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ABSTRACT
A combination of toxicity testing using the freshwater shrimp Caradina indistincta and modelling of metal speciation has 
been used to assess water quality requirements for mine pit water releases from the Mt Morgan gold and copper mine site in 
Central Queensland to the Dee River. Analysis of the mine pit water indicated concentrations of some metals (730 mg/L Al, 35 
mg/L Cu, 25 mg/L Zn) were several orders of magnitude above the Australian water quality guideline trigger values. Dilution 
of the mine pit water (pH 2.9) with Fletchers Creek (pH 8.3) water (a tributary of the Dee River) resulted in neutralisation 
to pH 5.3 and pH 6.4 at 1.5% and 0.8% dilutions, respectively, and precipitate formation. At a dilution of 0.8% mine water, 
dissolved concentrations of Al, Cu and Zn were calculated to be approximately 300, 2.5 and 5 times the guideline trigger 
values, respectively. The acute toxicity of the diluted pit water to C. indistincta (96-h exposures) was observed to be very pH 
dependent and was least toxic at pH 6 and most toxic at pH 5. No toxicity was observed at dilutions of 0.8% mine water at 
pH 6 or 7. For waters of pH 4, 5, 6 and 7, LC50 values of 1.8, 5.7, 20.5 and 12.9% pit water were determined, respectively. 
Calculated metals concentrations indicated that dissolved aluminium would contribute most to the observed toxicity. Speciation 
modelling calculations indicated that the lowest concentrations of bioavailable aluminium would occur at pH 6, consistent 
with waters of this pH being least toxic. The study indicated that neutralisation of pit waters to pH 6 prior for discharge would 
minimise toxicity to C. indistincta. Further testing using species such as algae, water fleas and fish is suggested to better assess 
the impact of the metal-rich waters on metal-sensitive biota.
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INTRODUCTION
Gold and copper were mined at Mt Morgan in Central 
Queensland from 1882 until 1991 (Figure 1). A legacy of 
this activity is significant contamination at the mine site and 
in the adjacent Dee River (http://www.nrm.qld.gov.au/mines/
environment/mt_morgan). The major sources of pollution are 
a significant amount of dissolved metals stored in the open-
cut pit, various overburden heaps and the tailings deposits. 
Due to a groundwater pump-back system, installed to reduce 
impacts of contaminated water seepage from the open cut pit 
into the Dee River, the level of water in the open cut pit was 
rising and the likelihood of overflow to the Dee River during 
storms was increasing. If controlled discharges to the Dee 
River were not made, it was anticipated that the pit would 
eventually overflow, particularly during storms.

Screening of the water from the open cut pit at Mt Morgan 
identified 18 elements that were in excess of either the water 
quality trigger values (ANZECC & ARMCANZ 2000) 
or background concentrations at nearby Fletchers Creek. 
Aluminium, cobalt, copper, cadmium, nickel and zinc were 
the major contaminants in the pit water. The Al, Cu and Zn 
concentrations of 730, 35 and 25 mg/L, respectively, greatly 
exceed the Australian water quality trigger values for these 
metals (ANZECC & ARMCANZ 2000).

Controlled releases of pit water, with or without treatment, 
are a management strategy to reduce the likelihood of 
uncontrolled water releases during events such as storms. 
The dilution of the acidic (pH<3) Mt Morgan pit water with 
alkaline (pH 8) Fletchers Creek water, upstream of the mine, 
may occur during high flow conditions. The mixing of these 
waters will increase the pH of the pit water and result in 
precipitation of large amounts of aluminium and removal 
of trace metals by coprecipitation with, or adsorption onto, 
newly formed iron and aluminium oxide phases. 

Chemical testing may be used to determine dilutions necessary 
to meet water quality guidelines (ANZECC & ARMCANZ 
2000). However, for waters involving complex mixtures of 
contaminants, the trigger values for individual chemicals may 
not be appropriate. Interactions of toxicants in mixtures are 
not easily predicted, with both synergism and antagonism 
between chemicals observed (Franklin et al. 2002). Although 
chemical speciation analyses may benefit the development 
of cause-effect relationships, speciation analyses are often 
difficult to perform. For aluminium, speciation techniques 
that fully characterise the complex speciation are not available 
(Driscoll and Postek 1996; Simpson et al. 1997; Pyrzynska 
et al. 2000), however Al speciation is believed to control 
the bioavailability and toxicity of Al (Witters et al. 1996; 
Gensemer and Playle 1999; Camilleri et al. 2003).
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In this study the toxicity of diluted and undiluted pit water to 
the freshwater shrimp Caradina indistincta (Calman 1926) 
was investigated. Median lethal concentrations (LC50), 
no observable effect concentrations (NOEC) and lowest 
observable effect concentrations (LOEC) of the Mt Morgan 
pit water were calculated. Chemical speciation modelling 
was used to investigate the contaminants responsible for the 
toxicity measured for the diluted water compositions.

MATERIALS AND METHODS

Water samples 
Mount Morgan is located in Central Queensland, Australia 
(Figure 1). In October 2001, a composite sample of the 
open cut pit water (P) was collected adjacent to the spillway 
by pumping water from 50 cm below the water-body 
surface (and from a maximum depth of 50 cm above the pit 
bottom). Reference water, used for dilutions, was collected 
from Fletchers Creek (F), upstream of the weir near the 
convergence with the Dee River. Test waters were stored 

in black plastic containers to reduce biological activity and 
transported to the laboratory within 24 h.

Conductivity, pH, temperature and dissolved oxygen were 
measured in situ at the time of water collection using a water 
quality analyser calibrated prior to use. The composition of 
the waters was analysed by inductively coupled plasma atomic 
emission spectroscopy (ICP-AES) or mass spectrometry 
(ICP-MS) (for cations and metals) and ion chromatography 
(major anions), calibrated for respective samples according 
to instrument instructions. Spike recoveries were undertaken 
to check the accuracy of analyses. Separate analyses were 
conducted for hardness (as CaCO

3
) and dissolved organic 

carbon (DOC).

Test waters
Test waters were prepared by diluting the pit water (P) with 
Fletchers Creek water (F) to give waters compositions of 
100, 33, 20, 11, 5.8, 3.0, 1.5, and 0.8% P. Control waters 
were 100% F (control F) and dechlorinated and oxygenated 
Brisbane tap water (control T). Test waters were aerated by 

Figure 1. Mount Morgan Mine sampling site (A) and point of reference water collection in Fletchers Creek (B).
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air bubbling to achieve O
2
 saturation before use. In total, five 

separate toxicity tests were conducted, with the pH of the 
waters of each set of dilutions either not adjusted or adjusted 
to pH 4, pH 5, pH 6 and pH 7 by addition of dilute (0.1 M) 
NaOH or HCl (both analytical reagent grade). The pH was 
checked daily, throughout the four days of testing.

Bioassay procedure
The freshwater shrimp, Caradina indistincta, collected from 
South East Queensland, was used in the bioassays. Caradina 
spp are widespread and endemic to the Mt Morgan area, 
and therefore ecologically relevant to water quality in the  
Dee River. 

Test methods used were in accordance with standard protocols 
for whole effluent toxicity testing (USEPA 2000) and the 
OECD Guidelines for aquatic toxicity testing (OECD 1995). 
Test containers for the bioassays were 1-litre poly methyl 
pentene (PMP) containers, which were thoroughly washed, 
sequentially, with phosphate-free detergent (2% Extran™), 
dilute HCl (AnalaR, BDH) and copious amounts of deionised 
water prior to use. Bioassays were carried out using static 
methods with 20 animals per dilution distributed between 
two test chambers per dilution to minimise crowding and 
including five dilutions per test plus two controls. Test 
species were not fed during testing. Test waters were kept 
oxygenated by a gentle stream of air bubbling in the top 
of the water throughout the tests. Observations were made 
each 24 h, until the tests were terminated at 96 h. An acute 
response (mortality) was used as the bioassay endpoint. The 
criteria for determining mortality were (i) no movement and 
(ii) no reaction to gentle touch. Temperature, pH, dissolved 
oxygen and conductivity were measured at commencement 
and daily throughout the tests.

Data analysis for the toxicity tests was carried out by using 
a probit transformation on the bioassay data, to enable the 
fit of a linear regression line to the bioassay results (Finney 
1971). Median lethal concentrations and their fiducial limits 
were calculated using the statistical computer package SPSS 
V10 (Norusis 2000). No observable effect concentrations 
(NOEC) and lowest observable effect concentrations (LOEC) 
of the Mt Morgan pit water were estimated from the range of 
concentrations tested and the toxicological responses.

Modelling of metal speciation in test waters
The computer program MINEQL+ (version 4.5) (Schecher 
and McAvoy 1998) was used to calculate metal speciation 
in the bioassay test waters from measured concentrations in 
the source waters. The calculations included the formation of 
solid phases and adsorption of metals to hydrous iron oxide 
phases (Dzombak and Morel 1986). Metal ion adsorption 
to aluminium hydroxide precipitates was not considered in 
the modelling (Violante et al. 2003). The speciation focused 
on aluminium because the concentration of aluminium was 
over an order of magnitude higher than other potentially 
toxic metals and most elevated compared to water quality 
guidelines (ANZECC & ARMCANZ 2000). Concentrations 
of total dissolved aluminium and bioavailable aluminium 
(Al3+, AlOH+, Al(OH)

2
+, Al(OH)

3
, Al(OH)

4
-, AlSO

4
+, 

Al(SO
4
)

2
-) were calculated. Polymeric aluminium species, 

e.g. Al
13

(OH)
32

7+ and solid phases were considered in the 
model (using stability constant data from NIST (1998)). 
The model included complexation of Al by organic matter 
(using the model described by Driscoll and Postek 1996) 
and sorption of metals onto hydrous iron oxides. For the data 
interpretation, aluminium fluoride and organic complexes 
were considered to be non bioavailable (non toxic) (Gensemer 
and Playle 1999).

RESULTS AND DISCUSSION

Chemical characteristics of waters
Water quality parameters and chemical concentrations of major 
ions and metal contaminants in the Mount Morgan mine pit 
and Fletchers Creek waters are shown in Table 1. The pit water 
had very high hardness and sulfate concentrations and low pH 
reflecting acid mine drainage inputs. Concentrations of Al, 
Cd, Co, Cu, Ni and Zn in the pit water were generally several 
orders of magnitude above water quality guideline trigger 
values (ANZECC & ARMCANZ 2000). The concentration 
of Ag, Hg, Pb and Sb were less than 1 µg/L in the pit water. 
The Fletchers Creek water had low metal concentrations and 
was of high hardness (155 mg/L CaCO

3
).

Total concentrations of the potentially toxic metals in the 
test water dilution series and their associated water quality 
guideline trigger values for disturbed freshwater systems 
(90% protection level; ANZECC & ARMCANZ 2000) are 
shown in Table 2. Increasing water hardness has been found 
to alleviate the toxic effects of trace metals due to increased 
competition from Ca and Mg for binding sites where toxic 
effects occur (Gensemer and Playle 1999; Markich et al. 
2001). The guideline trigger values shown in Table 2 are 
for a very hard water (200 mg/L CaCO

3
, i.e. 1.5% mine 

water). According the hardness-dependent algorithms of 
the guidelines, multiplier factors of 5.4 for Cd and 5.0 for 
Cu, Ni and Zn are applied to the trigger values. No hardness 
adjustment is made for Al, Co and Mn. The guideline value 
for Al is pH dependent (0.001 µg/L for pH <6.5, 0.08 µg/L for 
pH >6.5) and is considered to be of low reliability (ANZECC 
& ARMCANZ 2000). 

Following dilution of the acidic (pH 3) pit water with alkaline 
(pH 8.3) Fletchers Creek water, the pH of the waters increased 
significantly (Table 2). At a dilution of 0.8% mine water, 
total concentrations of Al, Cu and Zn were >1000, 60 and 
5 times the guideline trigger values, respectively. While the 
undiluted pit water was clear and a light amber colour, visible 
precipitates formed in the diluted and pH-adjusted waters 
prepared for the bioassays. The water above the precipitates 
was clear and colourless.

Toxicity of the test waters to C. indistincta
Throughout the 96-h bioassay test period, the test water 
temperatures were 21.5 ± 0.5°C and dissolved oxygen 
(checked every 24 h) remained within acceptable limits 
(OECD 1995). One hundred percent survival of shrimps was 
observed in laboratory controls.
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Table 2. Calculated total metal, DOC and hardness concentrations (mg/L) and measured pH in test waters.

Table 1. Water quality parameters and composition of Mount Morgan mine pit and Fletchers Creek waters.

The lethality of the test waters to C. indistincta increased 
with increasing exposure time. The toxicity of the pit water 
decreased with increasing dilution and was least toxic at pH 
6. Test water pH had the greatest effect on water toxicity. 
Table 3 shows the LC50 values, expressed as percentage of 
pit water (diluted with Fletchers Creek reference water). Test 
waters of the same dilution were most toxic at pH 4 and least 
toxic at pH 6 (highest LC50 value) (Figure 2). At pH 6 the 
calculated LC50, LOEC and NOEC values were 21, 11 and 
5.9 percent pit water, for 48-96-h exposures, respectively. 
The toxicity of the dilution series with no pH adjustment 
(pH values given in Table 2) was similar to that observed for 
the dilution series adjusted to pH 4 based on overlap of the 
confidence intervals for both time periods (Table 2). At pH 
4 and 5 significant toxicity was observed at the most dilute 
(0.08%) pit water.

Speciation calculations 
The speciation calculations predicted that precipitation would 
occur of iron and manganese at pH>3 (as oxyhydroxide 
phases, e.g. FeOOH, MnO(OH)

2
), aluminium at pH>5 (as 

Al(OH)
3
), and of copper at pH>6 (as Cu(OH)

2
, Cu

2
CO

3
(OH)

2
 

or Cu
4
SO

4
(OH)

6
). Table 4 shows the predicted speciation 

of aluminium and copper in the test waters at pH 5, 6 and 
7. These calculations predicted that the majority of the 
aluminium would precipitate in the waters at pH 6 and 7, 
however for all dilutions, the concentrations of dissolved 
aluminium remained above the guideline trigger value of 
0.08 mg/L (90% protection of waters pH>6.5). The speciation 
calculations predicted that complexation of aluminium 
by DOC in the waters was greatest at pH 6, but decreased 
at higher pH due to the increased formation of Al(OH)

4
-. 

Model calculations that included polymeric aluminium 
species (Al

2
(OH)

2
4+, Al

3
(OH)

4
5+ and Al

13
(OH)

32
7+) predicted 

that the Al
13 

species would dominate aluminium speciation 
for pH>5. However, it is generally believed that polymeric 
species are transient intermediates in the formation of 
Al(OH)

3(s)
, and at equilibrium only mononuclear Al and 

Al(OH)
3(s)

 will exist (Gensemer and Playle 1999; Witters et 
al. 1996). Polymeric aluminium species were not included 
in the calculations shown in Table 4. However, transient Al

13
 

may have contributed to the higher toxicity of the pH 5 test 

Toxicity assessment of acid mine water Chapman and Simpson

Vol. 11, pp. 93-99, 2005



97

AUSTRALASIAN JOURNAL OF ECOTOXICOLOGY

Table 4. Speciation of aluminium and copper in waters predicted from modelling calculations.

Table 3. Cumulative toxicity to Caradina indistincta. LC50s, 
NOECs and LOECs a, b as percentage of pit water.

waters for shorter (24-h, 48-h) exposure times compared to 
longer exposure periods and to waters of pH 4 in which Al

13
 

is not predicted to form.

The calculations predicted that dissolved copper concentrations 
were above the guideline trigger value of 9 µg/L (hardness 
adjusted, ANZECC & ARMCANZ 2000) for all dilutions 
and all pH values. Although dissolved copper may have 
contributed to the observed toxicity, aluminium was expected 
to have caused a greater portion of the toxic effects. 

Total manganese concentrations were also above guideline 
concentrations (Table 2), however dissolved manganese 
concentrations were predicted to be low due to precipitation of 
manganese oxyhydroxide phases. In the test waters comprising 
0.8% mine water (pH 6.4), dissolved concentrations of Al, Cu 
and Zn were predicted to be 300, 2.5 and 5 times the guideline 
trigger values, respectively (Table 4).

Factors controlling aluminium-induced water 
toxicity
Toxicity of aluminium is known to vary considerably 
depending on the physical and chemical properties of the test 
water (Markich et al. 2001). Conductivity, pH, temperature, 
dissolved oxygen, dissolved organic carbon and the presence 
of substances such as fluoride and silica, have been observed 
to alter the toxic effect of aluminium (Camilleri et al. 
2001; Parent and Campbell 1994). Aluminium has been 
observed to be most toxic over the pH range 4.4 – 5.4, with 
a maximum toxicity occurring around pH 5.0 – 5.2 (Parent 
and Campbell 1994). The inorganic monomeric aluminium 
species (Al(OH)

2
+) is thought to be the most toxic (Driscoll 

et al. 1980). Polymeric aluminium species form quickly in 
solution, particularly when acidic solutions containing high 
aluminium concentrations are neutralised (Gensemer and 
Playle 1999). Al

13 
has a high affinity for gill tissue in aquatic 

organisms (particularly fish) and could be indirectly lethal 
due to smothering effects rather than direct toxicity (Witters 
et al. 1996; Gensemer and Playle 1999).

Figure 3 shows the LC50 values calculated for the 96-h 
bioassay exposures, and dissolved aluminium concentrations 
in the most dilute (0.8%) pit water, as a function of water 
pH. The speciation calculations predicted that total dissolved 
aluminium concentrations decrease rapidly to a minimum 
near pH 6. The toxicity of the pH 7 waters was greater than 
the pH 6 waters. This is consistent with the model calculations 
which show increased formation of the monomeric aluminium 
species Al(OH)

4
- with increasing pH (comprising <10% and 

>80% of monomeric aluminium at pH 6 and 7, respectively). 
The decrease in aluminium toxicity to a minimum at pH 6 
is consistent with the free (Al3+) hydroxy aluminium species 
(Al(OH)

n
(3-n)+) being the main contributors to aluminium 

toxicity.
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Greater interpretation of the toxicity data in terms of 
aluminium speciation is impeded by the transient existence 
of many of the aluminium complexes. The toxic Al

13
 complex 

is thermodynamically unstable with respect to solid phases 
(e.g. Al(OH)

3(s)
), and the toxicity due to polymeric aluminium 

species have been observed to decrease with time as species 
such as Al

13 
precipitate from solution (Witters et al. 1996; 

Gensemer and Playle 1999). Al
13

 may have contributed to 
the toxicity for some water, but only for the shorter time 
periods. All test waters contained considerable amounts of 
aluminium precipitate (e.g. Al(OH)

3(s)
). The effect of this solid 

phase on the observed toxic effects is unknown, however 
fine precipitates may cause disruption of gill function in C. 
indistincta. 

Figure 3. LC50 values calculated for the 96 h bioassay exposures (u) 
and dissolved aluminium concentrations in the 0.8% mine pit water 
are shown as a function of water pH. The three lines represent the 
sum of (i) all dissolved aluminium species, including Al

13
(OH)

32
7+ 

(solid line), (ii) Al(OH)
n

(3-n)+ and Al(SO
4
)

n
(3-2n)+ (dashed line), and 

(iii) Al(OH)
n

(3-n)+ (dotted line).

Figure 2. Percentage mortality for Caradina indistincta after 96-h 
exposure to pH-adjusted test waters expressed as % mine pit water 
(P) diluted with control water from Fletchers Creek (F). Control 
(T) was tap water.

CONCLUSIONS 
Bioassays using the freshwater shrimp, C. indistincta, 
appeared to be promising for determining the toxicity to 
crustaceans of acid mine drainage waters. The toxicity of the 
diluted pit water was observed to be very pH-dependent and 
was least toxic at pH 6 and most toxic at pH 5. The toxicity 
was attributed to the high dissolved aluminium concentrations. 
The study indicated that the toxicity of the Mount Morgan 
mine pit waters to C. indistincta would be minimised if diluted 
to <5% and neutralised (by dilution or otherwise) to pH≥6. 
For pit waters of pH<6, dilutions to <1% would be required 
to minimise toxicity. Metal speciation calculations indicated 
that dissolved aluminium and copper would contribute most 
to the observed toxicity. Further testing using species such 
as algae, water fleas and fish is suggested to better assess the 
impact of the metal-rich waters on metal-sensitive biota. 
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