential to cause metal-induced toxicity in
aquatic biota depending on the availability of metals in the biologically active metal pool.
Toxic effects of metals can vary between organisms for the same metal and between metals
for the same organism (Luoma and Rainbow, 2008b). The toxic effects of lead, cadmium and
zinc are highlighted in Chapters 3, 4 and 5, respectively due to their wide occurrence in the
Molonglo River sediments.

2.9 Biological Responses
As shown in Figure 9, chemically induced impairment that occurs at the sub-cellular level can
ultimately extend to cellular, tissue, organ, individual, population and community levels with
increasing availability of the toxin (Luoma and Rainbow, 2008b; Moore et al., 2004).

Figure 9: Diagrammatic representation of order of environmental response and the level of
detectability of the response (Moore et al., 2004).
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Toxic effects can be characterized by measurements of associated biological responses
(Salazar and Salazar, 2000). Metal analysis in exposure medium/sediments is unable to
predict the metal-induced biological effects but metal concentration in biota are often much
better indicators of biological impacts (Borgmann, 2000), however, associated metal-induced
biological responses need to be identified when evaluating the fate and effects of metal in
aquatic environments. The measurements of biological responses provide insights into the
biological effects of bioaccumulated metals. Toxic effects/response can, therefore, be linked
to the exposure and dose (Clearwater et al., 2002; Salazar and Salazar, 2000). As described by
Nicholson (2003) the effects of excess metal uptake on an individual’s condition and
consequent homeostasis can only be evaluated through the measurement of biological
responses. Biological responses can be determined by using different toxicological endpoints
such as biochemical changes in activity of specific enzymes, cellular changes in lysosomal
membrane stability and micronucleus formation, organism level changes of morphology,
physiology, biochemistry, cytochemistry or behaviour, population changes in reproduction or
recruitment rates and community levels changes in the number of species and/or abundance of
individuals within each species (Phillips and Rainbow, 1992). Some criteria have been
developed when using any response to monitor the biological effects of a contaminant
(Phillips and Rainbow, 1992). These are:


A quantitative or predictable relationship should exist between the response and the
contaminants dose.



The response should have ecological significance and be shown to be related to an
adverse effect on the growth, reproduction, or survival of the individual, the
population and ultimately the well-being of the community.



Sufficient sensitivity to the contaminants should exist to provide a large scope for
response throughout the range of exposure.



The response should reflect an integrated steady state condition that does not alter
significantly with short-term fluctuations in contaminant availability.



The response should be easily detectable above the natural variability.



The response should be easy to measurable in the laboratory and field without
necessitating the use of very expensive equipment, complicated procedures or high
running cost.
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Stress induced changes at higher levels of biological organisation such as at the population
and ecosystem levels are too complex and far removed from the causative events and also by
the time stress reaches to these levels it is often too late to take remedial actions (Moore et al.,
2004). Moreover, linking harmful effects of contaminants in individual sentinel organisms to
their ecological consequences is a major challenge in integrated environmental management
(Moore et al., 2004). Thus biological responses at population and community levels are not
very effective for the early detection and prediction of the consequences of environmental
stress. In this respect, changes in biochemical, physiological and histological parameters have
been used to estimate either exposure to chemicals or resultant effects.

Biological responses can be quantified with bioassays, biomarkers and community structure
analysis (Iero, 2011). Despite different methods being available to analyse biological
responses, over the last decades, biomarkers have been used as an “early warning” tool to
assess exposure and effects of contaminants before damage become irreversible (Martın-Dıaz
et al., 2004).

2.9.1 Biomarkers
In sediment quality assessment, the incorporation of the measurement of biomarker effects in
benthic organisms has been proposed as an additional line of evidence as part of a weight of
evidence assessment (Taylor and Maher, 2014). This allows the determination of more
sensitive, long-term biological information for use in sediment/tissue quality guide lines
(Martín-Díaz et al., 2008). The analysis of biomarkers is particularly useful when
understanding exposure to and/or effects of contaminants in aquatic sediments because
biomarkers are parameters that putatively represent some steps along casual pathway between
exposure and effects (Hattis, 1991). Biomarker measurements can provide information which
cannot be obtained through measurements of contaminants in the environmental media
(exposure) or tissue concentrations (dose). They have the potential to provide evidence that
organisms have been exposed to contaminants at levels that exceed their detoxification and
repair capacity (Taylor, 2009).

A variety of biochemical and physiological parameters has been used as early warning signals
of contaminant toxic effects in both laboratory and field studies (Monserrat et al., 2007). As
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shown in Figure 9, in the context of ecosystem status or health of the environment,
biomarkers measured at the lower levels (molecular and cellular levels) of biological
organisation have the potential to anticipate changes at higher levels of biological
organisation such as populations, communities or ecosystems (Moore et al., 2004). In this
context, biomarkers can be defined as short-term indicators of long-term biological effects
(Van der Oost et al., 2003). Biomarkers together with tissue metal accumulation and
distribution analysis would contribute to the overall assessment of contaminant effects
(Depledge et al., 1995).

2.9.2 Biomarkers selected in the present study
As described in section 2.8.2, oxidative stress parameters can be used as effective biomarkers
of metal-induced toxicity in aquatic biota (Livingstone, 2001; Taylor, 2009; Valavanidis et
al., 2006). The individual or total antioxidant capacity of an organism is also useful as a
biomarker of oxidative stress of metal toxicity (Alves de Almeida et al., 2007). The selected
biomarkers for the present study are, therefore, total antioxidant capacity, lipid peroxidation
and lysosomal membrane stability which have the ability to demonstrate a series of linked
effects resulting from metal-induced oxidative stress in bivalves (Taylor and Maher, 2010).
The use of single biomarkers may not reflect the impairment of organism health status (Guidi
et al., 2010). The use of multiple biomarkers in sediment quality assessment is, therefore
essential for a more realistic evaluation of biological effects of metals (Martín-Díaz et al.,
2008).

2.9.2.1 Total antioxidant capacity
Living organisms have developed antioxidant systems to protect them against ROS. The
antioxidant system consists of various enzymatic and no-enzymatic substances as described in
section 2.8.2. The metal-induced oxidative stress in aquatic biota can be assessed by using
different components of the antioxidant defence systems because they exhibit a variety of
changes in enzymatic defences (e.g. SOD, CAT and glutathione S-transferases (GST)) after
exposure to contaminants with oxidative potential (Regoli et al., 2002). These enzymatic
biomarkers have been extensively used as biomarkers of oxidative stress, and are correlated to
the presence of metals in invertebrates (Regoli and Principato, 1995). Components of the
Chapter 2 – Literature Review

51

glutathione antioxidant system (e.g. glutathione peroxidase, glutathione reductase, glutathione
S-transferases, Se-dependent and Se-independent glutathione peroxidases) for example, can
be measured as metal-induced specific biological responses to metal exposure (Regoli and
Principato, 1995) and these measurements may also precede effects at a higher level of
biological organisation (individual or population) (Fossi, 1994). The activity of the catalase
enzyme can also be used as an indicator of metal-induced oxidation in aquatic organisms,
particularly bivalves (Regoli and Principato, 1995). The analysis of individual components in
the antioxidant defence system is important to understand the mode of action of a stressor, the
possible molecular interaction with specific responses (Regoli et al., 2002) and changes in the
levels or activity may indicate ROS mediated toxicity.

Interaction between different components in the antioxidant system provides greater
protection against ROS than that of the individual components in the antioxidant system.
Moreover, with the presence of various antioxidant defences, variations of individual
antioxidant are difficult to interpret because even reduced levels of an individual antioxidant
may not cause oxidative stress due to compensatory activity by other defences (Winston et al.,
1998). In this context, the measurement of the total oxyradical scavenging capacity (TOSC)
(here used as total antioxidant capacity (TAOC)) quantifies the overall capacity to neutralise
various ROS and provides more information about ROS mediated adverse effects on the
physiological condition of organisms (Regoli, 2000). Total oxyradical scavenging capacity is
less sensitive than individual antioxidants but it has a greater biological relevance (Regoli et
al., 2002).

There are various methods available to quantify the TAOC in organisms. For example, the use
of specific compounds (e.g. 2, 2’-Azino-di-[3-ethylbenzthiazoline sulphonate] (ABTS) and αketo-γ-methiolbutyric acid (KMBA)) which are readily oxidised and assays based on the
ability of the antioxidant in the sample to inhibit oxidation of these compounds is one method.
One assay is based on the ability of the antioxidant in the sample to inhibit oxidation of ABTS
to radical cation (ABTS. +) by metmyoglobin in the presence of hydrogen peroxide (Mira et
al., 1999). The other assay is based on the reaction between different forms of oxyradicals
and KMBA which is oxidized to ethylene gas. Antioxidant capacity of a sample is calculated
by its ability to inhibit the KMBA oxidation by oxyradicals (Regoli, 2000). Measurements of
reduced antioxidant efficiency in organisms indicates higher order cellular toxicity such as
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increased membrane lipid peroxidation, lysosomal membrane destabilisation, protein
damages, DNA alteration and enzyme inactivation (Bocchetti and Regoli, 2006).

2.9.2.2 Lipid peroxidation (see section 2.8.2.1 also)
Decreased capacity to neutralise ROS by the antioxidant defence system or increased
production of ROS increases its ability to react with cellular targets such as membrane lipids
an autocatalytic oxidation process known as lipid peroxidation (Alves de Almeida et al.,
2007). This may result in the formation of various other ROS intermediates. Lipid
peroxidation is the most extensively investigated process in tissue injury induced by free
radicals as molecular biomarkers of oxidative stress in aquatic organisms (Valavanidis et al.,
2006). Among other stress induced factors, lipid peroxidation has been measured as one of the
metal-induced (e.g. cadmium, lead and selenium) oxidative stress biomarkers in aquatic
organisms, particularly bivalves under laboratory controlled sediment metal spiked sediments
and in an environmentally realistic conditions in the field (Taylor, 2009). Peroxidation of
unsaturated lipids in cell membranes by metal-induced ROS leads to the loss of cellular and
organelle membrane integrity and finally cell death.

Previous studies have shown that exposure to metal contaminants can induce oxidative stress
in bivalves via reduction of antioxidant capacity and induction of ROS mediated lipid
peroxidation. Unio tumidus transplanted to aquatic sediments contaminated with metals and
organic compounds showed a sharp depletion of antioxidant biomarkers and increased lipid
peroxidation (Cossu et al., 2000). Reduced antioxidant activity resulting in enhanced lipid
peroxidation was observed in the freshwater snail Lymnaea natalensis exposed to lead,
cadmium, zinc, copper, nickel and iron contaminated sediments and water in the Lower
Mguza Dam, Bulawayo, Zimbabwe (Siwela et al., 2010).

The direct measurements of endogenous lipid peroxidation products is, however, complicated,
therefore, most of the methods analyse the secondary oxidation products (e.g. aldehyde and
ketones) that can be formed during the oxidation of membrane lipids (Valavanidis et al.,
2006). The most widely used assay for lipid peroxidation is thiobarbituric acid reactive
substances (TBARS) (Draper et al., 1993; Roméo et al., 2003). It measures the
malondialdehyde (MDA) concentration, which is a secondary by-product derived from lipid
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peroxidation. Under different metal exposure MDA levels have been measured as one of the
metal-induced oxidative stress biomarkers in bivalve under laboratory controlled and field
conditions (Doyotte et al., 1997; Giguère et al., 2003; Taylor and Maher, 2010; Taylor, 2009;
Taylor and Maher, 2013a).

2.9.2.3 Lysosomal membrane stability
Lysosomes are specialised sub-cellular membrane bound organelles that contain hydrolytic
enzymes which are capable of cellular digestion, defence and reproduction. Lysosomes are
targeted sites for aquatic toxicological studies because they accumulate a diverse range of
toxic metals and organic chemicals, are easily visualised and are presented in all nucleated
cells (Viarengo et al., 2007). Moreover, many of the tissues of bivalve molluscs are extremely
rich in lysosomes (Moore, 1990). Lysosomes are involved in numerous normal pathological
functions including sequestration and detoxification of metals and organic pollutants
(Viarengo et al., 1987). Lysosomes are the sub-cellular targets for a wide range of
contaminants due to their capacity to accumulate metals and organic xenobiotics (Viarengo et
al., 2007; Viarengo et al., 1987) which can perturb normal function and damage the lysosomal
membrane. Destabilisation of the lysosomal membrane following exposure to metals may be
a result of direct interaction of metals with the lysosomal membrane and/or from metalinduced oxidative stress. Alterations in lysosomal membrane permeability facilitate the
leakage of hydrolase enzymes into the internal environment of the cell which will ultimately
lead to cell death (Viarengo et al., 2007). The measurement of lysosomal membrane stability
is a cellular response and cellular responses are useful to detect stress of the organisms before
it becomes apparent in the physiology of the whole organism (Lin and Steichen, 1994).

Increased lysosomal metal concentrations associated with impairment of the antioxidant
system and increased levels of lysosomal membrane destabilisation have been previously
measured as a metal-induced oxidative stress biomarker in aquatic biota, particularly bivalves
(Chelomin et al., 2005; Taylor and Maher, 2012a). The lysosomal membrane stability can be
detected by relatively simple neutral red retention assay (Ringwood et al., 2003). During this
assay isolated cells (e.g. from hepatopancreas or gill) are incubated in lipophilic neutral red
dye, which is able to penetrate cell membranes and accumulate in lysosomes. Over the time,
the dye tends to leak out of the lysosomes into the cytosol which is then stained by the dye.
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The exposure to toxic substances damages the lysosomal membrane and hence increases its
permeability. Cells with destabilised lysosomal membranes, therefore, leak dye into the
cytoplasm and healthy cells retain dye in the lysosomes (Ringwood et al., 2003) (Fig. 10).
The measure of lysosomal membrane stability by neutral red retention assay, therefore,
provides a rapid and sensitive indication of responses to metal exposure by aquatic organisms.
Previous studies have shown increased lysosomal destabilisation with increased lysosomal
metal burdens (e.g. cadmium) associated with impairment of the antioxidant system in
bivalves (Chelomin et al., 2005; Taylor and Maher, 2012a). Increased lysosomal membrane
destabilisation in marine mussels Mytilus galloprovincialis (Domouhtsidou et al., 2004;
Regoli and Orlando, 1993) and Anadara trapezia (Taylor and Maher, 2012b, 2013b) has been
shown to be a general response to lead exposure and uptake.

Cell with unstable lysosomes

Cell with unstable lysosomes

Cell with stable lysosomes

Figure 10: Hyridella australis hepatopancreas cells with stable and unstable lysosomes.
Background: x 40 magnification, individual cell: x 100 magnification.
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2.10 Use of freshwater bivalves as biomonitor for metal
contaminants in sediments
Chemical analysis of environmental matrices cannot provide any evidence of integrated
influence and possible toxicity of contaminants on organisms and ecosystems (Zhou et al.,
2008). In this respect, a suitable sentinel organism is required for use within an EDR frame
work to evaluate the bioavailability and toxicity of metal contaminants in the sediments.
Sentinel organisms are used as biomoniotors of contaminants in aquatic ecosystems as they
map the bioavailable metal fraction by retaining the contaminant in tissues and should show a
simple correspondence between tissue and ambient bioavailable contamination concentrations
over an area/time interval (Beeby, 2001).

As described in ASTM-E1688-10 (2010), the accumulation of chemicals, including metals
into sediments reduces their direct bioavailability to pelagic organisms but increases the
exposure of benthic organisms to particular contaminants. The use of benthic biota as
biomonitors of contaminants in aquatic environment, therefore, provides an advantage over
pelagic organisms in sediment toxicological studies. Benthic biota is an important
compartment in the aquatic ecosystem as they play an important role in the functioning of
aquatic ecosystems as they are involved in food-web nutrient cycling (Rosenberg and Resh,
1993). Sediment associated contaminants can be introduced into pelagic food webs by feeding
of pelagic organisms on benthic prey (ASTM-E1688-10, 2010). In this context, metals that
are bioaccumulated by sediment dwelling organisms can ultimately lead to ecological effects
on benthic and pelagic communities as well as human health due to consumption of
contaminated shellfish or pelagic fish.

Bacteria, benthic algae, amphipods, bivalves, insect larvae such as chironomids (midge) and
mayflies, copepods and nematodes, oligochaete worms, and snails are the commonly used test
species in sediment toxicological studies (Liber et al., 2011; Ma et al., 2010; RodríguezRomero et al., 2013; Roman et al., 2007). These benthic organisms exhibit different
sensitivities to contaminants. This may result in differences between species and contaminants
due to differences in organism behaviour (burrowing, feeding and life-cycles), contaminant
exposure pathways (filter, deposit and suspension feeders) and the properties of contaminants
( partitioning and bioavailability) (Simpson and Kumar, 2014).
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Among these test species, a number of freshwater bivalves (Anodonta anatina, Corbicula
fluminea, Dreissena polymorpha, Hyridella depressa, Unio tumidus and Velesunio angasi)
have most frequently been used as biomonitors of contaminant bioavailability in freshwater
ecosystems (Bollhöfer, 2012; Bollhöfer et al., 2011; Doyotte et al., 1997; Falfushynska et al.,
2013; Marie et al., 2006). These bivalves are superior bioaccumulators of many chemical
substances (Angelo et al., 2007). Bivalves possess many of the characteristics required for a
good biomonitor (Adams et al., 1997a; Bonneris et al., 2005a; Byrne and Vesk, 2000; Cooper
et al., 2013; Phillips and Rainbow, 1994; Zhou et al., 2008).

Bivalves are:


sedentary, therefore, representative of study sites;



have wide geographical distributions;



abundant;



provide sufficient tissue mass for analysis and are also able to tolerate high
concentrations of metal contaminants by sequestering metals into metal binding
proteins such as metallothioneins and/or calcium concretions within their body tissues;



tolerate handling and experimental manipulation and environmental alterations;



sturdy enough to survive in laboratory and field studies in cages; and



reasonably long lived.

These features make bivalves suitable for environmental monitoring (Zhou et al., 2008).
Moreover, bivalves have different feeding behaviours (filter feeding, deposit feeding and
suspension feeding), therefore, freshwater bivalves can be potentially exposed to metals that
are dissolved in water, associated with suspended particles and deposited in bottom sediments
via broad range of exposure routes (Naimo, 1995) (Fig. 11). The significance of ingested
sediments to internal metal body burden has not been sufficiently assessed due to few
freshwater bivalve mollusc species being deposit feeders (Naimo, 1995).
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SUSPENSION-FEEDER

DEPOSIT-FEEDER

Figure 11: Bivalves pathways of metal exposure (adapted from Salazar and Salazar (2000)).
Bivalve can be used as biomonitors in field and laboratory condition. If native populations of
bivalves are abundant and they meet the requirements for biomonitors, they can be used
(Boening, 1999). These bivalves may be naturally exposed to metal contaminants over their
life time, which may enhance their ability to acclimate or adapt to their environment and they
may not exhibit the same response to toxicity (Martín-Díaz et al., 2008). Moreover, some
areas such as heavily polluted environments may not have naturally occurring native bivalve
due to high concentration of pollutants, lack of suitable bottom substrate or specific
hydrographic features of the area (Dabrowska et al., 2013). In this respect, field transplanted
bivalves can be used as a fundamental approach to evaluate toxicity of metal contaminants in
aquatic environments.
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2.10.1 Selection of Hyridella australis (Lamarck, 1819) as a biomonitor
Phylum: Mollusca
Class: Bivalvia
Order: Unionoida
Superfamily: Unionacea
Family: Hyriidae
Subfamily: Hyridellinae
Genus: Hyridella
Species: australis

Hyridella australis was chosen as a potential biomonitor species in this study because this
organism fulfils most of the requirements as a good biomonitor organism as described in the
previous section. Hyridella australis is a sediment burrowing filter feeding organism and has
direct contact with both sediment and surface water. This close relation with the water column
and sediments makes H. australis a good bioimonitor for metal contamination in freshwater
environments. They naturally occur and prefer to live in silty sediment and an abundant
population exists in the Hawkesbury-Nepean River, Sydney, Australia. This species has
previously been used as biomonitor of pesticide contamination in freshwater environments
(Ryan et al., 1972), however, it had not previously been used in sediment metal toxicological
studies. There are no external morphological differences between males and females of
hyriids (Walker et al., 2001).

2.11 Laboratory vs in situ sediment risk assessments
The EDR frame work has previously been used in both laboratory microcosms and in the field
to evaluate the bioavailability and toxicity of sediment bound metal contaminants to the
benthic biota (Taylor, 2009). In the environment, as recorded in the Molonglo River
sediments, metal contaminants are present as mixtures (Stewart, 1999). Moreover, natural
ecosystems are complex, multivariate systems and organisms are being simultaneously
exposed to a multitude of stresses resulting in cumulative effects (Cairns et al., 1993).
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Before using a sentinel organism to monitor the environmental contamination, sufficient
knowledge of metal accumulation, metal handling strategies and biologically significant
effects needs to be obtained under laboratory controlled conditions (Mersch et al., 1993;
Rainbow et al., 1990). Laboratory controlled sediment toxicity tests can be carried out by
exposing benthic biota or surrogate species to single metal spiked sediments or multiple metal
spiked sediments or sediments that are collected from a sediment metal gradient in the field.

The use of laboratory sediment toxicity test has become a component of assessments of
sediment quality, which has frequently been used in many monitoring, regulatory and
scientific programs (Swartz, 1989). Laboratory toxicity assessments provide artificial
exposure condition, which eliminate the variability from environmental confounding factors
such as changes in temperature, inputs from surrounding environments, flow and osmotic
gradients, providing more interpretable relationships between contamination and toxicity
(Costa et al., 2012). Laboratory sediment toxicity assays often isolate and measure only
sediment toxicity effects (Burton, 1991). Sampling, transport and storage of sediments for
laboratory studies may introduce some experimental artefacts and drastically alter sediment
integrity via disruption of physicochemical and biological gradients and their relationships
(Chapman et al., 1998; Liber et al., 2007). This may have effects on contaminant partitioning,
complexation, speciation and ultimately bioavailability (Chapman et al., 1998). In this
respect, laboratory bioassay provides a poor measures of field based exposures and effects
(Chappie and Burton, 2000).

The results of laboratory toxicity tests, however, require extrapolation to the real world or
field (Crane et al., 2007). In this context, in situ assays can be used to validate laboratory
results and the assessment of potential site-specific sediment toxicity (Chapman et al., 1998).
Many uncertainties, however, arise when extrapolating laboratory results to field conditions.
As described earlier some physicochemical and biological parameters that cannot be
accurately reproduced in the laboratory controlled conditions such as physical, chemical and
biological processes are integrated in the environmentally realistic conditions in the field
(Chappie and Burton, 1997). In situ testing is important to bridge the gap and establish the
link between traditional field monitoring or environmental realism of the field (e.g. survey of
benthic community structure – direct measurements of real world effects) and laboratory or
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experimentally control bioassays (Crane et al., 2007) (Fig. 12). Salazar and Salazar (2000)
also showed that use of in situ caged bivalves can bridge this gap.

Increasing Experimental Control
Precision

Accuracy

Unnatural

Natural

Lab toxicity/ bioassays
Microcosms with metal

In situ testing

Field monitoring

Caged organism

Benthic community

structure
spiked sediments

Mesocosms

Field collected sediments brought

Enclosures

back to the laboratory
Experiments

Observations
Increasing Environmental Realism

Figure 12: Conceptual model showing in situ bioassays to links the gap between laboratory
and field monitoring (adapted from Crane et al. (2007) and Salazar and Salazar (2000)).
In situ sediment toxicity assessments can be carried out by using cages with various
biomonitors, mesocosms, use of in situ test chambers etc. (Chapman et al., 1998; Crane et al.,
2007; Liber et al., 2007). In situ assessments also have both advantages and disadvantages.
Some of the advantages of in situ assessments are they are; are potentially more
environmentally realistic than laboratory exposure experiments (Crane et al., 2007); provide
better control over stressor exposure to a defined population of test animal under natural and
near natural field conditions; provide improved diagnostic ability and high ecological
relevance (Liber et al., 2007); reduce many uncertainties and artefacts associated with
laboratory bioassays, such as collection and storage of samples (Chappie and Burton, 1997);
provide better representation of both biotic and abiotic factors and stressors that affect
contaminant exposure dynamics and uptake pathways; have the ability to assess temporal or
episodic toxicity (sediment quality guidelines). Disadvantages associated with in situ testing
are additionally imposed stress on organisms during transportation, manipulation, caging as
well as effects of predators; loss of cages; uncontrollable covariables; transfer of disease;
considerable time requirement for the acclimation of test organisms to field condition (Crane
et al., 2007); limited availability of reference sites that suitably represent the conditions at the
test site.
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2.12 Synthesis and conclusions
2.12.1 Metal mining, aquatic contamination and impacts on aquatic biota
Mines are classified according to their predominant product, however, in addition to targeted
metals, mines produce large quantities of other metals as by-products and metal-bearing waste
materials during different stages of mining. Metal-bearing mine wastes are released into
aquatic environments through point and diffusive sources. This may lead to multi-elemental
contamination in receiving river systems. Mine accidents such as collapses of tailings dumps
and tailings dam spills exacerbate metal contamination in the aquatic environments and
eliminate aquatic biota even far downstream from the point sources. When compared to
historical mining, release of waste materials and impacts by present day mining activities are
low due to advancement of mining practices, regulation of mining and rehabilitation efforts.

Sediments in aquatic environments are the ultimate reservoir for anthropogenic inputs such as
metals released from mining activities. Sediment bound metal contaminants are released into
the water column under changes of physicochemical parameters such as pH and dissolved
oxygen and feeding and burrowing activities of benthic biota. Some metals are essential for
aquatic biota but excess inputs of essential metals and non-essential metal cause direct and
indirect effects on aquatic biota. The accumulation of metals into sediments reduces their
direct bioavailability to pelagic organisms but increases the exposure of benthic organisms.
Metals that are bioaccumulated by sediment dwelling organisms can ultimately lead to
ecological effects on benthic and pelagic communities as well as human health due to
consumption of contaminated shellfish or fish.

2.12.2 Status of the metal polluted Molonglo River
The previously healthy Molonglo River was contaminated with metals by Captains Flat
mining activities, in particular two separate collapses of tailings dumps in 1939 and 1943.
High concentrations of metals were measured in the river bed sediments and surrounding
floodplains during mining activities, after mine closure and even after remedial works were
undertaken. The inputs of metals to the river and contamination of river biota have been
studied on several occasions since the late 1960s but none of these studies have integrated the
uptake of metals with responses of benthic biota. Remobilization and oxidation of metals
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from sediments in the Molonglo River and river banks have been identified as continuing
major metal sources into the river system. The most recent study conducted in 1996 recorded
high concentrations of cadmium, copper, lead and zinc in Molonglo River sediments (Sloane
and Norris, 2003), which exceeded the high trigger value of the ANZECC/ARMCANZ
(2000) interim sediment quality guidelines (ISQG) for Cd – 10 µg/g, Cu – 270 µg/g, Pb – 220
µg/g and Zn – 410 µg/g dry mass.

2.12.3 Assessment of the integrity of mine affected rivers
Sediments in mine affected river systems such as the Molonglo River have been identified as
major sinks for metal contaminants and these can be released into overlaying water and
elevated metal concentrations can be a potential source to the benthic biota and eventually
pelagic and organisms in higher trophic levels. Apart from toxicity, severely contaminated
sediments can cause ecological and economic damage to aquatic ecosystems. Thus sediment
toxicity analysis can be carried out as a part of the evaluation of integrity of mine affected
river systems. Knowledge of the presence and magnitude of contaminants in the sediments is
important to identify current status for management, choose appropriate remediation options
and assessing important stressors to impaired benthic communities (Ho and Burgess, 2013).

2.12.4 Use of exposure – dose – response frame work for sediment risk
assessment
The monitoring of chemicals in the environment/exposure (e.g. water, sediments) is the most
commonly used approach in environmental impact assessment, however, it doesn’t provide
any information on the chemicals that are taken up by the organisms (Bryan et al., 1985;
Phillips, 1977). The measurements of contaminants in organisms body tissue and sub-cellular
partitioning/internal dose is the other approach in environmental assessment of toxicology
(Rainbow and Phillips, 1994). A variety of sub-cellular sequestration systems have evolved to
permit the accumulation, regulation and immobilization of trace metals these include metal
binding protein, lysosomes, granules and membrane bound vesicles. Sub-cellular partitioning
of accumulated metals provides more information about toxicity, tolerance and trophic
transfer (Wallace et al., 2003). As organisms may have special mechanisms to protect
themselves against contaminants via metabolizing and excreting metabolites during the
Chapter 2 – Literature Review

63

process of metabolism (Sturve et al., 2005), it is additionally important to identify the
associated biological responses at different levels of biological organisation to understand the
fate and effects of contaminants in the environment (Taylor and Maher, 2010). For this,
biomarkers defined as ”a change in a biological response that can be related to an exposure to,
or toxic effect of, an environmental chemical or chemicals” (Peakall and Shugart, 1992), can
be used.

Recently there has been increasing interest and growing application of biomarker studies as
early detection systems (McCarthy and Shugart, 1990; Peakall, 1994). The levels of
‘biological response’ can range from the molecular to community structure and even to
function and structure of ecosystems. Often metal exposure at contaminated sites does not
cause lethality to residential biota, but it may have effects on biochemistry, physiology,
reproductive success, and, ultimately, influence the long term survival of populations
(MacFarlane et al., 2006). In this context, linking of organism metal exposure, internal dose
and biological responses provides better understanding of the fate and effects of sediment
bound metal contaminants on benthic biota.

Bivalve molluscs possess many of the characteristics required for biomonitors in sediment
toxicity assessments (Zhou et al., 2008). Thus they can be used as a sentinel organism to
monitor bioavailability and toxicity of sediment bound metals using an EDR frame work. In
the present study the native freshwater bivalve H. australis was chosen as a biomonitoring
organism as they fulfil most of the features required to be a good biomonitor. The exposure –
dose – response relationships of H. australis to metals were investigated in laboratory
controlled conditions and validated in field conditions.
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Abstract
Lead entering aquatic ecosystems adsorbs to sediments and has the potential to cause adverse effects on the
health of benthic organisms. To evaluate the freshwater bivalve Hyridella australis as a bioindicator for
sediment toxicity, their exposure-dose and response to lead contaminated sediments (< 0.01, 205 ± 9 and
419 ± 16 μg/g dry mass) was investigated in laboratory microcosms using 28 day exposures. Despite high
concentrations of lead in the sediments, organisms accumulated low concentrations of lead in their tissues
after 28 days of exposure (low treatment: 2.2 ± 0.2 μg/g dry mass, high treatment: 4.2 ± 0.1 μg/g dry mass),
however, accumulated lead concentrations in lead exposed organisms were two fold (low treatment) and four
fold (high treatment) higher than that of unexposed organisms (1.2 ± 0.3 μg/g dry mass). Accumulation of lead
by H. australis may have occurred as analogues of calcium and magnesium. Labial palps accumulated
significantly more lead than other tissues. Of the lead accumulated in the hepatopancreas, 83%–91% was
detoxified and stored in metal rich granules. The proportions and concentrations of lead in this fraction
increased with lead exposure, which suggests that lead detoxification pathway plays an important role in
metal tolerance of H. australis. The biologically active lead was mainly present in the mitochondrial fraction
which increased with lead exposure. Total antioxidant capacity of H. australis significantly decreased while
lipid peroxidation and lysosomal membrane destabilation increased with lead exposure. This study showed a
clear lead exposure-dose-response relationship and indicates that H. australis would be a good biomonitor for
lead in freshwater ecosystems.
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Abstract
To understand how benthic biota may respond to the additive or antagonistic effects of metal mixtures in the
environment it is first necessary to examine their responses to the individual metals. In this context, laboratory
controlled single metal-spiked sediment toxicity tests are useful to assess this. The exposure–dose–response
relationships of Hyridella australis to cadmium-spiked sediments were, therefore, investigated in laboratory
microcosms. H. australis was exposed to individual cadmium spiked sediments (<0.05 (control), 4 ± 0.3 (low) and 15 ± 1
(high) μg/g dry mass) for 28 days. Dose was measured as cadmium accumulation in whole soft body and individual
tissues at weekly intervals over the exposure period. Dose was further examined as sub-cellular localisation of cadmium
in hepatopancreas tissues. The biological responses in terms of enzymatic and cellular biomarkers were measured in
hepatopancreas tissues at day 28. H. australis accumulated cadmium from spiked sediments with an 8-fold (low
exposure organisms) and 16-fold (high exposure organisms) increase at day 28 compared to control organisms. The
accumulated tissue cadmium concentrations reflected the sediment cadmium exposure at day 28. Cadmium
accumulation in high exposure organisms was inversely related to the tissue calcium concentrations. Gills of H. australis
showed significantly higher cadmium accumulation than the other tissues. Accumulated cadmium in biologically active
and biologically detoxified metal pools was not significantly different in cadmium exposed organisms, which suggests
that H. australis has some tolerance to cadmium. The metallothionein like protein fraction played an important role in
the sequestration and detoxification of cadmium and the amount sequestered in this fraction increased with increased
cadmium exposure. The highest percentage of biologically active cadmium was associated with the
lysosome + microsome and mitochondrial fractions. Cadmium concentrations in these two fractions of cadmium exposed
organisms were significantly higher with respect to controls. Total antioxidant capacity decreased with increased
cadmium exposure and tissue dose. Lipid peroxidation increased and lysosomal membrane stability decreased
significantly with increased cadmium exposure and tissue dose. Based on exposure–dose–response analysis in this study,
H. australis would be a suitable organism for assessing cadmium sediment exposure and toxicity.
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Abstract
To evaluate the use of the freshwater bivalve Hyridella australis as a potential biomonitor for zinc contamination in
freshwater sediments, the bioavailability and toxicity of zinc contaminated sediments (low 44 ± 5, medium 526 ± 41, high
961 ± 38 μg/g dry mass) were investigated in laboratory microcosms for 28 days by examining H. australis exposuredose–response relationships. Zinc concentrations in sediments and surface waters were measured as zinc exposure. Zinc
in whole organism soft body tissues and five individual tissues were measured as organism zinc dose. Sub-cellular
localisation of zinc in hepatopancreas tissues was investigated to further understand the zinc handling strategies and
tolerance of H. australis. Total antioxidant capacity, lipid peroxidation and lysosomal membrane stability were
measured in hepatopancreas tissues as zinc induced biomarker responses. Accumulated zinc concentrations in whole
body tissues of H. australis reflected the zinc exposure and exhibited exposure dependent zinc accumulation at day 28.
Gills accumulated significantly higher zinc concentrations than other tissues, however, no significant differences in zinc
accumulation between treatments were detected for any of the individual tissues analysed. Analysis of individual tissue
zinc concentrations, therefore, may not offer any advantages for monitoring bioavailable zinc in freshwater
environments with this organism. Relationships between tissue zinc and calcium concentration suggest accumulation of
zinc by H. australis may have occurred as an analogue of calcium which is a major constituent in shell and granules of
unionid bivalves. A high percentage of accumulated zinc in the hepatopancreas tissues was detoxified and stored in
metallothionein like proteins and metal rich granules. Of the zinc accumulated in the biologically active metal pool, 59–
70% was stored in the lysosome + microsome fraction. At the concentrations tested, increasing zinc exposure resulted in
decreasing total antioxidant capacity and measurable increases in the sublethal effects, lipid peroxidation and lysosomal
membrane destabilisation, were observed. Based on exposure-dose analysis, H. australis partially regulates zinc uptake
and weakly exhibits bioavailability of zinc in freshwater environments, however, exposure-response analysis shows zinc
induced toxicological effects, suggesting the potential of this organism as a biomonitor for zinc in heavily contaminated
freshwater environments.

6 Molonglo River, NSW, Australia sediment metal
concentration survey
Abstract
Metal concentrations were measured in sediments of the mine affected Molonglo River to
determine current metal concentrations and distribution along the river. Compared to an
uncontaminated site, 6.5 km upstream of the Captains Flat mine, sediments collected from the
river up to 12.5 km distance below the mine, had a significantly higher percentage of finely
divided silt and clay with higher concentrations of cadmium, copper, lead and zinc. The
measured metal concentrations in the mine affected sites of the river were in the order, Zn:
697 – 6818 > Pb: 23 – 1796 > Cu: 10 – 628 > Cd: 0.13 – 8.7 µg/g dry mass. Zinc has been
identified as the major metal contaminant in the river. The highest recorded metal
concentrations were Cd – 48, Cu – 45, Pb – 240 and Zn – 81 times higher than the
background concentrations of these metals in the river sediments. A clear sediment metal
contamination gradient from the mine site to 63 km downstream was established for
cadmium, copper, lead and zinc in the river sediments. Compared to sediment metal
concentrations before a major flood in 2010, only zinc concentrations increased. For all the
mine

affected

sites

studied,

cadmium

and

zinc

concentrations

exceeded

the

ANZECC/ARMCANZ (2000) interim sediment quality guidelines (ISQG) low values for Cd
– 1.5 µg/g and the high value for Zn – 410 µg/g dry mass. In addition, high concentrations of
copper and lead were also measured at most of these sites. Existing metal loads in the riverbed
sediments may still be adversely affecting the river infauna as cadmium, copper, lead and zinc
concentrations in most of the mine affected sites exceeded the ANZECC/ARMCANZ (2000)
ISQG low or high values.

Keywords: Metals; metal contamination gradient; mine; Molonglo River, sediment
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6.1 Introduction
Historic mining activities at Captains Flat, NSW have left a significant legacy of metal
contamination in the Molonglo River, NSW (Brooks, 1980; Nicholas and Thomas, 1978).
During the active period of the mine, waste contaminated with metals was directly and
indirectly released into the Molonglo River at and below the Captains Flat mine (Dames and
Moore, 1993). Among various mine waste contamination sources to the river, failure of mine
waste tailings dumps, which were located at the southern and northern ends of the mine (Fig.
2.3), have been identified as a major metal contamination source to the river (Hogg, 1990). To
minimise the release of mine waste into the river and improve the river condition, mine site
rehabilitation works were completed in 1976 (Dames and Moore, 1993). None of the remedial
works involved a clean-up of tailings associated with river bed sediments and surrounding
floodplains (Nicholas and Thomas, 1978), which have been identified as major contaminant
sources to the river during the mines operation, after mine closure and even after
rehabilitation works were completed (Nicholas and Thomas, 1978).

Metal contaminants incorporated in surrounding floodplains enter the river system by
seepage, surface run-off and erosion. Sediment deposited in upstream river areas can be
remobilised and flushed downstream during floods, which may result in widespread metal
contamination

in mine affected aquatic environments (Brooks, 1980). Metals that are

discharged in soluble and particulate forms tend to be associated with bottom sediments.
Sediments in aquatic environments, therefore, have been identified as major reservoirs for
metal contaminants (Walling et al., 2003). Elevated concentration of cadmium, copper, lead
and zinc have previously been measured in the Molonglo River sediments (Sloane and Norris,
2003; Sparksman, 1982). There have been no studies carried out to investigate metal
contamination in river sediments, since 1996 (Sloane and Norris, 2003).

Identification of the presence and concentration of metals in sediments is important to assess
the health status of rivers affected by historic mining activities, identify the effectiveness of
the rehabilitation efforts and current contamination sources to the river and river biota.
Among

various point and diffuse metal contamination sources to the Molonglo River,

previous studies have shown that the oxidation of tailings in the river bed that are
contaminated with pyrite (FeS2), galena (PbS), chalcopyrite (CuFeS2) and sphalerite (FeS2) is
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the major diffuse metal contamination source to the river (Brooks, 1980; Nicholas and
Thomas, 1978; Weatherley et al., 1967).

This chapter reports the current level of metal contamination in the Molonglo River
sediments. Sediment particle size which is one of the key factors determining chemical
characteristics such as binding sites for metals and biological characteristics including habitat
suitability for burrowing benthic biota (Simpson et al., 2005) was also analysed.

Metal concentrations of river sediments were compared with those of reference sites, which
were located upstream of the Captains Flat mine and in nearby tributaries of the river to
represent regional background concentrations of metals in the sediments. Identification of the
sediment metal contamination gradient along the river was also important in this study to
select sites for in situ caged and laboratory exposure experiments with the freshwater bivalve
H. australis to evaluate the bioavailability and toxicity of sediment bound metals in the river.
The sediment metal concentration survey together with analysis of bioavailability and toxicity
of sediment bound metal contaminants in the river sediments will aid in determining the
current health status of the river. Fate and effects of metals in the Molonglo River on H.
australis are reported in Chapters 7 and 8.

6.2 Materials and methods
6.2.1 Study site
Eleven sites (10 – test and one reference) in the Molonglo River and three reference sites
(sites no. 12 – 14) in nearby tributaries were selected (Fig. 1). Selection of test sites/mine
affected sites was based on the study of Sloane and Norris (2003). Site 1, upstream of the
Captains Flat mine and sites 12 – 14 on tributaries were selected to represent the regional
background metal concentrations in sediments.
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Figure 1: Locations of the sediments collected from the Molonglo River and nearby
tributaries.
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6.2.2 Sediment collection and sample preparation
Three replicate sediment samples were collected in acid washed 50 mL polypropylene tubes
from a depth of 0 – 5cm from each site in December 2012 during low flow conditions.
Samples were transported to the laboratory on ice and stored at 4 ºC until analysis.

Sediment samples were oven dried at 70 °C for 72 h and foreign objects such as dried leaves,
rocks were discarded. Each sediment sample was then homogenized manually using a
stainless steel spatula, prior to analysis.

6.2.3 Sediment particle size distribution
Sediments grain sizes were determined by dry sieving, using stainless steel sieves, sizes 1.4
mm, 500 μm, 250 μm, 125 μm and 63 μm, and categorised as coarse sand (> 1.4 mm),
medium sand (> 500 µm), fine sand (> 250 µm), very fine sand (> 125 µm) and silt and clay
(< 63 µm). Sediment particles retained in each sieve were weighed and the percentage
composition of each fraction contributed to the sample was calculated.

6.2.4 Sediment metal analysis
Sediment metal analysis was carried out the < 63 µm, silt and clay fraction (Batley and
Simpson, 2014). Sediments were digested using a microwave digestion procedure described
previously by Telford et al. (2008). Approximately 0.2 g of oven dried < 63 µm fractions
were weighted into 55 mL Teflon polytetrafluroacetate (PFA) closed digestion vessels (CEM,
USA). 2 mL of HNO3 (Suprapur® Nitric Acid, Merck, Germany) and 1mL of 30% HCl
(Suprapur® Hydrochloric Acid, Merck, Germany) were then added to each digestion vessel.
Vessels were kept covered for 2 h and then tightly capped and digestion was carried out using
a MARS microwave oven (CEM MDS 2000) using a two-step time and temperature program:
5 min at 800 W and 120 °C and 15 min at 1600 W and 150 °C.

After digestion, vessels were allowed to cool to room temperature (~25 °C) for approximately
20 min and then extracts were transferred to 50 mL polyethylene vials and diluted up to 30
mL with high grade deionised water. Extracts were then centrifuged at 3500 rpm for 10 min
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using an Eppendorf 5804R centrifuge. Further dilution of samples was carried out on-line
(Gilson GX 271, Middletion USA) with ICP-MS mixed 7 element internal standards (EM
science) to obtain a final 1% (v/v) acidification for ICP-MS analysis. Cadmium, copper, lead
and zinc concentrations were measured using an ELAN DRC-e ICP-MS (PerkinElmer,
SCIEX, USA) (Maher et al., 2001). For the purpose of quality assurance, the certified
reference material Buffalo River sediments (NIST- RM 8704) and acid blanks were also
digested, diluted and analysed with test samples. Concurrently, measured concentrations in
the CRM were Cd – 2.85 ± 0.08, Pb – 110 ± 7, Zn – 413 ± 18 µg/g dry mass (mean ± SD; n =
4) and in agreement with the certified values Cd – 2.94 ± 0.29, Pb – 150 ± 17, Zn – 408 ± 15
µg/g dry mass.

6.2.5 Statistical analysis
All statistical tests were performed using SPSS 20 and visually represented by Microsoft
Excel 2010. Tests of normality of data were verified using Shapiro-Wilk test, and
homogeneity of variance of the data was checked by Levene’s test before a comparison of
means. Significance differences between sites for different grain sizes were compared by a
factorial analysis of variance (ANOVA). If data showed significant difference, post hoc
comparisons between sites for grain size, particularly < 63 µm fraction was made by TukeyKramer’s test. One way analysis of variance (ANOVA) was used to compare the significant
differences of individual metal concentration and total metal concentrations between sites. If
data showed significant differences (significant at p ≤ 0.05), post hoc test for pair-site
comparisons were made by Tukey–Kramer’s test. Regression analysis was used to find the
metal contamination gradient in the Molonglo River for individual and total metals.
Significance levels of tests are indicated by asterisks according to the following probability
ranges: *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001.

Chapter 6 – Molonglo River Sediment Metal Concentration Survey

112

6.3 Results
6.3.1 Sediment particle size distribution
The percentage distributions of particle sizes between sites were significantly different (F =
49; p < 0.000). Of the mine affected sites 2 – 11, sites 2 – 5 located closest to the mine (Fig.
1) had similar sediment particle size distributions (Table 1) with the highest silt and clay
percentages measured at sites 2, 4 and 5 (Fig. 2). Site 3, below the confluence of Copper
Creek had a lower percentage of silt and clay than the other three sites. Reference sites 13 and
14 in Yandyguinula and Primrose Valley Creeks, respectively had similar silt and clay
percentages to those of the sites 2, 4 and 5 in the Molonglo River (Fig. 2). Sediment particle
size distribution at site 6, below the confluence with Ballalaba Creek was similar to that of
site 3 and to that of the Ballalaba Creek site 12. The percentages of silt and clay fractions in
these three sites were not significantly different to that of site 1, upstream of the mine (Fig. 2).
Silt and clay percentages of site 7 below the Primrose Valley Creek confluence were
significantly higher than site 6 and similar to that of the two sites located in nearby reference
sites 13 and 14 in Yandyguinula and Primrose Valley Creeks, respectively (Figs. 1 and 2).
Sites 8 – 11, furthest downstream from the mine had similar patterns of particle size
distribution to that of sediment particle distribution at site 1, upstream of the Captains Flat
mine.
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Table 1: Particle size distribution of sediment collected in the Molonglo River and tributaries.
Mean ± SE, n = 3.
Site Number

Percentage silt and clay fractions
(< 63 µm)

1
2
3
4
5
6
7
8
9
10
11
12
13
14

% Silt and
clay
(< 63 µm)
24 ± 1
66 ± 1
35 ± 3
70 ± 1
75 ± 2
35 ± 5
51 ± 2
29 ± 2
27 ± 3
24 ± 2
18 ± 3
24 ± 2
58 ± 6
59 ± 2

% Very fine
sand
(> 125 µm)
19 ± 0.5
19 ± 0.1
18 ± 2
6 ± 0.3
7±1
16 ± 1
11 ± 1
9 ± 0.4
13 ± 2
15 ± 1
18 ± 2
19 ± 3
14 ± 2
12 ± 0.2

% Fine sand

% Medium
sand
(> 500 µm)
21 ± 1
6 ± 0.2
16 ± 1
7 ± 0.1
6 ± 0.3
21 ± 1
13 ± 1
19 ± 0.5
22 ± 1
31 ± 2
26 ± 1
26 ± 1
10 ± 1
9±1

(> 250 µm)
32 ± 1
8 ± 0.3
23 ± 1
9±1
4±1
19 ± 3
11 ± 1
15 ± 0.3
15 ± 1
23 ± 1
14 ± 2
12 ± 3
4±1
7±2

% Coarse
sand
(> 1.4mm)
4
11 ± 0.5
7±1
8 ± 0.4
9±1
8±1
13 ± 0.1
28 ± 2
22 ± 2
6 ± 0.4
24 ± 1
19 ± 1
13 ± 2
13 ± 0.2
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Figure 2: Percentage distribution of silt and clay fraction between sites. Contaminated
Molonglo River test sites (sites no. 2 – 11 ( )) and reference sites (sites no. 1( ), 12 – 14
( )). Mean ± SE, n = 3. Different letters denote significant differences between sites (TukeyKramer; p ≤ 0.05).
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6.3.2 Sediment metal concentrations
The mean individual and total metal concentrations (when the four major contaminant metals
cadmium, copper, lead and zinc were combined) in sediments were significantly different
between sites (Appendix 4 – Supp. Table 1; p < 0.000). The background metal concentrations
measured in the Molonglo River sediments at site 1 were not significantly different to the
regional background metal concentrations measured at sites 12, 13 and 14 in nearby
tributaries (Appendix 4 – Supp. Table 2; Figs. 3 and 4). Metal concentrations measured at the
reference sites were below the ANZECC/ARMCANZ (2000) ISQG low values for freshwater
sediment; Cd – 1.5 µg/g, Cu – 65 µg/g, Pb – 50 µg/g and Zn – 200 µg/g (Table 2).

Except for site 11, all other sites downstream of the mine had significantly higher total metal
concentrations than reference sites. A clear increase of total metal concentration occurs from
site 1 to 5 then a significant decrease at site 6 followed by slight but not significant increase at
site 7, with sites 6 to 10 having similar total metal concentrations (Fig. 3).

Total Metal Concentration µmol/g
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Figure 3: Mean total metal concentrations (combined molar concentrations of copper, lead
and zinc) in the contaminated Molonglo River sediments (sites no. 2 – 11 ( )) and reference
sites (sites no. 1 ( ), 12 – 14 ( )). Mean ± SE, n = 12. Different letters denote significant
differences between sites (Tukey-Kramer; p ≤ 0.05).
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Site 5 had significantly higher cadmium concentrations than all other sites, and was 6 fold
higher than that of the ANZECC/ARMCANZ (2000) ISQG low value for cadmium. Except
for site 11, all the other sites downstream of the mine had higher cadmium concentrations
than the reference sites (Fig. 4), which were above the ANZECC/ARMCANZ (2000) ISQG
low value but below the high value. Cadmium concentrations at site 11, 63 km downstream of
the mine were similar to reference sites.

The highest copper concentrations (628 ± 30 µg/g dry mass) was measured at site 4, which is
2 fold higher than the ANZECC/ARMCANZ (2000) ISQG high values for copper. The sites
closest to the mine (sites 2 – 5) had significantly higher copper concentrations than all other
downstream and the reference sites, which were not significantly different to each other (Fig.
4).

The lead concentration at site 4 (1796 ± 71 µg/g dry mass) was significantly higher than all
other sites, which is 8 fold higher than that of the ANZECC/ARMCANZ (2000) ISQG high
value. Sites 2, 3 and 5 also had significantly higher lead concentrations than all other sites but
significantly lower than lead concentrations at site 5. Lead concentrations at sites 6 – 11 were
not significantly different to reference sites (Fig. 4).

Zinc (6818 ± 388 µg/g dry mass) was the highest measured metal contaminant in river
sediments. All the sites located downstream of the mine had significantly higher zinc
concentrations than reference sites and these values exceeded the ANZECC/ARMCANZ
(2000) ISQG high values for zinc (Fig. 4; Table 2). Among these sites, site 5 had significantly
higher zinc concentrations than all other sites, which was 17 fold higher than the
ANZECC/ARMCANZ (2000) ISQG high values for zinc.
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47

8
9
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13
14

Molonglo River at Blue Tiles

Molonglo River, 20 m upstream from Yass road bridge

Molonglo River below Molonglo Gorge

Ballalaba Creek

Yandyguinula Creek

Primrose Valley Creek

-

-

-

63

61

0.11

ND

ND

0.13 ± 0.1

1.8 ± 0.4

2.2 ± 0.1

3 ± 0.7

5.7 ± 0.7

2.7 ± 0.2

8.7 ± 0.5H

5 ± 0.7

3.6 ± 0.5

3.1 ± 0.1

0.18 ± 0.02

Cd

Pb

19 ± 6

13 ± 1

12 ± 0.6

10 ± 1

22 ± 4

37 ± 5

37 ± 5

66 ± 10

39 ± 3

19 ± 1

32 ± 9

8.3 ± 0.5

23 ± 1

32 ± 3

62 ± 2

69 ± 9

122 ± 17

132 ± 8

570 ± 130

1796 ± 71H

628 ± 30H
274 ± 51

562 ± 47

235 ± 17

633 ± 62

10 ± 3

µg/g dry mass

319 ± 25

14 ± 1

Cu

84 ± 10

Zn

49 ± 6

105 ± 11

38 ± 2

697 ± 117

1594 ± 150

2172 ± 159

2193 ± 219

2682 ± 284

1719 ± 174

6818 ± 388H

3894 ± 23

3947 ± 66

2775 ± 205

The highest concentration detected; Distance was measured from the wall of the Captains Flat town water reservoir to particular site.
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H

32

7

57

17

12.5

6

5

Molonglo River at 4.5 km above Hoskinstown road
bridge

5.7

Molonglo River, 20 m downstream from Hoskinstown
road bridge
Molonglo River, 20 m downstream from Briars Sharrow
road bridge
Molonglo River, 500 m upstream from Burbong bridge

4

Molonglo River between site 3 & 5

2

0.9

2
3

6.5

Distance
km

1

Site
Number

Molonglo River just below the Copper Creek confluence

Molonglo River, 20 m upstream from Wild Cattle Flat
road bridge
Molonglo River, 20 m downstream of Captains Flat
road bridge near Captains Flat hotel

Site Name
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Table 2: Cadmium, copper, lead and zinc concentrations (µg/g dry mass) in Molonglo River sediments and reference sites. Bolded values
represent the concentrations of metals that exceed the ANZECC/ARMCANZ (2000) interim sediment quality guidelines (ISQG) high values (Cd
– 10, Cu – 270, Pb – 220 and Zn – 410 µg/g dry mass) and italic values represent metal concentrations that exceeded ISQG low values (Cd –
1.5, Cu – 65, Pb – 50 and Zn –200 µg/g dry mass). Mean ± SE. n = 3.
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Figure 4: Mean metal concentrations (cadmium, copper, lead and zinc µg/g dry mass) in the
contaminated Molonglo River sediments (sites no. 2 – 11) and uncontaminated reference sites
(sites no. 1 ( ), 12 – 14 ( )). Mean ± SE, n = 3. Different letters denote significant
differences between sites (Tukey-Kramer; p ≤ 0.05).
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Regression analysis of metal concentrations with test sites along the Molonglo River showed
a clear contamination gradient from below the mine site to 63 km distance downstream for
total metals, cadmium, copper, lead and zinc in the Molonglo River sediments (Table 3).

Table 3: Regression analysis of total metals (µmol/g dry mass) and individual metals
(cadmium, copper, lead and zinc µg/g dry mass) concentrations with test sites along the
Molonglo River (sites no. 2 – 11). n = 30.
Metal
Total
Cadmium
Copper
Lead
Zinc

Equation
y = - 6.5945x
+ 91.269
y = - 0.3706x
+ 5.9531
y = - 47.958x
+ 478.44
y = - 117.46x
+ 1163.6
y = - 344.51x
+ 5104.2

df
1,28

F
21

r2
0.43

p
0.000***

1,28

7.5

0.21

0.011*

1,28

31

0.53

0.000***

1,28

20

0.42

0.000***

1,28

15

0.35

0.001**

Regression analysis between metal concentrations in the Molonglo River sediments with
percentage of clay and silt fractions showed that total metal concentrations and concentrations
of the individual metals increased with increased silt and clay fraction in sediments (Table 4).

Table 4: Regression analysis of total (µmol/g dry mass) and individual metal (µg/g dry mass)
concentrations with silt and clay fractions (% < 63 µm) in Molonglo River sediments. n = 11.
Metal
Total
Cadmium
Copper
Lead
Zinc

Equation
y = 7.9855x –
156.43
y = 0.1005x –
0.8755
y = 7.6107x –
161.51
y = 18.941x –
417.97
y = 70.344x –
293.45

df
1,9

F
21

r2
0.70

p
0.001**

1,9

20

0.69

0.002**

1,9

16

0.64

0.003**

1,9

10

0.53

0.011*

1,9

15

0.63

0.004**
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6.4 Discussion
6.4.1 Sediment particle size distribution
Sediment particle size analysis is important as the surface areas of sediments is grain size
dependent and controls the adsorption and desorption of metals into and out of sediments,
which may modify sediment metal chemistry and bioavailability of metal in aquatic
ecosystems (Simpson et al., 2005). Depending on the particle size, availability of binding sites
for metals in aquatic sediments can vary (Simpson et al., 2005). Direct and indirect release of
tailings from metal mining activities increases the metal contaminated sediment load input to
freshwater aquatic ecosystems (Brooks, 1980). As a consequence, mine generated materials
can be traced for many kilometres downstream of mine workings (Hudson-Edwards et al.,
1999; Taylor and Kesterton, 2002).

According to the present study, even 67 years after the second tailings dump failure at the
Captains Flat mine, a high percentage of finely divided tailing materials are still present in the
river sediments close to the mine. Compared to the uncontaminated site upstream of the mine
(Fig. 1) sites immediately downstream of the mine (sites 2, 4 and 5) had a high percentage of
finely divided silt and clay with significantly higher concentrations of metals (Figs. 2, 3 and
4; Table 1). Depending on the textural properties of sediments (e.g. particle size) and flow
regime of the water body, sediments contaminated with tailings are transported, sorted and
deposited on river sediments. The composition of sediment particle size, therefore, varies with
location and time. Coarser materials are heavy and generally deposited close to the discharge
source and metals bound to finer particles would be carried downstream and deposited in pool
areas in freshwater bodies. Barriers such as dams may alter movements of sediments.
According to a study by Brooks (1980), all types of sediments released from the mine
activities, particularly those from the collapse of the southern tailings dump, were effectively
trapped by the town reservoir at Captains Flat, however, clay materials containing metals
passed over the dam and were flocculated and incorporated within river bed sediments due to
the addition of soluble salts from mining activities. As reported in a study by Hogg (1990)
almost all the sediments in the river near Captains Flat originated from the mine. These
findings are consistent with the present study as high percentages of finely divided sediments
with high concentrations of metals were present in sites closest to the mine.
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Sites 2, 4 and 5 (located below the town reservoir at Captains Flat) are pools, which are deep
and slow flowing and there is no input of clean sediment from tributaries at these points
(Appendix 4 – Supp. Figure 1). The river at site 3, however, is at the confluence with Copper
Creek, therefore, the lower percentage of silt and clay fraction in this site may be due to the
relatively shallow river bed and/or flushing off of finer sediment particles with increased
volume of water input at this point (Appendix 4 – Supp. Figure 1). Sediments were also
sampled at site 6 after the river confluence with Ballalaba Creek (Fig. 1). In addition to the
upstream supply, particle size composition at this site and sites located further downstream
may also depend on the particle size of sediment entering from Ballalaba Creek and inputs
from river banks. The river before site 7 confluences with another two creeks, Yandyguinula
and Primrose Valley Creek, where reference sites 13 and 14 were located and all of these sites
had similar sediment particle size distribution (Table 1) and similar percentage of silt and clay
in sediments (Fig. 2). Moreover, site 7 located after Carwoola and Fox Flow floodplains is
deep and water flow rate is relatively low (Appendix 4 – Supp. Figure 1), therefore, sediment
particle composition at this site and sites further downstream may depend on several factors
such as; upstream supply; physical properties of the river; water flow rates; inputs of
sediments from tributaries, floodplains and river bank. The river sediments furthest from the
mine (Sites 8 – 11) had similar particle size distributions with lower percentages of finely
divided silt and clay (Fig. 2; Table 1). Except for site 11, total metal concentrations at these
sites were significantly higher than at reference sites (Fig. 3), therefore, sediments in these
sites contain mine contaminated sediments due to downstream movement of finely divided
tailings and/or adsorption or coprecipitation of dissolved metals due to changes of
physicochemical parameters with increasing distance from the mine (Hudson-Edwards et al.,
1999; Taylor and Kesterton, 2002).

6.4.2 Sediment metal concentrations
In the present study, metal analysis in sediments was carried out using the < 63 µm sediment
fraction. As recommended in the Australian sediment quality assessment: a practical hand
book (2014), metal analysis in this fraction should be used to characterise metal
contamination in aquatic environments. In the present study, even 50 years after mining
ceased, and 36 years after the last major remedial works were completed at the Captains Flat
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mine, high cadmium, copper, lead and zinc concentrations in sediments were found in most of
the mine affected sites in the Molonglo River compared to the background concentrations of
these metals in river sediments (Fig. 4; Table 2). The concentrations of metals in the
sediments of contaminated sites in the Molonglo River were in the order zinc > lead > copper
> cadmium (Table 2). River bed sediments have extremely high zinc (range from 697 to 6818
µg/g dry mass) compared to background concentrations of zinc in the Molonglo River
upstream of the mine (84 µg/g dry mass) and other reference sites (range from 38 to 105 µg/g
dry mass) (Fig. 2; Table 2).

According to the study by Weatherley et al. (1967), mine tailing discharged from the Captains
Flat were mainly composed of pyrite (FeS2), galena (PbS), chalcopyrite (CuFeS2) and
sphalerite (ZnS). The river bed sediment is likely to still contain these materials based on the
significantly higher concentrations of these metals in the contaminated sites compared to the
reference sites.

Comparisons of metal concentrations in the river bed sediments in the present study with
previous studies to understand the recovery of the river from the metal contamination was
difficult due to the use of different sediment collection periods, analysis techniques and use of
different fractions of sediments for metal analysis. In this respect, in the present study, to
understand the present magnitude of metal contamination in the river sediments, comparison
with river background metal concentrations and ANZECC/ARMCANZ (2000) interim
sediment quality guidelines (ISQG) low and high values for cadmium, copper, lead and zinc
were made.

Metal concentrations at the most contaminated sites in river (site 4 for copper and lead; site 5
for cadmium and zinc) sediments are enriched with Cd (48x), Cu (45x), Pb (240x) and Zn
(81x) compared to background concentrations of these metals in the river. Extreme
enrichment of river sediments with cadmium, lead and zinc were also reported in other mine
affected freshwater environments (e.g. Crooked Creek, Missouri) (Gale and Wixson, 1979).
Cadmium (except for site 11) and zinc concentrations in all the mine affected sites exceeded
the ANZECC/ARMCANZ (2000) ISQG low value for Cd – 1.5 µg/g and high value for Zn –
200 µg/g dry mass and measured up to 63 km downstream of the mine (Fig. 4; Table 2).
Likely sources are; inputs of contaminated sediments from upstream of the river, particularly
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high flow conditions; adsorption and coprecipitation of dissolved metal with increasing
distance from the mine; reduced dilution of contaminated sediments from uncontaminated
sediments released from nearby tributaries; high mobility of these two metals compared to
copper and lead; and reintroduction from floodplains.
Lead concentrations at sites 2 – 5 exceeded the ANZECC/ARMCANZ (2000) ISQG high
value – 220 µg/g dry mass and sites 6 – 8 exceeded the ISQG low value for Pb – 50 µg/g dry
mass. The river bed at site 4 was brass yellow to deep red in colour and had significantly
higher copper concentrations than the other mine affected sites. Out of ten mine affected sites
studied, a significant increase in copper was only detected at five sites and concentrations at
sites 2, 4 and 5 exceeded the ANZECC/ARMCANZ (2000) ISQG high value – 270 µg/g dry
mass and while sites 3 and 7 exceeded the ISQG low value for Cu – 65 µg/g dry mass (Table
2).

Depending on the changes in physical, chemical and biological process, metals can be
incorporated into bottom sediments or released from sediments to the water column (Macklin
et al., 1996). Among these processes, in mine affected rivers, weathering of minerals is one of
the major processes that causes metal mobility in sediments (Lacal et al., 2003). In the present
study, for example, elevated zinc concentrations were observed at all sites below the mine
(Fig. 4). Compared to lead, zinc has a higher mobility in sediments due to weathering of
minerals that zinc is associated with (Lacal et al., 2003), therefore, remobilisation of sediment
bound zinc would be more likely to occur than for the other metals (Brooks, 1980). As shown
in Equation 1, zinc containing sulphides (e.g. sphalerite) convert into soluble zinc by
oxidative weathering of pyrite due to the formation of ferric sulphate. In addition to
downstream movements of sediment bound zinc, zinc in solution can also be transported over
a greater distance and incorporated into the sediments via precipitation and coprecipitation of
dissolved zinc (Brooks, 1980). This might be contributing to high zinc concentrations in the
river even far downstream of the mine. The exchange of zinc between water and sediment of
the Molonglo River system has previously been investigated under laboratory conditions by
Nicholas and Thomas (1978). Their results showed that under acidic conditions (pH 3 – 4),
zinc was steadily released from sediments to the overlaying water and the opposite was
recorded at higher pH.
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2ZnS(s) + 2Fe2(SO4)3(aq) + 2H2O(l) + 3O2(g)

2Zn2+(aq) + 2SO42- (aq) + 4FeSO4(aq) +

2H2SO4(aq)

Eq. 1

Unlike zinc, lead concentrations were only significantly elevated at the sites close to the mine
(Fig. 4). This may be attributed to the formation of insoluble lead sulphate by oxidation of
sulphide minerals deposited close to the mine (Equation 2) (Hogg, 1990). As concluded by
Brooks (1980), lead in downstream sediments is, therefore, most likely derived from the
downstream movement of contaminated sediments during high river flow.

2PbS(s) + 2Fe2(SO4)3(aq) + 2H2O(l) + 3O2(g)

2PbSO4(s) + 4FeSO4(aq) + 2H2SO4(aq)
Eq. 2

River sediments with the highest total and individual (cadmium, copper, lead and zinc) metal
concentrations were measured in sites closest to the mine (sites 2 – 5) (Figs. 1, 3 and 4).
These sites may still contain previously deposited tailings as they had higher percentages of <
63 µm particles compared to the site above the mine and sites located further downstream of
the mine (Fig. 2). These factors together with metals still being released from point and
diffuse contamination sources from the mine explain the significantly higher concentrations of
cadmium, copper, lead and zinc at these sites.

As shown in Table 2 and Figures 3 and 4, metal concentrations at site 6, about 17 km
downstream from the mine had significantly lower metal concentrations than site 5. This is
attributed to dilution of river bed sediments from the inputs of uncontaminated sediments
from the Ballalaba Creek (Fig. 1) or burial of previously deposited contaminated sediments
with newly deposited sediments and/or chemical processes such as chemical weathering and
pH buffering occurring with increasing distance from the mine. The percentage of finely
divided sediment particles at this site was significantly lower than the sites above this site
(Fig. 2). Below the Carwoola and Foxlow floodplains, at site 7, about 32 km downstream
from the mine, cadmium, copper, and zinc concentrations increased (Fig. 4; Table 2). This is
likely due to inputs of sediments from erosion of river bank and/or surface run off of metals
which were previously held in floodplains sediments immediately above this site and/or
flushing of contaminated sediments from upstream of the river during floods. A similar trend
was also reported by Hogg (1990) for zinc concentrations in sediments at these two sites.
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Hence the floodplain may still be a potential source of metals to the river, however, further
investigations are required to confirm this hypothesis.

In mine affected rivers, downstream attenuation of metals in sediments can occur due to
influxes of clean sediments from tributaries, hydrogeochemical reactions and abrasion
(Hudson-Edwards et al., 1996; Hudson-Edwards et al., 2001), chemical weathering, pH
buffering, acid neutralisation (Byrne et al., 2011; Hudson-Edwards et al., 1996) and uptake by
benthic biota, if present. In the present study gradual downstream attenuation of all metal
concentrations in sediments was evident (Figs. 3 and 4; Table 3) as metal concentrations
decreased with increased distance from the mine.

With different uncertainties associated with previous studies, as described earlier, the
following comparisons were made. A previous study undertaken in 1996 by Sloane and
Norris (2003) also reported cadmium, copper, lead and zinc as the major metal contaminants
in the Molonglo river bed sediments. In addition to the present study, other studies have
shown zinc to be a major metal contaminant of river sediments (Nicholas and Thomas, 1978;
Sparksman, 1982; Weatherley et al., 1967). Brooks (1980) study, however, showed sediments
from the river close to the mine had very similar concentrations of lead and zinc, and in some
cases the lead concentrations reported in their study were higher than zinc.

To identify the effects of the 2010 flood on the Molonglo River sediment metal
concentrations, the present results were compared with the study conducted by Sloane and
Norris (2003) prior to this flood. This type of comparison, however, has limited accuracy due
to different uncertainties associated with sediment metal analysis. The highest recorded metal
concentrations in river sediments (< 100 µm fraction) by Sloane and Norris (2003) were Cd
– 11.8, Cu – 748, Pb – 2568 and Zn – 3534 µg/g dry mass. Except for zinc (6818 µg/g), the
highest recorded cadmium (8.7 µg/g ), copper (628 µg/g) and lead (1766 µg/g) concentrations
in this study were all lower than those reported by Sloane and Norris (2003). The
exceptionally high zinc concentration in sediments in the present study might possibly be due
to newly deposited sediments following input of dissolved and particulate zinc from point and
diffusive mine sources during the 2010 flood. The highest recorded lead concentrations in
sediments prior to the flood were 2568 µg/g, this had fallen to 1766 µg/g in the present study.
A similar drop of lead concentrations in sediments was also observed before (1300 µg/g) and
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after (350 µg/g) a severe flood occurred in mid-October 1976 (Hogg, 1990). When compared
to the Sloane and Norris (2003) study, copper concentrations recorded in the present study
were also lower. This trend was also reported for copper concentrations in the Molonglo River
before and after the major flood in 1976.

Based on this metal concentrations survey, four sites (sites 1, 5, 7 and 8), representing a metal
contamination gradient, were selected for an H. australis in situ caged experiment and
laboratory exposure to the river sediments to identify the bioavailability and toxicity of
sediment bound metals in the river.

6.5 Conclusions
Molonglo River sediments closest to mine had a higher percentage of finely divided silt and
clay particles representing previously deposited mine tailings in the river bed. The highest
concentrations of cadmium, copper, lead and zinc were also found at sites with the highest
percentage of silt and clay in sediments. Compared to the background metal concentrations,
the most contaminated sites in the present study showed strong enrichment of metals in
sediments. Sediments collected from all the sites downstream of the mine had significantly
higher

cadmium

and

zinc

concentrations

than

reference

sites

and

exceeded

ANZECC/ARMCANZ (2000) ISQG low value for cadmium and high value for zinc. Copper
and lead concentrations in sediments at sites closest to the mine were significantly higher than
reference sites. Downstream attenuation of metal concentrations in sediments was evident
with increasing distance from the mine. Comparisons made between present (after the 2010
flood) and a recent study by Sloane and Norris (2003) (before flooding), showed that except
for zinc, the flood may not have increased the other metal contaminants in the river. Despite
remedial works completed to minimise metal contamination to the river, sediments in the
river are still contaminated with metals.
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7 Hyridella australis in situ caged study in the Molonglo
River
Abstract
Bioavailability and toxicity of sediment metal contaminants in the mine affected Molonglo
River, NSW, Australia was evaluated by establishing exposure – dose – response
relationships of transplanted freshwater bivalve Hyridella australis at four sites along a metal
contamination gradient in the river channel for 28 days. Bivalve potential metal exposure was
determined by metal concentrations in the sediments and surface waters. Metal concentrations
in whole organism soft body tissues and individual tissues were measured as organism metal
dose. Sub-cellular localisation of metals in hepatopancreas tissues was examined to identify
the biologically available (BAM) and biologically detoxified metal (BDM) dose. The
biological responses in terms of enzymatic and cellular biomarkers were also measured in
hepatopancreas tissues.

Zinc, lead, copper and cadmium concentrations in sediments decreased with increased
distance from the mine and ranged from Zn - 6134 ± 1155, Pb - 472 ± 89, Cu - 162 ± 31 and
Cd - 13 ± 3 µg/g dry mass at 12.5 km distance downstream of the mine to Zn - 1609 ± 117, Pb
- 81 ± 10, Cu - 41 ± 5 and Cd - 6 ± 1 µg/g dry mass at 47 km distance downstream of the
mine. Accumulated metal concentrations in whole body tissues of H. australis, particularly
zinc, cadmium and total metals also decreased with increased distance from the mine.
Organism caged at 12.5 km distance downstream of the mine had Zn - 756 ± 42, Cd - 1.5 ±
0.1, µg/g dry mass and total metal - 12 ± 0.6 µmol/g dry mass tissue concentrations and
organism caged at 47 km distance downstream of the mine had Zn - 301 ± 25, Cd - 0.1 ± 0.02
µg/g dry mass and total metal - 5 ± 0.4 µmol/g dry mass tissue metal concentrations. Zinc,
cadmium and the total metal concentrations in the whole organism body tissues reflected the
sediment metal exposure, indicating a clear exposure-dose relationship. Despite a clear
sediment metal contamination gradient observed for copper and lead, accumulated copper and
lead concentrations of H. australis at mine affected sites were not significantly different to the
reference organisms.

Chapter 7 – Hyridella australis In situ Caged Study

127

Total accumulated metal content of organisms at each site was largely attributed to zinc
content in the organisms. Accumulated metal concentrations between different tissues were
different for most of the metals studied and site wise differences were clearly evident from
individual tissue zinc and total metal analysis. Sub-cellular analysis showed that most of the
accumulated metals (zinc, lead and cadmium) were detoxified and stored either in the metal
rich granules or metallothionein like proteins. Despite high concentrations of metals in the
BDM fraction, the metal content in the BAM fraction increased with increased metal
exposure and dose. Increasing metal exposure resulted in decreasing total antioxidant capacity
and measurable increases in lipid peroxidation and lysosomal membrane destabilisation.
Based on the exposure – dose – response analysis, metals in the Molonglo River sediments,
particularly at sites close to the mine are likely to be affecting the health of benthic biota.
Keywords: Biomarkers; Caged bivalve; Contamination gradient; In situ; Mine waste;
Oxidative stress; Sub-cellular partitioning.
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7.1 Introduction
Metals are mined in many countries worldwide and leave a significant legacy of metal
contamination in the receiving aquatic environment. Historic mining practises have produced
mine waste with high concentrations of metals, metalloids and processing chemicals, due to
insufficient ore processing, poor recoveries of metals from ore and improper waste
management as a consequence of technological limitations and poor understanding of
environmental impacts (Lottermoser, 2010). In addition to indirect release, historic mining
activities discharged mine effluents directly into nearby water bodies (Macklin et al., 2006;
Salomons, 1995). Collapses of tailings dumps and dam spills have also exacerbated metal
contamination in these environments (Berger et al., 2000; Iain, 1996; Tarras-Wahlberg et al.,
2000).

Sediments in aquatic environments are the ultimate reservoir for metals that are released in
soluble and particulate forms by mining activities (Hudson-Edwards, 2003). Sediment bound
metals can remain dormant for decades and have the potential to be released into surface
waters by physical (e.g. floods and erosion); chemical (e.g. changes of pH and Eh); and
biological processes (e.g. feeding and burrowing activities of benthic biota, bacterial activity)
(Macklin et al., 1996). Metal concentrations in sediments can be several magnitudes higher
than the surface waters and a significant diffuse source of metals to aquatic biota (Förstner
and Salomons, 1980).

Elevated concentration of sediment bound metals have been recorded in mine affected rivers
around the world (Bird et al., 2003; Farag et al., 1998; Gómez-Álvarez et al., 2011). In
Australia, sediments of the Molonglo River, NSW have high metal concentrations (Cd – 11.8
µg/g, Cu – 748 µg/g, Pb – 2568 µg/g and Zn – 3534 µg/g dry mass) due to historic mining
activities at Captains Flat, NSW (Sloane and Norris, 2003). Erosion and leaching from the
mine waste dumps, acid mine water flowing from the mine, collapses of two tailings dumps in
1939 and 1943 and remobilisation of existing river bed and surrounding floodplain sediments
have been identified as metal contamination sources to the Molonglo River below Captains
Flat. Major rehabilitation works at Captains Flat were undertaken in 1976 to reduce the metal
contamination to the river (Norris, 1986). Despite heavy loads of metal contaminated tailings
entering into the river from tailings dumps collapses, none of the remedial works involved
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removing contaminated sediment from the river bed and surrounding floodplains (Nicholas
and Thomas, 1978).

Metal contamination in the river and effects on river biota have been studied on several
occasions since the late 1960’s (Brooks, 1980; Graham et al., 1986; Nicholas and Thomas,
1978; Norris, 1986; Weatherley et al., 1967). None of these studies have measured the
bioavailability and toxicity of sediment bound metals to benthic biota by integrating metal
contamination in the sediments (exposure) and uptake of metals (dose) with impairment of
biological systems (response) as part of the evaluation of the health status of the river. In
sediment ecological risk assessment (SERA), the exposure – dose – response (EDR) approach
proposed by Widdows and Donkin (1992) and further developed by Salazar and Salazar
(1997, 2000), Taylor (2009) and Taylor and Maher (2012b, 2013a) provides links between
cause and effects of metals in sediments and can be used during SERA to integrates LOEs
(Iero, 2011).

This study was planned to investigate the bioavailability and toxicity of metals in Molonglo
River sediments, through the establishment of 28 day exposure – dose – response
relationships of the sediment burrowing freshwater bivalve Hyridella australis transplanted at
four sites along a sediment metal contamination gradient in the Molonglo River. In this study,
we predicted that metals in the river sediments still pose a risk to the river infauna; and the
EDR approach is used as a tool to investigate sediment metal bioavailability and toxicity of
contaminated freshwater environments. Metal concentrations in the sediments and water were
measured as organism metal exposure. Accumulated metal concentrations in whole organism
and individual tissues were measured as organism internal metal exposure/dose. Sub-cellular
distributions of metals in hepatopancreas tissues were also measured to identify metal
handling and tolerance of H. australis. To identify metal induced sub-lethal effects, biological
responses total antioxidant capacity, lipid peroxidation and lysosomal membrane stability
were measured in the hepatopancreas tissue after 28 days exposure.

The use of caged bivalves is widely used for sediment toxicity assessments in aquatic
ecosystems (Burt et al., 2007; Guidi et al., 2010; Klaassen et al., 2009; Ramos-Gómez et al.,
2011; Wang, 1987). Field toxicity testing using caged bivalves is useful to fill the gap
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between laboratory and native community studies (Crane et al., 2007; Salazar and Salazar,
2000).

The selection of the unionid freshwater bivalve H. australis as a biomonitor within this frame
work was based on their suitability as a good biomonitor (e.g. it is a sediment burrowing
organism, has a restricted mobility, is a filter feeder and is representative of Australian
freshwater ecosystems) and in previous studies showed a clear EDR to single metal spiked
sediments (lead, cadmium and zinc) under laboratory controlled conditions (Chapters 3, 4 and
5) (Marasinghe Wadige et al., 2014a; 2014b; 2014c). Unionid bivalves have been reported to
be sensitive to chemical exposure (Farris and Van Hassel, 2006), however, H. australis has
not previously been used in the field to evaluate the bioavailability and toxicity of sediment
metal contamination. Natural ecosystems are diverse, complex and multivariate systems,
therefore, organisms are simultaneously exposed to a multitude of stresses resulting in
cumulative effects (Cairns et al., 1993; Salazar and Salazar, 2000). In this context, new
sentinel organisms used in laboratory toxicity assessments require extrapolation to the real
world or field. In situ assays can, therefore, be used to validate laboratory results and the
assessment of potential site-specific sediment toxicity (Chapman et al., 1998).

7.2 Materials and methods
7.2.1 Study locations
Based on a sediment metal concentration survey conducted along the Molonglo River channel
in December 2012, four sites in the river channel, representing a metal contamination
gradient, were selected for an H. australis in situ caged experiment (Fig. 1). A reference site,
located 6.5 km upstream from the Captains Flat mine, is relatively pristine and selected to
represent the river background conditions. Site 1, located 12.5 km downstream of the mine,
was chosen as it had the highest recorded total metal concentrations in the sediments. Site 2
was 32 km distance downstream of the mine and located below the Carwoola and Foxlow
floodplains, which had previously been subjected to metal contamination by tailings dumps
collapses at the Captains Flat mine. Site 3, the furthest downstream site, was located 47 km
distance downstream of the mine.
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Site 3

Site 2

Site 1

Reference

Figure 1: Location of the Captains Flat mine and the H. australis caged sites along the
Molonglo River channel. Red circles indicated the locations of H. australis caged sites in the
Molonglo River (Reference: 6.5 km upstream of the mine, site 1: 12.5 km, site 2: 32 km and
site 3: 47 km downstream of the mine). ● and ▲ represented the sediments collected sites in
the Molonglo River and nearby tributaries for 2012 sediment metal concentration survey.
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7.2.2 H. australis collection
In January 2014, H. australis with average shell length of 55 ± 5 mm were collected by hand,
at a depth of 0 – 30 cm from a single population at a minimally contaminated site in the
Nepean River, near Menangle, south-west of Sydney, NSW, Australia, where H. australis
have previously been collected for the metal spiked sediments studies (Chapters 3, 4, and 5).
After collection, bivalves were transported to the laboratory in a plastic cooler with sediment
and water collected from the collection site and maintained for two weeks in clear river
sediments in aquaria in a temperature controlled room prior to being placed in cages in the
river. Overlaying water in glass aquaria was continuously aerated at a temperature of 20.0 ±
0.1 °C with a day/night light cycle of 12/12 h. During the acclimation period, bivalves were
fed daily with a commercially available freshwater mussel food (unicellular green algae –
Nannochloropsis (Nanno 3600, Instant algae, U.S.A.)) at 1% (v/w) of total body mass and
half water changes were performed once every three days. The measured base line tissue
metal concentrations in unexposed H. australis after the two weeks acclimation period were
Cu – 2.8 ± 0.6, Cd – 0.06 ± 0.03, Pb – 1.2 ± 0.3 and Zn – 263 ± 23 µg/g dry mass (Mean ±
SE; n = 6).

7.2.3 Transplantation of H. australis
Transplantation of H. australis was carried out over 28 days in summer 2014 (during
February) to match the mean water temperature and day/night light cycle used for H. australis
sediment spiked metal studies under laboratory controlled conditions (Chapters 3, 4 and 5).
Three plastic cages of 35cm length x 30cm width x 10cm height per site were used. A volume
of 6 L (approximately half volume of the cage) of surface sediments (to a depth of
approximately 2–5 cm) were collected from each site where the cages were to be deployed
and introduced into each cage after homogenisation to provide similar metal exposure
concentrations. Twelve individuals of H. australis were then randomly introduced into each
cage (Figs. 2A and B). Cages were immediately closed and tightened with cable ties and
deployed at the study sites.
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A)

B)

Figure 2: Field exposure experimental setup. A) Enclosed bivalve containing cages – just
after retrieval. B) Opened cages with sediments and bivalve.

Temperature data loggers (onset Hobo data logger - logging every 1h) were also deployed at
each site to measure the variations of temperature over the exposure period. Cages were
inspected seven days after deployments to ensure they were embedded. Mortalities of caged
bivalves were also checked during the visit by opening randomly selected cages at each site.
Cages were retrieved after 28 days exposure and bivalves were transported to the laboratory
in coolers with water and sediments from the bivalve retrieval site. Overlaying water was
aerated during transportation to the laboratory.

7.2.4 Analysis protocol
In addition to water temperature, pH, dissolved oxygen and conductivity of the surface waters
were also measured in the field at day 0 (when cages were deployed), during the first visit
(seven days after cages were deployed) and at the end of the exposure period at day 28 using
(Horiba U – 52 Multiparameter meter). One sample of sediment from each cage (three subsamples per site) at the beginning (day 0) and end of the exposure (day 28) were collected
using acid washed 50 mL polypropylene tubes. Any water remaining on the surface of the
sediments was decanted and sediments were transported to the laboratory on ice. The means
of the pre (day 0) and post (day 28) exposure metal concentrations in the sediments were
taken as organism external metal exposure. Total organic carbon content of sediment was also
measured. Water samples (n = 3 per site) were also collected at each sediment collection time
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and transported to the laboratory on ice. Immediately after return to the laboratory, water
samples were filtered through 0.45 µm filters and acidified to 1% (v/v) with nitric acid
(Suprapur® Nitric Acid, Merck, Germany) and both sediments and acidified water samples
were stored in a cool room at 4 °C until analysis.

Bivalves were depurated for 24 h in aerated freshwater without sediments to eliminate their
gut contents and sediment particles adhered to their shell. Five individuals from each cage (n
= 15 per site) were used for metal concentrations and biomarker analysis and one individual
from each cage was used for sub-cellular analysis (n = 3 per site). Prior to dissection, shells
were wiped up with absorbent paper to further remove sediment particles adhered to shell.
Bivalve gender was identified by microscopic examination of gonadal materials at the time of
dissection. Examination of bivalves gut and gills under microscope showed no evidence of
presence of sediments. After dissections, five individual tissues (labial palps, gill, mantle,
visceral mass and muscle tissues) were separated and rinsed with deionised water before
being stored in labelled polypropylene vials at – 20 °C. The tissues separated for sub-cellular
analysis were snap frozen in liquid nitrogen and stored in – 80 °C until analysis. Biological
responses, enzymatic total antioxidant capacity (TAOC) and lipid peroxidation and cellular
biomarker lysosomal membrane stability were measured in hepatopancreas tissues.

7.2.5 Chemical analysis
7.2.5.1 Sediment and overlaying water
Zinc, lead, copper and cadmium concentrations in sediments and water were determined
following the methods described by Telford et al. (2008) and Maher et al. (2001), respectively
(detailed methods given in Chapter 5 – Section 2.5.1). Acid blanks were also digested, diluted
and analysed in each run in the same way as the sediments samples and the certified reference
material (CRM) (NIST-RM 8704 , Buffalo River Sediments) to check the accuracy of
procedures. Measured metal concentrations in the CRM were Cd – 3.1 ± 0.1, Pb – 129 ± 1
and Zn – 392 ± 7 µg/g dry mass (mean ± SD; n = 5) and in agreement with certified value Cd
– 2.94 ± 0.29, Pb – 150 ± 17 and Zn – 408 ± 15 µg/g dry mass. Acid blanks indicated no
appreciable contamination over the analysis process. Total organic carbon content in
sediments were analysed by weight loss-on-ignition (WLOI) as described by Wang et al.
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(2011) for freshwater sediments and it was 30 ± 2 at reference site, 55 ± 0.03 at site 1, 22 ± 1
at site 2 and 53 ± 2 g/kg dry mass at site 3.

7.2.5.2 Biota
Cadmium, copper, lead and zinc concentrations in freeze-dried tissue samples were analysed
as described by Baldwin et al. (1994) (details given in Chapter 5 – Section 2.5.2). The CRMs
used in this study were TORT-2 (lobster hepatopancreas) and NIST 1566b (oyster tissue).
Measured metal concentrations in the CRMs are reported in Appendix 5 – Supp. Table 1 and
metal concentrations were in good agreement with certified values.

7.2.5.3 Sub-cellular distribution of metals
The sub-cellular distribution of metals (cadmium, copper, lead and zinc) were determined
using the protocol outlined in Taylor and Maher (2012b) and metal concentrations in acidified
sub-cellular fractions were digested, diluted and analysed as described by Taylor and Maher
(2010) method (details given in Chapter 5 – Section 2.5.3 and Chapter 3 – Fig. 1). Certified
reference materials (TORT-2 and NIST 1566b) and acid blanks were also digested, diluted
and analysed in the same way as samples. The measured CRMs metal concentrations were in
fair agreement with certified values (Appendix 5 – Supp. Table 1).

7.2.6 Biochemical analysis
Except for proteins (described below), all of the biochemical analysis, total antioxidant
capacity (TAOC), lipid peroxidation and lysosomal membrane stability were carried
according to the methods described in the Chapter 5 – Section 2.6. Total antioxidant capacity
and lipid peroxidation assays were carried out immediately after tissue preparation. Subsamples of supernatant were stored at – 80 °C for protein analyses and analyses were
completed on the following day.
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7.2.6.1 Protein
Protein concentrations in tissue lysates were measured by the Bradford method (Bradford,
1976). The Bradford Protein Assay is based on the binding of Coomassie Brilliant Blue G250 dye to the proteins. The dye is red under acidic conditions and once the dye is bound to
proteins, it is converted to a stable blue colour, which is measured spectrophotometrically at
595 nm to quantify the protein concentration. The concentration of interfering compounds in
the buffer used for tissue preparation was reduced by diluting the tissue lysate 1:10 (v/v) with
deionised water. A 10 µL diluted tissue lysate were pipetted into a 96 well plate. After adding
140 µL of Bradford reagent, samples were incubated 5 min at room temperature and
absorbance was measured, on a BioRad Benchmark Plus microplate spectrophotometer at 595
nm. An eight point bovine serum albumin calibration curve was used to calculate protein
concentration in samples.

7.2.7 Statistical analysis
Statistical analyses were performed using SPSS 21 and visually represented by Microsoft
Excel 2010. Normality and homogeneity of variance of the data was verified using Shapiro–
Wilk test and Levene’s test, respectively before a comparison of means. A two way analysis
of variance (ANOVA) was performed to analyse the effects of site and tissues on individual
metal accumulation. Significant difference between sites for exposure, dose and response
were compared by analysis of variance (ANOVA) followed by a Tukey–Kramer’s post-hoc
comparisons for parametric data and by Kruskall–Wallis test with Mann–Whitney U-tests for
post hoc analysis for non-parametric data. Before using non-parametric test, logarithmic
transformation was applied to test the normality and homogeneity of variance. If data did not
meet assumptions, non-parametric tests were applied. Relationships between exposure-dose,
interactions between accumulated metals, dose-response and between biomarkers were
examined by linear regression.
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7.3 Results
7.3.1 Exposure
7.3.1.1 Sediment metal analysis
The mean individual and total sediment metal (when cadmium, copper, lead and zinc were
combined) exposure concentrations at sites are shown in Figure 3. For each metal analysed,
metal concentration in mine affected sites were higher than the reference site, upstream of the
mine.
The metal concentrations measured at the reference site did not exceed the
ANZECC/ARMCANZ (2000) interim sediment quality guidelines (ISQG) low values for Zn
– 200 µg/g, , Pb – 50 µg/g, Cu – 65 µg/g and Cd – 1.5 µg/g dry mass.
Site 1 closest to the mine had significantly higher zinc, lead, copper and cadmium
concentrations

in

sediments

than

the

other

three

sites,

which

exceeded

the

ANZECC/ARMCANZ (2000) ISQG low values for Cu – 65 µg/g and high values for Zn –
410 µg/g, Pb – 220 µg/g and Cd – 10 µg/g dry mass. Metal concentrations in the sediments
decreased with increased distance from the mine (Fig. 3).
At both sites 2 and 3, cadmium and lead concentrations were exceeded the
ANZECC/ARMCANZ (2000) ISQG low values for Cd – 1.5 µg/g and Pb – 50 µg/g dry mass
and zinc concentrations were exceeded the ISQG high value for Zn – 410 µg/g dry mass.
Copper concentrations at sites 2 and 3 were below the ISQG low values for Cu – 65 µg/g dry
mass.
Total metal distribution pattern in sediments between sites were similar to individual metal
distribution patterns between sites along the Molonglo River channel. Compared to the
reference site, sediments collected from mine affected sites had significantly higher total
metal concentrations. Site 1 had significantly higher total metal concentrations than other
sites. The total metal concentrations at site 2 were higher than at site 3 but the difference was
not significant.
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Figure 3: Mean individual (µg/g dry mass) and total sediment metal concentrations (µmol/g
dry mass) in bivalve caged/exposure sites (Reference: 6.5 km upstream of the mine, site 1:
12.5 km, site 2: 32 km and site 3: 47 km downstream of the mine). Total metal is the molar
concentrations of zinc, lead, copper and cadmium combined. Mean ± SE. n = 6. Different
letters denote significant differences between sites. Mann-Whitney U-test, (p ≤ 0.05).
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7.3.1.2 Water analysis
Cadmium, copper and zinc concentrations in overlaying water at day 28 were higher than at
day 0 at most of the sites studied (Table 1).
Zinc: Except for site 3, at day 0, surface waters of mine affected sites had significantly higher
zinc concentrations than the reference site and zinc concentrations decreased significantly
with increased distance from the mine.
Lead: At day 0, except for site 2, which had significantly lower lead concentrations, all of the
other sites had similar lead concentrations in the surface waters. Compared to day 0, at day
28, lead concentrations dropped at each site and downstream sites (2 and 3) had significantly
higher lead concentration than the upstream sites.
Copper: Compared to reference and site 2, sites 1 and 3 had significantly higher copper
concentrations in overlaying water at day 0. At day 28, copper concentrations in overlaying
water between mine affected sites were significantly different to each other but these
concentrations were not significantly different to that of the reference site.
Cadmium: Cadmium was only detected in overlaying waters of site 1, which had the highest
recorded cadmium concentrations in sediments (Fig. 3 and Table 1).
Table 1: Metal concentrations (µg/L) measured in the overlaying water collected from each
site at day 0 (deployment) and day 28 (retrieval). Mean ± SE. n = 3.

Day
0

Site
Reference
Site 1
Site 2
Site 3

Zn
5 ± 3a
947 ± 3b
29 ± 5c
1 ± 0.4a

Pb
0.47 ± 0.11a
0.67 ± 0.02a
0.24 ± 0.01b
0.42 ± 0.10a

Cu
0.4 ± 0.12a
1.2 ± 0.01b
0.3 ± 0a
1.0 ± 0.14b

Cd
< 0.1a
0.2 ± 0.002b
< 0.1a
< 0.1a

Reference
4 ± 0.02a
0.11 ± 0a
2.3 ± 1.7abc
< 0.1a
b
a
a
Site 1
10221 ± 58
< 0.1
1.7 ± 0.1
4.7 ± 0.1b
Site 2
36 ± 2c
0.20 ± 0.004b
0.5 ± 0.01b
< 0.1a
d
c
c
Site 3
3 ± 0.2
0.25 ± 0.02
0.6 ± 0.04
< 0.1a
Different letters denote significant differences between sites for individual metal at each
collection time. Mann-Whitney U-test, (p ≤ 0.05).
28
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Physicochemical parameters measured at the H. australis caged sites are reported in Appendix
5 – Supp. Table 2. Except for the reference site, mean water temperature of the other bivalve
caged sites varied between 21 ± 1 °C at sites 1 and 2 and 22 ± 2 °C at site 3 over the 28 days
exposure period (Appendix 5 – Supp. Fig. 1). The reference site was located at a higher
elevation than the other sites and temperature varied between 16 ± 1 °C (Appendix 5 – Supp.
Fig. 1). All sites showed little variation of pH and remained near neutral throughout the study
(pH ̴ 7.3 ± 0.4) (Appendix 5 – Supp. Table 2). Compared to the reference site (conductivity –
0.06 ± 0.001 mS/cm; dissolved oxygen – 7.4 ± 0.9 mg/L), mine affected sites had higher
water conductivity site (0.45 ± 0.04 mS/cm) and relatively low levels of dissolved oxygen
(5.6 ± 0.5 mg/L).

7.3.2 Dose
7.3.2.1 Whole organism tissue metal accumulation
No mortality was observed at any sites during the exposure period. The mean individual (zinc,
lead, copper and cadmium) and total metal concentrations in whole body tissues of H.
australis are represented in Figure 4. There was a significant difference between sites for
whole organism metal accumulations (F = 38; p = 0.000). Metal accumulation did not vary
with gender or organism body mass. A significant positive interaction was detected for tissue
zinc and cadmium (F = 99; df = 1, 58; p = 0.000), as zinc concentrations in the organisms
increased tissue cadmium concentrations also increased. A weak but significant positive
interaction was also found between whole organisms tissue zinc and lead concentrations (F =
4; df = 1, 58; p = 0.044).
Zinc: Compared to lead, copper and cadmium, organisms at each site have high
concentrations of zinc (Fig. 4A). Organisms at site 1, 12.5 km downstream of the mine had
the highest amount of zinc in their whole body tissues. Zinc concentrations in whole body
tissues decreased with increased distance from the mine. Zinc concentrations in whole body
tissues of the organisms at the furthest downstream site (site 3) were not significantly
different to zinc concentration in the organisms at the reference site.
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Lead and copper: Despite clear sediment gradients for lead and copper concentrations,
whole organism tissue lead and copper concentrations between sites were not significantly
different (Figs. 4B and C), however, compared to the reference organisms, organisms at mine
affected sites had relatively high lead concentrations.
Cadmium: The organisms at site 1 had significantly higher cadmium concentrations than the
organisms at all other sites downstream of the mine and the reference site, which were not
significantly different to each other (Fig. 4D).
Total metal: There were significant differences between the sites for total metal
concentration (µmol/g) when the four metals (zinc, lead, copper and cadmium) analysed were
combined (χ2 = 36; df = 3; p = 0.000). Site 1 was significantly different to the other three sites
and organisms at this site had significantly higher total metal concentrations (Fig. 4E). Total
metal concentrations in the whole body tissues of H. australis decreased with increased
distance from the mine. Organisms at site 2, 32 km away from the mine had the second
highest total metal concentrations in whole body tissues and total metal concentrations were
not significantly different between organisms at site 3, furthest downstream of the mine and
the reference site.
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Figure 4: Mean individual metal (A – D) (µg/g dry mass) and total metal concentration (E)
(µmol/g dry mass) in whole soft body tissues of H. australis after 28 days exposure to
sediments metal contamination gradient along the Molonglo River channel. Reference: 6.5 km
upstream of the mine, site 1: 12.5 km, site 2: 32 km and site 3: 47 km downstream of the
mine. Total metal is the combined molar concentrations of cadmium, copper, lead and zinc.
Mean ± SE. n = 15. Different letters denote significant differences between sites. TukeyKramer or Mann-Whitney U-test, (p ≤ 0.05).
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7.3.2.2 Individual tissue metal accumulation
Zinc, lead, copper and cadmium concentrations were significantly different between tissues
and between sites (Appendix 5 – Supp. Table 3). Individual tissue zinc, lead, copper,
cadmium and total metal concentrations are shown in Figure 5.
Zinc: Compared to other metals (lead, copper and cadmium), H. australis transplanted at all
of the sites had high zinc concentrations in all tissues (muscle, visceral mass, mantle, labial
palps and gills). Gill tissues were the main repository for zinc which had significantly higher
zinc concentrations compared to other tissues at each site. Zinc concentrations were in the
order, muscle < visceral mass < mantle ≤ labial palps < gills. Compared to reference site
organisms and organisms furthest downstream (site 3) all of the individual tissues of the
organisms collected from sites closest to the mine (sites 1 and 2) had significantly higher zinc
concentrations. Zinc concentrations in tissues of the organisms at site 1 were significantly
higher than at site 2 (Fig. 5A).
Lead: Labial palps had significantly higher lead concentrations compared to other tissues in
organisms at all the sites. Lead concentrations in visceral mass, mantle and gills of organism
at all sites were similar. Muscle tissues had significantly lower lead concentrations. Lead
concentrations in labial palps, visceral mass and mantle tissues of the organisms at site 2 were
higher than other sites except for labial palps, the differences were not significant (Fig. 5B).
Copper: Like zinc, gill tissues had significantly higher copper concentrations and muscle
tissues had significantly lower copper concentrations in organism at all sites. Site 3 organisms
had significantly higher copper concentrations in gill tissues compared to the reference site
and site 1. Copper concentrations were not significantly different between visceral mass,
labial palps and mantle tissues of the organisms from the reference site but were significantly
different at other sites. Labial palps of the organisms at sites 2 and 3 had significantly higher
copper concentrations compared to other two sites (Fig. 5C).
Cadmium: Cadmium concentrations were significantly different between tissues of the
organisms at reference site and sites 1 and 2. All tissues of the organisms at site 1 had
significantly higher cadmium concentrations than those measured in organisms from the other
three sites. Cadmium concentrations in individual tissues of the organisms at site 1 were in the
order, visceral mass < muscle < labial palps < gills < mantle (Fig. 5D).
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Total metal: Total metal concentrations of tissues (muscle, visceral mass, mantle, labial palps
and gills) and between sites within the same tissue (e.g. visceral mass) were significantly
different. Total metal concentrations of individual tissues were in the order, muscle < visceral
mass < mantle ≤ labial palps < gills. Total metal concentrations in individual tissues
significantly decreased with increased distance from the mine (Fig. 5E).
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Figure 5: A: Zinc, B: lead, C: copper, D: cadmium (µg/g dry mass) and E: total metal
concentrations (µmol/g dry mass) in gill (GI), labial palps (LP), mantle (MA), muscle (MU)
and visceral mass (VM) tissues of H. australis after 28 days exposure to a sediment metal
contamination gradient in the Molonglo River channel. Reference: 6.5 km upstream of the
mine, site 1: 12.5 km, site 2: 32 km and site 3: 47 km downstream of the mine. Mean ± SE. n
= 15. Different letters indicate significant differences between tissues within the same site and
the same tissue between sites. Tukey-Kramer or Mann-Whitney U-test, (p ≤ 0.05).
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7.3.2.3 Sub-cellular metal distribution
Zinc: The percentage of zinc recovered from sub-cellular fractions were reference – 86%, site
1 – 76%, site 2 – 80% and site 3 – 79% (Table 2). Zinc concentrations in the nuclei + cellular
debris (N + CD), biologically active metal (BAM) and biologically detoxified metal (BDM)
fractions increased with increased sediment metal exposure and were in the order, reference <
site 3 < site 2 < site 1 (Table 2). The majority of accumulated zinc, up to 55 – 76% was in the
BDM fraction; 10 – 30% of remaining zinc was in the BAM fraction with only 8 – 18% in the
N + CD fraction. Compared to reference and site 3 organisms, organisms closest to the mine
(sites 1 and 2) had significantly higher zinc concentrations in the N + CD debris fraction.
Organisms at mine affected sites (sites 1 – 3) also had significantly higher zinc concentrations
in the BAM fraction than reference organisms. Of the BAM fraction, a high percentage of the
zinc was sequestered in the lysosomes + microsomes (L + M) fraction and accounted for 50%
in the reference organisms, 53% at site 1, 45% at site 2 and 50% at site 3 organisms (Table 3).
Hepatopancreas tissues of the organisms at mine affected sites (sites 1 – 3) had sequestered
significantly higher zinc concentrations in the L + M fraction than reference organisms. A
high percentage of accumulated zinc was also sequestered in mitochondrial fraction, which
accounted for 33% in the reference and the site 1 organisms, 45% in the site 2 and 30% in the
site 3 organisms (Table 3). Site 1 and 2 organisms sequestered significantly higher zinc
concentrations in this fraction than reference and site 3 organisms. Zinc concentrations in heat
sensitive protein (HSP) fractions were not significantly different. 59 – 84% of the BDM was
stored in the metal rich granules (MRG) fraction. Sites 1 and 2 had significantly higher zinc
concentrations in the MRG fractions than reference and site 3 organisms. Relatively small
percentages of zinc were sequestered in the metallothionein like proteins (MTLP) fraction,
41% at reference, 16% at site 1, 26% at site 2 and 39% at site 3 organisms. Sequestered zinc
in this fraction was only significantly higher in site 1 organisms.
Lead: The percentage of total lead recovered in all sub-cellular fractions were 50% in the
reference, 57% in the site 1, 79% in the site 2 and 61% in the site 3 organisms (Table 2). Like
zinc and cadmium, most of the accumulated lead was in the BDM fraction and this accounted
for 81% at the reference, 76% at site 1, 72% at site 2 and 73% at site 3 organisms (Table 2).
Lead concentrations in the BDM, however, were not significantly different between sites.
Most of the remaining metal was in the BAM fraction. Biologically active lead concentrations
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were not significantly different between sites and varied from 0.10 ± 0.02 to 0.16 ± 0.02 µg/g
wet mass (Table 2). The percentage distribution of lead within the BAM fraction was in the
order HSP < mitochondrial fraction < L + M at all sites (Table 3). There were no significant
differences in BAM (combined HSP, mitochondrial and L + M fractions) between sites,
however, statistical analysis of lead in individual compartments within the BAM fraction
showed significant differences between sites (Tables 2 and 3). Compared to the reference
organisms, organisms at mine affected sites accumulated significantly higher lead
concentrations in the mitochondrial fraction (Table 3). Site 1 organisms had significantly
higher lead concentrations in the L + M fraction than reference organisms, however, there
were no significant differences between sites 1, 2 and 3. Lead concentrations in the HSP
fraction of the site 2 and site 3 organisms were significantly higher than the reference and site
1 organisms. Over 94% of the lead in the BDM fractions were in the MRG fractions.
Compared to the reference organisms, organisms at other sites had higher lead concentrations
in the MRG fraction. Accumulated lead concentrations in MTLP were much lower than the
MRG fractions of the organisms.
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Table 2: Total tissue metal concentrations, percentage of total recovered metals from subcellular fractionation, metal concentrations and their percentage distribution in nuclei +
cellular debris, biologically active and biologically detoxified fractions in hepatopancreas
tissues of H. australis after 28 days laboratory exposure to a sediment metal contamination
gradient in the Molonglo River channel. Mean ± SE, n = 3.
Reference

Site 1

Site 2

Site 3

Total Tissue Zinc (µg/g)
Total Recovered Zinc (µg/g )
Proportion of total recovered in fractions (%)

29 ± 4a
25 ± 4a
86

202 ± 28b
154 ± 76b
76

70 ± 12c
56 ± 8c
80

42 ± 6ac
33 ± 1ac
79

Sub-cellular Distribution of Zinc
Nuclei + Cellular debris (µg/g)
Nuclei + Cellular debris (%)

2 ± 0.4a
8

22 ± 3b
14

10 ± 4bc
18

5 ± 3ac
15

Biologically Active Zinc (µg/g)
Biologically Active Zinc (%)

6 ± 1a
24

15 ± 2b
10

11 ± 1b
20

10 ± 1b
30

Biologically Detoxified Zinc (µg/g)
Biologically Detoxified Zinc (%)

17 ± 1a
68

117 ± 40b
76

34 ± 8b
62

18 ± 2a
55

Total Tissue Lead (µg/g)
Total Recovered Lead (µg/g )
Proportion of total recovered in fractions (%)

1.25 ± 0.14a
0.62 ± 0.04a
50

1.80 ± 0.15b
1.03 ± 0.08b
57

1.19 ± 0.21a
0.94 ± 0.12b
79

1.53 ± 0.42a
0.93 ± 0.04b
61

Sub-cellular Distribution of Lead
Nuclei + Cellular debris (µg/g)
Nuclei + Cellular debris (%)

0.02 ± 0.004a
3

0.09 ± 0.02b
9

0.11 ± 0.05b
12

0.09 ± 0.03b
10

Biologically Active Lead (µg/g)
Biologically Active Lead (%)

0.10 ± 0.02a
16

0.15 ± 0.03a
15

0.15 ± 0.02a
16

0.16 ± 0.02a
17

Biologically Detoxified Lead (µg/g)
Biologically Detoxified Lead (%)

0.50 ± 0.24a
81

0.78 ± 0.37a
76

0.68 ± 0.31a
72

0.68 ± 0.32a
73

1.2 ± 0.02a
1.3 ± 0.20a
108

1.2 ± 0.01a
1.4 ± 0.20a
117

1.4 ± 0.30a
1.5 ± 0.30a
107

1.5 ± 0.03a
1.7 ± 0.30a
113

Sub-cellular Distribution of Copper
Nuclei + Cellular debris (µg/g)
Nuclei + Cellular debris (%)

0.213 ± 0.08a
16

0.248 ± 0.03a
18

0.208 ± 0.05a
13

0.260 ± 0.05a
16

Biologically Active Copper (µg/g)
Biologically Active Copper (%)

0.742 ± 0.10a
56

0.736 ± 0.09a
52

0.584 ± 0.06a
49

0.963 ± 0.08a
58

Biologically Detoxified Copper (µg/g)
Biologically Detoxified Copper (%)

0.367 ± 0.07a
28

0.432 ± 0.11a
31

0.751 ± 0.22a
38

0.431 ± 0.08a
26

Zinc

Lead

Copper
Total Tissue Copper (µg/g)
Total Recovered Copper (µg/g )
Proportion of total recovered in fractions (%)
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Table 2: Continued…
Cadmium
0.08 ± 0.001a
0.09 ± 0.016a

0.50 ± 0.057b
0.44 ± 0.064b

0.12 ± 0.033a
0.09 ± 0.002a

112

88

75

0.01 ± 0.005a

0.016 ±
0.006a
18

0.01 ± 0.004a

11

0.073 ±
0.022b
16

0.02 ± 0.001ac

0.09 ± 0.008b

22

21

0.027 ±
0.005c
31

0.017 ±
0.001a
40

0.06 ± 0.03a

0.28 ± 0.060b

67

63

0.045 ±
0.013a
51

0.016 ±
0.005c
37

Total Tissue metal (µmol/g)
Total Recovered metal (µmol/g )
Proportion of total recovered in fractions (%)

0.47 ± 0.06a
0.40 ± 0.06a
85

3.13 ± 0.43b
2.38 ± 0.44b
76

1.10 ± 0.19c
0.88 ± 0.12c
80

0.67 ± 0.09a
0.53 ± 0.02a
79

Sub-cellular Distribution of Total Metal
Nuclei + Cellular debris (µmol/g)
Nuclei + Cellular debris (%)

0.03 ± 0.004a
7

0.34 ± 0.041b
14

0.16 ± 0.068bc
18

0.08 ± 0.042ac
15

Biologically Active Total Metal (µmol/g)
Biologically Active Total Metal (%)

0.19 ± 0.03a
46

0.46 ± 0.08b
19

0.24 ± 0.03a
27

0.23 ± 0.03a
43

Biologically Detoxified Total Metal
(µmol/g)
Biologically Detoxified Total Metal (%)

0.19 ± 0.06a

1.60 ± 0.72b

0.48 ± 0.16b

0.22 ± 0.07a

47

67

54

42

Total Tissue Cadmium (µg/g)
Total Recovered Cadmium (µg/g )
Proportion of total recovered in fractions (%)
Sub-cellular Distribution of Cadmium
Nuclei + Cellular debris (µg/g)
Nuclei + Cellular debris (%)
Biologically Active Cadmium (µg/g)
Biologically Active Cadmium (%)
Biologically Detoxified Cadmium (µg/g)
Biologically Detoxified Cadmium (%)

0.06 ± 0.005c
0.043 ±
0.008c
72

23

Total metal

Different letters denote significant differences (p ≤ 0.05) for metal concentrations between
sites within the same sub-cellular fraction.
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Table 3: Zinc, lead, copper, cadmium (µg/g wet mass) and total metals concentration (µmol/g
wet mass) and their percentage distribution in sub-cellular fractions (nuclei + cellular debris;
mitochondria, lysosomes + microsomes, heat sensitive proteins - biologically active metals;
metal rich granules, heat stable MT like proteins - biologically detoxified metals) of H.
australis after 28 days exposure to a sediment metal contamination gradient in the Molonglo
River channel. n = 3.
Reference

Site 1

Site 2

Site 3

8

14

18

15

% of total BAM
Mitochondria (µg/g)
% of BAM in mitochondria
Lysosomes + microsomes (µg/g)
% of BAM in lysosomes + microsomes
Heat sensitive proteins (µg/g)
% of BAM in heat sensitive proteins

24
2 ± 0.6a
33
3 ± 0.3a
50
1 ± 0.1a
17

10
5 ± 0.6b
33
8 ± 0.2b
53
2 ± 0.3a
14

20
5 ± 0.7b
45
5 ± 1c
45
1 ± 0.2a
10

30
3 ± 0.7a
30
5 ± 1c
50
2 ± 0.2a
20

% of total BDM
Metal rich granules (µg/g)
% of BDM in metal rich granules
Heat stable MT like proteins (µg/g)
% of BDM in Heat stable MT like proteins

68
10 ± 2a
59
7 ± 1a
41

76
99 ± 27b
84
18 ± 2b
16

62
25 ± 3c
74
9 ± 1a
26

55
11 ± 2a
61
7 ± 0.3a
39

3

9

12

10

16
0.017 ±
0.001a
17

15
0.033 ±
0.003b
22

16
0.043 ±
0.004b
29

17
0.057 ± 0.02b

0.076 ±
0.007a
76
0.007 ±
0.001a
7

0.11 ± 0.005b

0.09 ± 0.019ab

0.08 ± 0.02ab

72
0.010 ±
0.0003b
6

62
0.013 ±
0.001b
9

50
0.02 ± 0.003c

81
0.48 ± 0.03a
96
0.02 ±
0.0001a
4

76
0.76 ± 0.10b
97
0.02 ±
0.0003b
3

72
0.64 ± 0.10ba
94
0.04 ± 0.003c

73
0.65 ± 0.08b
96
0.03 ± 0.001d

6

4

16

18

13

16

56
0.22 ± 0.01a

52
0.34 ± 0.07ab

49
0.25 ± 0.11a

58
0.45 ± 0.10b

Zinc
% of total nuclei + cellular debris

Lead
% of total nuclei + cellular debris
% of total BAM
Mitochondria (µg/g)
% of BAM in mitochondria
Lysosomes + microsomes (µg/g)
% of BAM in lysosomes + microsomes
Heat sensitive proteins (µg/g)
% of BAM in heat sensitive proteins
% of total BDM
Metal rich granules (µg/g)
% of BDM in metal rich granules
Heat stable MT like proteins (µg/g)
% of BDM in Heat stable MT like proteins

36

14

Copper
% of total nuclei + cellular debris
% of total BAM
Mitochondria (µg/g)
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Table 3: Continued…
% of BAM in mitochondria

30

47

44

47

Lysosomes + microsomes (µg/g)
% of BAM in lysosomes + microsomes
Heat sensitive proteins (µg/g)
% of BAM in heat sensitive proteins

0.44 ± 0.05a
59
0.08 ± 0.01a
11

0.33 ± 0.05ab
45
0.06 ± 0.006a
8

0.25 ± 0.04b
44
0.08 ± 0.007a
12

0.33 ± 0.09ab
34
0.18 ± 0.05b
19

% of total BDM
Metal rich granules (µg/g)
% of BDM in metal rich granules
Heat stable MT like proteins (µg/g)
% of BDM in Heat stable MT like proteins

28
0.24 ± 0.013a
66
0.125 ± 0.02a
34

31
0.32 ± 0.04a
74
0.11 ± 0.01a
26

38
0.60 ± 0.27a
80
0.15 ± 0.004a
20

26
0.30 ± 0.03a
68
0.14 ± 0.03a
32

11

16

18

23

22
0.006 ±
0.002a
30
0.009 ±
0.001a
42
0.006 ±
0.001a
28

21
0.028 ±
0.005b
31
0.045 ± 0.013
50
0.017 ±
0.003b
19

31
0.011 ±
0.0008c
40
0.009 ±
0.0003a
36
0.006 ±
0.0004a
24

40
0.003 ±
0.0004a
19
0.008 ±
0.003a
45
0.006 ±
0.001a
36

67
0.005 ±
0.0004a
8
0.06 ± 0.008a

63
0.082 ± 0.02b

51
0.01 ± 0.003c

29
0.20 ± 0.03b

92

71

21
0.036 ±
0.009a
79

37
0.003 ±
0.0004d
17
0.014 ±
0.003c
83

7

14

18

15

19
0.12 ± 0.003b
27
0.29 ± 0.035b
66
0.032 ±
0.004b
7

27
0.08 ± 0.012c
34
0.13 ± 0.017a
56
0.024 ±
0.003b
10

43
0.09 ± 0.015bc
38
0.12 ± 0.004a
50
0.03 ± 0.003b

% of BAM in heat sensitive proteins

46
0.05 ± 0.004a
27
0.12 ± 0.016a
65
0.015 ±
0.001a
8

% of total BDM
Metal rich granules (µmol/g)
% of BDM in metal rich granules
Heat stable MT like proteins (µmol/g)
% of BDM in Heat stable MT like proteins

47
0.16 ± 0.032a
84
0.03 ± 0.009a
16

67
1.52 ± 0.42b
95
0.08 ± 0.009b
5

54
0.40 ± 0.048c
83
0.08 ± 0.011b
17

42
0.18 ± 0.027a
82
0.04 ± 0.01a
18

Cadmium
% of total nuclei + cellular debris
% of total BAM
Mitochondria (µg/g)
% of BAM in mitochondria
Lysosomes + microsomes (µg/g)
% of BAM in lysosomes + microsomes
Heat sensitive proteins (µg/g)
% of BAM in heat sensitive proteins
% of total BDM
Metal rich granules (µg/g)
% of BDM in metal rich granules
Heat stable MT like proteins (µg/g)
% of BDM in Heat stable MT like proteins

b

Total Metal
% of total nuclei + cellular debris
% of total BAM
Mitochondria (µmol/g)
% of BAM in mitochondria
Lysosomes + microsomes (µmol/g)
% of BAM in lysosomes + microsomes
Heat sensitive proteins (µmol/g)

12

Different letters denote significant differences (p ≤ 0.05) for metal concentrations between
sites within the same sub-cellular fraction.
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Copper: The percentage recovery of copper from sub-cellular fractionations were 108 % in
the reference, 117% in the site 1, 107% in the site 2 and 113% in the 3 organisms (Table 2).
Unlike zinc, cadmium and lead, higher percentages, around 50% of accumulated copper, were
sequestered in the BAM fraction in organisms from all sites. The majority of the remaining
copper, was present in the BDM fractions in each treatment (Table 2). At sites1 and 2 similar
percentages of copper were distributed in the mitochondria and the L + M fractions and only a
small percentage was in the HSP fractions (Table 3). At the other two sites (reference and site
3), copper content in the individual fractions of the BAM were HSP < mitochondria < L + M
(Table 3). In the BDM fraction, MRG sequestered most copper.
Cadmium: The percentage of total recovered cadmium in all sub-cellular fractions varied
from 72% at site 3 to 112% at reference site (Table 2). Except for site 3 organisms, most of
the accumulated cadmium was present in the BDM fraction, which accounted for 67% in the
reference site, 63% in site 1 and 51% in site 2. Of the remaining cadmium, 21- 40% was
sequestered in the BAM fraction and 11- 23% in the N + CD fraction. Cadmium distribution
among the BAM fractions in the reference site, site 1 and site 3 organisms was HSP <
mitochondria < L + M and in site 2 organisms was HSP < L +M < mitochondrial fractions
(Table 3). Cadmium concentrations in the mitochondrial fractions of organisms closest to the
mine (sites 1 and 2) were ̴ 5 times and ̴ 2 times, respectively higher than reference organisms
(Table 3). Organisms at site 1 had significantly higher cadmium concentrations in the BDM
and BAM fractions than organisms at other sites, while site 3 organisms had significantly
lower cadmium concentrations in the BDM fraction than the other three sites (Table 2). Of the
BDM, the majority of cadmium was in the MTLP fraction and only a small percentage was
present in the MRG fractions of organisms from all sites but cadmium concentrations in these
two fractions of the organisms at site 1 were significantly higher than organisms from the
other three sites (Table 3).
Total metal: The percentage recovery of total metals (zinc, cadmium, lead and copper
combined) from sub-cellular fractionations were 85% in the reference, 76% in the site 1, 80%
in the site 2 and 79% in the site 3 organisms (Table 2). The highest percentages of sequestered
metals were in the BDM fraction with most of the remainder in the BAM fraction (Table 2).
Site 1 and 2 organisms accumulated significantly higher total metal concentrations in the
BDM fraction than reference and site 3 organisms. Sequestered total metal concentrations in
the BDM fraction of organisms from sites 1 and 2 organisms were 8.4 and 2.5 times,
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respectively, higher than the reference organisms (Table 2). Site 1 organisms had significantly
higher total metal concentration in the BAM fraction than other sites; with metal
concentrations of the site 1 organisms 2.4 and site 2 and 3 organisms 1.2 times higher than the
reference organisms (Table 2). Despite small total metal concentrations in the N + CD
fractions in all treatments, sites 1, 2 and 3 organisms had 11, 5 and 3 times, respectively
higher total metal concentrations in this fraction than the reference organisms (Table 2). In the
BAM fraction, higher concentrations of total metal were present in the L + M fraction (Table
3). The second highest total metal concentration in the BAM fraction was in the mitochondrial
fraction and organisms at the mine affected sites had significantly higher concentrations of
total metal in this fraction than the reference organisms (Table 3). Of the BAM fraction, the
HSP fractions had the lowest concentrations of total metal. Compared to the reference
organisms, organisms at the mine affected sites had significantly higher total metal
concentrations in the HSP fraction, however, the total metal concentrations in the HSP
fractions of organisms at sites 1, 2 and 3 were not significantly different (Table 3). Of the
BDM pool, higher concentrations and higher percentage of total metals were sequestered in
the MRG fraction with lower concentrations in the MTLP fractions of each treatment (Table
3). Site 1 and 2 organisms had significantly higher total metal concentration in these two
fractions than reference and site 3 organisms. The total metal concentration in the MRG
fraction of the organisms at mine affected sites decreased significantly with increasing
distance from the mine, in the order site 3 < site 2 < site 1. Site 1 and 2 organisms had a 2.7
times higher total metal concentration in the MTLP fractions than the reference organisms.
There was no significant difference in total metals in the MTLP fraction between reference
and site 3 organisms.

7.3.2.4 Exposure-dose relationship
Regression analysis between whole organism tissue zinc concentrations and zinc
concentrations in the sediments showed a significant positive relationship (F = 100; r2 = 0.63;
p = 0.000); zinc body concentrations increased proportionally with increased sediments zinc
exposure. Hyridella australis also showed sediment concentration dependent whole organism
cadmium accumulation (F = 101; r2 = 0.63; p = 0.000). Regression of whole organism tissue
lead concentrations and lead concentrations in sediments also showed a weak positive but not
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significant relationship. Copper concentrations in whole body tissues with sediment copper
concentrations showed a weak negative but not significant relationship, as copper
accumulation decreased with increased sediment copper exposure. Regression analysis further
showed a positive significant relationship between whole organism tissue total metal
concentrations and total metal concentration in the sediments (F = 99; r2 = 0.63; p = 0.000), as
total metal concentrations in sediments increased the whole organism total tissue metal
concentration also increased.

7.3.3 Response
7.3.3.1 Exposure-response relationship
There was no significant difference in organism TAOC between sites (F = 2.6; df = 3, 56; p =
0.059), however, when compared to the reference organisms, organisms at mine affected sites
had lower TAOC (Fig. 6A). There was a significant difference in lipid peroxidation between
sites (χ2 = 17; df = 3; p = 0.001). The hepatopancreas tissues of the organisms closest to the
mine (sites 1 and 2) had significantly higher levels of lipid peroxidation than the reference
organisms and the organism at the site furthest downstream of the mine (site 3) (Fig. 6B).
There were no significant differences in lipid peroxidation between reference site and site 3
organisms. Lipid peroxidation in sites 1 and 2 organisms were not significantly different to
each other. There was a significant difference of destabilised lysosome percentage (F = 96; df
= 3, 32; p = 0.000). Organisms at sites 1 and 2 had a significantly higher percentage of
destabilised lysosomes than site 3 and reference organisms (Fig. 6C). Compared to site 2
organisms, site 1 organisms had a higher percentage of destabilised lysosomes, however, they
were not significantly different to each other. The percentage of destabilised lysosomes of
sites 3 and reference organisms were not significantly different. No significant differences
were detected between males and females for any of the individual biomarkers measured.
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Figure 6: Changes of enzymatic A) Total antioxidant capacity (TAOC), B) Lipid
peroxidation (malondialdehyde [MDA]) (Mean ± SE; n = 15) and cellular biomarker
responses C) Lysosomal membrane stability (Mean ± SE; n = 9) in hepatopancreas tissues of
H. australis after 28 days exposure to a sediment metal contamination gradient in the
Molonglo River channel. Reference: 6.5 km upstream of the mine, site 1: 12.5 km, site 2: 32
km and site 3: 47 km downstream of the mine. Different letters indicate significant differences
(p ≤ 0.05) between sites.
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7.3.3.2 Dose-response relationship and relationships between biomarkers
Regression analysis of TAOC with individual (e.g. zinc, cadmium and lead) and total tissue
metal accumulation showed a trend of decreasing TAOC with increasing tissue metal
concentration, however, none of these relationships were significant. Regression analyses
showed that lipid peroxidation significantly increased with increasing zinc (F = 12; r2 = 0.17;
p = 0.001), cadmium (F = 8; r2 = 0.15; p = 0.007) and total metal concentration (F = 12; r2 =
0.18; p = 0.001). The percentage of destabilised lysosomes also increased significantly with
increasing zinc (F = 26; r2 = 0.43; p = 0.000), cadmium (F = 20; r2 = 0.37; p = 0.000) and total
metal concentration (F = 31; r2 = 0.47; p = 0.000). Regression analysis between biomarkers
showed a significant negative relationship between TAOC and lipid peroxidation (F = 5; r2 =
0.08; p = 0.003), TAOC and lysosomal destabilisation (F = 8; r2 = 0.20; p = 0.008) and a
positive relationship between lipid peroxidation and lysosomal membrane destabilisation (F =
15; r2 = 0.30; p = 0.001).

7.4 Discussion
7.4.1 Exposure-dose relationship
7.4.1.1 Exposure
Similar to the 2012 sediment metal concentration survey along the Molonglo River channel
(Chapter 6), a clear sediment metal contamination gradient was observed for bivalve cage
deployment sites (from site 1: 12.5 km downstream of the mine to site 3: 47 km distance
downstream of the mine) (Figs. 1 and 3). Compared to the reference organisms upstream of
the mine, organisms at all the mine affected sites (sites 1 – 3) were exposed to elevated
concentrations of zinc, lead, copper and cadmium contaminated sediments (Fig. 3). Sediment
metal concentrations of the four sites covered a broad range: Zn: 91 – 6134 (67 fold), Pb: 14 –
472 (34 fold), Cu: 11 – 162 (15 fold), Cd: 1 – 13 (13 fold) µg/g dry mass and total metals: 2 –
99 (50 fold) µmol/g dry mass. Compared to day 0, higher concentrations of cadmium and zinc
in surface waters were measured at site 1 on day 28. This was probably due to metal
contaminated water coming from the mine site and/or resuspension of river sediments by
moderate rain during the middle week of the experiment. A previous study by Millington and
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Walker (Millington and Walker (1983) has also shown that despite extensive remedial works
at the Captains Flat mine, sharp rises in zinc concentrations in the Molonglo River can occur
at times of increased river flow.

7.4.1.2 Dose: whole organism metal accumulation
In general, despite elevated sediment metal concentrations at mine affected sites, compared to
the reference site, transplanted H. australis accumulated relatively low concentrations of
metals in their body tissues (Figs. 3 and 4). Zinc concentrations in organisms at the most
contaminated site (site 1) was one eighth and at sites 2 and 3 one fifth of the sediment zinc
concentration. Consistent with the present study, laboratory exposure of H. australis to single
metal spiked sediments also showed limited bioaccumulation of lead, cadmium and zinc over
28 days exposure (Chapters 3, 4 and 5). The low accumulation of metals in H. australis might
be due to low bioavailability of sediment bound metal (Guidi et al., 2010); saturation of
cellular metal binding sites (e.g. HSP, MTLP, MRG, etc..); and interactions between metals
for binding sites in the organisms (Simkiss and Mason, 1984; Wang, 1987). The Possera, a
tributary of the River Cecina, Italy had elevated sediment metal concentrations but limited
bioaccumulation of metals in body tissues of the caged freshwater bivalve Unio pictorum
occurred (Guidi et al., 2010). Despite relatively low levels of metal accumulation in H.
australis, compared to sediment metal concentrations, zinc (F = 100; r2 = 0.63; p = 0.000),
cadmium (F = 101; r2 = 0.63; p = 0.000) and total metal (F = 99; r2 = 0.63; p = 0.000)
concentrations increased significantly with increased sediment metal concentrations
suggesting sediment metal concentration dependent accumulation of transplanted H. australis
along the metal contamination gradient in the Molonglo River. Laboratory exposure of this
organism to single metal spiked sediments also showed sediment metal concentration
dependent accumulation (Chapters 3, 4 and 5). Sediment metal concentration dependent
accumulation has also been observed for the freshwater bivalves C. fluminea and Hyridella
menziesi under field conditions (Angelo et al., 2007; Hickey et al., 1995).
Zinc: Zinc was the major metal contaminant in the Molonglo River and H. australis
accumulated higher zinc concentrations than other metals in their body tissues (Fig. 4A).
Most of the previous studies conducted with river biota including macroinvertebrates, fish
and bivalves in the Molonglo River were mainly focused on zinc contamination on organisms
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as zinc has been identified as the major metal contaminant in the river (Millington and
Walker, 1983; Weatherley et al., 1967; Weatherley et al., 1980). As observed in the present
study, a long term in situ exposure of the freshwater bivalve Velesunio ambiguus in the
Molonglo River (Millington and Walker, 1983) also showed higher zinc accumulation in
organisms closest to the mine while organisms further downstream of the mine had similar
zinc concentrations to that of the reference organisms at upstream of the mine. Hyridella
australis exposed to zinc spiked sediments under laboratory controlled conditions also
accumulated zinc in their body tissues compared to control organisms (Chapter 5) but under
field conditions this organisms accumulated more zinc likely due to higher zinc
concentrations in the river sediments compared to spiked sediments. Extrapolating metal
uptake under laboratory conditions to environmentally realistic field conditions is difficult
because the bioavailability of metal in natural environments depend on factors such as pH,
other ions in solutions, organic matter, sediment particle size and the formation of insoluble
metal precipitates (Labrot et al., 1999). A previous study by Angelo et al. (2007) has also
shown that higher levels of zinc accumulation in freshwater mussels (e.g. Fusconaia flava,
Lampsilis rafinesqueana) and the clam Corbicula fluminea collected from the mine affected
Spring River, USA occurs compared to nonessential metals such as cadmium and lead. In
contrast, despite a clear metal exposure gradient observed in different lakes in the Rouyn–
Noranda area (Qu´ebec, Canada), gill tissues of the freshwater bivalve Pyganodon grandis
collected from these lakes did not show any differences between accumulated copper and zinc
concentrations (Bonneris et al., 2005a). The positive relationships between zinc-cadmium and
zinc-lead tissue concentrations in H. australis in the present study suggest coaccumulaton of
these metals via common pathways. As shown by antagonistic effects of zinc on uptake and
distribution of cadmium in the freshwater bivalve Anodonta cygnea (Hemelraad et al., 1987),
in the present study, the presence of higher zinc concentrations in the Molonglo River
sediments may have reduced the accumulation of other metals.
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Lead: Unlike zinc, as shown in Figure 4B, the accumulated lead concentrations of H.
australis in mine affected sites were not significantly different to the reference organism and
did not show any sediment dependence lead concentrations. This may possibly be due to low
bioavailability of sediment bound lead as it has strong binding affinity to sediments
(Benjamin and Leckie, 1981; Gadde and Laitinen, 1974) or alternatively antagonistic effects
of zinc on lead uptake as these metals enter organisms via common pathways (Goyer, 1997).
In contrast, laboratory exposure of this organism to lead only spiked sediments showed
exposure dependent lead accumulation (Chapter 3) suggesting competition of cellular binding
sites for lead with other metals might be regulating lead accumulation. Further studies are,
however, needed to understand this phenomenon.

Copper: There were no significant differences between sites for accumulated copper
concentrations in H. australis (Fig. 4 C). Copper concentrations in organisms from all sites
were similar probably due to regulation of copper, as it is an essential metal. Unlike nonessential metals, molluscs regulate essential metals that are required for physiological,
biochemical and morphological purposes (Langston et al., 1998). Consistent with these
findings, accumulated copper and zinc concentrations in gill tissues of P. grandis showed no
significant differences between organisms collected from different lakes in the Rouyn–
Noranda area (Qu´ebec, Canada) despite a clear metal exposure gradient suggesting a certain
capacity of this mollusc to regulate essential metals (Bonneris et al., 2005a). In contrast, a
laboratory exposure of the freshwater zebra mussels Dreissena polymorpha, copper
accumulation was linearly correlated with the average concentrations of copper in the water
(Mersch et al., 1993).

Cadmium: Accumulated cadmium concentrations between sites 2 and 3 were not
significantly different to reference organisms (Fig. 4 D). This suggests that preferential
binding of zinc in the organisms at these sites may reduce cadmium accumulation. At site 1
with elevated cadmium concentrations in the sediments, H. australis accumulated
significantly higher amounts of cadmium. This may possibly be due to the overwhelming of
regulatory mechanisms with increased exposure to cadmium or competitive accumulation of
cadmium over zinc via displacing and interfering with zinc absorption and distribution into
tissues (Brzóska and Moniuszko-Jakoniuk, 2001). Laboratory exposure of this organism to
cadmium spiked sediments, however, showed increased cadmium accumulation with
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increased sediments cadmium exposure (Chapter 4), indicating higher zinc concentrations in
field sediments may be controlling cadmium accumulation in this organism. In contrast to
present study, in situ cadmium accumulation by the freshwater bivalve Lamellidens
marginalis from an industrial pollutant-fed river canal showed cadmium accumulation in this
organism at the lowest range of cadmium exposure (Das and Jana, 2003). As suggested by
authors in that study, this may be due to relatively lower toxic effect of cadmium to the
animal at the lowest cadmium concentration.

Total tissue metal: Total tissue metal accumulation patterns between sites were similar to
tissue zinc accumulation patterns between sites (Figs. 4A and E). Compared to zinc, H.
australis did not accumulated higher concentrations of copper, lead and cadmium. This
suggests that total tissue metal content of organisms at each site was largely due to zinc
content in the organisms.

7.4.1.3 Dose: Individual tissue metal accumulation
The present study showed differences in metal accumulation between tissues for all metals at
each site (Figs. 5A - E). Previous studies have also shown differences in metal accumulation
between tissues of indigenous or transplanted freshwater bivalves exposed to metal
contaminated freshwater environments (Bonneris et al., 2005b; Cooper et al., 2013). This is
probably due to different affinities of metal to binding sites within the organism, differences
in the surface areas of the tissues that are in contact with metals (Yap et al., 2008), variations
of granule distribution between tissues or different metabolic activities or metal requirements
(Canli, 2000; Jones and Walker, 1979), saturation of binding sites and competition between
metals for the same binding sites within the tissues.

Zinc: In the present study, gills had significantly higher zinc concentrations than the other
tissues and it was the major contributor to whole organism tissue zinc concentrations (Fig.
5A). Accumulated zinc concentrations were in the order, muscle < visceral mass < mantle <
labial palps < gills. Laboratory exposure of H. australis to zinc spiked sediments also showed
the same pattern of zinc accumulation in tissues (Chap. 5 – Fig. 3) (Marasinghe Wadige et al.,
2014b). Jones and Walker (1979) reported similar zinc distribution patterns in the tissues for
the freshwater bivalve V. ambiguus. Gundacker (2000) showed higher zinc accumulation in
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the gills and mantle tissues of the unionid bivalves Anodonta sp. and Unio pictorum collected
from six sampling stations in an urban area of Vienna. Like whole organism tissue zinc
concentration, individual tissue zinc concentrations in the present study also showed a spatial
metal contamination gradient in the Molonglo River (Figs. 4A and 5A).

Lead and copper: Lead concentrations were in the order, muscle < visceral mass < mantle <
gills < labial palps (Fig. 5B). This is the same as H. australis exposed to lead spiked
sediments under laboratory controlled conditions (Chap. 3 – Fig. 4) (Marasinghe Wadige et
al., 2014c). Labrot et al. (1999) also showed that differences in lead concentrations in tissues
(gill, foot, visceral mass and remaining tissues) of C. fluminea under laboratory conditions.
As with whole organism tissue lead and copper concentrations (Fig. 4), lead and copper
concentrations between sites within the same tissue did not show a clear spatial metal
contamination gradient in the river.

Cadmium: Cadmium concentrations were in the order, visceral mass < muscle < labial palps
< gills < mantle (Fig. 5D). Cadmium concentrations in tissues of H. australis exposed to
sediments in the field were different to that of organisms exposed to cadmium spiked
sediments (Chap. 4 – Figs. 3; Chap. 7 – Fig. 5D) (Marasinghe Wadige et al., 2014a), this may
be due to different affinities for metals when they are exposed to mixture of metal
contaminated sediments.

Total metal: Total metal concentrations of individual tissues were different in organisms
caged at four sites in the river (Fig. 5E). The spatial metal contamination gradient in the river
sediment was evident from the total individual tissue metal concentrations in H. australis, as
total metal concentrations in tissues decreased significantly with increased distance from the
mine.

Overall, the higher metal concentrations in the gill tissues relative to the other tissues
indicates metal uptake via filtering of contaminated water and/or sediments particles by their
feeding and bioturbation activities. Individual tissue analysis further revealed the potential of
the use of some tissues (e.g. gill, labial palps, mantle and visceral mass) as biomonitors of
metal contamination in the Molonglo River, as metal concentrations in these tissues indicate a
spatial metal contamination gradient in the river.
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7.4.1.4 Dose: sub-cellular metal analysis
Zinc: The sub-cellular distribution of zinc in H. australis showed the greatest proportion of
zinc was sequestered in the BDM fraction and zinc concentrations in this fraction increased
with increased zinc exposure and dose (Table 2); suggesting the potential for zinc tolerance
by H. australis. In the BDM fraction, higher percentages of zinc were sequestered in the
MRG fraction compared to MTLP fraction. Zinc concentrations in the MRG fraction
decreased significantly with increased distance from the mine (Table 3), suggesting that
granules play an important role in zinc homeostasis and detoxification in the unionid bivalve
H. australis. A study by Byrne and Vesk (2000) has shown the importance of granules in
sequestering metals in the tissues of unionid bivalve H. depressa. These findings revealed the
effective zinc detoxification and zinc tolerance of H. australis in zinc contaminated
freshwater environments. Consistent with the present study, zinc sub-cellular partitioning in
the gills of the freshwater bivalve Pyganodon grandis collected along a metal exposure
gradient has also shown that the majority of accumulated zinc was in the MRG fraction and
zinc concentrations in this fraction increased with increased zinc dose and lower
concentrations were in the heat stable MTLP fraction (Bonneris et al., 2005b). In contrast,
laboratory exposure of H. australis to zinc spiked sediments showed that the majority of
accumulated zinc was in the MTLP fractions demonstrating its significance in regulating zinc
accumulation (Chap. 5 - Table 3) (Marasinghe Wadige et al., 2014c). Like MRG, MTLP are
also known to be involved in metabolic handling of essential metals zinc and copper and
detoxification of excess amounts intracellularly of these metals (Amiard et al., 2006;
Baudrimont et al., 2003).

Despite high zinc concentrations in the BDM fraction, spill over of zinc was evident in
organisms at the mine affected sites because these organisms had significantly higher zinc
concentrations in the metal sensitive fractions (BAM) than the reference organisms. Spill over
of zinc into metal sensitive fractions may be due to temporary saturation of zinc detoxification
binding sites (Table 3). Zinc is an essential metal, the presence of zinc in metabolically active
pools is required to maintain metabolic integrity of the organism (Wallace et al., 2003),
however, increasing zinc concentrations in these pools with metal exposure has the potential
to cause sub-lethal health impairment of the organisms.
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Lead: The majority of accumulated lead was sequestered in the BDM fractions in all
treatments indicating lead detoxification was actively occurring in H. australis. In the BDM,
the majority, 94 – 96% was in the MRG fraction and a low percentage 3 – 6% was in the
MTLP fraction (Table 3) confirming MRG role against lead toxicity. These finding are
similar to that of H. australis exposed to lead spiked sediments (Chap. 3 – Tables 2 and 3)
(Marasinghe Wadige et al., 2014c). Lead is an non-essential metal, therefore, even in trace
amounts can be toxic to aquatic organisms (Angelo et al., 2007; Bollhöfer, 2012; KrauseNehring et al., 2012), therefore, detoxification of lead is essential to protect them against lead
toxicity. Despite no significant differences between lead concentrations in the BAM fraction
between sites, analysis of individual compartments within the BAM showed that significantly
high lead concentrations in the mitochondrial and HSP fractions of the organisms at the mine
affected sites compared to the reference organisms (Table 3), indicating incomplete lead
detoxification and the potential for lead induced toxicity of H. australis at these sites in the
Molonglo River.

Copper: Sub-cellular distribution of copper in the hepatopancreas tissues of H. australis was
different to that of other metals (Tables 2 and 3). As there were no significant differences
between sites for whole organism copper accumulation, sub-cellular analysis also showed no
differences between sites for copper in sub-cellular fractions. Of the accumulated copper,
higher concentrations were present in the BAM compared to the BDM fraction of each site
and copper concentrations in these fractions of the organisms at mine affected sites were not
significantly different to the reference organisms, which perhaps are reflection of the
metabolic requirements for copper. Accumulated copper concentrations in the BAM fraction,
therefore, do not suggest the potential for sub-lethal effects. In contrast, Bonneris et al.,
(2005) found the chronically copper exposed freshwater bivalve P. grandis had the majority
of its accumulated subcellular copper in the MRG fraction in both gill and hepatopancreas
tissues with significant increases in MRG copper concentration with increased copper
exposure.

Cadmium: Like lead, most of the accumulated cadmium was detoxified and stored in the
MTLP and MRG fractions (Tables 2 and 3). Cadmium is also a non-essential metal, therefore,
detoxification is required to protect cellular targets against cadmium binding to metal
sensitive targets such as such as DNA and proteins and protect them against cadmium
Chapter 7 – Hyridella australis In situ Caged Study

164

toxicity. The organisms at the most contaminated site, 12.5 km below the mine sequestered
significantly higher cadmium concentrations in the BDM fraction than organisms at other
sites reflecting a high influx of cadmium and confirming the potential for H. australis to
tolerate exposure to cadmium in environment. In the BDM fraction, a higher percentage of
accumulated cadmium was sequestered in the MTLP fractions than the MRG fractions.
Consistent with these findings H. australis to cadmium spiked sediment also showed that the
majority of accumulated cadmium was detoxified and sequestered in the MTLP fraction
illustrating the importance of the MTLP fraction in cadmium tolerance by this organism
(Chap. 4 – Tables 2 and 3) (Marasinghe Wadige et al., 2014a). Induction of MTLP in
freshwater and marine bivalves in response to cadmium exposure has been widely reported
(Bebianno et al., 1994; Bonneris et al., 2005b; Taylor, 2009). Klaassen et al. (2009) have
shown that cadmium bound to metallothionein is responsible for cadmium accumulation in
tissues and the long biological half-life of cadmium in the body. Despite higher cadmium
concentrations being sequestered in the BDM fractions of site 1 organisms, spillover of
cadmium into the BAM fractions was evident in organisms at this site (Tables 2 and 3)
indicating the likelihood of cadmium induced sub-lethal health impairment of these
organisms. Consistent with these findings, Bonneris et al. (2005b) and Cooper et al. (2013)
also showed the spill over of cadmium into the metal sensitive fraction in the digestive gland
of the in situ metal exposed freshwater bivalve P. grandis. In contrast to present study,
Bonneris et al. (2005b) study showed higher cadmium concentrations in the mitochondrial
fraction compared to the L + M fraction. They commented that the higher cadmium content in
the mitochondrial fraction could be due to some overlap among sub-cellular fractions.

Total metal: Marked differences were observed among the four sites for sub-cellular
partitioning of the total metals (Tables 2 and 3). Total metal distribution in sub-cellular
fractions as a percentage, were in the order, N + CD < BAM < BDM. Except for site 3 and
reference organisms, that had similar total metal concentrations in the BAM and the BDM
fractions, organisms at sites 1 and 2 had higher total metal concentrations in the BDM fraction
than the BAM fraction (Table 2). These findings further reveal that metal tolerance of H.
australis is occurring. Total metal concentrations in the BDM pool of the site 1 organisms
were ̴ 8 times and site 2 organisms were ̴ 3 times higher than the reference organisms. The
MRG fractions had significantly higher total metal concentrations than the MTLP fractions,
suggesting granules play an important role in total metal homeostasis and metal detoxification
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in H. australis. Compared to reference and organisms at the site furthest downstream of the
mine, organisms closest to the mine had significantly higher total metal concentrations in the
MTLP and the MRG fractions, indicating the importance of both MRG and MTLP fractions
for metal tolerance (Table 3). Total metal distribution in the BAM fractions, as a percentage
were in the order, HSP < mitochondria < L + M. Significantly higher total metal
concentrations in the HSP and mitochondria fractions of the organisms at the mine affected
sites indicated the potential for metal induced toxicity at these sites.

7.4.2 Exposure-response and dose-response relationships
Sub-cellular metal analysis clearly showed that zinc, cadmium and lead concentrations in the
metal sensitive BAM fraction significantly increased with increased sediment metal exposure
(Tables 2 and 3). Binding of metals to metal sensitive targets in the intracellular environment
of molluscs such as H. australis leads to metal induced toxic effects (Mason and Jenkins,
1995). In the present study, metal induced sub-lethal effects were evident from the biomarker
responses (Figs. 6 A – C). Hyridella australis at metal contaminated sites had lower TAOC
levels than reference organisms (Fig. 6A) and a trend of decreasing TAOC with increasing
metal accumulation was observed. This indicates a reduction of the ability of the antioxidant
system to compensate for increased production of reactive oxygen species (ROS) or
disruption of the balance between ROS production and removal by increased metal exposure
and accumulation. This will ultimately lead to oxidative stress of the organism (Valavanidis et
al., 2006). Oxidative stress of H. australis along the metal contamination gradient was evident
from the lipid peroxidation and lysosomal membrane stability responses. When ROS react
with cellular targets such as membrane lipids, lipid peroxidation of cell membranes can occur
(Valavanidis et al., 2006). Hyridella australis closest to the mine, sites 1 and 2 which had
significantly higher metal accumulation and sequestered metals in the metal sensitive
fractions had significantly higher levels of lipid peroxidation compared to the reference and
site 3 organisms (Fig. 6B). Regression analysis between whole organism tissue metal
concentrations (dose) and lipid peroxidation (response) further showed that lipid peroxidation
significantly increased with increasing zinc (F = 12; r2 = 0.17; p = 0.001), cadmium (F = 8; r2
= 0.15; p = 0.007) and total metal accumulation (F = 12; r2 = 0.18; p = 0.001). A weak but
significant negative relationship between TAOC and lipid peroxidation indicated that the
ROS production probably enhanced lipid peroxidation. Previous studies of H. australis
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exposed to single metals such as lead, cadmium and zinc spiked sediments have also shown
that the reduction of antioxidant capacity and induction of ROS mediated lipid peroxidation
under laboratory controlled conditions (Chapters 3, 4 and 5) (Marasinghe Wadige et al.,
2014a, 2014b, 2014c). Consistent with these findings, reduced antioxidant capacity resulted in
increased lipid peroxidation by metal exposure and accumulation has widely been reported in
freshwater bivalves (Borković-Mitić et al., 2013; Cossu et al., 2000; Doyotte et al., 1997).

Sites 1 and 2 organisms had a higher percentage of destabilised lysosomes (Fig. 6C) and the
pattern of destabilised lysosomes between sites followed the same as found for lipid
peroxidation measurements in organisms between sites (Figs. 6B and C). Similar to lipid
peroxidation, the percentage of destabilised lysosomes/response also increased significantly
with increased tissue metal dose (zinc: F = 26; r2 = 0.43; p = 0.000, cadmium: F = 20; r2 =
0.37; p = 0.000 and total metal concentrations: F = 31; r2 = 0.47; p = 0.000). Reactive oxygen
species mediated lysosomal membrane destabilisation in H. australis was evident in the
present study, as it increased significantly with reduced TAOC (F = 8; r2 = 0.20; p = 0.008)
and increased production of lipid peroxides in the hepatopancreas tissue (F = 15; r2 = 0.30; p
= 0.001). As shown in Table 3, the majority of biologically active metals such as zinc,
cadmium and lead were sequestered in the L +M fraction indicating that enhanced formation
of oxygen radicals in these organelles may directly or indirectly alter their structure and
membrane stability. Laboratory exposure of H. australis to single metal spiked sediments also
showed increased destabilised lysosome percentage with increased metal exposure (Chaps. 3,
4 and 5 - Figs. 6, 5 and 6, respectively). Increased lysosomal membrane destabilisation with
increased metal exposure and accumulation has previously been observed in freshwater
(Falfushynska et al., 2013) and marine bivalves (Domouhtsidou et al., 2004; Regoli and
Orlando, 1993). The studied response biomarkers in this study clearly showed the metal
induced toxic effects of transplanted H. australis along a metal contamination gradient in the
Molonglo River.
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7.4.3 Exposure-dose-response relationships
Based on these findings, the present study indicated a significant exposure – dose – response
(EDR) relationship of H. australis transplanted along the sediment metal contamination
gradient in the Molonglo River and indicates the suitability of this organism to assess
bioavailability and toxicity of metal contaminants in the river sediments. The exposure-dose
relationship, particularly for zinc, cadmium and total metals suggesting bioaccumulation of
these metals is occurred in response to the sediment metal contamination. The exposureresponse indicated significant health impairment of H. australis associated with metal
contamination in the river. The metal dose related sub-lethal effects of H. australis can also be
described by the dose-response relationship. Hyridella australis exposed to single metal
spiked sediments under laboratory controlled conditions also showed a clear EDR relationship
(Chapters 3, 4 and 5) (Marasinghe Wadige et al., 2014a, 2014b, 2014c).

7.5 Conclusions
The present study indicated that metals in the Molonglo River sediments still pose a risk to
the river infauna, particularly organisms living in sediments closest to the mine. Hyridella
australis closest to the mine accumulated significantly higher amount of metals and metal
concentrations in organisms body tissues decreased with increased distance from the mine. As
zinc was the major metal contaminant in the river sediments, H. australis also accumulated
significantly higher zinc tissue concentrations compared to other metals. Exposure-response
and dose-response relationships indicated metal induced sub-lethal effects in H. australis.
Organisms transplanted furthest downstream (47 km distance) from the mine had relatively
low concentrations of tissue metals. The accumulated metal concentrations and health
condition of these organisms were similar to that of the reference organisms, therefore,
improvement of health status and the reduction of the metal induced effects were observed in
organisms 47 km distance away from the mine. Based on the EDR relationships of
transplanted H. australis along the metal contamination gradient in the Molonglo River, the
EDR approach could be used as a valuable tool to investigate bioavailability and toxicity of
sediment metal contaminants in metal contaminated freshwater environments. Finally,
laboratory evaluated H. australis could be used as a potential biomonitor in the environmental
realistic condition to assess sediment metal bioavailability and toxicity.
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8 Exposure

of

Hyridella

australis

in

laboratory

microcosms to mixtures of metal contaminated
sediments collected from the Molonglo River
Abstract
The exposure – dose – response relationships of Hyridella australis to mixtures of zinc, lead,
copper and cadmium contaminated sediments were investigated in laboratory microcosms
over 28 days exposure. Sediments were collected from four sites in the Molonglo River, a
control site 6.5 km above the Captains Flat mine and three sites below the mine, high (12.5
km), medium (32 km) and low (47 km). Metal concentrations in the sediments and overlaying
waters were measured as organism metal exposure. Whole organisms, individual tissues and
sub-cellular distribution of metals were measured as organism tissue metal dose. Biomarkers
total antioxidant capacity, lipid peroxidation and lysosomal membrane stability in
hepatopancreas tissues were measured as responses in H. australis.

Hyridella australis in the metal contaminated sediments accumulated only zinc and cadmium.
Tissue metal concentrations were much lower than the sediment metal concentrations for
example, zinc concentrations in high treatment: sediments – 6362 ± 1069 and organism – 325
± 25 µg/g dry mass. Positive significant relationships between organism tissue zinc, cadmium
and total tissue metal concentrations with sediment metal concentrations reflect exposure –
dose relationships. Metal accumulations differed between tissues, however, differences
between treatments were only detected for individual tissue zinc, cadmium and total metals.
High percentages of accumulated metals were detoxified and stored in the BDM fraction (Zn:
58 – 73%, Pb: 86 – 95%, Cu: 41 – 56%, Cd: 45 – 50% and total metal: 56 – 72%). Zinc, lead
and total metal increased in hepatopancreas tissues and in the BDM fraction with increased
metal exposure. Exposure – response relationships generally reflected the ambient sediment
metal concentrations. Organisms in high and medium treatments had decreased total
antioxidant

capacity

and

increased

lipid

peroxidation

and

lysosomal

membrane

destabilisation. A dose – response relationship was evident for cadmium. Regression analysis
showed a relationship with decreased total antioxidant capacity and increased lysosomal
destabilisation. Metal induced toxicity of H. australis may be related to cadmium, zinc and
lead alone or all three metals acting antagonistically or synergistically. Exposure – dose –
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response relationships indicate elevated sediment metal concentrations caused increased tissue
metal concentrations and subsequent impairment of cellular processes of H. australis to the
mixed metal contaminated sediments.

Keywords: Biologically active metal; Biologically detoxified metal; Biomarkers; Bivalve;
Microcosm; Oxidative stress; Sub-cellular partitioning
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8.1

Introduction

Sediment toxicity tests are often carried out in laboratory controlled conditions; for
assessments of sediment quality in many monitoring, regulatory and scientific programs
(Swartz, 1989); information from these tests is used to select suitable sentinel species for
sediment toxicological studies (Mersch et al., 1993); to compare the results of laboratory
assays and in situ deployments (Day et al., 1995; Ringwood and Keppler, 2002); to develop
sediment quality criteria (Sasson‐Brickson and Burton, 1991); and to quantify the effects of
known concentrations of contaminants in toxicity tests (Simpson and Kumar, 2014). Use of
laboratory and in situ sediment toxicity assessments have been assessed by a number of
authors with respect to their limitations, advantages and disadvantage (Castro et al., 2003;
Chappie and Burton, 2000). An important advantage associated with laboratory tests over in
situ assessments is the elimination of environmental confounding factors including changes
of temperature, flow, inputs from surrounding environments and osmotic gradients thus
providing more interpretable relationships between contamination and toxicity (Costa et al.,
2012).

Among various contaminants reported in aquatic sediments (e.g. petroleum hydrocarbons,
pesticides, etc.), metal contamination in aquatic sediment is of great concern in this study as
elevated sediment metal concentrations have been reported in many freshwater bodies around
the world, particularly in the mine affected Molonglo River, NSW, Australia. Moreover,
metal contaminated sediments persist over centuries and represent a serious long term threat
to the integrity of freshwater ecosystems (Neal et al., 2005; Varol and Şen, 2012).

Depending on the purpose of the study, laboratory sediment toxicity assessments can be
carried out by exposing either single or multiple surrogate species to a single or multiple
metal spiked sediments or sediments collected from contaminated aquatic environment.
Understanding the effects of single metal exposure on aquatic biota from mixtures of metal
exposures are important, as interactions between metals often results in synergistic,
antagonistic and additive toxic effects (Younger and Wolkersdorfer, 2004). In the
environment, however, metals are present as mixtures, thus these interactions are naturally
occurring and result in uptake and biological responses that are qualitatively or quantitatively
different to that of single metal exposure (Campana et al., 2013). In this context, the results of
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laboratory toxicity with single metal exposures need to be extrapolated with mixtures of metal
contaminated sediments when evaluating the suitability of a biomonitor organism for
sediment quality assessment (Campana et al., 2013).
In this study, the exposure – dose – response relationships of H. australis to sediment
collected from H. australis cage deployment sites (Chapter 7) in the metal contaminated
Molonglo River were evaluated over 28 days in laboratory microcosms. A major emphasis of
this study was to evaluate synergistic or antagonistic effects of metal exposure and dose on
this organism compared to that of H. australis caged in the Molonglo River and exposure of
this organism to single metal spiked sediment in laboratory microcosms. Hyridella australis
metal exposure was measured by metal concentrations in the sediments and overlaying waters
at day 0 and 28. After 28 days, metal dose was measured as metal concentrations in whole
body and individual tissues. Sub-cellular distributions of metal in hepatopancreas tissues were
examined after 28 days exposure to identify biologically available (BAM) and detoxified
metal (BDM) distribution. Total antioxidant capacity, lipid peroxidation and lysosomal
membrane stability were measured as biomarker responses in hepatopancreas tissues after 28
days exposure.

8.2

Materials and methods

8.2.1 Sediment, water and H. australis collection
Sediments were collected using a clean stainless steel shovel from each site where H.
australis cages were deployed in the Molonglo River channel, 6.5 km upstream, 12.5, 32 and
47 km downstream from Captains Flat mine. Collected sediments were press sieved through a
2 mm stainless steel sieve and placed into 20 L plastic containers and allowed to settle for 3060 min in the field. Surface water in each container was then carefully removed and
transported to the laboratory. Sediments were stored in a cool room at 4 °C until use.
Freshwater used for bivalve acclimation tanks and test microcosms were collected from the
uncontaminated Cotter River, ACT, Australia where water has previously been collected for
the cadmium and zinc spiked sediment metal studies (Chapters 4 and 5).

Chapter 8 – Hyridella australis Laboratory Microcosm Study

172

Hyridella australis of average shell length of 55 ± 5 mm were collected from a single
population at a minimally contaminated site in the Nepean River, near Menangle, south-west
of Sydney, NSW, Australia. Feeding and maintenance of H. australis under laboratory
conditions prior to being used in the microcosms were carried out as described in the Section
7.2.2.

8.2.2 Toxicity tests and bioassays
Depending on the place where sediments were collected, treatments were classified as control
(sediments from 6.5 km upstream from the mine), low, medium and high (sediments from
12.5, 32 and 47 km downstream from the mine, respectively). Hyridella australis was
exposed for 28 days to each treatment following the methods described in ASTM (2010) and
USEPA (2000) for sediment bioaccumulation tests. Experimental microcosms were prepared
as described details in sediment metal spiking experiments (Chapters 3, 4, and 5).

After 28 days exposure, organisms were depurated in clean freshwater without sediment for
24 h to eliminate their gut content and sediment particles adhered to their shells. Sediment
particles on their shells were further removed by wiping with absorbent paper prior to
dissection. After 28 days exposure, five individuals from each cage (n = 15 per site) were
used for metal concentrations and biomarker analysis and one individual from each cage was
used for sub-cellular analysis (n = 3 per site). At the time of dissection, gender was identified
by microscopic examination of gonad material. Examination of bivalves gut and gills with the
microscope showed no evidence of presence of sediments. After dissections, individual
tissues were rinsed with higher grade deionised water, placed in labelled polypropylene vials
and stored at – 20 °C until metal analysis. Hepatopancreas tissues for sub-cellular analysis
were snap frozen in liquid nitrogen and stored in – 80 °C until analysis. Hepatopancreas
tissues separated for enzymatic biomarker analyses (TAOC and lipid peroxidation) were
placed in labelled polypropylene vials and stored at – 80 °C until analyses were completed.
As live cells need for lysosomal membrane stability analysis, it was carried out immediately
after hepatopancreas tissues were dissected.
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8.2.3 Chemical analysis
8.2.3.1 Sediment and overlaying water
At day 0 (pre exposure) and day 28 (post exposure) three sub samples of sediment were
collected in acid washed 50 mL polypropylene tubes from each treatment for metal analysis.
Sediment metal analysis were carried according to Telford et al. (2008) (detailed methods
given in Chapter 5 – Section 2.5.1) and concurrently analysed metal concentrations in the
certified reference material (CRM) (NIST-RM 8704 , Buffalo River Sediments) were Cd – 3.1
± 0.1, Pb – 129 ± 1 and Zn – 392 ± 7 µg/g dry mass (mean ± SD; n = 6) and in agreement
with certified value Cd – 2.94 ± 0.29, Pb – 150 ± 17 and Zn – 408 ± 15 µg/g dry mass. The
mean of the sediment metal concentrations at day 0 and day 28 were taken as organism
external metal exposure. Organic carbon content in the sediments were analysed by weight
loss-on-ignition (WLOI) as described by Wang et al. (2011) for freshwater sediments and was
30 ± 2 in control (in situ – at reference site), 55 ± 0.03 in high (in situ – at site 1), 22 ± 1 in
medium (in situ – at site 2) and 3 - 53 ± 2 g/kg dry mass in low treatments (in situ – at site
3).

Three subsamples of overlying water were collected from each treatment using acid washed
50 mL polypropylene tubes at weekly intervals (day 7, 14, 21 and 28) and filtered through
0.45 µm filters and acidified to 1% (v/v) with nitric acid (Suprapur® Nitric Acid, Merck,
Germany). Metal concentrations in acidified water samples were analysed by an ELAN DRCe ICP-MS (PerkinElmer, SCIEX, USA) according methods described by Maher et al. (2001).

8.2.3.2 Biota: Total metal and sub-cellular distribution of metals
Total cadmium, copper, lead and zinc concentrations in homogenised and freeze-dried tissue
samples were determined according to Baldwin et al. (1994) (details given in Chapter 5 –
Section 2.5.2). Six sub-cellular fractionations (nuclei + cellular debris, mitochondria,
lysosomes and microsomes, heat sensitive proteins, metal rich granules and heat stable
metallothionein like proteins) were separated from hepatopancreas tissue sample using
differential centrifugation according to Taylor and Maher (2012b). Metal concentrations in
each sub-cellular fraction and aliquot used for total metal analysis from each sample were
acidified, digested, diluted and analysed as described by Taylor and Maher (2010) method
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(details given in Chapter 5 – Section 2.5.3 and Chapter 3 Fig. 1). Metal concentrations in
concurrently measured CRMs (TORT-2 (lobster hepatopancreas) and NIST 1566b (oyster
tissue)) from total metal and sub-cellular metal analyses are reported in Appendix 6 – Supp.
Table 1 and measured metal concentrations in the CRM’s were in good agreement with
certified values.

8.2.3.3 Biochemical analysis
Hepatopancreas tissue samples for TAOC and lipid peroxidation were prepared as described
in Chapter 5 – Section 2.6.1 and all analyses were carried out immediately after tissue
preparation using Cayman (2011) assay for TAOC and Zeptometrix corporation, #0801192
assay for lipid peroxidation (details given in Chapter 5 - Section 2.6.1.1). Sub-samples of each
tissue lysate were stored at – 80 °C and protein analysis were completed on the following day
according to the Bradford method (Bradford, 1976) (details given in Section 7.2.6.1).
Lysosomal membrane stability was carried by neutral red retention assay as described in
Chapter 5 – Section 2.6.2. Dye that leaked into the cytosol was recorded as
destabilised/unstable lysosomes and dye retained in the lysosomes were recorded as stable
lysosomes.

8.2.4 Statistical analysis
All the statistical analyses in this study were carried out according to the previous Chapter
(Section 7.2.7) as the same analyses were performed in this study. Instead of sites, treatments
control, high, medium and low were compared.
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8.3

Results

8.3.1 Exposure
8.3.1.1 Sediment metal analysis
The mean of pre and post exposure sediment zinc, lead, copper, cadmium and total metal –
the four metals combined concentrations in treatments are shown in Figure 1. Compared to
control organisms, organisms in low, medium and high treatments were exposed to
significantly higher concentrations of zinc, lead, cadmium and copper in sediments.
All metal concentrations in control sediments were below the ANZECC/ARMCANZ (2000)
interim sediment quality guidelines (ISQG) low values of Cd – 1.5 µg/g, Cu – 65 µg/g, Pb –
50 µg/g and Zn – 200 µg/g dry mass.
High treatments had significantly higher sediment zinc, lead, copper, cadmium and total metal
concentrations compared to the low and medium treatments. Copper concentrations exceeded
the ANZECC/ARMCANZ (2000) ISQG low values of Cu – 65 µg/g and zinc, lead and
cadmium concentrations exceeded the ISQG high values of Zn – 410 µg/g, Pb – 220 µg/g and
Cd – 10 µg/g dry mass.
Compared to organisms in low treatments, organisms in the medium treatments were exposed
to high concentrations of zinc, cadmium, copper, lead and total metal in sediments but there
were no significant differences in metal concentrations between these treatments for any of
the metals analysed. In both treatments, cadmium and lead concentrations exceeded the
ANZECC/ARMCANZ (2000) ISQG low values of Cd – 1.5 µg/g and Pb – 50 µg/g dry mass.
Zinc concentrations exceeded the ISQG high value of Zn – 410 µg/g dry mass and copper
concentrations were below the ISQG low values of Cu – 65 µg/g dry mass.
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Figure 1: Mean individual (µg/g dry mass) and total metal concentrations – combined molar
concentrations of zinc, lead, copper and cadmium (µmol/g dry mass) in sediments collected
along a metal contamination gradient in the Molonglo River (Control: 6.5 km upstream of the
mine, high: 12.5 km, medium: 32 km and low: 47 km downstream of the mine). Mean ± SE. n
= 6. Different letters denote significant differences between sites. Mann-Whitney U-test, (p ≤
0.05).
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8.3.1.2 Water metal analysis
Zinc, lead, copper and cadmium concentrations in overlaying waters collected from each
treatment at weekly intervals over 28 days are shown in Table 1. Cadmium concentrations in
each treatment at each collection time were below the instrument detection limit (< 0.1 µg/L).
Lead and copper concentrations in the overlaying waters were not significantly different over
the exposure period for any of the individual treatments (Table 1; Appendix 6 – Supp. Table
2). Zinc concentrations of overlaying waters in high treatments were significantly different
over the exposure period and in other treatments zinc concentrations were more or less similar
over the exposure period (Appendix 6 – Supp. Table 2). Individual metal concentrations
between treatments within each collection time were significantly different (Appendix 6 –
Supp. Table 3).
At day 7 (Table 1; Appendix 6 – Supp. Table 3), compared to controls, high and medium
treatments had significantly higher zinc and lead concentrations in overlaying water but
copper concentrations in controls were significantly higher than high and medium treatments.
No significant differences were found between control and low treatments for any of the
individual metals analysed at day 7. Metal concentrations between high and medium
treatments were only significantly different for overlaying water lead concentrations.
Compared to low treatments, both high and medium treatments had significantly higher zinc
and lead concentrations and vice versa were observed for copper concentrations.
At day 14 (Table 1; Appendix 6 – Supp. Table 3), zinc and lead concentrations in both high
and medium treatments were significantly higher than controls. Again no differences between
control and low treatments were detected for any of the individual metal analysed. High and
medium treatments were only different for lead concentrations at day 14. Compared to low
treatments, overlaying waters of high and medium treatments had significantly higher zinc
and lead concentrations. High treatments had significantly lower copper concentrations than
control and low treatments.
At day 21 (Table 1; Appendix 6 – Supp. Table 3), overlaying waters of high and medium
treatments had significantly higher zinc and lead concentrations than controls. Significant
differences between control and low treatments were only observed for lead concentrations,
which was higher in the low treatments. Zinc concentrations in high treatments were
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significantly higher than low and medium treatments and no differences between these three
treatments were observed for lead concentrations in overlaying waters at day 21. High
treatments had significantly lower copper concentrations than low and medium treatments and
medium treatments also had significantly lower copper concentrations than low treatments.
At day 28 (Table 1; Appendix 6 – Supp. Table 3), similar to other collection times, overlaying
waters of high and medium treatments had significantly higher zinc and lead concentrations
than controls. No differences between control and low treatments were found for zinc and
lead concentrations but copper concentrations were significantly higher in low treatments
compared to control treatments. Compared to low and medium treatments, high treatments
had significantly higher zinc and lead concentrations and significantly lower copper
concentrations in overlaying waters at day 28. Zinc and copper concentrations in overlaying
waters of medium treatments were significantly higher than low treatments but lead
concentrations were not significantly different between these two treatments.

Table 1: Metal concentrations (µg/L) in overlaying water collected from each treatment at
weekly intervals over 28 days of exposure. Mean ± SE, n = 3 per treatment at each collection
time.

Treatment
Control

High

Medium

Low

Day
7
14
21
28
7
14
21
28
7
14
21
28
7
14
21
28

Zn
5 ± 0.4
7 ± 0.5
6 ± 0.4
6 ± 0.6
43 ± 21
13 ± 3
50 ± 8
285 ± 170
21 ± 3
24 ± 2
26 ± 2
18 ± 2
8±1
7 ± 0.1
6±1
7±1

Pb
0.60 ± 0.03
0.63 ± 0.06
0.58 ± 0.02
0.97 ± 0.2
1.87 ± 0.4
2.53 ± 0.6
2.49 ± 1
5.75 ± 3
1.00 ± 0.1
1.13 ± 0.1
1.64 ± 0.1
1.44 ± 0.3
0.88 ± 0.4
0.84 ± 0.1
1.22 ± 0.1
0.83 ± 0.2
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Cu
2.3 ± 0.1
2.4 ± 0.2
2.5 ± 0.3
2.9 ± 0.1
1.5 ± 0.3
1.4 ± 0.2
1.1 ± 0.2
1.2 ± 0.3
1.9 ± 0.1
2.2 ± 0.1
2.5 ± 0.1
2.8 ± 0.3
2.7 ± 0.2
2.9 ± 0.1
3.5 ± 0.4
4.3 ± 0.6

Cd
< 0.1
< 0.1
< 0.1
< 0.1
< 0.1
< 0.1
< 0.1
< 0.1
< 0.1
< 0.1
< 0.1
< 0.1
< 0.1
< 0.1
< 0.1
< 0.1
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8.3.2 Dose
8.3.2.1 Whole organism tissue metal accumulation
No mortality was observed in any treatments over 28 days exposure. The means of zinc, lead,
copper, cadmium and total metal concentrations in whole body tissues of H. australis are
provided in Figure 2.
Treatments had significantly different whole organisms tissue metal concentrations (F = 5; p
= 0.000). There were no significant differences in metal concentrations between males and
females for whole organism tissue metal concentrations. Regression analysis between tissue
zinc concentrations with tissue cadmium and lead concentrations showed concentrations of
these metals increased significantly with increased tissue zinc concentrations (Zn-Cd: F = 14;
r2 = 0.2; p = 0.000 and Zn-Pb: F = 9; r2 = 0.15; p = 0.004).
Zinc: High zinc concentrations were measured in organisms of each treatment (Fig. 2A) but
tissue zinc concentrations were lower than sediment zinc concentrations. Organisms in the
high treatment had significantly higher zinc concentrations than control organisms. Mean zinc
tissue concentrations decreased with decreased sediment zinc concentrations, however, zinc
concentrations in organisms between high, medium and low treatments were not significantly
different.
Lead and copper: Copper and lead concentrations of organisms in high, medium and low
treatments were not significantly different to control organisms (Figs. 2B and C), however,
mean lead concentrations in whole organisms body tissues decreased with decreased lead
concentrations in sediments (Fig. 2B).
Cadmium: Compared to the control organisms, organisms in high, medium and low
treatments had significantly higher tissue cadmium concentrations (Fig. 2D). Tissue cadmium
concentrations of high and medium treatments were not significantly different. The organisms
in low treatments had significantly lower tissue cadmium concentration than the organisms in
high and medium treatments.
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Figure 2: Mean individual metal (A – D) (µg/g dry mass) and total metal concentration (E)
(µmol/g dry mass) in whole soft body tissues of H. australis after 28 days of laboratory
exposure to sediments from a metal contamination gradient in the Molonglo River channel.
Control: 6.5 km upstream of the mine, high: 12.5 km, medium: 32 km and low: 47 km
downstream of the mine. Total metal is the combined molar concentrations of cadmium,
copper, lead and zinc. Mean ± SE. n = 15. Different letters denote significant differences
between sites. Tukey-Kramer or Mann-Whitney U-test, (p ≤ 0.05).
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Total metal: Total metal concentrations of organisms between treatments were significantly
different, with organisms in high treatments having significantly higher total metal
concentrations compared to control organisms. No significant differences were found for total
tissue metal concentrations between organisms in high, medium and low treatments. Total
metal concentrations in tissues decreased with decreased sediment total metal concentrations
(Fig. 2 E).

8.3.2.2 Individual tissue metal accumulation
Zinc, lead, copper, cadmium and total metal concentrations were significantly different
between tissues (Appendix 6 – Supp. Table 4), however, treatment wise differences were only
detected for zinc, cadmium and total metal concentrations (Fig. 3).
Zinc: Muscle, visceral mass, mantle, labial palps and gill tissues had high zinc concentrations
compared to lead, copper and cadmium (Fig. 3A). Gill tissues had significantly higher zinc
concentrations compared to other tissues in all treatments. Organisms exposed to metal
contaminated sediment treatments (high, medium and low) had significantly higher zinc
concentrations in gill tissues than the control organisms. There were no significant differences
between treatments for zinc concentrations in other tissues. Zinc concentrations in individual
tissues were in the order, muscle ≈ visceral mass < mantle ≈ labial palps < gills (Fig. 3A).
Lead and copper: Labial palps and gill tissues had significantly higher lead and copper
concentrations, and muscle tissues had significantly lower concentrations of these metals in
all treatments (Figs. 3B and C). Mean lead concentrations in labial palps, visceral mass and
mantle tissues in high treatments were slightly higher than other treatments but the differences
were not significant (Fig. 3B). Copper concentrations were not significantly different between
treatments for any of the individual tissues (Fig. 3C).
Cadmium: Compared to zinc, lead and copper organisms from all treatments, had lower
cadmium concentrations in each of the individual tissue (Fig. 3D). Organisms from all metal
contaminated treatments (high, medium and low) had significantly higher cadmium
concentrations in tissues than control organisms. Compared to organisms in low treatments,
organisms in both medium and high treatments had significantly higher cadmium
concentrations in individual tissue. Labial palps had significantly higher cadmium
concentrations in organisms in high and medium treatments. Cadmium concentrations in all
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treatments were in the order, muscle < visceral mass < mantle < gill < labial palps. In control
organisms, cadmium concentrations in individual tissues were in the order muscle ≈ visceral
mass < mantle ≈ gill ≈ labial palps.
Total metal: Total metal concentrations of tissues were significantly different and in the
order, muscle ≈ visceral mass < mantle ≈ labial palps < gill (Fig. 3E), similar to the order of
zinc concentrations in tissues. Significant differences between treatments were only observed
for total metal concentrations in gill tissues. Compared to control organisms, organisms in
high, medium and low treatments had significantly higher total metal concentrations in gill
tissues than control organisms.
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Figure 3: A: Zinc, B: lead, C: copper, D: cadmium (µg/g dry mass) and E: total metal
concentrations (µmol/g dry mass) in gill (GI), labial palps (LP), mantle (MA), muscle (MU)
and visceral mass (VM) tissues of H. australis after 28 days exposure to sediment collected
from a metal contamination gradient in the Molonglo River channel. Mean ± SE. n = 15.
Different letters indicate significant differences between tissues within the same site and the
same tissue between sites. Tukey-Kramer or Mann-Whitney U-test, (p ≤ 0.05).
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8.3.2.3 Sub-cellular metal distribution
Sub-cellular distributions of metals in hepatopancreas tissues after 28 days exposure in each
treatment are reported in Tables 2 and 3. Except for cadmium, which had 50 – 100%
recovery, high percentages of metals were recovered from sub-cellular fractionation (for Zn:
93 – 109%, Pb: 83 – 111%, Cu: 100 – 114%, Cd: 100% and total metal: 94 – 110%) (Table
2).
Zinc: Total zinc concentrations in hepatopancreas tissues and zinc concentrations in the
biologically detoxified metal (BDM) fractions increased with increased sediment metal
exposure (Table 2). The majority of accumulated zinc was detoxified in each treatment and
this accounted for 58% in control, 71% in low, 73% in medium and 71% in high treatments;
16 – 25% of the remaining zinc was in the biologically active metal (BAM) fraction with only
7 – 17% in the nuclei + cellular debris (N + CD) fraction (Table 2). Zinc concentrations in the
N + CD were not significantly different between treatments, however, zinc concentrations and
the percentage of zinc concentrations in this fractions of the organisms in metal contaminated
sediments were in the order, low < medium < high (Table 2). Despite no significant
differences between zinc concentrations in the BAM, the percentage of zinc concentrations in
this fraction decreased with increased sediment metal exposure and were in the order high <
medium < low < control (Table 2). Of the BAM fraction, in each treatment, a high percentage
of the zinc (43 – 50%) was sequestered in the lysosomes + microsomes fraction (L +M) ; 33 –
43% of remaining zinc was in the mitochondrial fraction with only 14 – 17% in the heat
sensitive protein (HSP) fraction (Table 3). 71 – 85% of the BDM was stored in the metal rich
granules (MRG) and organisms in high and medium treatments had significantly higher zinc
concentrations in this fraction than organisms in control and low treatments (Table 3). There
were no significant differences between treatments for zinc concentrations in the
metallothionein like proteins (MTLP) fraction, however, the relative importance of the MTLP
fraction decreased with increased metal exposure as the percentage of zinc in this fraction
were in the order, high < medium < low < control (Table 3).
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Table 2: Total tissue metal concentrations, percentage of total recovered metals from subcellular fractionation, metal concentrations and their percentage distribution in nuclei +
cellular debris, biologically active and biologically detoxified fractions in hepatopancreas
tissues of H. australis after 28 days laboratory exposure to sediments from a metal
contamination gradient in the Molonglo River channel. Mean ± SE, n = 3.
Control

High

Medium

Low

Total Tissue Zinc (µg/g)
Total Recovered Zinc (µg/g )
Proportion of total recovered in fractions (%)

24 ± 1a
24 ± 1a
100

35 ± 2b
38 ± 2b
108

33 ± 4b
36 ± 1b
109

30 ± 1b
28 ± 0.2a
93

Sub-cellular Distribution of Zinc
Nuclei + Cellular debris (µg/g)
Nuclei + Cellular debris (%)

4 ± 1a
17

5 ± 2a
13

3 ± 1ab
8

2 ± 0.2b
7

Biologically Active Zinc (µg/g)
Biologically Active Zinc (%)

6 ± 1a
25

6 ± 1a
16

7 ± 1a
19

6 ± 1a
22

Biologically Detoxified Zinc (µg/g)
Biologically Detoxified Zinc (%)

14 ± 2a
58

27 ± 9a
71

26 ± 8a
73

20 ± 6a
71

0.6 ± 0.1a
0.5 ± 0.2a
83

0.9 ± 0.3a
1.0 ± 0.4ab
111

1.0 ± 0.1a
1.1 ± 0.1b
110

1.0 ± 0.6a
0.9 ± 0.2ab
90

0.03 ± 0.006a
7

0.035 ±
0.011a
4

0.02 ±
0.005ab
2

0.013 ±
0.003b
2

0.03 ± 0.003a
7

0.04 ± 0.004a
4

0.03 ± 0.002a
3

0.03 ± 0.003a
4

0.4 ± 0.2a
86

0.9 ± 0.4a
92

1.0 ± 0.5a
95

0.8 ± 0.4a
94

Total Tissue Copper (µg/g)
Total Recovered Copper (µg/g )
Proportion of total recovered in fractions (%)

1.2 ± 0.08a
1.2 ± 0.15ab
100

1.4 ± 0.08a
1.6 ± 0.28a
114

0.9 ± 0.01a
1.0 ± 0.05b
111

1.2 ± 0.11a
1.3 ± 0.07a
108

Sub-cellular Distribution of Copper
Nuclei + Cellular debris (µg/g)
Nuclei + Cellular debris (%)

0.23 ± 0.06a
19

0.21 ± 0.01a
13

0.13 ± 0.01b
12

0.16 ± 0.04ab
12

Biologically Active Copper (µg/g)
Biologically Active Copper (%)

0.48 ± 0.05a
40

0.38 ± 0.03a
24

0.38 ± 0.03a
37

0.41 ± 0.03a
32

Biologically Detoxified Copper (µg/g)
Biologically Detoxified Copper (%)

0.50 ± 0.03a
41

1.2 ± 0.32b
63

0.52 ± 0.09a
51

0.73 ± 0.20ab
56

Zinc

Lead
Total Tissue Lead (µg/g)
Total Recovered Lead (µg/g )
Proportion of total recovered in fractions (%)
Sub-cellular Distribution of Lead
Nuclei + Cellular debris (µg/g)
Nuclei + Cellular debris (%)
Biologically Active Lead (µg/g)
Biologically Active Lead (%)
Biologically Detoxified Lead (µg/g)
Biologically Detoxified Lead (%)

Copper
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Table 2: Continued…
Cadmium
0.05 ± 0.006a
0.05 ± 0.001a
100

0.05 ± 0.006a
0.05 ± 0.001a
100

0.05 ± 0.01a
0.05 ± 0.001a
100

0.06 ± 0.01a
0.03 ± 0.001a
50

0.009 ±
0.001a
18

0.007 ±
0.001a
15

0.006 ±
0.001ab
12

0.003 ±
0.001b
9

0.018 ±
0.001a
37

0.018 ±
0.001a
37

0.018 ±
0.001a
38

0.014 ±
0.001a
41

0.022 ±
0.006a
45

0.023 ±
0.006a
48

0.023 ±
0.006a
49

0.017 ±
0.005b
50

Total Tissue metal (µmol/g)
Total Recovered metal (µmol/g )
Proportion of total recovered in fractions (%)

0.39 ± 0.009a
0.39 ± 0.054a
100

0.55 ± 0.034b
0.61 ± 0.034bc
110

0.55 ± 0.061b
0.57 ± 0.07c
103

0.48 ± 0.019b
0.45 ± 0.012ac
94

Sub-cellular Distribution of Total Metal
Nuclei + Cellular debris (µmol/g)

0.07 ± 0.008a

0.054 ±
0.02ab
9

0.03 ± 0.003b

16

0.081 ±
0.034a
13

Biologically Active Total Metal (µmol/g)
Biologically Active Total Metal (%)

0.11 ± 0.01a
28

0.10 ± 0.01a
16

0.11 ± 0.01a
19

0.10 ± 0.01a
22

Biologically Detoxified Total Metal
(µmol/g)
Biologically Detoxified Total Metal (%)

0.22 ± 0.04a

0.44 ± 0.15a

0.41 ± 0.13a

0.32 ± 0.10a

56

71

72

71

Total Tissue Cadmium (µg/g)
Total Recovered Cadmium (µg/g )
Proportion of total recovered in fractions (%)
Sub-cellular Distribution of Cadmium
Nuclei + Cellular debris (µg/g)
Nuclei + Cellular debris (%)
Biologically Active Cadmium (µg/g)
Biologically Active Cadmium (%)
Biologically Detoxified Cadmium (µg/g)
Biologically Detoxified Cadmium (%)

Total metal

Nuclei + Cellular debris (%)

7

Different letters denote significant differences (p ≤ 0.05) for metal concentrations between
sites within the same sub-cellular fraction.
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Table 3: Zinc, lead, copper, cadmium (µg/g wet mass) and total metal concentrations (µmol/g
wet mass) and their percentage distribution in sub-cellular fractions (nuclei + cellular debris;
mitochondria, lysosomes + microsomes, heat sensitive proteins - biologically active metals;
metal rich granules, heat stable MT like proteins - biologically detoxified metals) of H.
australis after 28 days laboratory exposure to sediments from a metal contamination gradient
in the Molonglo River channel. n = 3.
Control

High

Medium

Low

17

13

8

7

% of total BAM
Mitochondria (µg/g)
% of BAM in mitochondria
Lysosomes + microsomes (µg/g)
% of BAM in lysosomes + microsomes
Heat sensitive proteins (µg/g)
% of BAM in heat sensitive proteins

25
2 ± 0.5a
33
3 ± 0.5a
50
1 ± 0.1a
17

16
2 ± 0.1a
33
3 ± 0.2a
50
1 ± 0.03a
17

19
3 ± 0.6a
43
3 ± 0.4a
43
1 ± 0.2a
14

22
2 ± 0.2a
33
3 ± 0.5a
50
1 ± 0.1a
17

% of total BDM
Metal rich granules (µg/g)
% of BDM in metal rich granules
Heat stable MT like proteins (µg/g)
% of BDM in Heat stable MT like proteins

58
10 ± 2a
71
4 ± 1a
29

71
23 ± 2c
85
4 ± 0.2a
15

73
21 ± 3c
81
5 ± 1a
19

71
16 ± 1b
80
4 ± 0.3a
20

7

4

2

2

7
0.014 ±
0.002a
48
0.01 ± 0.002a

4
0.016 ±
0.002a
37
0.02 ± 0.003b

35
0.005 ±
0.0002a
17

47
0.007 ±
0.0007b
16

3
0.012 ±
0.001a
40
0.012 ±
0.0005a
40
0.006 ±
0.0003ab
20

4
0.015 ±
0.002a
44
0.014 ±
0.001ab
41
0.005 ±
0.0006ab
15

86
0.4 ± 0.17a
95
0.02 ± 0.003a
5

92
0.8 ± 0.35ab
95
0.04 ± 0.008b
5

95
1.0 ± 0.14b
98
0.02 ± 0.003a
2

94
0.8 ± 0.16ab
96
0.03 ± 0.002b
4

19

13

12

12

40
0.18 ± 0.07a
37
0.24 ± 0.04a
49

24
0.11 ± 0.01a
29
0.21 ± 0.01a
55

37
0.11 ± 0.03a
29
0.18 ± 0.01a
47

32
0.13 ± 0.001a
32
0.19 ± 0.01a
47

Zinc
% of total nuclei + cellular debris

Lead
% of total nuclei + cellular debris
% of total BAM
Mitochondria (µg/g)
% of BAM in mitochondria
Lysosomes + microsomes (µg/g)
% of BAM in lysosomes + microsomes
Heat sensitive proteins (µg/g)
% of BAM in heat sensitive proteins
% of total BDM
Metal rich granules (µg/g)
% of BDM in metal rich granules
Heat stable MT like proteins (µg/g)
% of BDM in Heat stable MT like proteins

Copper
% of total nuclei + cellular debris
% of total BAM
Mitochondria (µg/g)
% of BAM in mitochondria
Lysosomes + microsomes (µg/g)
% of BAM in lysosomes + microsomes
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Table 3: Continued…
0.07 ± 0.01a

0.06 ± 0.04a

0.09 ± 0.04a

0.09 ± 0.02a

14

16

24

22

41
0.27 ± 0.06a
55
0.22 ± 0.04a
45

63
0.83 ± 0.27b
81
0.19 ± 0.02a
19

51
0.35 ± 0.04a
67
0.18 ± 0.01a
33

56
0.56 ± 0.10b
77
0.17 ± 0.01a
23

18

15

12

9

37
0.005 ±
0.0004a
29
0.008 ±
0.0008a
47
0.004 ±
0.0003a
24

37
0.005 ±
0.0004a
28
0.008 ±
0.0002a
44
0.005 ±
0.0004a
28

38
0.006 ±
0.001a
33
0.008 ±
0.001a
44
0.004 ±
0.0005a
23

41
0.004 ±
0.0004a
29
0.006 ±
0.0003a
44
0.004 ±
0.0004a
27

45
0.005 ±
0.0002a
23
0.017 ±
0.003a
77

48
0.005 ±
0.0002a
22
0.018 ±
0.001a
78

49
0.005 ±
0.001a
22
0.018 ±
0.003a
78

50
0.004 ±
0.001a
24
0.013 ±
0.001a
76

16

13

9

7

% of BAM in heat sensitive proteins

28
0.04 ± 0.008a
38
0.05 ± 0.007a
47
0.016 ±
0.002a
15

16
0.03 ± 0.002a
31
0.05 ± 0.003a
52
0.016 ±
0.0005a
17

19
0.04 ± 0.01a
38
0.05 ± 0.006a
47
0.016 ±
0.002a
15

22
0.04 ± 0.003a
39
0.05 ± 0.007a
48
0.014 ±
0.001a
13

% of total BDM
Metal rich granules (µmol/g)
% of BDM in metal rich granules
Heat stable MT like proteins (µmol/g)
% of BDM in Heat stable MT like proteins

56
0.15 ± 0.03a
68
0.07 ± 0.02a
32

71
0.37 ± 0.03c
84
0.07 ± 0.002a
16

72
0.33 ± 0.04c
81
0.07 ± 0.02a
19

71
0.25 ± 0.01b
78
0.07 ± 0.005a
22

Heat sensitive proteins (µg/g)
% of BAM in heat sensitive proteins
% of total BDM
Metal rich granules (µg/g)
% of BDM in metal rich granules
Heat stable MT like proteins (µg/g)
% of BDM in Heat stable MT like proteins

Cadmium
% of total nuclei + cellular debris
% of total BAM
Mitochondria (µg/g)
% of BAM in mitochondria
Lysosomes + microsomes (µg/g)
% of BAM in lysosomes + microsomes
Heat sensitive proteins (µg/g)
% of BAM in heat sensitive proteins
% of total BDM
Metal rich granules (µg/g)
% of BDM in metal rich granules
Heat stable MT like proteins (µg/g)
% of BDM in Heat stable MT like proteins

Total Metal
% of total nuclei + cellular debris
% of total BAM
Mitochondria (µmol/g)
% of BAM in mitochondria
Lysosomes + microsomes (µmol/g)
% of BAM in lysosomes + microsomes
Heat sensitive proteins (µmol/g)

Different letters denote significant differences (p ≤ 0.05) for metal concentrations between
sites within the same sub-cellular fraction.
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Lead: Total lead concentrations in hepatopancreas tissues and lead concentrations in the
biologically detoxified metal (BDM) fractions of the organisms from metal contaminated
treatments had relatively but not significantly higher lead concentrations than the control
organisms (Table 2). 86 – 95% of the accumulated lead was sequestered in the BDM fraction
in organisms of each treatment and organisms in all metal contaminated treatments (high,
medium and low) had ̴ 2 fold higher lead concentrations in this fraction than control
organisms (Table 2). Except for low treatments, the remaining lead was similarly distributed
between BAM and N + CD fractions (Table 2). Lead concentrations in the BAM fractions
were 13, 23, 33 and 27 times less than the BDM of control, high, medium and low treatments,
respectively (Table 2). Compared to the HSP fraction, mitochondrial and L + M fractions
sequestered more lead in all treatments (Table 3). Despite no significant differences in lead
concentration between treatments for the BAM fractions, lead concentrations in individual
compartments within the BAM fraction showed significant differences between treatments
(Tables 2 and 3). Organisms in high treatments had significantly higher lead concentrations in
the L + M and HSP fractions (Table 3) and lead concentrations in these fractions were not
significantly different between high, medium and low treatments. The percentage distribution
of lead in the L + M fraction increased with increased sediment metal exposure and this
accounted for 35% in control, 47% in high, 40% in medium and 41% in low treatments while
lead concentrations in the mitochondrial fractions decreased with increased sediment
exposure (control – 48%, high – 37%, medium – 40% and low – 44%). More than 95% of
lead in the BDM was sequestered in the MRG fraction and organisms in the medium
treatments had significantly higher lead concentrations in this fraction than other treatments
(Table 3). Lead concentrations in MTLP were much lower than the MRG fractions and
organisms in high and low treatments had significantly higher lead concentrations in the
MTLP fraction than the control organisms.
Copper: Copper concentrations in the BAM and BDM fractions of the control organisms
were similar but organisms exposed to metal contaminated sediments sequestered more
copper in the BDM fraction than BAM fraction (Table 2). Compared to the BAM and BDM
fractions, low percentages of lead were sequestered in the N + CD in all treatments (Table 2).
Copper concentrations in treatments within the same compartment (mitochondria, L + M and
HSP) of the BAM fraction were not significantly different (Table 3). Copper distributions
among the BAM fractions in all treatments were in the order, HSP < mitochondria < L + M
(Table 3). Of the BDM fraction, MRG sequestered the most copper in all treatments and
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organisms in metal contaminated sediments sequestered more copper in this fraction than the
control organisms (control – 55%, high – 81%, medium – 67% and low – 77%). Compared to
the MRG, MTLP sequestered relatively low concentrations of copper and copper in this
fraction in organisms exposed to metal contaminated sediments were lower than those of the
control organisms (control – 45%, high – 19%, medium – 33% and low – 23%).
Cadmium: The majority of accumulated cadmium, up to 45 – 50% was in the BDM fraction;
37 – 41% of remaining cadmium was in the BAM fraction with only 9 – 18% in the N + CD
fraction (Table 2). Cadmium concentrations between treatments within the same sub-cellular
fraction (N + CD, BAM and BDM) and different compartments within the same fraction (e.g.
MRG and MTLP fractions in the BDM fraction) were not significantly different (Tables 2 and
3). Cadmium distribution of BAM fraction was in the order, HSP < mitochondria < L + M
and in the BDM fraction was MRG < MTLP (Table 3).
Total metal: Total metal concentrations in hepatopancreas tissues and in the biologically
detoxified metal (BDM) fractions increased with increased sediment metal exposure and were
in the order, control < low < medium < high (Table 2). The highest percentages of total metal
were sequestered in the BDM fraction with the remainder in the BAM (16 – 28%) and N +
CD fractions (7 – 16%) (Table 2). Total metal concentrations in the BDM fractions were 2
fold, 4.4 fold, 3.7 fold and 3.2 fold higher than the BAM of control, high, medium and low
treatments, respectively (Table 2). Total metal concentrations were not significantly different
between treatments for any of the individual compartments analysed in the BAM fraction and
the % distribution of total metal among different compartments of the BAM were in the order,
HSP < mitochondria < L + M (Table 3). Of the BDM fraction, 68 – 84 % was sequestered in
the MRG fraction. Despite no significant differences between treatments for metal
concentrations in the BDM fraction (combined concentrations of metals in the MRG and
MTLP), organisms in high and medium treatments had significantly higher total metal
concentrations in the MRG than the organisms in control and low treatments (Table 3). The
relative importance of the MTLP fraction for the detoxification of metal decreased with
increased metal concentrations in the exposure medium (control – 32%, high – 16%, medium
– 19% and low – 22%).
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8.3.2.4 Exposure-dose relationship
Regression analysis showed a weak but significant positive relationship between whole
organism tissue zinc concentrations and zinc concentrations in the sediments (F = 13; r2 = 0.2;
p = 0.001) after 28 days exposure. As sediment zinc concentrations increased, tissue zinc
concentrations also increased proportionally. The regression between whole organism tissue
cadmium concentrations and sediment cadmium concentrations after 28 days exposure shows
a significant positive relationship (F = 62; r2 = 0.52; p = 0.000); cadmium body concentrations
increased proportionally with increased sediment cadmium exposure. Relationships between
of tissue lead and copper concentrations and lead and copper concentrations in sediments also
showed weak positive but not significant relationships. The regression between whole
organisms total metal concentrations and total metal concentrations in sediments also showed
a weak but significant positive relationship (F = 13; r2 = 0.2; p = 0.001), as total metal
concentrations in sediments increased the whole organism total tissue metal concentrations
also increased.

8.3.3 Response
8.3.3.1 Exposure-response relationship
Changes in enzymatic, total antioxidant capacity (TAOC) and lipid peroxidation and cellular
biomarker responses, lysosomal membrane stability in hepatopancreas tissues after 28 days
exposure to control, high, medium and low sediment metal treatments are shown in Figure 4.
Total antioxidant capacity between treatments were significantly different (χ2 = 11; df = 3; p =
0.01). Compared to the control organisms, organisms in both high and medium treatments had
significantly lower TAOC (Fig. 4A). Total antioxidant capacity of organisms in the low
treatment was not significantly different to that of control or organisms in the other sediment
metal contaminated treatments.

Lipid peroxidation was higher in all metal exposed organisms than in control organisms (Fig.
4B) but the difference was not significant for high and medium treatments compared to
control organisms. Lipid peroxidation of organisms in the low treatment were significantly
higher than that of the control organisms but not significantly different to organisms from
medium and high treatments.
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There was a significant difference of destabilised lysosome percentage between treatments (χ2
= 23; df = 3; p = 0.000). Organisms in all of sediment metal contaminated treatments had
significantly higher destabilised lysosome percentages than the control organisms (Fig. 4C).
The low sediment metal treatments had significantly higher destabilised lysosome percentages
than medium treatments but there were no significant differences between destabilised
lysosome percentages of organisms in low and high treatments.
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Figure 4: Changes of A) Total antioxidant capacity (TAOC), B) Lipid peroxidation
(malondialdehyde [MDA]) (Mean ± SE; n = 15) and C) Lysosomal membrane stability (Mean
± SE; n = 9) biomarkers in hepatopancreas tissues of H. australis after 28 days exposure to
sediments from a metal contamination gradient in the Molonglo River channel. Control: 6.5
km upstream of the mine, high: 12.5 km, medium: 32 km and low: 47 km downstream of the
mine. Different letters indicate significant differences (p ≤ 0.05) between sites.
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8.3.3.2 Dose-response relationship and relationship between biomarkers
Regression analysis of TAOC with tissue cadmium concentrations showed a weak but
significant negative relationship (F = 8; r2 = 0.12; p = 0.008), as tissue cadmium
concentrations increased, TAOC of organisms decreased. A trend of decreasing TAOC with
increasing tissue zinc, lead and total metal concentrations were observed, however, none of
these relationships were significant. Regression analysis between lipid peroxidation and
whole organism tissue zinc, cadmium, lead and total metal concentrations showed a trend of
increasing lipid peroxidation with increasing metal concentration, however, these
relationships were not significant. There was a significant positive relationship between whole
organisms tissue cadmium concentrations and destabilised lysosome percentages in
hepatopancreas tissues of H. australis after 28 days exposure (F = 14; r2 = 0.3; p = 0.001), as
tissue cadmium burden increased, lysosomal membrane destabilisation increased. There were
no significant relationships between biomarker measurements, however, trends of increased
lipid peroxidation and lysosomal membrane destabilisation with decreased TAOC and
increased lysosomal membrane destabilisation with increased lipid peroxidation were
observed for high and medium treatments. Organisms in the low treatment did not fit these
patterns having higher lipid peroxidation and lysosomal membrane destabilisation than other
metal treatments despite lower tissue metal concentrations.

8.4

Discussion

8.4.1 Exposure-dose relationship
8.4.1.1 Exposure
Hyridella australis were exposed to a broad range of naturally occurring elevated sediment
zinc, lead, copper and cadmium concentrations under laboratory conditions. Sediment zinc,
lead, copper, cadmium and total metal concentrations varied markedly between treatments
(Fig. 1). Sediments from the most contaminated treatment for example, contained
approximately 60 times more Zn, 28 times more Pb, 12 times more Cu and 13 times more Cd
than sediments than the control treatments. Metal concentrations in overlaying waters also
varied among treatments over time (Table 1), however, overlaying water metal concentrations
were several fold lower than the sediment metal concentrations (e.g. zinc concentrations in
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overlaying waters of high treatments at day 28 were 285 ± 170 µg/L and sediments - 6362 ±
1069 µg/g dry mass) and cadmium was not detected in water of any treatments at all
collection time (Table 1). Thus metals in sediments were the major metal contamination
source to H. australis in the laboratory microcosms. Zinc, lead and copper concentrations
measured in overlaying water from each treatment in the present study were higher than
concentrations of these metals measured in overlaying waters collected from the bivalve
caged sites in the Molonglo River (Chap. 7 - Table 1). Sasson‐Brickson and Burton (1991)
suggested, this difference may be due to different exposure scenarios in laboratory and field
conditions. Sediment bound metals can be remobilised and released from sediment and
sediment porewater to overlaying water by physical (e.g. floods and erosion), chemical (e.g.
changes of pH and Eh), and biological processes (e.g. feeding and burrowing activities of
benthic biota, bacterial activity) (Macklin et al., 1996), however, under field conditions due to
water flow resuspended metals can be transported away from the particular site. In contrast, in
the present study, half water changes were performed manually once every three days in
laboratory microcosms, therefore, metals released from water could be concentrated in
overlaying waters. This explains the higher metal concentrations in overlaying waters in
laboratory treatments compared to the field conditions.

8.4.1.2 Dose: whole organism metal accumulation
Despite the zinc, lead, copper and cadmium metal mixture in the sediments of contaminated
treatments, H. australis accumulated only appreciable amounts of zinc and cadmium in their
body tissues (Figs. 1 and 2). Hyridella australis exposed in situ in the Molonglo River
sediments also accumulated only high amounts of zinc and cadmium in their body tissues
(Chap. 7 - Figs. 3 and 4). When multiple metals are present in sediments, different metals
have different binding strengths and affinities to sediments, organic matter and other binding
ligands, therefore, metals may interact with one another and compete for binding sites (Gadde
and Laitinen, 1974; Benjamin and Leckie,1981) and result in differential bioavailability of
metals in sediments.

Despite there were high concentrations of metals in the sediments, H. australis accumulated
relatively low concentrations of zinc, cadmium and total metal in their body tissues (Figs. 1
and 2). Exposure of H. australis to single metal spiked sediments in laboratory microcosms
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(Chapters 3, 4 and 5) and exposure of this organism to elevated concentrations of metal
contaminants in the Molonglo River sediments (Chapter 7) also showed limited
bioaccumulation of zinc, lead and cadmium. As described in the previous Chapter (section
7.4.1.2), limited bioaccumulation of metals from sediments is most likely be due to the low
bioavailability of sediment bound metals (Guidi et al., 2010); saturation of metal binding
cellular targets such as HSP, MTLP, MRG, etc.; and interactions between metals for binding
sites of the organisms when mixtures of metals are present (Simkiss and Mason, 1984; Wang,
1987).

In the present study, zinc, cadmium and total metal concentrations in body tissues of H.
australis increased with increased sediment metal exposure (Zn: F = 13; r2 = 0.2; p = 0.001,
Cd: F = 62; r2 = 0.52; p = 0.000 and total metal: (F = 13; r2 = 0.2; p = 0.001) reflecting
sediment dependent metal accumulation i.e. an exposure – dose relationship. If we removed
tissue metal concentrations of the organisms in high treatments, this exposure – dose
relationship would disappear for both zinc and total metal. Sediment dependent metal
accumulation was also observed for lead (Marasinghe Wadige et al., 2014c), cadmium
(Marasinghe Wadige et al., 2014a) and zinc (Marasinghe Wadige et al., 2014b) spiked
sediments under laboratory conditions (Chapters. 3, 4 and 5) and in situ exposure of this
organisms in the mine affected Molonglo River (Chapter 7), however, these exposure – dose
relationships were stronger in those studies compared to the present study. A previous study
by Angelo et al. (2007) also showed that zinc, lead and cadmium concentrations in sediments
were correlated with tissue metal concentrations in freshwater mussels and clams.

Zinc: Zinc was the highest recorded metal contaminant in the sediments of each treatment
and H. australis also accumulated higher zinc concentrations compared to lead, copper and
cadmium (Figs. 1 and 2). Consistent with the present study, in situ exposure of H. australis to
the same mixture of metal contaminants in the Molonglo River also showed preferential
accumulation of zinc (Chap. 7 - Fig. 4A; Chap. 8 – Fig. 2A). Preferential accumulation of zinc
in this organism might be due to a high affinity of zinc for the MRG (Tables 1 and 2).
Exposure of H. australis to zinc spiked sediments showed that accumulation of zinc in this
organism may have occurred as an analogue of calcium (Marasinghe Wadige et al., 2014b).
Calcium is a major constituent in shell and granules of unionid bivalves. Previous studies
have also shown the binding of cations of many different metals, including lead, iron,
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magnesium, manganese, aluminium, and copper within calcium phosphate granules in
unionid bivalves (Adams and Shorey, 1998; Adams et al., 1997b; Byrne and Vesk, 1997,
2000; Vesk and Byrne, 1999).

Accumulated zinc concentrations in the organisms body tissues in this study were much lower
than the zinc accumulation by H. australis exposed to metal contaminated sediments in in situ
cages in the Molonglo River (e.g. laboratory: high treatment (sediments from 12.5 km below
the mine) – 325 ± 20 µg/g dry mass and field: site 1 (12.5 km below the mine) – 756 ± 42
µg/g dry mass), therefore, laboratory exposure of H. australis to the same sediments
apparently reduced the sediments zinc bioavailability. Unlike natural field conditions, use of
laboratory controlled conditions, feeding of organisms during the exposure period, use and
changes of uncontaminated overlaying freshwater or alternatively excessive manipulations or
disturbance of sediments prior to being used in the laboratory microcosms might contribute to
the relatively low zinc accumulation by H. australis in the present study. Consistent with
these findings, Sasson‐Brickson and Burton (1991) also showed that commonly used
laboratory methods may be inappropriate when attempting to define in situ conditions.

Lead and copper: Despite high lead and copper concentrations in the sediments,
accumulated lead and copper concentrations were not significantly different to that of the
control organisms (Figs. 2B and C) and none of these metals in H. australis body tissues
reflected sediment dependent metal accumulations. In situ exposure of H. australis to
Molonglo River also did not show a sediment dependent accumulation of lead and copper
(Chap. 7 - Figs. 4B and C). This is not the case for exposure of H. australis to lead only
spiked sediments under laboratory conditions because lead concentrations in body tissues
increased significantly with increased sediment lead concentrations (Chap. 3 – Fig. 3)
(Marasinghe Wadige et al., 2014c).
Lead has a greater tendency to absorb to clay particles (Saha et al., 2001) and remains bound
to sediments, which may result in low bioavailability to H. australis. The strong binding
affinity of lead to sediments may also affect the degree of binding by other metals such as
copper and zinc, therefore, it may influence the relative partitioning of these metals between
sediment and porewater and ultimately their bioavailability (Fukunaga and Anderson, 2011).
In the present study, the positive significant relationship between tissue zinc and lead
concentrations suggests uptake of these metals in H. australis occurred via common pathways
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and preferential binding of zinc might, therefore, limit lead accumulation in H. australis.
Further studies on lead and zinc interactions and uptake and elimination kinetics of metals by
H. australis are required to clarify limited bioaccumulation of lead in this organism when they
are exposed to mixtures of metal contaminated sediments.

No interactions between copper and zinc, lead and cadmium were detected in the present
study, this may suggest low bioavailability of copper or regulation of copper accumulation via
binding to the MTLP and subsequently immobilisation within granules which can then be
excreted (Table 3), limiting the bioaccumulation of copper in H. australis. As with lead, in
order to understand the importance of this mechanism, further studies are required. In
contrast, laboratory exposure of the freshwater calm Corbicula fluminea shows high copper
concentrations due to the unusually low rate constant of loss characterized by the slow
component of efflux (Croteau et al., 2004). Significant copper accumulation by the freshwater
bivalve Diplodon chilensis has also been observed in laboratory controlled conditions
(Sabatini et al., 2011).

Cadmium: Cadmium is a non-essential metal and organisms in high, medium and low
treatments had significantly higher cadmium concentrations than control organisms (Fig. 2D).
The positive and significant relationships between tissue zinc and cadmium concentrations in
this study indicated coaccumulation of these metals in H. australis. This suggests
accumulation of cadmium in body tissues may have occurred due to uptake of zinc by H.
australis. Consistent with this study, transplanted H. australis in the Molonglo River
sediments also showed coaccumualtion of these metals. Compared to zinc, cadmium
accumulation in H. australis under both laboratory and field exposures were much lower.
Higher demand for zinc in the unionid bivalve H. australis or preferential binding of zinc to
the MRG in H. australis may limit the accumulation of the non-essential cadmium even at
high concentrations of cadmium in the exposure medium. Hemelraad et al. (1987) also
showed reduced uptake and accumulation of cadmium in whole body tissues and individual
organs such as the gills, mantle, and labial palps of the freshwater bivalve Anodonta cygnea in
the presence of zinc. These authors also showed that in the gills, zinc competes with cadmium
for metal binding sites both within the particulate fraction and the high-molecular weight
fraction of the cytosol. Hyridella australis transplanted at the most contaminated site (12.5
km downstream from the mine) also accumulated cadmium in their body tissues and cadmium
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concentrations in organisms at this site were much higher than the cadmium concentrations
measured in H. australis in the high treatment in the present study (Field: 1.5 ± 0.1 µg/g dry
mass and laboratory: 0.31 ± 0.01 µg/g dry mass) while organisms at the sites further
downstream from the mine did not accumulate cadmium in their body tissues. These
differences are most likely due to less accumulation of zinc by laboratory organisms
compared to the field exposed organisms.

Total metal: Like total tissue metal accumulation of transplanted H. australis in the
Molonglo River (Chap. 7 - Figs. 4A and E), the total metal accumulation patterns between
treatments followed the same pattern as tissue zinc accumulation between treatments (Figs. 2
A and E). This reflects that tissue zinc concentrations in each treatment were largely
responsible for the total metal concentrations. Total metal accumulations of the combined
metals of interest in freshwater bivalves has been poorly described and discussed in the
literature despite exposures to mixtures of metal contaminants. In some circumstances,
toxicity of metals might not be due to a single metal exposure but rather to combination of
metals.

8.4.1.3 Dose: Individual tissue metal accumulation
Metal concentrations in individual tissues were significantly different in each treatment (Fig.
3). Exposure of H. australis to single metal spiked sediments (Chapters 3, 4 and 5) and in situ
exposure of this organism to a sediment metal contamination gradient in the Molonglo River
also showed differences in metal accumulation between tissues (Chapter 7). Factors affecting
the differences in individual tissue metal accumulations are discussed in section 7.4.1.3.

Zinc: The majority of zinc accumulation is in gill tissues as they had significantly higher zinc
concentrations in all treatments than other tissues (Fig. 3A). Previous studies (Chapters 5 and
7) of zinc accumulation by H. australis have identified the gill tissues as the site of most zinc
accumulation and accumulated zinc concentrations in tissues were in the order, muscle <
visceral mass < mantle < labial palps < gills. In situ organisms at the mine affected sites,
particularly site 1 (high treatment in the present study) and 2 (medium treatment in the present
study) accumulated more zinc in visceral mass, mantle, labial palps and gills compared to
organisms exposed to the same sediments in laboratory microcosms (Chap. 7 - Fig. 5A; Chap.
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8 – Fig. 3A) indicating that artificial feeding, controlled laboratory conditions and limited
behavioural activities of organisms in the laboratory microcosms may be limiting zinc
accumulation. Except for gills, analysis of individual tissues cannot be used for the
monitoring of zinc contamination between treatments, however, under field conditions
analysis of individual tissue zinc concentrations showed a sediment metal contamination
gradient in the Molonglo River (Chap. 7 - Fig. 5A).

Lead and copper: Lead and copper accumulation patterns in individual tissues in the present
study are the same as for the in situ exposed of H. australis (Chap. 7 - Figs. 5B and C; Chap.
8 – Figs. 3B and C). Laboratory exposure of H. australis to lead only spiked sediments also
showed the same patterns of lead accumulation in individual tissues (Chap. 3 – Fig. 4). As
there were no significant differences between treatments for whole organisms tissue lead and
copper concentrations, analysis of individual tissue metal concentrations also did not show the
differences of lead contamination between treatments. This is in agreement with the
transplanted H. australis at four sites in the metal contaminated Molonglo River. Analysis of
individual tissue lead and copper concentrations, therefore, offer no advantages for
monitoring bioavailable lead and copper concentrations in mixtures of metal contaminated
sediments in the Molonglo River.

Cadmium: Cadmium accumulation in individual tissues of the present study was different to
that of the in situ exposure experiment. A similar pattern of cadmium concentrations in
individual tissues were observed in the present study and in H. australis exposed to cadmium
spiked sediments (Chap. 4 – Fig. 3; Chap. 8 – Fig. 3D). Like whole organism tissue cadmium
analysis, analysis of individual tissue cadmium concentrations also showed differences
between treatments for sediment cadmium concentrations (Figs. 2D and 3D).

Total metal: The pattern of total metal concentrations generally followed the same pattern as
zinc concentrations in individual tissues (Figs. 3A and E) and this pattern similar to that of
total metal concentrations in individual tissues of transplanted H. australis in the Molonglo
River (Chap. 7 – Fig. 5E). Unlike the in situ exposure experiment, except for gill tissues
which had significantly higher total metal concentrations in organisms in the high, medium
and low treatments compared to the control treatments in the laboratory experiment, no
differences in total metal concentrations between treatments were detected for the other
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tissues. The analysis of individual tissue total metal concentrations in this study may not offer
an advantage for monitoring the total bioavailable metal fraction in the Molonglo River
sediments under laboratory controlled conditions.

The present study showed that higher concentrations of metals were present either in the gills
or labial palps tissues of H. australis in all treatments. Hyridella australis is a filter feeder and
sediment burrowing organisms, therefore, these activities may influence the release of free
metals into the porewater as well as into surface water column and also remobilise metal
contaminated sediment particles into surface waters. High concentrations of metals in gills
and labial palps tissues, therefore, indicate metal uptake via filtering of metal contaminated
water and/or sediment particles. Previous studies with freshwater bivalves Anodonta cygnea
(Hemelraad et al., 1986), Unio pictorum mancus and A. cygnea (Ravera et al., 2003), A.
grandis (Tessier et al., 1993), Velesunio ambiguus (Jones and Walker, 1979) also showed
that the highest concentrations of metals such as iron, manganese, cadmium and zinc were in
gills and/or labial palps.

8.4.1.4 Dose: Sub-cellular metal analysis
Zinc: More than 70 % of the recovered zinc was in the BDM fractions of metal exposed
organisms and the organisms in control treatments had a low percentage, about 58% of zinc,
in this fraction indicating effective zinc detoxification was occurring in H. australis in metal
exposed treatments (Table 2). The decreased percentage of zinc partitioning into the BAM
fractions with increased zinc exposure also reflecting effective zinc detoxification and metal
tolerance of this organism in metal exposed treatments (Table 2). Of the BDM fraction, the
majority was in the MRG fraction with very little in the MTLP fraction (Table 3) reflecting
the importance of MRG in zinc homeostasis and zinc detoxification in this organism.
Transplanted H. australis into metal contaminated sediments of the Molonglo River also
showed effective zinc detoxification in organisms at the mine affected sites was occurring via
binding of excess zinc into the BDM fraction, particularly the MRG fraction (Chap. 7 - Tables
2 and 3). Exposure of H australis in both in situ and laboratory microcosms (present study)
showed the relative importance of the MTLP for zinc detoxification decreased with increased
zinc exposure (Chaps. 7 - Table 3; Chap. 8 – Table 3). This might be due to high affinity of
zinc for the calcium phosphate granules in this organism (Byrne and Vesk, 2000) or calcium
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concretions of unionid as non-inducible metal sinks at the cellular level. Previous studies have
also shown that detoxification of zinc in freshwater bivalve is occurring via sequestration of
excess zinc into the MRG fractions (Bonneris et al., 2005a; 2005b).

Unlike in situ exposure of H. australis, there were no significant differences in zinc between
treatments for the BAM fraction and individual fractions such as mitochondria, lysosomes +
microcosms and HSP within the BAM fraction were observed in the present study (Chap. 7 –
Table 3; Chap. 8 – Table 3). This reflects the effective detoxification of zinc by laboratory
organisms with relatively low uptake of zinc by these organisms compared to H. australis in
in situ.

Lead: With increasing lead concentrations in the sediments, H. australis sequestered more
lead in their hepatopancreas tissues (Table 2). Of this, a high percentage, 86 – 95% was
sequestered in the BDM fraction and higher lead concentrations in this fraction for metal
exposed organisms compared to control organisms (Table 2), reflecting lead detoxification
was occurring in H. australis. Metal rich granules sequestered more lead compared to the
MTLP, therefore, MRG seemed to play the main role in lead detoxification in this organism.
In situ exposure of H. australis to metal contaminated sediments used for the laboratory
experiment in the field (Chapter 7) and exposure of this organism to lead only spiked
sediments also showed the same lead detoxification mechanism (Chapter 3) (Marasinghe
Wadige et al., 2014c). As lead is a non-essential metal having no known physiological
function (Johannesson, 2002), detoxification of lead is required to protect the organism
against lead toxicity. In the present study, however, increases in lead concentrations within
the metal sensitive fractions such as lysosomes + microsomes and HSP fractions (Table 3)
occurred with increasing lead exposure indicating the detoxification and storage mechanisms
were unable to process excess lead suggesting the potential for lead toxicity. Increases in lead
concentrations in the mitochondrial and HSP fractions of the transplanted H. australis (Chap.
7 - Table 3) also suggested the potential for lead induced toxicity of this organism at the mine
affected sites in the river.

Copper: As shown in Table 2, H. australis in metal exposed treatments sequestered more
copper in the BDM fraction (51 – 63%) than control organisms (41%) suggesting effective
copper detoxification by H. australis. This is further supported by the BAM copper
Chapter 8 – Hyridella australis Laboratory Microcosm Study

203

concentrations, which were lower in metal exposed organisms than in control organisms. Like
zinc and lead, the MRG fraction sequestered more copper compared to the MTLP fraction
reflecting its involvement in copper tolerance in this organism. Consistent with these findings,
sub-cellular copper distribution in the chronically copper exposed freshwater bivalve P.
grandis showed that the majority of its accumulated subcellular copper in both gill and
hepatopancreas tissues was in the MRG fraction with significant increases in MRG copper
concentration with increased copper exposure (Bonneris et al., 2005b). In contrast to these
studies, in situ exposure of H. australis to metal contaminated sediments showed that the
majority of accumulated copper in hepatopancreas tissues were sequestered in the BAM
fraction and this differences may be related to the different metal handling strategies in this
organism under different experimental conditions.

Cadmium: Despite significant differences between treatments for whole organism tissue
cadmium concentrations (Fig. 2), sub-cellular distributions of cadmium between treatments
were not significantly different (Table 2). In situ exposure of H. australis to metal
contaminated sediments in the field, however, showed increased cadmium accumulation in
sub-cellular fractions with increased sediment cadmium exposure (Chap. 7 – Table 2). This
difference might be explained by the interaction between zinc and cadmium. A positive and
significant relationship between zinc and cadmium concentrations in organisms indicates that
the accumulation of these metals is occurring via a common pathway. Compared to field
exposed organisms, laboratory exposed organisms accumulated low concentrations of zinc in
their hepatopancreas tissues (Chap. 7 - Table 2; Chap. 8 – Table 2). This could influence the
low accumulation of cadmium in laboratory exposed organisms. As cadmium is a nonessential metal, organisms in all treatments sequestered high percentages (45 – 50%) of
cadmium in the BDM fraction indicating cadmium detoxification is occurring in this
organism when exposed to metal contaminated sediments (Table 2). In the BDM, the high
percentages of cadmium (76 – 78%) were in the MTLP fraction reflecting its major role in
cadmium detoxification in this organism. Consistent with these findings laboratory exposure
of H. australis to cadmium spiked sediments (Chap. 4 – Tables 2 and 3) and in situ exposure
of this organism to metal contaminated sediments in the Molonglo River (Chap. 7 - Table 2)
also showed the importance of the MTLP fraction in the cadmium tolerance of this organism.
Cadmium concentrations or the proportion of cadmium in the BAM fraction of the mixed
metal exposed organisms in the present study was equal to control organisms (Table 3) further
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suggesting that cadmium detoxification was effective in the metal exposed organisms.
Transplanted H. australis at 12.5 km downstream from the mine (high treatments in the
present study reflect this site) sequestered significantly high cadmium concentrations in the
BAM (Chap. 7 - Tables 2 and 3) and suggested cadmium induced toxic effects of organisms
at this site.

Total metal: Total metal concentrations in the hepatopancreas tissues increased with
increased sediment metal exposure, of this more than 50% of the total metals were present in
the BDM fraction and an increased proportion of total metal partitioned in this fraction with
increased metal exposure reflecting effective metal detoxification by H. australis in the mixed
metal contaminated sediments (Table 2). Effective metal detoxification was further
demonstrated by the decrease in total metal concentrations in the BAM with increased
sediment metal exposure (Table 2). Metal rich granules were the main contributor to metal
tolerance and homeostasis in H. australis in the mixed metal contaminated sediments as
percentages of total metal in this fraction increased with increased sediment metal exposure in
the order, control < low < medium < high (Table 3). The same patterns of total metal
accumulation and distribution were observed in the hepatopancreas tissues of transplanted H.
australis in metal contaminated sediments (Chap. 7 - Tables 2 and 3). Total metal
concentrations in transplanted bivalves in mine affected sites were, however, higher than the
present study as in situ organisms accumulated high concentrations of metals, particularly
zinc compared to the laboratory organisms. Unlike in situ organisms, there were no
differences in total metal concentrations between treatments observed for individual
compartments within the BAM fraction of laboratory exposed organisms.

8.4.2 Exposure-response and dose-response relationships
Hyridella australis in high and medium treatments had significantly lower TAOC than
organisms in control and low treatments (Fig. 4A). A significant negative relationship
between TAOC and whole organisms tissue cadmium concentrations (F = 8; r2 = 0.12; p =
0.008) suggesting decreased capacity of organisms antioxidant system to compensate for an
increased production of reactive oxygen species (ROS) due to metal exposure and dose.
Despite the lack of visible or measureable differences of zinc concentrations in the BAM
fractions of the metal exposed organisms, a trend of decreasing TAOC with increasing whole
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organism tissue zinc concentrations suggesting their potential to induced ROS generation by
catalysing Haber-Weiss and Fenton reactions as it is a redox active metal (Azevedo et al.,
2007; Jomova and Valko, 2011). Moreover, relatively high concentrations of zinc, cadmium
and total metal concentration in the whole body tissues indicated that H. australis were
processing metals without storing it in the BAM fraction. Increases in lead concentrations
within the metal sensitive fractions such as lysosomes + microsomes and HSP fractions with
increased sediment metal exposure also indicated the indirect production of ROS as lead is a
non-essential redox inactive metal. Consistent with present study, decreased TAOC with
increased metal exposure and dose has also been observed in transplanted H. australis in the
Molonglo River sediments suggesting impairment of antioxidant systems in benthic biota in
the river.

Depletion of the antioxidant system can lead to oxidative stress in H. australis (Valavanidis et
al., 2006); this was evident from trends of increasing lipid peroxidation and lysosomal
membrane destabilisation with decreased TAOC of organisms in high and medium treatments
(Fig. 4). Despite higher levels of TAOC and low levels of tissue metal concentrations
compared to high and medium treatments, organisms in the low treatment had higher levels of
lipid peroxidation and higher percentage of destabilised lysosomes (Fig. 4). This may be due
to physical effects on this organism other than stress imposed by metal exposure and dose.
During the exposure period, it was noted that organisms in low treatments were highly active
and agitated exposure sediments. Increased turbidity and exposure to fine fraction may be
interfered with feeding and imposed additional stress on these organisms. In situ exposure of
H. australis in the Molonglo River also showed increased lipid peroxidation, particularly
organisms at 12.5 and 32 km downstream from the mine, however, organisms at 47 km
downstream of the mine (low treatment in the present study) did not have increased levels of
lipid peroxidation and the levels were similar to the reference organisms (Chap. 7 - Fig. 6B).
A clear and significant dose dependent lipid peroxidation effect was only observed for whole
organism tissue cadmium concentrations in the present study. As H. australis processed zinc,
it may also have the potential to increase ROS generation, which could also react with cell
membranes and induced lipid peroxidation in this organism. In situ exposed H. australis to
the metal contaminated sediments in the Molonglo River, however, showed a clear metal dose
dependent lipid peroxidation (Zn: F = 12; r2 = 0.17; p = 0.001, Cd: F = 8; r2 = 0.15; p = 0.007
and total metal: F = 12; r2 = 0.18; p = 0.001).
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Organisms in high, medium and low metal treatments had a higher percentage of destabilised
lysosomes than control organisms (Fig. 4C). Lysosomal membrane destabilisation patterns
between treatments were similar to the patterns of lipid peroxidation differences between
treatments (Figs. 4B and C). Lipid peroxidation mediated lysosomal membrane destabilisation
is probably occurring as the percentage of destabilised lysosomes increased with increased
lipid peroxidation. Dose dependent lysosomal membrane destabilisation was only detected for
whole organisms tissue cadmium concentrations (F = 14; r2 = 0.3; p = 0.001) suggesting
oxidative stress in H .australis was driven by whole organism tissue cadmium concentrations.
Despite no significant relationship between lysosomal destabilisation percentage and tissue
lead concentrations, increased lead concentrations in the BAM fractions such as L + M and
HSP with increased sediment metal exposure (Table 3) suggesting its ability to induced
lysosomal membrane destabilisation via enhanced formation of ROS. Consistent with the
present study, in situ exposed H. australis in the Molonglo River also had a significantly
higher percentage of destabilised lysosomes, particularly organisms at 12.5 km (high
treatment in the present study) and 32 km (medium treatment in the present study)
downstream from the mine (Chap. 7 - Fig. 6C). Lysosomal membrane destabilisation of in
situ organisms at the furthest downstream or 47 km of the mine was not significantly different
to the reference organisms and this was not the case for organisms exposed in the same
sediment under laboratory controlled conditions as they had significantly higher percentage of
lysosomal membrane destabilisation than control organisms (Fig. 4C). This may be due to
sediment fine fraction physical effects on these organisms as discussed previously.

8.4.3 Exposure-dose-response relationships
Sediment dependent tissue metal accumulation was observed for zinc, cadmium and total
metal in H. australis exposed to the mixed metal contaminated sediments. Exposure –
response relationships were seen for TAOC, lipid peroxidation and lysosomal membrane
destabilisation in medium and high treatments but not in the low treatment. A clear dose –
response relationship was only demonstrated for tissue cadmium with TAOC and lysosomal
membrane destabilisation. Trends of decreasing TAOC and increasing lipid peroxidation and
lysosomal membrane destabilisation with increasing tissue zinc, lead and total metal
concentrations also suggest these metals may have participated in the observed responses in
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H. australis. This study has established exposure – dose – response relationships for H.
australis exposed to the mixed metal contaminated Molonglo River sediments in laboratory
microcosms. These relationships were not, however, as clear as those established for H.
australis transplanted in the river (Chapter 7).

8.5

Conclusions

Despite high concentrations of zinc, lead, copper and cadmium in the contaminated
sediments, H. australis accumulated only substantial amounts of zinc and cadmium in their
body tissues. Zinc, cadmium and total metal concentrations in H. australis reflected clear
exposure – dose relationships. Significant positive relationships between tissue zinc-cadmium
and zinc-lead concentrations showing coaccumulation of these metals were occurring. Higher
demand for zinc in organism body tissues might be controlling the accumulation of nonessential metals lead and cadmium in this organism as these metals enter into organisms via
the same pathways. Higher concentrations of metals in gills and labial palps reflected metal
uptake via contaminated water and/or resuspended sediment particles by their feeding and
sediment burrowing activities. Metal tolerance of this organism to metal contaminated
sediments was governed by sequestering most metals into the BDM fraction with less in the
BAM fraction. Metal rich granules were the major metal storage site in this organism. Metal
induced sub-lethal health impairment of H. australis in the Molonglo River sediments under
laboratory controlled conditions was evident from exposure – response and dose – response
relationships. Significant exposure – dose – response relationships were established for H.
australis under laboratory controlled condition to the Molonglo River sediments but these
relationships were stronger in H. australis transplanted into the Molonglo River (Chapter 7).
Compared to in situ exposures laboratory controlled conditions appear to poorly represent
environmentally realistic conditions.
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9 Synopsis
Impacts of historic mining activities on freshwater environments, particularly the Molonglo
River, NSW from the Captains Flat mining activities are the focus of in this study as these
activities have significantly impaired the previously healthy Molonglo River. The Molonglo
River was subjected to metals such as zinc, lead, cadmium and copper contamination from
point and diffuse sources generated from the mine during and after the mine closure. In
particular two separate collapses of tailings dumps in 1939 and 1943, metal contamination in
the river and surrounding floodplains were exacerbated. Major remedial works at Captains
Flat were undertaken in 1976 to reduce metal contamination in the river. Despite high
concentrations of metal contaminated tailings previously deposited on the river bed, none of
the remedial works involved on removing sediments from the river bed. As sediments in
aquatic environments are the ultimate reservoir for anthropogenic inputs of metals, previous
studies have identified river bed sediments as the major metal contamination source to the
river. In this context, sediment toxicity tests were conducted to investigate the bioavailability
and toxicity of existing metals in the river sediments to benthic biota as an assessment of the
river health.
The three studies presented in Chapters 3 – 5 were planned to assess the suitability of a new
sentinel species H. australis as a potential biomonitor for metal contamination in freshwater
sediment toxicological studies by linking the exposure – dose – response relationships to
single metal spiked sediments under laboratory controlled conditions (Section 1.3 – Objective
1).

The study presented in Chapter 6 investigated the present metal contamination concentrations
in the Molonglo River by conducting a sediment metal concentrations survey along the
Molonglo River and associated tributaries (Section 1.3 – Objective 2).

The potential risk of the metal contamination in the Molonglo River to the river infauna in
terms of linking the exposure – dose – response relationships of transplanted H. australis
along a metal contamination gradient were evaluated and presented in Chapter 7 (Section 1.3
– Objective 3).
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The study presented in Chapter 8 was conducted in parallel to H. australis caged experiments
in the Molonglo River to further understand differences in cause and effects of the same
mixture of metal contaminated sediments under field and laboratory conditions (Section 1.3 –
Objective 4).
This Chapter will synthesise the major findings relating to Chapters 3 – 8 and illustrate how
these studies have influenced our understanding of the use of H. australis as a biomonitor for
sediment toxicological studies and the current metal contamination in the Molonglo River
sediments, and their bioavailability and toxicity.

9.1 Exposure – dose – response relationships of Hyridella australis
to metal spiked sediment studies
9.1.1 Exposure – dose relationships
9.1.1.1 Whole organism and individual tissue metal accumulation
Hyridella australis accumulated relatively low concentrations of lead, cadmium and zinc
compared to metal concentrations in the spiked sediments. This suggests that H. australis has
the capacity to regulate the accumulation of these metals and/or relatively low bioavailability
of the sediment bound metals. Hyridella australis exposed to lead spiked sediments
accumulated significant concentrations of lead in the first 7 days of the exposure which had
decreased by day 14 suggesting induction of regulatory mechanisms in the organism after
initial lead exposure and uptake. Lead uptake then increased over rest of the exposure period
until day 28 suggesting a reduced capacity to regulate non-essential lead. Accumulated lead
concentrations at day 28 reflected the sediment lead exposure. Organisms exposed to
cadmium spiked sediments accumulated cadmium compared to control organisms in the unspiked sediments. Cadmium accumulation increased over the 28 day exposure. Whole body
tissues of H. australis at each exposure period reflected the sediment cadmium exposure
indicating a clear exposure – dose relationship. As zinc is an essential metal, organisms
exposed to zinc spiked sediments seemed to regulate zinc, as concentrations did not vary until
day 21. When the magnitude and duration of zinc exposure increased, organisms in high zinc
treatments had accumulated higher zinc concentrations than medium and low zinc treatments
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which points to zinc regulatory mechanisms being overwhelmed. Unlike lead and cadmium,
zinc only showed a weak sediment dependent zinc accumulation relationship at day 28.

Lead and cadmium accumulation by H. australis varied with metal exposure and tissue type.
Higher concentrations of accumulated lead and cadmium were in the labial palps and gills and
metal concentrations in these tissues are the most significant contributor to the whole
organism tissue lead and cadmium concentrations. As with whole organism metal
accumulation, individual tissues such as gill, mantle and visceral mass can be used as
potential biomonitors of lead and cadmium exposure in freshwater environments. Zinc
accumulation by H. australis also varied with tissue type with gill tissues accumulating more
zinc. Significant differences between treatments for zinc concentrations in individual tissues
were not evident, therefore, individual tissue zinc analysis under laboratory controlled
condition may not offer any advantages for monitoring bioavailable zinc in sediments with
this organism. The high concentrations of lead, cadmium and zinc in the labial palps and gill
tissues of the organisms suggest that majority of metal uptake is by filtering of contaminated
water and sediment particles during their feeding and burrowing activities.

9.1.1.2 Sub-cellular distributions of metals
The highest percentages of accumulated lead, cadmium and zinc were found in the
biologically detoxified metal (BDM) fraction consisting of metal rich granule (MRG) and
metallothionein like proteins (MTLP). The metals bound to these fractions increased with
increased metal exposure suggesting metal tolerance of H. australis in metal contaminated
sediments. For both cadmium and zinc, MTLP and for lead, MRG play an important role in
metal homeostasis and detoxification of accumulated metals, indicating different metal
binding affinities for the metal partitioning sites within the organisms.

Despite detoxification of most of the accumulated metals, concentrations, particularly of lead
and cadmium in the biologically active metal fractions (BAM) consisting of mitochondria,
lysosomes + microsomes and heat sensitive proteins increased with increased metal exposure.
These results suggest the potential of these metals to induce metal toxicity via binding to
cellular targets such as membrane lipids, DNA, etc. Lead was mainly sequestered in the
mitochondrial fraction and cadmium was in the lysosome + microsomes and mitochondrial
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fractions, while zinc was in the lysosome + microsomes fraction. Hyridella australis at the
high zinc exposure treatment had higher zinc concentrations in the BAM fraction compared to
unexposed organisms in zinc low treatment suggesting the overwhelming or saturations of
metal detoxification sites. Zinc contents in the low and medium treatments were similar which
is likely due to the essential role of zinc in these organisms.

9.1.2 Exposure – response and dose – response relationships
Total antioxidant capacity of the organisms in metal spiked treatments was lower than in
control organisms at each exposure and TAOC also decreased with increased metal exposure.
These results suggest the reduction of TAOC to compensate for increased production of ROS
or metal induced oxidative stress. Reactive oxygen mediated cellular damage was evident
from the biomarkers lipid peroxidation and lysosomal membrane destabilisation measured.
Lipid peroxidation between treatments only increased significantly in the cadmium and zinc
exposed organisms. Lipid peroxidation increased with increased lead exposure but was not
significantly different to unexposed organisms. Lysosomal membrane stability in
hepatopancreas cells significantly decreased in all metal spiked treatments, relative to the
control organisms. The negative relationships between TAOC and lipid peroxidation and
TAOC and lysosomal destabilisation and positive relationships between lipid peroxidation
and lysosomal destabilisation indicates increased tissue metal dose and BAM concentrations
caused significant impairment of the antioxidant defense system.

9.1.3 Exposure – dose – response relationships
The clear exposure – dose – response relationships established for metal spiked sediments
studies under laboratory controlled conditions showed the suitability of the freshwater bivalve
H. australis as a potential biomonitor of metal contamination in freshwater environments.

9.2 Molonglo River sediment metal concentration survey
Even 50 years after mining ceased, and 36 years after the last major remedial works were
completed at the Captains Flat mine, high sediment zinc, lead, copper and cadmium
concentrations were found in most of the mine affected sites studied in the Molonglo River

Chapter 9 – Synopsis

212

compared to the reference site upstream of the mine. Sediment metal concentrations decreased
with increased distance from the mine showing a clear metal contamination gradient from the
mine to 63 km downstream of the mine. The measured metal concentrations in the mine
affected sites of the river were in the order, Zn: 697 – 6818 > Pb: 23 – 1796 > Cu: 10 – 628 >
Cd: 0.13 – 8.7 µg/g dry mass. Compared to sediment metal concentrations before a major
flood in 2010, only zinc concentrations have increased. Cadmium and zinc concentrations in
all the mine affected sites exceeded the ANZECC/ARMCANZ (2000) ISQG low values for
Cd - 1.5 and the high value for Zn - 410 µg/g dry mass. In addition, high concentrations of
copper and lead were also measured at most of these sites. Existing metal load in the riverbed
sediments may still be contributing to the metal contamination of river biota. Based on this
study, four sites one 6.5 km upstream and 12.5, 32 and 47 km downstream of the mine,
representing a metal contamination gradient, were selected for an H. australis in situ caged
experiment and laboratory exposure of this organism to the metal contaminated river
sediments.

9.3 Hyridella australis in situ caged experiment in the Molonglo
River
9.3.1 Metal accumulation
9.3.1.1 Whole organism and individual tissue metal accumulation
Accumulated metal concentrations in H. australis in mine affected sites were well below the
ambient sediment metal concentrations (e.g. at the site 12.5 km downstream of the mine:
sediment Zn – 6134 ± 1155 µg/g dry mass; organisms tissue Zn - 756 ± 42 µg/g dry mass)
this may be due to: low bioavailability of sediment bound metals; regulation of metal
accumulation by this organism; saturation of metal binding sites of the organisms; or
antagonistic metal interaction as mixtures of metals in sediments. Hyridella australis
accumulated high zinc concentrations compared to other metals, particularly organisms at
sites closest to the mine. Organisms at the most contaminated site also accumulated
significantly higher cadmium concentrations than organisms at other sites. The positive
relationships between zinc-cadmium and zinc-lead tissue concentrations of H. australis
suggest coaccumulaton of these metals via common pathways, therefore, presence of higher
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zinc concentrations in the Molonglo River sediment and higher demand for zinc in H.
australis as it is an essential metal, may have reduced accumulation of cadmium and lead.
Tissue metal concentrations in H. australis decreased with increased distance from the mine
(e.g. Zinc: the site 12.5 km downstream of the mine – 756 ± 42 to the

site 47 km

downstream of the mine – 301 ± 25 µg/g dry mass). Metal accumulation was different
between tissues and high concentrations of accumulated metals were measured in the gills
and/or labial palps of H. australis in all sites, indicating the majority of metals enter via
filtering of contaminated water and sediment particles during their feeding and burrowing
activities. Metal accumulation, particularly zinc and total metal concentrations between sites
for the same tissues were significantly different reflecting the metal contamination gradient in
the river. This result suggests the potential to use individual tissue metal analyses for
biomonitoring of metal contamination with this organism.

9.3.1.2 Sub-cellular distributions of metals
Sub-cellular analysis showed that most of the accumulated zinc, lead, cadmium and total
metal were detoxified and stored in the MTLP and/or MRG fractions. A high percentage of
copper was sequestered in the BAM and there were no significant differences between sites,
which may be due to its essential role. Metal concentrations in the BDM fraction increased
with increased sediment metal exposure, suggesting metal tolerance capacity of this organism
in metal contaminated freshwater environments. This might account for the 100% survival of
this organism over the 28 days exposure at all the mine affected sites. Despite high
concentrations of zinc, cadmium and total metal in the BDM fraction, significantly increased
concentrations of these metals in the BAM fractions compared to organisms at the reference
site, indicate spill over of metals from detoxification pathways due to increased metal
exposure and dose.

9.3.2 Exposure – dose relationships
Zinc, cadmium and total tissue metal concentrations in H. australis increased significantly
with increased sediment metal concentrations indicating significant exposure – dose
relationships in the Molonglo River.
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9.3.3 Exposure – response and dose – response relationships
Sub-cellular metal analysis showed increased zinc, cadmium and lead accumulation occurred
in the metal sensitive BAM fraction with increased sediment metal exposure suggesting the
potential for metal induced toxicity to H. australis. Hyridella australis at metal contaminated
sites had lower TAOC levels than reference organisms and a trend of decreasing TAOC with
increasing metal accumulation suggests a reduced capacity of the antioxidant system to
compensate for increased production of ROS, or the oxidative stress of the organism.
Oxidative stress of H. australis along the metal contamination gradient was evident from the
measured lipid peroxidation and lysosomal membrane stability biomarkers. Hyridella
australis closest to the mine, sites 12.5 and 32 km downstream had significantly higher levels
of lipid peroxidation and a higher percentage of destabilised lysosomes in the hepatopancreas
tissues compared to the reference and organisms at the site furthest downstream of the mine
indicating significant exposure – response relationships. Lipid peroxidation and lysosomal
membrane destabilisation increased significantly with increased tissue metal concentrations
indicating significant dose – response relationships for H. australis. Significant negative
relationships between TAOC with LP and lysosomal membrane destabilisation and positive
relationship between LP and lysosomal membrane destability suggest depletion of antioxidant
capacity lead to lipid peroxidation and lysosomal membrane destabilisation in H. australis.

9.3.4 Exposure – dose – response relationships
Based on these findings, a significant exposure – dose – response relationship for H. australis
transplanted along the sediment metal contamination gradient in the Molonglo River was
established. This study showed that metals in the Molonglo River sediments still pose risk to
the river infauna, particularly organisms living in sediments closest to the mine, however, a
significant improvement of health status and the reduction of the metal induced effects were
observed with increased distance from the mine. The multiple biomarker integrative approach
used in the transplant study brings promising elements in their validation as relevant
biomonitoring tools. The laboratory evaluated sentinel H. australis can, therefore, be
effectively used as a biomonitor in field conditions to monitor metal contamination in heavily
contaminated freshwater environments.
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9.4 Exposure of Hyridella australis in laboratory microcosms to
mixtures of metal contaminated sediments collected from the
Molonglo River
9.4.1 Metal accumulation
9.4.1.1 Whole organism and individual tissue metal accumulation
As showed in the in situ experiment, exposure of H. australis to the same mixture of metal
contaminated sediments under laboratory controlled conditions also accumulated zinc and
cadmium from the sediments while accumulated lead and copper concentrations did not differ
among sites. Compared to field organisms, however, laboratory exposure organisms
accumulated relatively low metal concentrations in their body tissues (e.g. Zn: sediments from
12.5 km downstream of the mine) organism at the field - 756 ± 42 and in the laboratory – 325
± 20 µg/g dry mass). This may be due to; minimal fluctuation of environmental conditions
under laboratory restricted conditions; feeding of organisms with commercially available
uncontaminated food during the exposure; limited behavioural activities such movements and
sediment agitations; instead of water collected from the sediments collected sites, use of
uncontaminated water in the laboratory treatments. Coaccumulation of metals such as zinccadmium and zinc-lead were observed, therefore, generally high tissue zinc concentrations or
higher demand of zinc in the unionid bivalve H. australis may again limit the accumulation of
non-essential cadmium and lead even at high concentrations of these metals in the exposure
medium. As observed in the field experiment, accumulation of metals between individual
tissues were significantly different. Most of the accumulated metals were present either in the
gills or labial palps tissues again suggesting that the majority of metals enter through filtering
of contaminated water and sediments particles. Relatively low concentrations of metals in
gills and labial palps compared to in situ organisms clearly indicating artificial feeding and
their limited behavioural activities may be limiting metal accumulation. Accumulated
cadmium in all the individual tissues and gill tissue zinc and total metal concentrations
between sites were significantly different, therefore, individual tissue analysis can be used as
potential biomonitors of cadmium and zinc for metal contaminated sediments.
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9.4.1.2 Sub-cellular distributions of metal
Like in situ organisms, most of the accumulated metals were present in the BDM fraction,
however, significant differences between treatments were not observed. The MRG within the
BDM fraction, however, showed significantly higher zinc and total metals in this fraction of
the organisms exposed to the sediments collected closest to the mine, indicating metal
detoxification processes may be regulating metal accumulation. Except for lead
concentrations in the L + M and HSP fractions, accumulated metal concentrations in the
BAM fractions did not vary between treatments and a decreased percentage of metal
concentration in these fractions with increased metal exposure again indicates metal
regulation is occurring in this organism. Relatively high zinc, cadmium and total metal
concentrations in the whole body tissues of metal exposed organisms compared to control
organisms indicates that H. australis were processing metals but not storing them in the BAM
fraction.

9.4.2 Exposure – dose relationships
Weak but significant positive relationships between tissue zinc, cadmium and total metal
concentrations with sediments zinc, cadmium and total metal concentrations indicate the
sediment dependent metal accumulation or exposure – dose response relationships.

9.4.3 Exposure – response and dose – response relationships
Organisms at the high and medium treatments had significantly lower levels of TAOC than
the organisms in the control and low treatments. The regression between TAOC and
individual metal concentrations in the whole organism body tissues showed that TAOC
decreased only with increased tissue cadmium concentrations. This suggests that the reduced
TAOC and associated sub-lethal effects may occur due to the effects of cadmium. In addition
to cadmium, despite the lack of visible or measureable differences in zinc concentrations in
the BAM fractions, a trend of decreasing TAOC with increasing whole organism tissue
concentrations suggests its potential to induce oxidative stress in organisms exposed to metal
contaminated sediments. Oxidative stress of the organisms was evident from the lipid
peroxidation and lysosomal membrane stability biomarkers measured. Except for organisms
in low treatment, which had higher levels of lipid peroxidation and lysosomal membrane
destabilisation compared to other treatments, lipid peroxidation and lysosomal membrane
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destabilisation of H. australis increased with increased metal exposures. A significant positive
relationship between lysosomal membrane stability was detected for tissue cadmium
suggesting cadmium may affect H .australis health. Despite the lack of significant dose
dependent lipid peroxidation and lysosomal membrane destabilisation relationships for tissue
zinc and lead, these metals showed the potential to impair the health of this organism.

9.4.4 Exposure – dose – response relationships
Hyridella australis exposed to metal contaminated sediments in the laboratory showed
significant exposure – dose relationships for zinc, cadmium and total metal. Dose – response
relationships were only significant for tissue cadmium concentrations with TAOC and
lysosomal membrane destabilisation. This study has demonstrated significant exposure – dose
– response relationships for H. australis to the mixed metal contaminated sediments under
laboratory conditions, however, these relationships were not as strong as that established for
transplanted H. australis in the river.

9.5 Recommendations
The freshwater bivalve H. australis can be used as a suitable sentinel organism to monitor
metal bioavailability and sub-lethal effects of metals in freshwater environments. Having
ample tissue mass, metal and biomarker analysis can be carried out without the need to
composite samples. Their relatively large body size and hardy nature make them suitable for
use in the field. As this organisms survived in the Molonglo River sediments for 28 days, it
could also be used to rehabilitate the food web in the river but before that presence of fish
species in the river needs to be evaluated as H. australis needs a fish host to complete their
life cycle.
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11 Appendices
Appendix 1: Supplementary data for Hyridella australis lead-spiked sediment study.
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Supplementary Table 1: Kruskal–Wallis test to compare the differences between cadmium
concentrations in the spiked sediment at day 0 (pre-exposure) and day 28 (post-exposure).
Treatment
Cd low spiked sediment
Cd high spiked sediment

df
1
1

χ2
0.429
0.026

p
ns
ns

Supplementary Table 2a: Factorial ANOVA of overlaying water cadmium concentrations
for exposure day and treatment (control < 0.05; low 4 ± 0.3; high 15 ± 1 μg/g dry mass).
Source
df
Treatment
2
Day
3
Treatment*Day
6
*** p ≤ 0.001; * p ≤ 0.05; ns p > 0.05

F
59.67
2.41
2.54

p
***
ns
*

Supplementary Table 2b: Tukey–Kramer pair-wise comparisons for cadmium
concentrations in overlaying water, showing significant deference between treatments at each
collection time (control < 0.05; low 4 ± 0.3; high 15 ± 1 μg/g dry mass).
Day
7
14
21
28
* p ≤ 0.05; ns p > 0.05

Control v Low
*
*
*
*

Control v High
*
*
*
*

Low v High
*
ns
ns
ns

Supplementary Table 3: Factorial ANOVA of whole tissue cadmium accumulation for
collection days and treatments of Hyridella australis exposed to cadmium-spiked sediments.
Source
df
Treatment
2
Day
3
Treatment*Day
6
*** p ≤ 0.001; * p ≤ 0.05; ns p > 0.05

F
50.838
8.954
2.725

p
***
***
*

Supplementary Table 4: Tukey–Kramer pair-wise comparisons showing significant
differences in whole organism tissue cadmium between treatments (control < 0.05; low 4 ±
0.3; high 15 ± 1 μg/g dry mass).
Treatments
Control Vs Low
Control Vs High
Low Vs High
Control Vs Unexposed
Low Vs Unexposed
High Vs Unexposed
*** p ≤ 0.001; ** p ≤ 0.01; ns p > 0.05

p
**
***
***
ns
**
**

Supplementary Table 5: Significant values for Tukey–Kramer multiple pairwise
comparisons performed as post hoc analysis for whole tissue cadmium accumulation between
treatments within each collection day of Hyridella australis exposed to cadmium-spiked
sediments (control < 0.05; low 4 ± 0.3; high 15 ± 1 μg/g dry mass).
Day
7

14

21

28
** p ≤ 0.01;

Treatments
Control Vs Low
Control Vs High
Low Vs High
Control Vs Low
Control Vs High
Low Vs High
Control Vs Low
Control Vs High
Low Vs High
Control Vs Low
Control Vs High
Low Vs High
* p ≤ 0.05;
ns p > 0.05

p
ns
*
ns
ns
**
*
*
**
*
*
**
*

Supplementary Table 6: Factorial ANOVA, of individual tissue cadmium accumulation for
exposure day, treatment and tissues of Hyridella australis exposed to cadmium-spiked
sediments (control < 0.05; low 4 ± 0.3; high 15 ± 1 μg/g dry mass).
Source
df
F
p
Treatment
2
113.692
***
Day
3
17.602
***
Tissue
4
62.008
***
Treatment*Day
6
5.805
**
Treatment*Tissue
8
22.481
***
Day*Tissue
12
3.759
***
Treatment*Day*Tissue
24
1.504
ns
*** p ≤ 0.001; ** p ≤ 0.01; ns p > 0.05

Supplementary Table 7: Tukey–Kramer pair-wise comparisons showing significant
differences of cadmium accumulation between treatments (control < 0.05; low 4 ± 0.3; high
15 ± 1 μg/g dry mass) for each tissue at each collection day. VM- Visceral Mass; GI- Gill;
MU- Muscle; MA- Mantle; LP- Labial Palps
Tissue
VM

Treatments

Control Vs Low
Control Vs High
Low Vs High
GI
Control Vs Low
Control Vs High
Low Vs High
MU
Control Vs Low
Control Vs High
Low Vs High
MA
Control Vs Low
Control Vs High
Low Vs High
LP
Control Vs Low
Control Vs High
Low Vs High
*** p ≤ 0.001; ** p ≤ 0.01;

7
ns
ns
ns
ns
**
*
ns
ns
ns
ns
ns
ns
ns
***
***
* p ≤ 0.05;

Days (p)
14
21
ns
*
*
*
*
ns
ns
*
*
***
*
**
ns
*
ns
*
ns
ns
ns
ns
*
*
ns
*
ns
ns
***
***
***
***
ns p > 0.05

28
*
*
*
**
***
*
*
*
*
*
*
*
ns
***
***

Supplementary Table 8: Significance values for Tukey–Kramer post hoc analysis for total
antioxidant capacity (TAOC), lipid peroxidation and percentage of cells with unstable
lysosomes in Hyridella australis to cadmium-spiked sediments (control < 0.05; low 4 ± 0.3;
high 15 ± 1 μg/g dry mass).
Biomarker
Control v Low
TAOC
ns
Lipid peroxidation
*
Lysosomal
***
membrane stability
*** p ≤ 0.001; * p ≤ 0.05; ns p > 0.05
.

Control v High
ns
*
***

Low v High
ns
ns
***

Appendix 2: Supplementary data for Hyridella australis cadmium-spiked sediment
study.
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Supplementary Data
1. Whole Organism Tissue Lead Accumulation
Supplementary Table 1a: Factorial ANOVA of whole tissue lead accumulation for collection days and
treatments of Hyridella australis exposed to lead spiked sediments.
Source
Treatment
Day
Treatment*Day
*** p ≤ 0.001; * p ≤ 0.05

df
2
4
8

F
31
2
2

p
***
*
*

Supplementary Table 1b: Tukey-Kramer Pair-wise comparisons, with Bonferroni adjustment for multiple
comparisons, showing significant differences in whole organism tissue lead between treatments. Control <
0.01, Low 205 ± 9 and High 419 ± 16 μg/g dry mass.
Treatments
Control Vs Low
Control Vs High
Low Vs High
Control Vs Unexposed
Low Vs Unexposed
High Vs Unexposed
*** p ≤ 0.001; ** p ≤ 0.01; ns p > 0.05

p
**
***
***
ns
**
**

Supplementary Table 1c. Significant values for Tukey-Kramer multiple pairwise comparisons (for parametric
data) and Mann-Whitney U-tests (for nonparametric data) with Bonferroni adjustment for whole tissue lead
accumulation between treatments within each collection day of Hyridella australis. Control < 0.01, Low 205 ±
9 and High 419 ± 16 μg/g dry mass.
Day
7

14

21

28
*** p ≤ 0.001;

Treatments
p
Control Vs Low
*
Control Vs High
*
Low Vs High
ns
Control Vs Low
ns
Control Vs High
*
Low Vs High
*
Control Vs Low
*
Control Vs High
**
Low Vs High
*
Control Vs Low
*
Control Vs High
***
Low Vs High
*
** p ≤ 0.01; * p ≤ 0.05;
ns p > 0.05

Supplementary Table 1d: Significant values for Tukey-Kramer pairwise comparisons (for parametric data)
and Mann-Whitney U-tests (for nonparametric data) with Bonferroni adjustment for whole tissue lead
accumulation over exposure period within each treatment of Hyridella australis.
Days
0-7
0 - 14
0 - 21
0 - 28
7 - 14
7 - 21
7 - 28
14 - 21
14 - 28
21 - 28
*** p ≤ 0.001;

Control p
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
** p ≤ 0.01; * p ≤ 0.05;

Lead exposure
Low p
*
ns
*
*
*
ns
ns
*
ns
ns
ns p > 0.05

High p
**
**
**
***
ns
ns
ns
ns
ns
ns

2. Individual Tissues Lead Accumulation
Supplementary Table 2a: Factorial ANOVA, of individual tissue lead accumulation for exposure day,
treatment and tissues of Hyridella australis exposed to lead spiked sediments.
Source
Treatment
Day
Tissue
Treatment*Day
Treatment*Tissue
Day*Tissue
Treatment*Day*Tissue
*** p ≤ 0.001; ** p ≤ 0.01;

df
2
3
4
6
8
12
24
* p ≤ 0.05;

F
121.457
11.532
59.387
3.346
18.763
3.570
1.721
ns p > 0.05

p
***
***
***
**
***
***
*

Supplementary Table 2b: Pair-wise comparisons (Tukey-Kramer pair-wise comparison for parametric data
and Mann-Whitney U-tests for nonparametric data) with Bonferroni adjustment, showing significant differences
between treatments for each tissue at each collection day. VM- Visceral Mass; GI- Gill; MU- Muscle; MAMantle; LP- Labial Palps.
Tissue

Treatments

VM

Control Vs Low
Control Vs High
Low Vs High
GI
Control Vs Low
Control Vs High
Low Vs High
MU
Control Vs Low
Control Vs High
Low Vs High
MA
Control Vs Low
Control Vs High
Low Vs High
LP
Control Vs Low
Control Vs High
Low Vs High
*** p ≤ 0.001; ** p ≤ 0.01;

Lead
7
*
*
ns
*
*
ns
*
*
ns
ns
ns
ns
ns
ns
ns
* p ≤ 0.05;

14
ns
**
**
*
*
ns
*
*
*
ns
ns
ns
ns
ns
ns
ns p > 0.05

21
*
*
*
*
*
ns
*
**
ns
ns
ns
ns
ns
ns
ns

28
**
***
**
*
**
ns
*
*
ns
ns
*
ns
*
**
ns

Supplementary Table 3: Tukey-Kramer or Mann-Whitney U-tests with Bonferroni adjustment of significant
difference between lead treatments of total antioxidant capacity (TAOC), lipid peroxidation and percentage of
cells with unstable lysosomes in Hyridella australis exposed to lead spiked sediments (control < 0.01; low 205
± 9; High 419 ± 16 μg/g dry mass).
Biomarker
TAOC
Lipid peroxidation
Lysosomal membrane stability
*** p ≤ 0.001; ** p ≤ 0.01;

Control Vs Low
Control Vs High
*
***
ns
ns
***
***
* p ≤ 0.05;
ns p > 0.05

Low Vs High
**
ns
ns

Appendix 3: Supplementary data for Hyridella australis zinc-spiked sediment study.
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Homogenate
10 min @ 1,000g, 4°C

P1
Nuclei, unbroken cells, cell
membranes & granules

S1
Supernatant
(Total Fraction)
30 min @ 10,000g, 4°C

Resuspend in 0.5 mL ultraS3
Supernatant

pure water heat @ 100°C, 2

P3
Heavy Organelle
(Mitochondria)

min
60 min @ 10,000g, 4°C
Add 0.5 mL 1N NaOH heat
@ 60°C, 60 min
10 min @ 10, 000g, 20°C

S2
Nuclei +
Cellular debris

S4
Supernatant (Cytosolic
Fraction)

P4
Light Organelle &
Particular Matter
(Lysosomes & Microsomes)

S

P2
Granules
1) 80°C x 10 min
2) 4°C x 60 min
3) 10 min @ 50, 000g, 4°C

S5
Heat Stable MT &
MT-like Proteins

-

P5
Heat Sensitive
Proteins (Enzymes)

Biologically Detoxified Metal (BDM)
Biologically Active Metals (BAM)

Supplementary Figure 1: Summary of the differential centrifugation procedure used to
isolate zinc in different sub-cellular fractions of hepatopancreas tissues of H. australis. After
homogenisation, differential centrifugation and tissue digestion steps were used to obtain six
different fractions (Four pellets P2, P3, P4, P5 and two supernatants S2 and S5).

Appendices

259

Supplementary Table 1: Kruskal-Wallis test to compare the differences between zinc
concentrations (μg/g dry mass) in the spiked sediment at day 0 (pre-exposure) and day 28
(post-exposure).
Treatment

χ2
0.410
0.410
2.564

df
1
1
1

Low
Medium
High
ns p > 0.05

p
ns
ns
ns

Supplementary Table 2a: Factorial ANOVA of overlaying water zinc concentrations (µg/L)
for exposure day and treatment (low 44 ± 5, medium 526 ± 41, high 961 ± 38 µg/g dry mass).
Source
Treatment
Day
Treatment*Day
*** p ≤ 0.001; ns p > 0.05

df

F

p

2
3
6

43.904
0.638
0.650

***
ns
ns

Supplementary Table 2b: Tukey-Kramer pair-wise comparisons used to differentiate the
significant differences between treatments at each collection time for zinc concentrations in
overlaying water.
Day

7
14
21
28
**

Low v Medium
*
*
**
*
p≤ 0.01; * p ≤ 0.05; ns p > 0.05

Low v High
*
*
**
*

Medium v High
ns
ns
ns
ns

Supplementary Table 3a: ANOVA tests performed for whole tissue zinc accumulation over
the 28 day exposure period within each treatment of H. australis to zinc-spiked sediments
(low 44 ± 5, medium 526 ± 41, high 961 ± 38 µg/g dry mass).
Treatment
Low
Medium
High
*p≤ 0.05; ns p > 0.05
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F
0.021
0.605
5.460

df
3,29
3,29
3,29

p
ns
ns
*
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Supplementary Table 3b: Significant values for Tukey-Kramer multiple comparisons
performed as post hoc analysis for whole tissue zinc accumulation over the 28 day exposure
period within each treatment of H. australis.
Days

7-14
7-21
7-28
14-21
14-28
21-28
*p ≤ 0.05; ns p > 0.05

Low
p
ns
ns
ns
ns
ns
ns

Zinc exposure
Medium
p
ns
ns
ns
ns
ns
ns

High
p
ns
ns
*
ns
*
ns

Supplementary Table 4: Factorial ANOVA, of individual tissue zinc accumulation for
exposure day, treatment and tissues of H. australis.
Source
Treatment
Day
Tissue
Treatment*Day
Treatment*Tissue
Day*Tissue
Treatment*Day*Tissue
*** p ≤ 0.001; ns p > 0.05

df
2
3
4
6
8
12
24

F
0.708
3.285
590.723
0.999
0.079
3.911
0.423

p
ns
*
***
ns
ns
***
ns

Supplementary Table 5a: Single factor ANOVA to determine the variation of TAOC and
lipid peroxidation at weekly intervals over 28 days exposure within each treatment.
Treatment
Low
Medium
High

Low
Medium
High
ns p > 0.05
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df
3,23
3,23
3,23
df
3,23
3,23
3,23

TAOC
F
1.635
1.083
0.041
Lipid peroxidation
F
0.111
0.478
0.193

p
ns
ns
ns
p
ns
ns
ns
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Supplementary Table 5b: Kruskal-Wallis test to compare combined (by days) TAOC and
lipid peroxidation between treatments.
Biomarker
TAOC
Lipid peroxidation
**p ≤ 0.01; *p ≤ 0.05

df
2
2

χ2
7.086
12.544

p
*
**

Supplementary Table 5c: Mann-Whitney U-tests used for post hoc analysis to differentiate
changes in combined (by days) total antioxidant capacity and lipid peroxidation; TukeyKramer multiple comparisons performed as post hoc analysis for lysosomal stability in
hepatopancreas tissues of H. australis to zinc spiked sediments: low 44 ± 5, medium 526 ±
41, high- 961 ± 38 µg/g dry mass.
Biomarker
Low v Medium
TAOC
ns
TBARS
**
Lysosomal Stability
*
**p ≤ 0.01; *p ≤ 0.05; ns p > 0.05
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Low v High
**
**
*

Medium v High
ns
ns
*
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Appendix 4: Supplementary data for Molonglo River, NSW, Australia sediment metal
concentration survey.
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Supplementary Table 1: A single factor ANOVA comparing significant differences between
sites for total metals, individual metals and silt and clay fractions (< 63 µm) in the sediments.
Metal
Total
Cadmium
Copper
Lead
Zinc
< 63 µm sediment
fraction
***p < 0.001

df
13
11
13
13
13
13

F
78
62
226
276
66
46

p
***
***
***
***
***
***

Supplementary Table 2: Pair-wise comparisons with, Tukey Kramer multiple comparisons
for significant differences of total metal concentrations and individual metals (cadmium,
copper, lead and zinc) concentrations between sites.
Sites
1-2
1-3
1-4
1-5
1-6
1-7
1-8
1-9
1 - 10
1 - 11
1 - 12
1 - 13
1 - 14
2-3
2-4
2-5
2-6
2-7
2-8
2-9
2 - 10
2 - 11
2 - 12
2 - 13
2 - 14
3-4
3-5
3-6
3-7
3-8
3-9
3 - 10
3 - 11
3 - 12
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Total Metals
p
***
***
***
***
***
***
***
***
**
ns
ns
ns
ns
ns
***
***
*
ns
ns
ns
**
***
***
***
***
ns
***
***
**
***
***
***
***
***

Cadmium
p
***
***
***
***
**
***
***
**
*
ns
ns
ns
*
***
ns
***
ns
ns
ns
***
***
*
***
ns
**
ns
ns
ns
***
-

Copper
p
***
***
***
***
ns
ns
ns
ns
ns
ns
ns
ns
ns
**
***
ns
***
***
***
***
***
***
***
***
***
***
ns
***
***
***
***
***
***
***

Lead
p
***
***
***
***
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
***
ns
***
***
***
***
***
***
***
***
***
***
ns
***
***
***
***
***
***
***

Zinc
p
***
***
***
***
**
***
***
***
**
*
ns
ns
ns
ns
ns
***
ns
ns
ns
ns
ns
***
***
***
***
ns
***
***
*
**
**
***
***
***
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Supplementary Table 2: Continued…
3 - 13
3 - 14
4-5
4-6
4-7
4-8
4-9
4 - 10
4 - 11
4 - 12
4 - 13
4 - 14
5-6
5-7
5-8
5-9
5 - 10
5 - 11
5 - 12
5 - 13
5 - 14
6-7
6-8
6-9
6 - 10
6 - 11
6 - 12
6 - 13
6 - 14
7-8
7-9
7 - 10
7 - 11
7 - 12
7 - 13
7 - 14
8-9
8 - 10
8 - 11
8 - 12
8 - 13
8 - 14
9 - 10
9 - 11
9 - 12
9 - 13
9 - 14
10 - 11
10 - 12
10 - 13
10 - 14
11 - 12
11 - 13
11 - 14
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***
***
***
***
***
***
***
***
***
***
***
***
***
***
***
***
***
***
***
***
***
ns
ns
ns
ns
*
***
***
***
ns
ns
ns
***
***
***
***
ns
ns
*
***
***
***
ns
**
***
***
***
ns
**
*
**
ns
ns
ns

***
***
**
ns
**
***
***
***
***
***
***
***
***
***
***
***
***
ns
ns
ns
**
***
***
***
***
***
***
ns
ns
***
***
ns
**
**
*
*
ns

***
***
***
***
***
***
***
***
***
***
***
***
***
***
***
***
***
***
***
***
***
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns

***
***
***
***
***
***
***
***
***
***
***
***
***
***
***
***
***
***
***
***
***
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns

***
***
***
*
**
**
**
***
***
***
***
***
***
***
***
***
***
***
***
***
***
ns
ns
ns
ns
*
**
**
**
ns
ns
ns
**
***
***
***
ns
ns
**
***
***
***
ns
**
***
***
***
*
**
**
**
*
*
*
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Supplementary Table 2: Continued…
12 - 13
12 - 14
13 - 14

ns
ns
ns

-

ns
ns
ns

ns
ns
ns

ns
ns
ns

*p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001

Site 1
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Site 2

Site 3

Site 4

Site 5

Site 6
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Site 7

Site 8

Site 9

Site 10

Site 11

\Supplementary Figure 1: Sediment collected sites in the Molonglo River, NSW.
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Appendix 5: Supplementary data for Hyridella australis in situ caged study.
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Supplementary Table 1: Metal concentrations (µg/g dry mass) and % recovery of certified
reference materials (CRMs) from total metal analysis (Mean ± SE. n = 17) and sub-cellular
fractionations (Mean ± SE. n = 3). NIST 1566b – oyster tissue and n = 11 for TORT 2 –
lobster hepatopancreas.
CRM

Cd

Cu

Pb

Zn

Certified value

2.48 ± 0.08

71.6 ± 1.6

0.308 ± 0.009

1424 ± 46

This study

2.60 ± 0.1

71.9 ± 1.5

0.330 ± 0.012

1416 ± 50

% Recovery

105

100

107

99

Certified value

26.7 ± 0.6

106 ± 10

0.35 ± 0.13

180 ± 6

This study

26.7 ± 0.7

108 ± 3

0.36 ± 0.02

192 ± 7

% Recovery

100

102

103

107

From total metal analysis
1566b

TORT 2

From sub-cellular fractionation
1566b

TORT 2
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Certified value

2.48 ± 0.08

71.6 ± 1.6

0.308 ± 0.009

1424 ± 46

This study

2.28 ± 0.12

67.8 ± 1.9

0.31 ± 0.02

1220 ± 24

% Recovery

92

95

101

86

Certified value

26.7 ± 0.6

106 ± 10

0.35 ± 0.13

180 ± 6

This study

26.1 ± 0.3

89 ± 4

0.32 ± 0.05

152 ± 4

% Recovery

98

84

91

84
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Supplementary Table 2: Changes of physicochemical characteristics of water from the
bivalve caged sites along the Molonglo River metal contamination gradient.
Site

Collection
time

Temperature
°C

pH

Conductivity
mS/cm

Deployment
2nd visit
Retrieval

15
15
15

7.2
7.5
7.2

0.06
0.06
0.06

Dissolved
oxygen
mg/L
5.6
8.4
8.0

Reference

Site 1

Deployment
2nd visit
Retrieval

25
20
22

7.2
7.3
6.5

0.60
0.30
0.70

6.7
5.5
7.4

Site 2

Deployment
2nd visit
Retrieval

21
19
21

7.1
7.1
7.2

0.36
0.40
0.40

6.5
2.5
4.1

Site 3

Deployment
2nd visit
Retrieval

25
20
22

7.8
7.8
7.7

0.45
0.42
0.49

6.0
5.1
6.6

Supplementary Table 3: Factorial ANOVA, of individual tissue metal accumulation for site
and tissue types of H. australis after 28 days exposure to sediments metal contamination
gradient in the Molonglo River channel.

Source
df
Site
3
Tissue
4
Site*Tissue 12
*** p ≤ 0.001;
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Zinc
Lead
Copper
Cadmium
Total metal
F
p df F
p df F
p df F
p
df F
p
82 *** 3
6 *** 3 7 *** 3 212 *** 3 81 ***
262 *** 4 47 *** 4 70 *** 4
4
** 4 264 ***
6 *** 12 0.9 ns 12 2
* 12 3
** 12 6 ***
** p ≤ 0.01; * p ≤ 0.05; ns p > 0.05
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Water temperature °C

Supplementary Figure 1: Daily changes of water temperature over 28 days exposure of H.
australis caged sites along the Molonglo River channel (reference: 6.5 km upstream of the
mine, site 1: 12.5 km, site 2: 32 km and site 3: 47 km downstream of the mine).
Reference

20
15
10
5
0
26/01/2014

31/01/2014

5/02/2014

10/02/2014

15/02/2014

20/02/2014

25/02/2014

2/03/2014

Water temperature °C

Exposure period

Site 1

30
25
20
15
10
5
0
31/01/2014

5/02/2014

10/02/2014

15/02/2014

20/02/2014

25/02/2014

2/03/2014

7/03/2014

Water temperature °C

Exposure period

Site 2

25
20
15
10
5
0
26/01/2014

31/01/2014

5/02/2014

10/02/2014

15/02/2014

20/02/2014

25/02/2014

2/03/2014

Water temperature °C

Exposure period

Site 3

30
25
20
15
10
5
0
31/01/2014

5/02/2014

10/02/2014

15/02/2014

20/02/2014

25/02/2014

2/03/2014

7/03/2014

Exposure period
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Appendix 6: Supplementary data for Hyridella australis laboratory microcosms study.
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Supplementary Table 1: Metal concentrations (µg/g dry mass) and % recovery of certified
reference materials from total metal analysis (Mean ± SE. n = 15) and sub-cellular
fractionations (Mean ± SE. n = 3). NIST 1566b – oyster tissue and TORT 2 – lobster
hepatopancreas.
CRM
From total metal analysis
1566b

Certified value
This study
% Recovery

Cd

Cu

Pb

Zn

2.48 ± 0.08
2.44 ± 0.1
98

71.6 ± 1.6
70.9 ± 2.0
99

0.308 ± 0.009
0.310 ± 0.015
101

1424 ± 46
1496 ± 69
105

106 ± 10
102 ± 4
96

0.35 ± 0.13
0.32 ± 0.22
91

180 ± 6
194 ± 6
108

Certified value
26.7 ± 0.6
This study
27.6 ± 1.2
% Recovery
103
From sub-cellular fractionation
TORT 2

1566b

Certified value
This study
% Recovery

2.48 ± 0.08
2.50 ± 0.13
101

71.6 ± 1.6
68.6 ± 3.2
96

0.308 ± 0.009
0.31 ± 0.01
101

1424 ± 46
1183 ± 24
83

TORT 2

Certified value
This study
% Recovery

26.7 ± 0.6
25.8 ± 0.3
97

106 ± 10
85 ± 4
80

0.35 ± 0.13
0.33 ± 0.15
94

180 ± 6
150 ± 2
83
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Supplementary Table 2: Significant values for Mann-Whitney U-tests performed as post
hoc analysis for metal concentrations (zinc, lead, copper and cadmium) in overlaying water at
weekly intervals over 28 exposures within each treatment of H. australis.

Metal
Zn

Pb

Cu

** p ≤ 0.01;
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Day
7 - 14
7 - 21
7 - 28
14 - 21
14 - 28
21 - 28
7 - 14
7 - 21
7 - 28
14 - 21
14 - 28
21 - 28
7 - 14
7 - 21
7 - 28
14 - 21
14 - 28
21 - 28
* p ≤ 0.05;

Control
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns p > 0.05

Treatment
High
Medium
ns
ns
ns
ns
**
ns
*
ns
**
ns
**
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns

Low
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
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Supplementary Table 3: Significant values Mann-Whitney U-tests performed as post hoc
analysis for overlaying water individual metal concentrations (zinc. lead and copper) between
treatments within each collection time of H. australis.

Day
7

14

21

28

Treatment
Control Vs High
Control Vs Medium
Control Vs Low
High Vs Medium
High Vs Low
Medium Vs Low
Control Vs High
Control Vs Medium
Control Vs Low
High Vs Medium
High Vs Low
Medium Vs Low
Control Vs High
Control Vs Medium
Control Vs Low
High Vs Medium
High Vs Low
Medium Vs Low
Control Vs High
Control Vs Medium
Control Vs Low
High Vs Medium
High Vs Low
Medium Vs Low

* p ≤ 0.05;
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Zn
*
*
ns
ns
*
*
*
*
ns
ns
*
*
*
*
ns
*
*
*
*
*
ns
*
*
*

Metal
Pb
*
*
ns
*
ns
ns
*
*
ns
*
*
*
*
*
*
ns
ns
ns
*
*
ns
*
*
ns

Cu
*
*
ns
ns
*
*
*
ns
ns
ns
*
ns
*
ns
ns
*
*
*
*
ns
*
*
*
*

ns p > 0.05
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Source
Treatment
Tissue
Treatment*Tissue
*** p ≤ 0.001; **

Zinc
Lead
Copper
Cadmium
df
F
p df F
p df F
p df
F
p
3
8
*** 3
3
ns 3
2
ns 3 103 ***
4 935 *** 4 71 *** 4 100 *** 4
65 ***
12
2
* 12 0.5 ns 12 1
ns 12 11 ***
p ≤ 0.01; * p ≤ 0.05;
ns p > 0.05

Total metal
df
F
p
3
8
***
4
934 ***
12
6
*
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Supplementary Table 4: Factorial ANOVA, of individual tissue metal accumulation for treatment and tissue types of H. australis after 28 days
exposure to sediments from metal contamination gradient in the Molonglo River channel.

