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Abstract
During the twentieth century, inadequate management of mine waste at the Mount Lyell Copper Mine affected the ecology of 
the Queen–King Rivers and Macquarie Harbour, western Tasmania, Australia. Over the past two decades, the water quality 
of the river system has been measured semi-annually to investigate the long-term hydrochemical and environmental impacts 
caused by these historical mine practices and the waste associated with the Mount Lyell mine to the Queen–King Rivers. At 
sample sites below the confluence of Haulage Creek, the water pH was below pH 3.5, remaining below pH 5 across all sites 
to Macquarie Harbour. Local baseline rivers ranged from pH 4.0 to 8.4. Elemental concentrations of dissolved metals in water 
samples downstream of Haulage Creek were above the Australian and New Zealand Environment and Conservation Council 
(ANZECC) water quality guidelines. Copper, Fe, and Zn were not attenuated along the length of the river, with concentra-
tions remaining elevated to the King River Delta. Mineralogical analyses demonstrated secondary minerals in sediments 
at Haulage Creek and pyrite concentrated at the King River Delta. Static tests on mining-affected sediments indicated risk 
of AMD and metal(loid) leaching in the river system. Since 2016, after flooding of the Prince Lyell mine, dissolved metal 
levels in the Queen–King Rivers have decreased; however, concentrations remain above guidelines. Almost three decades 
after legacy mine waste disposal ended, it still poses a long-term risk to the downstream environment, implying that without 
effective management of these historical mine wastes, the Queen–King Rivers will continue to be severely impacted.
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Introduction

Acid mine drainage (AMD) generates pollution from geo-
genic sources as well as anthropogenic activities that con-
tinues to be an important environmental problem, with 
mitigation of their impacts remaining a challenge glob-
ally (Sheoran and Sheoran 2006). The United Nations has 
emphasised the significance of this environmental chal-
lenge by acknowledging it as the second greatest global 
issue after human-induced climate change (Qian and Li 
2019). One of the most significant AMD cases in Aus-
tralia is associated with the Mount Lyell copper mine 
in Queenstown, western Tasmania. From 1893 to 2014, 
Cu, Ag, and Au were extracted and processed at Mount 
Lyell. Between 1893 and 1994, mineral processing was 
initially achieved via pyrite smelting (until 1969) and then 
via flotation (initiated in 1916) to preconcentrate copper 
(McQuade et al. 1995). By-products of these operations 
included: atmospheric release of sulfur dioxide  (SO2) 
fumes and large volumes of AMD, smelter slag, waste 
rock, and tailings (McQuade et al. 1995), which were dis-
posed of into Haulage Creek (Fig. 1) leading to contamina-
tion in the Queen–King River system. During operations, 
the disposal of mine wastes from Mount Lyell into the 

receiving environment was considered the highest con-
tinuous mine-sediment discharge into any river system in 
Australia (Olive and Reiger 1986).

While tailings discharge stopped in 1994, the mine 
wastes still remain in the overbanks and bottom of the 
Queen and King Rivers (Locher 1997). It is estimated 
that 10–87 million tonnes (Mt) of mining-impacted sedi-
ments have accumulated at the King River Delta and in 
the surrounds of Macquarie Harbour (Augustinus et al. 
2010; Locher 1997). Taylor et al. (1996) investigated how 
the acid and metals release by these waste deposits have 
affected the river system, but the short-term period of the 
survey (6 days) prevented a detailed long-term assessment 
of this complex, dynamic, and evolving hydrogeochemi-
cal system and its chemical processes. Additionally, other 
authors performed extensive research in the area prior to 
(EGI 1991, 1993; Mt Lyell 1990) and after tailings dump-
ing ceased in 1994 (Davies et al. 1996; Klessa et al. 1997; 
Locher 1997). Although providing basis for the character-
istics of the Queen–King Rivers, these studies do not give 
information on the current conditions of the river. Investi-
gation into the rivers water quality and sediment chemistry 
would also benefit from methods currently available, such 
as paste pH and NAG pH tests.
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For the past 2 decades (2001–2021), researchers from 
the University of Tasmania (UTAS) have monitored the 
water chemistry of the Queen–King River system by sam-
pling 13 locations annually. Based on the observations of 
this long-term monitoring project, this study aims to: (i) 
assess long-term trends in water quality [i.e. pH, electri-
cal conductivity (EC), and metal(loid)s]; (ii) characterise 
the geochemistry and mineralogy in the river sediments; 
(iii) determine the variation of physico-chemical param-
eters along the Queen–King River system; and (iv) assess 
the potential of tailings to generate AMD using static 
tests. The present study provides an up-to-date study on 
the condition of the Queen-King River system as well as 
longitudinal data to evaluate the long-term environmental 
effects of mine waste disposal on the Queen–King River 
system. These findings aim to provide useful long timeline 
data that will help identify appropriate remediation strate-
gies and inform future environmental management of mine 
sites in western Tasmania.

Study Location, Mining History and Geology

Mining operations at Mount Lyell were initiated in 1893 and 
ceased in 2014. The Mount Lyell Mining & Railway Com-
pany (MLMRC) operated from 1893 to 1994. In 1995, the 
mine was taken over by Gold Mines of Australia, which was 
later renamed Copper Mines of Tasmania (CMT). Since then, 
operations carried out by CMT have been highly regulated and 
to date, operated to best practice as required by their licenses. 
For more information about Mount Lyell mining operations, 
geology, waste characteristics, regulations, and climate of the 
region, refer to the Supplementary File.

Materials and Methods

Field Sampling and Sample Preparation

The Queen–King River system and the King River Delta 
were sampled at 13 sites semi-annually from 2001 to 2021 

A

B

C

Fig. 1  A Map of Australia; B map of Tasmania showing Queenstown 
where the Mount Lyell mine is located; C Mount Lyell mine situ-
ated north of Queenstown. The Queen River system is displayed in 
blue, and the King River system is displayed in red. The King River 
delta is located at the confluence with Macquarie Harbour. The Prin-
cess Creek tailings dam built by Copper Mines of Tasmania (CMT) 
and the power station that dammed the King River are also shown. 

Sampling locations: (1) West Queen River; (2) East Queen River; (3) 
Mine Entrance; (4) Queen above Haulage Creek; (5) Haulage Creek 
(HC); (6) Queen below Haulage Creek; (7) Austin St Park; (8) Golf 
Club; (9) Lynchford; (10) King River above Queen River; (11) Bank 
D; (12) Bank A; (13) King River delta. Triangles represent baseline 
waters (sites 1 and 10)
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(n = 16), typically in September (i.e. spring). Note that data 
are scarce in the early years (i.e. from 2001 to 2006) and 
only few parameters [i.e. pH and dissolved metal(loid)s] 
were measured at sites 4, 5, and 6. From 2007, water qual-
ity measurements were taken yearly (excluding 2010) at all 
sites (except when conditions were adverse). Water samples 
were routinely collected using grab samples, both up and 
downstream of the confluence with the mining discharge 
(Figs. 1 and 2). Two unimpacted sites (sites 1 and 10) were 
sampled to establish baseline water quality for the region. 
At each location pH, Eh, EC, and metal(loid) concentrations 
were measured. All data are provided in supplemental Table 
S-2. In 2018, sediment grab samples from the rivers were 
also collected at the same locations for mineralogical and 
geochemical analysis except at Bank D (site 11).

Water quality was measured in the field using calibrated 
portable devices. Values of pH and temperature were 
obtained using an Eutech PC 450 portable device that was 
calibrated before analysis to pH 4 and pH 7. Electrical con-
ductivity was measured using a WP-84 Conductivity-TDS-
Sal-Temp instrument and calibrated before measurements 
against certified EC standards (1413 and 12,880 µS/cm). 
A Milwaukee MW 500 portable device was used to meas-
ure Eh. Flow rate was assessed using a Global Flow Probe 
(FP101–FP201). After each measurement, water samples 
were collected and filtered through 0.45 µm PES filters to 
differentiate between dissolved and particulate components 
(although some researchers suggest 0.2 µm enables a better 
discrimination, even 0.1 µm for Al; Baird and Bridgewater 
2017). Samples were then placed into 50 mL HDPE bottles 
and were acidified with 1 mL of 1%  HNO3 to a pH of < 2. 
Samples were kept refrigerated prior to later metal(loid)s 
analysis at the University of Tasmania (UTAS) laboratories.

Sediment samples were collected and, on return to the 
UTAS laboratories, were dried in a furnace at 40 °C for 
several days. Oversized material (> 4 mm) was crushed, 
with samples milled in a chrome steel ring mill for 3 min 
(to < 75 µm) to obtain a homogenous material for geochemi-
cal analysis and static tests.

Geochemical and Mineralogical Analysis

Dissolved metal(loid)s in collected water samples were 
measured using sector field inductively coupled plasma 
mass spectrometry (SF-ICP-MS). Over the duration of this 
study, two instrument models were employed, “Element 1” 
and “Element 2” (Thermo Fisher, Bremen, Germany). Both 
instruments possessed multiple resolution settings enabling 
interference-free determination of low mass isotopes rele-
vant to this study (Townsend 1999, 2000). Indium was added 
to all samples as an internal standard, with quantitation via 
external calibration. Instrument performance and calibration 
accuracy were verified each analytical sequence through the 
routine analysis of external certified reference waters. For 
example, the average accuracy of aluminium (Al), cadmium 
(Cd), cobalt (Co), copper (Cu), iron (Fe), nickel (Ni), lead 
(Pb), and zinc (Zn) measured in NIST 1640a Trace Elements 
in Water over 10 years was 100 ± 4%. Given the high matrix 
load and variable acidity/salinity of collected waters, sam-
ples were typically diluted by a factor of 50 prior to analysis.

Bulk element composition (trace: As, Cd, Cu, Ni, Pb, 
Zn) of the sediment samples was assessed using a portable 
X-ray fluorescence (p-XRF) device (Vanta handheld XRF 
analyser) in soil mode. This handheld device was calibrated 
at the start of each analysis session. In-house rock standard 
TASBAS (basalt) and international standard reference mate-
rials GXR4/541 (Cu mill head powder) and RTS-3 (sulfide 
ore mill tailings) were assessed at the beginning and end 
of each analysis period. Analysis for total N, C, H, and S 
was determined using a Thermo Finnigan EA 1112 Series 
Flash Elemental Analyser. Between 7 and 10 mg of sample 
were weighed into tin capsules using a Sartorius SE2 ultra-
microbalance with an accuracy of 0.1 ug. Combustion of the 
pressed tin cups was achieved in ultra-high purity oxygen 
at 1000 °C using tungsten oxide on alumina as an oxidis-
ing agent, followed by reduced copper wires as a reducing 
agent. Results were generated following calibration against 
a certified sulphanilamide standard.

The water quality guidelines applied in this study (pH, 
EC, dissolved metals) are defined by ANZECC (supplemen-
tary Table S-3; ANZECC 2000). Note that trigger values 
(concentrations that, if exceeded, would indicate a potential 
environmental problem) for Al, Cu, and Zn are for aquatic 
freshwater (90% species protection). Cobalt and Fe have 
insufficient data to derive reliable trigger values for fresh-
water (ANZECC 2000), so irrigation water elements trigger 
values were used.

Mineralogical analysis of river sediments (n = 12) was 
performed by powder X-ray diffraction (XRD) using a 
benchtop Bruker D2 Phaser X-ray diffractometer (Bruker 
AXS GmbH, Karsruhe, Germany). Prior to analysis, each 
sample was spiked with ≈10% by total sample mass of 
pure corundum powder and milled with an agate pestle and 

Fig. 2  A Schematic of inputs and sampling locations of the Queen–
King River system with numbers representing sites displayed in 
Fig. 1. Sites shown in order from above the mine site (1–West Queen) 
to 13–Macquarie Harbour. West Queen (1) and King River above 
Queen (10) sites represent baseline waters. Site 10 dilutes AMD. 
Clear signs of AMD are observed at Haulage Creek (5) and down-
stream (6–9). Juncus pallidus, a species usually observed at impacted 
mine sites across Tasmania, is detected at Bank D (11). Tailings 
deposited on the King River Delta in Macquarie Harbour (13) is 
shown

◂
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mortar to < 10 µm. The samples were analysed for 30 min 
between 4° and 90° 2θ with 0.02° step size and count-
ing 0.5 s per step. Mineral phases were identified using a 
Bruker DIFFRAC.EVA software package and the PDF-2 
(2012 release) powder diffraction file database. Mineral 
abundances were quantified using TOPAS Rietveld analysis 
software (version 4.2).

The mineral morphology of river sediments samples 
(n = 4) was examined by scanning electron microscopy 
(SEM). A Hitachi SU-70 field-emission scanning electron 
microscope (FE-SEM) fitted with a five-segment solid state 
BSE detector and an Oxford Instruments Aztec EDS sys-
tem equipped with an x-max 80 SDD EDS detector was 
used with the operating volume set at 1.5 kV for imaging. 
Polished grain mounts (3 cm diameter) were carbon-coated 
prior to analysis. Oxford Aztec software was used to assist 
data processing.

Static Tests

Paste pH and advanced net acid generating (NAG) tests 
(Weber et al. 2006) were undertaken using a calibrated 
Eutech PC 450 portable device on pulverised samples to 
evaluate the acid-producing nature of collected river sedi-
ments. For paste pH, 20 mL of deionised water was added 
to 10 g of samples at a solid to water ratio of 1:2 (w/w) 
and stirred. The slurry was allowed to stand overnight and 
subsequently the pH was measured directly in the slurry, 
following the methodology outlined by Smart et al. (2002). 
The NAG test involved the addition of 250 mL of  H2O2 to 
2.5 g of pulverized sample as per Smart et al. (2002). Total 
sulfur was analysed prior to NAG testing to estimate the 
 H2O2 concentration required. Samples with < 0.3% S had 
15%  H2O2 added, while samples with > 0.3% S were treated 
with 30%  H2O2.  H2O2 was added in three stages to ensure 
complete sulfide oxidation:

1. 100 mL of  H2O2 was added to samples and left for 2 h;
2. A further 100 mL of  H2O2 was added and left for another 

2 h;
3. Finally, 50 mL of  H2O2 was added to the mixture and 

was left to react overnight.

The following day, the samples were gently heated to 
accelerate the oxidation of the remaining sulfides. When 
cool, the NAG pH was measured, and the leachates were 
collected and filtered with 0.45 µm PES filters into 50 mL 
HDPE bottles prior to SF-ICP-MS analysis.

Mass Loads Estimation of Metals

The mass loads (ML, kg·day−1) of metals in the Queen–King 
River system were calculated by:

where ML is the calculated mass load (mg·time  unit−1), 
Q is the flow rate (litres·time  unit−1) in the Queen–King 
River system and C is the concentration (mg·L−1) of metals. 
Because the flow rate was measured in m·s−1, conversion 
into volume was required:

where W is the width of the river (m), D is the depth of the 
river (m), and F is the measured flow rate (m·s−1). Substi-
tuting Eq. (2) in (1) and converting mg·s−1 into kg·day−1, 
the estimated daily metal mass load in a sample site of the 
Queen–King River system is:

Statistical Analysis

Box plots were built for descriptive statistics of the 
Queen–King River system water quality, using ioGAS-64 
software version 6.3. Correlation matrix was built using 
the Spearman method to obtain the association between 
metal(loid)s measured in sediments by pXRF. The correla-
tion matrix was generated with the same software.

Results

The following sections present the main results obtained in 
this study considering samples collected over the past two 
decades from the Queen–King River system. Results are pre-
sented for stream sediments, providing geochemistry and 
mineralogy of the river sediments, followed by water qual-
ity measurements [pH, EC, Eh, and dissolved metal(loid)
s], and finally characterisation of the AMD potential of the 
sediments and waters.

Stream Sediments

Geochemical Characteristics

Elemental concentrations of metal(loid)s of the Queen and 
King Rivers sediments measured by pXRF are displayed 
in Fig. 3 and supplemental Table S-4. Concentrations are 
compared to ANZECC interim sediment quality guide-
lines (ISQG), which contain two alert concentrations (i.e. 

(1)ML = Q ∗ C

(2)Q
(

L ⋅ s−1
)

= 1000 ∗ W ∗ D ∗ F

(3)ML(kg ⋅ day−1) = 86.4 ∗ W ∗ D ∗ F ∗ C
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ISQG-low and ISQG-high, supplemental Table S-5). The 
King River above the Queen River sample (site 10, uncon-
taminated) contained concentrations of As (3 mg⋅kg−1), 
Cu (60 mg⋅kg−1), Pb (25 mg·kg−1), and Zn (40 mg·kg−1) 
below the ISQG-low values (ANZECC 2000). Base-
line concentrations in the West Queen River sample 
(site 1) exhibited metal concentrations above the ISQG-
High guideline (Cu = 1350 mg·kg−1; Pb = 870 mg·kg−1, 
Zn = 3570 mg·kg−1). Arsenic was below the ISQG-High 
value throughout the river, except at the delta (site 13), 
where its concentration was 80 mg·kg−1. Copper concentra-
tions were above the ISQG-High values in the entire extent 
of the Queen and King River (besides site 10), with contents 
ranging from 345 mg·kg−1 at the East Queen River (site 2) 
to 5000 mg·kg−1 at Austin St. Park (site 7). Lead concen-
trations fluctuated in sediment samples, ranging from con-
centrations below detection limits downstream of Haulage 
Creek (site 6) to 870 mg·kg−1 at the West Queen River (site 
1), exceeding ISQG-High values at sites 1, 4, 7, 8, and 9. 
Similarly, Zn concentrations varied spatially with sites 1, 4, 
7, 8, and 9 exceeding ISQG-High values. Zinc values ranged 
from 35 mg·kg−1 downstream of Haulage Creek (site 6) to 
3570 mg·kg−1 at the West Queen River (site 1). Lead and Zn 
showed similar trends of spatial distribution.

Concentrations of As, Cu, Pb, and Zn were plotted against 
sulfur (S) and Fe (Fig. 4) to examine their spatial distribution 

in the Queen–King River system and potential mineral hosts. 
The greatest S concentration is observed in the delta samples 
(site 13), where high amounts of pyrite is present (Table 2). 
As and Cu are also high concentrations at this location. Iron 
appears enriched at Haulage Creek and downstream (sites 
5 and 6), whereas these sites are depleted in Cu, Pb, and Zn 
when compared to sites 7 and 8. Arsenic typically increases 
with increasing S and Fe and is highly correlated with both 
metals (Fig. 4, Table 1). Lead and Zn concentrations are 
linked, displaying similar trends with regards to S and Fe.

Mineralogical Characterisation

Field observations indicate clear waters with tannins and 
uncoated pebbles in the West Queen River and the King 
River above Queen River (Fig. 2, sites 1 and 10). Haulage 
Creek and locations downstream contain Fe-coated pebbles 
and sand to fine sand particles with clear signs of AMD as 
observed from Fe precipitates [“yellow boy”, Fig. 2(5–9)]. 
The tailings-rich sediment deposited in Macquarie Harbour 
are sand-sized with visible organic matter (e.g. leaves and 
twigs), slag, and grains of pyrite.

Semi-quantitative XRD analysis of mineralogy from all 
the sampled sites is presented in Table 2. The King and 
Queen Rivers are dominated by sediments consisting of 
(in decreasing order of significance) quartz, muscovite, 

C

A

D

B

Fig. 3  Metal(loid)s content (mg.kg-1; measured by p-XRF) in stream 
sediments at the Queen–King River system. Triangles are baseline 
waters (sites 1 and 10). ANZECC (2000) ISQG-Low and ISQG-
High values indicated by dash lines for comparison. Site numbers are 

shown and represent the locations addressed on Fig.  1. Distance is 
from each location to Haulage Creek (HC), where tailings and efflu-
ent discharge occurred. Site 10 is located in the upper King River, not 
downstream of Haulage Creek
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chlorite, and ferrihydrite. Pyrite is the major sulfide phase 
at sites 7 (5 wt%) and 13 (18 wt%). Secondary minerals 
such as goethite and hematite were identified, especially at 
and downstream of Haulage Creek (sites 5 and 6), where 
goethite appears as the primary mineral phase (Table 2). 
Trace amounts of chalcopyrite were observed at sites 7, 8, 

and 13, corresponding to the increased Cu concentrations 
observed in the bulk sediment (Fig. 3). No carbonates were 
observed within these sediments.

Grain morphology, particle size, sphericity, and min-
eral associations of sulfide minerals (pyrite and chalcopy-
rite) within the sediments were examined with the SEM. 

A B

DC

E F

HG

Fig. 4  Concentrations of As, Cu, Pb and Zn (mg.kg-1; measured by XRF) against S (wt%) and Fe (mg.kg-1) for the Queen–King River sedi-
ments
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Iron-bearing minerals were found to rim finer pyrite grains 
(50 µm diameter, Fig. 5A) at Haulage Creek. Framboidal 
pyrite (20 µm diameter, Fig. 5B) was observed at Haulage 
Creek as well as pyrite encapsulated by quartz (Fig. 5C). 
At depths greater than 0 to 10 cm below the delta surface, 
coarser grains of moderately angular, liberated pyrite (i.e. 
not associated with other minerals) were encountered 
(150 µm diameter, Fig. 5D). Finer pyrite grains were also 
observed in association with chlorite. Fine grains of chalco-
pyrite (30 µm diameter) encapsulated by weathered chlorite 
(Fig. 5E) and iron oxide coating (Fig. 5F) on mineral grains 
were observed in shallow sediments.

Given the limitations of XRD for the identification 
of mixed grains of poorly crystalline or nanocrystalline 
phases, high amounts of unknown/amorphous material were 
reported (Table 2). The mineralogy of the fine-grained sedi-
ment at Haulage Creek and the King River Delta (sites 5 and 
13) were further investigated by SEM–EDS (Figs. 5 and 6 
and Supplementary Fig. S-1). Mineral chemistry shows Fe 
ranging from 50 to 72 wt%, O from 27 to 42 wt%, and S up to 
6 wt%. This chemical composition and morphology suggests 

that these grains are Fe-oxyhydroxysulphate, normally pre-
cipitated at AMD sites (e.g. schwertmannite, jarosite, and 
ferrihydrite) that latter transform to more crystalline phases 
(i.e. hematite and goethite; Durocher and Schindler 2011; 
España 2007; Guo and Barnard 2013; Williamson et al. 
2006). However, the mineralogy of these authigenic mixed 
materials were inconclusive as SEM also poses certain limi-
tations in accurately distinguishing Fe-oxyhydroxysulphate, 
including alteration through heat or dehydration of samples, 
lack of H quantification in EDS spectra, small differences 
in Fe–O ratios, and interaction with neighbouring particles.

Water Chemistry

Physiochemical Parameters

At the West Queen River (site 1), the median pH is 6.0 
(supplementary Table S-2) with a low value measured in 
2021 (i.e. pH = 4). At the King River above Queen (site 
10), the pH ranges from 5.7 to 8.4. These baseline waters 
displayed the lowest EC with median 0.09 and 0.07 mS/
cm values, respectively (Fig. 7G). Site 1 had the lowest 
Eh median of the region, calculated as 193 mV (Fig. 7H). 
Site 10 showed an Eh median of 287 mV. The effect of the 
tailings discharge is apparent at East Queen River (site 
2), the first site post outfall, where the pH drops markedly 
below 4. Increases in pH is represented by outliers at sites 
2 and 3 (i.e. 2019 and 2017, respectively), still showing 
acidic conditions. Higher oxidizing conditions are noted 
at site 2, with an Eh median of 500 mV.

At Haulage Creek (site 5), low pH values were consist-
ently recorded over the past decades (2.2–3.8; Fig. 7F). 
The median EC was the highest of the studied area (4.9 

Table 1  Correlation Matrix of metal(loid)s measured in sediments in 
2018 by pXRF

  As Cu Fe Pb S Zn 
As 1      

Cu 0.66 1     

Fe 0.88 0.42 1    

Pb 0.3 0.51 0.064 1   

S 0.88 0.57 0.71 -0.22 1  

Zn 0.24 0.69 0.042 0.92 0.073 1 

Table 2  Bulk mineralogy (measured by XRD in wt%.) of stream sediments of the King and Queen Rivers and delta (BDL = below detection 
limits of < 0.2%)

Location numbers are shown and represent the sites addressed on Fig. 1

Mineral Formula 1 2 3 4 5 6 7 8 9 10 12 13

Quartz SiO2 37.6 58.0 58.5 59.5 22.6 8.1 39.0 43.2 52.2 59.0 40.0 29.0
Muscovite KAl2(AlSi3O10)(OH)2 6.6 12.0 15.0 10.2 4.1 1.1 8.0 10.3 5.9 9.3 8.0 6.7
Chlorite Mg5Al(AlSi3O10)(OH)8 3.7 8.6 9.0 6.1 5.6 4.5 6.6 8.0 7.0 3.7 8.3 9.4
Ferrihydrite Fe3+

10O14(OH)2 1.7 3.1 3.0 2.5 1.4 0.5 2.3 2.7 2.7 2.3 3.0 2.4
Albite NaAlSi3O8 3.7 0.8 6.0 2.0 BDL BDL 2.0 0.8 BDL 3.5 0.3 BDL
Goethite α-Fe3+O(OH) BDL BDL BDL BDL 22.0 21.0 0.3 BDL 0.3 BDL 0.2 BDL
Magnetite Fe2+Fe3+

2O4 0.2 0.5 0.4 0.6 1.0 1.6 1.1 0.5 0.7 0.2 0.9 0.9
Hematite Fe2O3 BDL 1.2 BDL 0.2 0.2 BDL 0.8 0.2 0.3 0.9 0.0 1.7
Jarosite KFe3+

3(SO4)2(OH)6 0.2 BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 0.2
Pyrite FeS2 BDL BDL 0.4 BDL 0.2 0.7 5.0 1.7 BDL BDL 0.3 17.7
Chalcopyrite CuFeS2 BDL BDL BDL BDL BDL BDL 0.5 0.3 BDL BDL BDL 0.2
Pyrophyllite Al2Si4O10(OH)2 BDL 2.0 BDL 1.4 BDL BDL BDL BDL BDL BDL BDL BDL
Unknown 46.3 14.2 8.0 17.5 43.1 62.4 34.7 32.5 30.7 21.3 39.2 32.0
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mS/cm), ranging from 0.9 to 7.5 mS/cm (Fig. 7G). Below 
Haulage Creek (site 6) to Lynchford (site 9), there was 
a slightly decrease in acidity; however, the pH remained 
below 4. Additionally, from site 5 to site 9, higher Eh 
values were recorded, with medians from 468 to 493 mV.

At site 11, the pH was found to increase compared to 
upstream locations. Although the pH varied in the past dec-
ade below the junction of the Queen with the King River, a 
low median pH was observed (pH < 4.5), indicating that the 
effect of the tailings discharge remains, and the King River 
displays acid characteristics. High salinity from sea water 
contributes to Macquarie Harbour samples displaying the 
greatest EC variation (Fig. 7G), with a minimum of 0.02 
mS/cm and maximum of 11.1 mS/cm from 2008 to 2021. 
A decrease in Eh was noticed, with median values ranging 
from 334 mV at site 11 to 260 mV at site 13.

Dissolved Metals in Stream Waters

The dissolved metals in Fig. 7A–E (i.e. Al, Co, Cu, Fe, 
Zn) were selected for water quality assessment, based 

on their higher concentration in the river, their environ-
mental concerns and potential health hazards, and their 
economic value (e.g. Co, Cu). Distribution of data indi-
cates similar trends for all dissolved metals analysed. 
Their lowest concentrations were noted at baseline 
sites 1 and 10 (Fig. 7). Metal concentrations increase 
between site 2 and 4, reaching peak levels at Haulage 
Creek, where Al, Co, Cu, Fe, and Zn contents were in 
the ranges of 70–180 mg·L−1, 1–3 mg·L−1, 11–70 mg·L−1, 
195–1200 mg·L−1, and 2–13 mg·L−1, respectively. Water 
samples collected in 2016 displayed the lowest concentra-
tions for Al (98 mg·L−1), and Fe (220 mg·L−1) when the 
highest pH (3.0) was documented in Haulage Creek. Metal 
concentrations remain high downstream of Haulage Creek 
to Lynchford. Cobalt is observed to be above Australian 
guidelines (ANZECC 2000) from Haulage Creek (site 5) 
to Lynrd (site 9), while Al, Cu, Fe, and Zn exceed guide-
lines at all sampling locations.

The calculated mass load of Co and Cu entering the 
Queen and King Rivers are given in Supplemental Table 
S-2. The percentage of Co and Cu in the river system 
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Fig. 5  A–C SEM images of sediments from Haulage Creek; D–F SEM images of sediments from the delta (Chl, chlorite; Cpy, chalcopyrite; 
FeOx, Fe-oxyhydroxysulphate; Ms, muscovite; Py, pyrite; Qz, quartz) G XRD patterns of sediments from Haulage Creek
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being contributed from Haulage Creek ranges from Co 
13.5 wt% to 55.8 wt% and Cu 12.6 wt% to 56.1 wt%. From 
2012 until 2019, Co mass load in Haulage Creek ranged 
from ≈115 to 848 kg·day−1 while Cu ranged from 712 to 
12,520 kg·day−1. Haulage Creek contributed 65 t of Co 
and 492 t of Cu in 2019. Although Haulage Creek contrib-
utes the highest mass load entering the Queen River, 2020 
and 2021 flow rate data are not available in this catch-
ment and for this, mass loads relating to the Austin St. 
site 7 (catchment closer to Haulage Creek with available 
data) were used for an up-to-date trend (Fig. 7I). Mass load 
reached its highest level of Co at 325 kg·day−1 and Cu at 
6971 kg·day−1 in 2013 but has since declined, reaching 
values of Co 55 kg·day−1 and Cu 688 kg·day−1 in 2021.

Characterisation of AMD Potential

Static testing on sediment samples collected during 2018 
was undertaken to predict AMD lag time, and longevity of 
acid formation as recommended by Price (1997) and Weber 
et al. (2006) (Table 3). According to their classification, 

baseline samples (sites 1 and 10) are non-acid forming 
(Fig. 8A), whilst most of the river sediments (sites 2, 3, 4, 
7, 8, and 13) were of medium risk and likely to form acid 
rapidly. Sediments collected at sites 5, 6 and 9 were of high 
risk with immediate acid generation likely to occur.

The sum of dissolved base metals Cd, Co, Cu, Ni, Pb, and 
Zn measured in the Queen–King River system were plot-
ted against pH (Fig. 8B) as per Plumlee et al. (1999), as 
well as As (Fig. 8C) and Al (Fig. 8D). Dissolved metals in 
NAG leachates against NAG pH (Table 3) were also plot-
ted. Accordingly, Haulage Creek can be classified as highly 
acidic (pH 2.2–3.0), with high metal(loid) contents. As 
expected, baseline sites can be considered near-neutral (site 
1, pH 4.0–7.1 and site 10, pH 5.7–7.8) with low dissolved 
metal(loid) concentrations. Waters upstream of Haulage 
Creek (sites 2, 3, and 4) are mostly acid (median pH 3.5, 4.2, 
4.5 respectively) with low metal(loid) contents. Downstream 
of Haulage Creek (sites 6, 7, 8, and 9), samples displayed a 
median pH of 2.9–3.0 and high metal concentrations. The 
remaining streams are typically classified as pH acid with 
low metal(loid) dissolution.

Fig. 6  SEM images and EDS spectra of sediments from Haulage creek showing elements (El.) and respective composition (Wt%). Crosshairs 
demonstrate location of EDS analysis, note that symbol is larger than beam diameter
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Fig. 7  Boxplots showing average dissolved metal(loid)s (mg.L−1; 
measured by ICP-MS), pH, EC (mS/cm) and Eh (mV) in water catch-
ments of the Queen and King Rivers from 2001 to 2021. The box 
shows the 25th percentile and the 75th percentile, and the whiskers 
represent the smallest and largest values. The lines inside the box are 

the median and the black circle is the mean of the population. Loca-
tions are displayed in the graphic with baseline waters (sites 1 and 10) 
on the left-hand side. ANZECC guideline values are represented by 
the dashed lines for comparison. A Al; B Co; C Cu; D Fe; E Zn; F 
pH; G EC; H Eh; I mass load of Cu and Co
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Table 3  Paste and NAG pH 
values obtained from sediments 
in Queen–King Rivers

Sample ID Paste pH NAG pH Metals in NAG leachates (mg.L−1)

Cd Co Cu Ni Pb Zn

1. West Queen 6.8 5.2 0.00 0.00 0.02 0.00 0.00 0.01
2. East Queen 5.0 3.8 0.00 0.02 0.7 0.03 0.05 9.9
3. Mine Entrance 5.3 2.6 0.00 0.2 9.1 0.04 0.03 0.7
4. Queen above HC 4.9 3.3 0.00 0.06 2.5 0.03 0.03 0.4
5. Haulage Creek 2.4 2.6 0.00 0.2 5.4 0.07 0.07 1.4
6. Queen below HC 2.7 2.4 0.00 0.2 0.2 0.03 0.08 0.6
7. Austin Street 4.6 2.6 0.01 1.1 51.2 0.1 0.04 15.7
8. Golf Club 5.1 2.7 0.00 0.7 30.8 0.09 0.05 7.9
9. Lynchford 3.0 2.6 0.00 0.2 6.2 0.04 0.05 4.1
10. King above Queen 7.4 5.5 0.00 0.00 0.0 0.00 0.00 0.01
12. Bank A 4.0 2.7 0.00 0.3 5.3 0.06 0.07 0.8
13. Delta 4.6 2.2 0.00 1.9 27.5 0.3 0.00 1.2

C

A B

D

Fig. 8  A Classification of acid forming potential and lag-time to acid 
formation at the Queen and King Rivers sediment samples based on 
NAG pH versus paste pH. B Ficklin diagram classifying waters and 
leachates from sediments collected across the Queen–King River 
system based on the sum of dissolved base metal(loid)s Cd, Co, Cu, 
Ni, Pb and Zn against pH,as proposed by Plumlee et al. (1999). Plot 

of pH against C As and D Al. Filled shapes represent water chem-
istry collected over the past two decades. Void shapes represent lea-
chate measurements from NAG tests on sediments collected in 2018. 
Larger black lined shapes represent the median of the field-based 
dataset. Triangles are baseline waters (EAF extremely acid forming, 
AF acid forming, PAF potentially acid forming)
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Ficklin plots (Fig. 8B) characterise most of the NAG lea-
chates as highly acidic with high dissolved metals (sites 3, 
5, 6, 7, 8, 9, 12, 13). Sites 2 and 4 were acid with high metal 
concentrations, while baseline waters were classified as acid 
with low metal release (site 1), and low acid with low metal 
contents (site 10).

Discussion

Sources of AMD to the Queen–King River System

Discharge of mine waste and AMD from Haulage Creek 
into the Queen–King River system resulted in changes in 
water quality and morphology of the river that persist to 
the present day (i.e. riverbanks and a delta composed of 
tailings). Taylor et al. (1996) and Locher (1997) stated that 
the relative high density of sulfidic tailings and slags also 
constrained their distribution to the river bottom. The mass 
of tailings accumulated at each of these places was not a 
focus of this study, especially the river bottom, which could 
not be accessed. However, the high concentrations of pyrite 
reported (e.g. sites 7, 8, and 13; Table 2) and the medium 
to high-risk AMD potential of river samples by static tests, 
suggest that tailings are continuous sources of AMD in the 
Queen–King Rivers. Although Taylor et al. (1996) reported 
carbonates in tailings in the ranges of 0–5 wt%, in this study 
they were not identified in abundance in river sediments, 
indicating their possible dissolution over the years and likely 
insufficient abundance to buffer and attenuate the acid being 
produced. Comparing lab-based simulation of metal leach-
ing, via NAG tests, to field-based water sampling suggests 
that the sediments do provide a source of dissolved metals to 
the river; however, this does not account for the full extent of 
metal loading observed in the Queen-King River system. A 
notable trend in water quality data is the decreased concen-
trations of Al, Cu, and Zn beginning around 2016 (Fig. 7I). 
Because no correlation between rainfall and dissolved metals 
were observed (Supplemental Fig. S-2), the deviation in the 
20-year trend may be related to flooding of the lower levels 
of the Prince Lyell mine in 2016, which has decreased met-
als concentration in waters pumped from the mine (G. Cord-
ery, personal communication, 2022). This suggests that prior 
to 2016, a large contribution of the metal concentrations 
observed over the duration of this study were derived from 
dewatering of underground mine waters that were in con-
tact with mineralised zones (primarily chalcopyrite). This 
trend indicates that waste management efforts by CMT have 
been effective in reducing metal loading to the downstream 
environment. The reduced contribution from underground 
workings allows for the assessment of the contributions from 
legacy waste piles in the river. Whilst not yet stabilized, a 
diminishing trend in mass loading from 2016 (Fig. 7I) and 

decrease in concentrations of trace metals, particularly at 
the high acid/high metal zone, indicate that legacy waste 
piles are an on-going, long-term source of contamination 
to the downstream environment. This is sourced by surface 
water flow through the sulfide-rich waste piles, which were 
generally placed around the perimeter of the open cut (Sup-
plementary Fig. S-1; McQuade et al. 1995). These findings 
suggest that the tailings historically discharged at Haulage 
Creek, effluent pumped from underground mine workings, 
and seepage from exposed sulfidic waste rock piles con-
stitute the primary sources of metal contamination in the 
Queen–King River system.

Baseline Water Quality

The West Queen River and King River above Queen (sites 
1 and 10) are not affected by the tailings discharged into the 
Queen River. Overall, waters at both sites have circumneu-
tral pH, and low conductivity and Eh values. These sites 
provide the best indicators of the natural baseline water 
quality of the area. However, with > 100 years of mining, 
logging, dam construction, and other industrial activities in 
the region, these cannot be considered pristine waters. The 
concentration of trace elements in the West Queen River 
sediments are above the ISQG-high (Fig. 3), suggesting the 
presence of mineralised rocks at or upstream of this site 
(Fig. 3; Corbett 2001b; Seymour et al. 2006) contributing 
to localised element enrichment in waters sourced in these 
catchments. Accordingly, dissolved metals such as Cu, Fe, 
and Zn (Fig. 7) are observed to be at concentrations above 
ANZECC guidelines. Leaching tests classify sediments from 
the West Queen River (site 1) in the acid zone (Fig. 8B) with 
S = 0.17 wt% (Supplementary Table S-4). These findings 
imply the presence of small quantities of sulfides in the local 
mineralisation (below XRD detection limits), that could be 
naturally weathering and generating acidity.

Long‑Term Trends and Geochemical Drivers 
of AMD

Waters samples collected and analysed from the 
Queen–King River system can be divided into three sub-
groups according to the Ficklin classification and water 
quality analysis: (1) low-metal, near-neutral waters; (2) 
metal-enriched, acid waters; (3) strongly metal-enriched, 
acid to high acid waters. The Eh is usually > 200 mV in 
the Queen–King River system. Group 1 is represented by 
baseline waters (sites 1 and 10), which have near neutral 
pH values with low concentrations of Al, Co, Cu, Fe, and 
Zn, and low Eh values (Fig. 7). Group 2 reflects sites 2, 3, 
4, 11, 12, and 13, with near-neutral to acid pH values, and 
elevated dissolved metals, and Eh. Group 3 is considered 
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AMD waters, from sites 5 to 9, with highly acidic waters 
and elevated Eh, and contributes the greatest metal loading 
in the Queen–King River system.

In the Queen–King River system, pH and Eh influ-
ence the long-term stability of minerals and mobility of 
elements. This is particularly true at AMD-affected sites 
between Haulage Creek (site 5) and Lynchford (site 9), 
which have the lowest pH and highest Eh values. Such 
conditions enable dissolution of metals in the river 
(Fig. 9; Gäbler 1997). Overall, metal concentrations in 
water decrease with distance upstream (sites 2, 3, and 4) 
and downstream of Lynchford (22 km downstream of the 
source; sites 11, 12, and 13) where a decrease in Eh and an 
increase in pH are noted. This trend may be attributed to 
a combination of factors, including: (i) dilution from the 
large volume of uncontaminated tributary streams (base-
line sites 1 and 10; Ghomshei and Allen 2000; Schmier-
mund and Drozd 1997), and: (ii) precipitation and sorption 
to the streambed driven by geochemical conditions (Huang 
et al. 2010). Despite this natural decrease, some dissolved 
metals are not sufficiently attenuated (Cu, Fe, and Zn) and 
remain above ANZECC guidelines (Fig. 7) until reaching 
the river terminus at Macquarie Harbour.

Table 4 compares the concentration ranges of Al, Co, 
Cu, Fe, and Zn dissolved in the Queen–King River system 
(2001–2021) with AMD/mine impacted waters in other 
regions around the globe. The metals selected were based 
on the main contaminants in the Queen–King River sys-
tem, as reported in this study. Haulage Creek has higher 
concentrations of Al, Co, Cu, Fe, and Zn than many other 
contaminated waters shown, such as the Gyamaxung-chu, 

Hudson, Pilcomayo, Azufre, Bor, and Bela rivers. That is 
also the case of the Lower Spring Creek site, which in the 
past drained mine effluents from the Iron Mountain mine, 
California, host of the most acidic waters known (Nordstrom 
et al. 2000), but currently represents a major successful case 
of AMD clean up in downstream catchments (U.S. Army 
Corps of Engineers 2018). In contrast, the Odiel and Tinto 
rivers, located in the Iberian Pyrite Belt, exhibit much higher 
dissolved metal concentrations than Haulage Creek.

Sediments from Haulage Creek and downstream (sites 
5 and 6) have lower metal(loid) contents than other acid 
drainage sites (sites 7, 8, and 9; Fig. 3, and Supplemental 
Table S-4). This increase of metal(loid)s in the sediments 
from Haulage Creek to Lynchford might be attributed to: 
(i) leaching of metal(loid)s from sediments at sites 5 and 6 
driven by low pH and high Eh; (ii) leaching of metal(loid)
s in sediments driven by increased erosion at sites 5 and 6; 
(iii) metal(loid)-rich mine effluents; and (iv) enrichments of 
sediments at sites 7, 8, and 9 caused by metal(loid) precipi-
tation. Figure 4 suggest metal(loid)s hosted in Fe-bearing 
minerals at sites 7, 8, and 9, explained by sorption and/or 
coprecipitation of metal(loid)s onto secondary minerals 
(Elghali et al. 2021).

Stream sediments and waters in the Queen and King 
Rivers have median trace metal(loid) concentrations on the 
order of Cu > Zn > Co > Pb > As with Pb concentrations in 
the river (data not shown) below 0.1 mg·L−1, and As con-
tent below 0.01 mg·L−1 (Fig. 8C). In sediments, Pb and Zn 
behave coherently (Fig. 4, Table 1) and are likely from the 
same sources (e.g. sorbed onto Fe-oxyhydroxides; Swedlund 
2004). The high correlation between As, Fe, and S suggest 

Table 4  Concentration of dissolved metals in the Queen and King Rivers and other waters in the world

Concentrations are in mg·L−1. Distances are from sampling locations to: (a) mineral processing site or mine entrance; (b) tailings discharge in 
the river; (c) AMD water discharge
ND no data

Location Impact/distance Al Co Cu Fe Zn References

Queen and King rivers, 
Australia

Mine tailing, AMD 0.03–181.5 0.0001–3.0 0.004–70.9 0.1–1202.4 0.002–13.04 This study

Tinto river, Spain Mine, AMD (0  kmc) 4.6–740 0.03–5.3 1.3–115 0.3–1529 1.2–205 Olías et al. (2020)
Odiel river, Spain Mine, AMD (0  kmc) 0.2–2580 0.06–47.8 0–440 0–5848 0–1437 Espana et al. (2005)
Gyamaxung-chu river, 

Tibet
Mine (< 1  kma) 0.01–11.34 0.001–0.07 0.1–16.0 0.02–0.38 0.0008–5.4 Huang et al. (2010)

Hudson river, USA Mine, AMD (0.18  kma) 0.17–4.9 0.017–0.53 0.097–3.13 0.12–42.4 0.007–0.17 Gilchrist et al. (2009)
Pilcomayo river, Bolivia Mine tailing, AMD (6 

 kmb)
0.05–0.15 ND 0.01–0.08 0.02–6.0 0.3–8.8 Sun et al. (2020)

Bor and Bela rivers, 
Serbia

Mine tailings, AMD 
 (5kma)

ND ND 13.9–52.5 0.24–219 1.46–3.19 (Adamovic et al. 2021)

Azufre River, Chile Mine tailings, AMD 70.1–156.9 ND ND 32–85.5 6.3–12.6 (Guerra et al. 2016)
Lower Spring Creek, 

USA
Reabilitaded AMD (2 

 kma)
ND ND 0.05–0.15 0.3 0.09–0.8 (United States Army 

Corps of Engineers, 
2018)
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that pyrite is the main As source. In water, Cu and Zn have 
the greatest chemical mobility, whereas As and Pb display 
limited mobility, possibly due to their coprecipitation with 
Fe-oxyhydroxysulphate materials (Ashley et al. 2003; Lot-
termoser and Ashley 2006), or, in the case of As, its low con-
centrations (below ANZECC guidelines) in river sediments.

Data summarising the composition of AMD affected 
waters and NAG leachates (Fig. 8) indicates that sediments 
at Haulage Creek and downstream (sites 5 and 6) released 
less metals in NAG leachates than field waters. This finding 
corroborates that some of the bulk AMD originates from 
the underground mine and legacy waste pile rocks. The 
sediments containing the highest proportion of pyrite was 
detected in site 13 delta samples (Table 2), with liberated 
grains of this mineral noted (Fig. 5D). A high concentration 
of dissolved metals were also observed in the NAG leachates 
in contrast to low metal levels in the field water, indicating 
that while tailings are stored in the riverbanks and delta, 
they are compacted and not exposed to oxidizing conditions. 
The high proportion of liberated pyrite together with high 
metal dissolution under laboratory conditions suggests the 
potential exists for metal release and contamination of the 
river mouth and harbour under erosion and favourable geo-
chemical conditions, and that the deltaic sediments provide 
a long-term source of AMD.

Pollution and Rehabilitation Options

This long-term study documents elevated quantities of metal 
loads and secondary precipitates in the Queen–King River 
system as consequence of historical mine waste discharge. 
The results are in accordance with previous post-mine clo-
sure research programs (Davies et al. 1996; Klessa et al. 
1997; Koehnken 1997; McQuade et al. 1995; Miedecke 
1996; Taylor et al. 1996), that evaluated the environmental 
effects of the AMD. Although a decreasing trend is observed 
from 2016, such findings highlight the serious and persistent 
contamination within this ecosystem nearly 30 years after 
riverine tailings disposal discontinued. This corroborates 
that without robust and effective remediation strategies, a 
long-term source of pollution remains in the river system. 
It also emphasizes the necessity to consider AMD potential 
when planning and operating mining projects. This level of 
pollution detrimentally affects aquatic life, whilst endemic 
plant species such as Juncus pallidus and some metal-
tolerant ferns (Fig. 2, site 11) have thrived in this extreme 
environment.

Metal Recovery from AMD

Given the extent and scale of impacts, remediation and reha-
bilitation of the Queen–King River system would require 
costly and invasive strategies (Kefeni et al. 2017; Moodleya 

et al. 2017), although, the extremely high concentrations of 
elements of economic interest found in the AMD could be 
of economic value (León et al. 2021). For example, the high 
concentration of metals, such as Cu, Co, and Zn (Fig. 7), 
indicate a potential source of valuable metals that might pro-
vide the opportunity to generate revenue while decreasing 
the environmental risk.

Experiments to examine recovery of metals from Mount 
Lyell AMD were considered in the past, with a pilot-scale 
plant involving solvent extraction (SX) and electrowinning 
(EW) being tested from 1991 to 1993 (Miedecke 1996). The 
financial analysis of SX/EW Cu recovery, based on 519 t 
per year of Cu production and a recovery efficiency of 80 
wt% Cu gave an annual revenue of $1.786 M, with annual 
operating costs of ≈$0.625 M and a net annual margin of 
$1.161 M per annum (based on Cu price of US$ 0.85 per 
lb at the time). This study showed that metal recovery from 
the Queen–King River could be financially viable, and able 
to potentially finance environmental improvements to the 
river quality. With the advent of new technologies since 
then, other alternatives are available.

Macingova and Luptakova (2012) reported the use of 
selective sequential precipitation (SSP) to produce high 
recovery of metals from AMD samples. The process has 
both chemical and biological treatment stages, with more 
than 99% of the Fe and Al selectively precipitated using a 
solution of NaOH, while 99% of Cu and Zn were recovered 
using biologically produced hydrogen sulfide. Assuming 
that all metal loads from mine dewatering would be avail-
able for recovery in the Queen–King Rivers and using the 
mass loads of 2021 (as calculated in kg.day−1 for Austin St. 
Park (site 7), Fig. 7I) an annual revenue of $1.229 M could 
be generated from Cu recovery, and a profit of $0.123 M 
expected from Zn (Cu price of US $9.89 per kg and Zn 
price of US $3.40 per kg based on London Metal Exchange 
2022). Tabak et al. (2003) also used SSP with both four- and 
six-stage metal sequential separation and biorecovery units 
that recovered 99.1% of the Co. Such metal recovery would 
correspond to US $0.205 M of Co considering levels from 
Austin St. Park (Co price of $56.55 per Kg based on London 
Metal Exchange 2022). In the study of Chen et al. (2014), 
ferrous ions were first oxidised by 0.15 mL/L 30%  H2O2, and 
then a four-step fractional precipitation was applied with the 
selective addition of Ca(OH)2 and  Na2S solutions. Results 
indicated recovery efficiencies of Fe, Cu, and Zn from AMD 
reaching 99.51%, 86.09%, and 87.87%, respectively. These 
results would represent an annual revenue of US $1.069 M 
of Cu and US $0.109 M of Zn for the metal loads determined 
at Austin St. Park.

Another potential source of valuable metals are the tail-
ings stored in the Queen–King River system that nowadays 
are looked at as potentially exploitable and cost-saving raw 
materials (Lutandula and Maloba 2013). The north lobe 
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combined with Bank A have a spatial coverage of ≈ 0.59 
 km2, the south lobe has 0.45  km2, and Bank D nearly 0.03 
 km2. Further attention should be placed on this material for 
detailed metal concentrations, mineralogy, and economic 
viability.

Limitations and Further Studies

The data collected for this study was acquired in an aca-
demic environment by UTAS students over two decades. The 
teaching staff and field assistants were meticulous in guiding 
students to accurately acquire samples and data. However, 
repeatability and reproducibility errors are inherent in this 
type of long-term study, especially due to the use of dif-
ferent measuring instruments and tools, multiple observers, 
conditions, and time constraints. Additionally, although 
it is important to estimate the returns that hypothetically 
could be generated to broaden the economic studies in the 
Queen–King Rivers, the mass loads obtained in this study do 
not represent average conditions over the year. Thus, calcula-
tions obtained here are sources of uncertainty because dis-
solved metals and flow rates can fluctuate through the year. 
Ideally, sampling should be implemented at least seasonally 
to observe fluctuations in dissolved metal concentrations. 
Furthermore, a hydrometallurgical program would provide 
a more reliable earnings forecast, particularly with regards 
to Cu and Co that reported higher returns in this study. The 
high flow rates and volume of water in the Queen–King 
River system would potentially pose challenges to future 
treatment. Nevertheless, any improvement in water quality 
through metal removal and/or acid neutralisation will be 
beneficial.

Conclusions

For over 100 years, the Mount Lyell mine operated in 
western Tasmania with limited management of waste and 
AMD. These by-products were discharged directly into 
Haulage Creek, draining into the Queen River, extend-
ing through the King River, with final outfall to Mac-
quarie Harbour. The region displays an historical legacy 
of environmental impact. This extensive study evaluated 
the water quality in the Queen-King River system for 
20 years to understand the impact of the discharge, level 
of contamination in the river, and the long-term sources 
of AMD. Our investigations demonstrate a change in the 
natural morphology of the river and its water quality over 
the years.

Waste piles, tailings, and mine effluents continue to con-
tribute to the waste discharged in the Queen–King River 
system. From Haulage Creek to Lynchford, the Queen River 
is highly acid with dissolved metal concentrations above 

ANZECC guidelines (e.g. Al, Co, Cu, Fe, and Zn). Miner-
alogical analysis at these sites revealed the precipitation of 
secondary minerals such as goethite and other poorly crys-
talline/amorphous Fe/S-bearing minerals, characteristic of 
AMD. Although diluted upstream of Haulage Creek and 
downstream of Lynchford, the river still exhibits impacts 
of mine discharge, evidenced by acidic waters enriched in 
dissolved metals (e.g. Cu, Fe, and Zn). Notably, from 2016 
when Prince Lyell was flooded, mine effluents decreased 
in the Queen–King River system, and dissolved metals 
have declined in the river. However, contamination persists 
from waste rocks and tailings-rich sediments that has been 
deposited along the river bottom, riverbanks, and delta. 
Laboratory investigation showed high potential for long-
term contamination of the river system due to the presence 
of metal-bearing and pyritic tailings within the sediment, 
especially at the delta. The West Queen and the King River 
above the Queen baseline sites indicate near-neutral pH with 
elevated dissolved metals (e.g. Cu, Fe, and Zn) from local 
mineralization. These are natural for this region and should 
act as remediation targets.

The present study highlights that nearly 30 years after 
historic waste disposal at the Queen–King system ceased, 
AMD still impacts the river. Unless remedial actions are 
taken, the Queen–King River system will continue to be 
severely affected for years to come, stressing the impor-
tance of debating AMD potential in mine projects. The 
prospect of metallurgical recovery (e.g. Cu, Co) is promis-
ing both environmentally and financially, and technologies 
such as SX/EW or SSP should be considered.
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