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Abstract: The issues of acid mine drainage (AMD) and heavy metals contamination in the metal sulfide mine in the arid district were
explored, through studying the acidification and the heavy metals distribution and evolution of groundwater in the black swan (BS)
nickel sulfide mine (Western Australia). The groundwater samples were collected from the drilling holes situated in the vicinity of
tailings storage facility (TSF) and in the background of the mine (away from TSF), respectively, and the pH and electric conductivity
(E.) were measured in site and the metal contents were analysed by ICP-MS and ICP-AES, quarterly in one hydrological year. The
results disclose that the TSF groundwater is remarkably acidified (pHpean=5, pHmin=3), and the average contents of heavy metals
(Co, Cu, Zn, Cd) and Al, Mn are of 1-2 orders of magnitude higher in TSF groundwater than in background groundwater. It may be
due to the percolation of tailings waste water from mill process, which leads the tailings to oxidize and the deep groundwater to
acidify and contaminate with heavy metals. Besides, the heavy metals concentration in groundwater may be controlled by pH mainly.
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1 Introduction

The acid mine drainage (AMD) released from the
metal sulfide tailings (including waste rock) can bring
about the environmental contamination in mine and
nearby mine. Because the acidic water can promote
metals leaching and removing in tailing medium[1], the
heavy metal contents in AMD are enhanced generally,
causing the AMD contamination to ecological
environment in mine intensified.

Surface water percolating through sulfide tailing
piles is one of the key factors to produce AMD[2-3],
therefore, AMD happens more easily and causes the
metal sulfide mine to contaminate more significantly in
humid territory than in arid one. There have been lots of
papers focusing on AMD in humid area (e.g. Refs.[4-9]),
however, the AMD issue appearing in arid district has
been ignored, and fewer publications concerned it.

Black swan (BS) nickel sulfide mine is situated in
north-east Kalgoorlie, Western Australia, which is a

Gobi desert territory (monthly mean precipitation of
15-35 mm). LEI et al[10—11] previously indicated that
the tailings in BS mine were oxidized and AMD formed,
and that the groundwater in the vicinity of tailings
storage facility (TSF) was contaminated by the AMD,
displaying a model of rare earth elements (REE)
distribution with higher REE concentration and Ce
depletion [10—11]. In this work, the characteristics of
distribution and evolution on AMD and heavy metals in
TSF groundwater in BS mine were further probed. The
highlights may contribute to have a deeper knowledge of
the mechanism concerning about releasing and removing
of AMD and heavy metals from metal sulfide tailings
under arid circumstance.

2 Background

BS sulfide nickel orebodies are hosted in Archaean
komatiite and dacite lavas[12]. The nickel ores typically
comprise banded pyrrhotite and pentlandite, associated
with trace amounts of chalcopyrite, pyrite, violarite,
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gersdorffite and chromite. Major alteration minerals
include magnesite, siderite, quartz and sericite, etc.
Mg/Fe carbonates (magnesite-siderite series) are main
acid-neutralizing minerals.

Based on the orebody occurrence in the mine, the
ores can be classified into massive sulfide ore and
impregnated sulfide ore. Both have been mined and
disposed in flotation circuits in mill. The flotation wastes,
e.g. massive sulfide tailings (MST, output: 58 000 t/a)
and impregnated sulfide tailings (IST, 325 000 t/a), are
processed in the form of slurry and discharged into two
adjacent tailing ponds separately (Fig.1). The tailing
assessment results disclosed that MST is classified
totally as acid forming, while IST partially as acid
forming (~16% by volume fraction of IST tailings)[10].
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Fig.1 Map for sampling sites in BS mine: TI1-T12 —
Monitoring bores; B2—B5—Hydrologic bores, MST—Massive
sulfide tailing storage; IST — Impregnation sulfide tailing
storage; EP—Evaporation pond with waste water

The mine district is covered by a veneer of clayey
ferricrete, which has been recorded to have a depth of
4-20 m and underlain by saprolitic clay with minor
ferruginous bands (depth of 62—79 m). Weathering front
is even attained to Archaean mafic and ultramafic rocks
in some place. Clayey and clay deposits generated from
highly weathered Archaean rocks are of weak
permeability. Surface runoff drains from south-west
turning to south-east via a poorly defined paleochannel
course, situated at eastern part of the mine (Fig.1).
Groundwater is inferred flow to south-east.

3 Sampling and analysis results

It was performed to measure and sample the

groundwater in TSF vicinity of BS mine quarterly in a
whole hydrologic year (November 2003, February 2004,
May 2004 and August 2004). The groundwater samples
were collected from monitoring bores (T1-T12) in the
proximity of TSF and hydrologic bores (B2—BS5) in a
distance from TSF (Fig.1). To get fresh groundwater, the
sample collection was conducted through a Teflon-lined
tube (approaching ~30 cm above bottom of the bore)
after groundwater was pumped out from each bore in 15
min. Static water level (SWL) of groundwater had been
measured before water was pumped out, and water pH
and EC (electrical conductivity) were recorded on site as
well. Each water sample was filtered through a Watman
0.45 pm cellulose-nitrate filter membrane, and acidified
with AR grade nitric acid, then poured in polyethylene
bottles with lid to transport to laboratory for ICP-MS and
ICP-AES analysis.

Table 1 displays analysis results of TSF
groundwater in the first quarter of the hydrological year
(November 2003).

4 Discussion

4.1 Characteristics of groundwater in BS mine

Table 1 shows that SWL values in TSF monitoring
bores (T1-T12), with a varied depth range of 8.0-34.5 m
and an average depth of 20.4 m, are significantly less
than those in hydrological bores (B2—BS5) which
represent the regional watertable in the mine, with a
varied range of 44.14—65.62 m and an average depth of
53.8 m, and the minimum SWL values (i.e. the highest
watertable) are placed around the evaporation pond with
waste water in TSF (T6 and T7). So, it is reasonably
inferred that the rising of watertable (reducing SWL) in
TSF vicinity is due to the water supplemented from TSF
(waste water and tailing slurry).

The monitoring groundwater is acidic remarkably,
with an average pH of 5.03 (measured by pH electrode
meter on site) and a minimum pH of 3.00, while the
regional groundwater in hydrological bores is neutral
approximately, with an average pH of 6.7. Otherwise,
compared with the regional groundwater, the mean EC
value of monitoring groundwater is noticeably higher,
confirming that acid water could promote the salts and
heavy metals in tailing pile to dissolve and leach[13].

4.2 Metal concentration in TSF groundwater

1) Metal contents
Mean contents of heavy metals (Co, Zn, Ni, Cu), Al, Mn,
except Fe and Pb in TSF groundwater are of 1-2 orders
of magnitude higher than those in regional groundwater,
and Ni average content is enhanced as well (Table 1).

2) Correlation between metal elements

In groundwater, there are close relevances between
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Table 1 Water quality data measured in November 2003

SWL/  EC/  w(Al/ w(Mn)

Sample No. Add H
ampie No. Address —p m  (mSem’) 10° 107

w(Fe)) w(Co)/ W(Ni)/ w(Cu)/ w(Pb) w(Zn)/ w(Cdy
10° 107 107° 107° 107° 10° 107

T1 MB  6.700 30.33 55.7 510 7580.0 <dl 299.00 428 198.0 199  855.0 1.840
T2 MB 3300 21.10 682 49868 66211.0 <dl 3377.00 2443 1177.0 39.1 2083.0 5.390
T3 MB 3300 10.05 60.1 114473 136470 <dl 1173.00 1077 370.0 323 9100 2.150
T4 MB 6480 31.90 63.7 418 2084.0 <dl 21.80 635 216.0 158  581.0 4.400
T5 MB 3910 30.95 35.7 10078 11067.0 3980 947.00 700 284.0 152  840.0 0.438
T6 MB  6.080 8.00 61.4 400 1650 3020 66.10 983 80.7 13.2 76.1  0.439
T7 MB  3.190 8.85 835 72639 20340 2890 162.00 1376 148.0 28.7  226.0 <dl
T8 MB 5280 30.96 57.8 857 1593.0 <dl 362.00 367 309.0 16.7  391.0 0.575
T9 MB 7410 14.41 63.5 393 90.0 <dl 3.34 55.8 99.3 11.2 85.7 <dl
T10 MB  3.000 10.30 89.2 147162 32340 <dl 429.00 717 84.9 23.0 132.0 1.010
T11 MB 6960 13.60 313 262 42.3 <dl 5.19 107 85.2 133 254.0 <dl
T12 MB 4800 34.45 67.8 1692 14279.0 2940 925.00 1096 471.0 225 942.0 4.980
Average 5.030 20.40 61.5 33229 10169.0 3208 648.00 758 2940 209 6150 2360
B2 HB 6.600 56.60 54.1 242 383 2140 6.23 299 70.2 12.1 82.5 <dl
B3 HB 6.510 44.14 51.9 299 572.0 2520 9.30 92.1 94.5 16.2 92.1 <dl
B4 HB 6.750 48.73 45.0 360 2490 5110 937 95.1 79.4 13.7 664  0.297
BS HB 6.960 65.62 56.0 308 1190 4790 8.03 117 75.6 12.5 121.0  0.160
Average 6.705 53.80 51.8 302 2450 3640 823 151 79.9 13.6 90.5 0.229

MB—DMonitoring bore in vicinity of tailings storage facility; HB—Hydrologic bore situated away from tailings storage facility; SWL—Static water level; EC—

Electrical conductivity; dl—Detection limit.

Ni and Cu, and between Mn and Zn, while these elements
have very weak relevances to Al and Pb, similar to the
element relevances in BS tailings (Fig.2). In addition, the
heavy metals (Ni, Cu, Mn, Zn) concentrated in
groundwater are also the major profitable elements in
tailings. So, it may imply that the heavy metals in the
groundwater are probably originated from the tailings.

The element relativity can reflect the geochemical
environment and the element behaviour. OLIAS et al[5]
indicated that in acidic water, Mn is present in the +2
oxidation state, behaving in a similar way to Zn. In the
BS mine, there is a similar relativity of Mn-Zn in both
groundwater and tailings, meaning that the groundwater
is acidified and its acidification is relative to the tailings
oxidation.

However, there are remarkable differences in
relevance between Fe and other elements in both
groundwater and tailings. The reason should be probed in
further study.

3) Metals relevance to pH
In the groundwater, most metals (e.g. Al, Mn, Co, Ni, Cu,
Pb, Zn, Cd, except Fe) display a negative correlation
with pH (Fig.3), showing that the heavy metals
concentration enhances with the acidity increasing in
groundwater.

There have been lots of studies certifying that the
metal elements in acidic waters display a negative
correlation with pH, and the variations in pH control the
mobility of dissolved metals[5, 7, 11, 14—15]. When pH
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Fig.2 Dendrogram using average linkage (between groups)
showing correlation between metal elements in BS tailings (20
samples) (a) and BS groundwater (b)
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increases gently and attains a value >4.3, AI'" and

0.50 SO,* dissolved in AMD combine and form the Al
«—pH hydroxysulfate/hydroxide  precipitate[17—18].  Then,
these precipitate play an important role in removal of
g 0.00 heavy  metals through adsorption and co-
= precipitation[19].
=]
5
g 4.3 Heavy metal distribution in TSF groundwater
=T . .
< 0.50 =~ The contours of Co, Ni, Cu, Zn, Mn concentrations
and pH value in TSF groundwater are constructed by
using data in Table 1 (Fig.4). Fig.4 demonstrates that: 1)
~1.00 . ) . ) ) ) . the central areas of these heavy metal concentrations
Al Mn Fe Co Ni Cu Pb Zn Cd appear at monitoring bore T2 in northeastern part of TSF,
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Fig.4 Contours of metal concentrations (W=10"") and pH in groundwater in vicinity of TSF: (a) Co; (b) Ni; (c) Mn (Mn concentration
is divided by 1 000); (d) Cu; (e) Zn; (f) pH
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linkage line between monitoring bore T2 and T3, striking
with northwest-southeast direction and running parallel
to the contour axis of pH value; and 3) Both heavy metal
concentration gradient and pH gradient are steeper and
confined in TSF district. This indicates that there appears
to be a closer relation between the heavy metals releasing
and the acidic water leaching (pH) in BS mine, and that
the contaminated plume centres of AMD and heavy
metals are located at the TSF district, and the plume
moving trend is similar to the southeast flow direction of
the regional groundwater.

4.4 Water quality evolution

Fig.5 discloses the quarterly variation of pH, EC,
SWL, and heavy metal (Ni, Co, Zn, Cu and Mn) contents
in TSF groundwater in the monitoring year. In this year,
the groundwater pH values are constant with pH median
values fluctuating around 5.0; and there is not a
significant difference between EC, SWL, and heavy
metals contents, except May 2003. In that month, EC and
SWL median values are enhanced, while the heavy metal
concentrations decline noticeably (Fig.5).

In May 2004, increase of SWL median value
reflects relative decline of groundwater level at some
place in TSF district, concerning about the shortage of
water leaching from TSF. It was investigated and
confirmed that the time when BS processed mill stoped

LEI Liang-qi, et al/Trans. Nonferrous Met. Soc. China 20(2010) 1488—1493

for routine machine maintenance was just in May every
year. At that moment, the amount of wastewater and
tailing slurry from the mill was greatly reduced. Because
water is the main carrier of acid and metals in removing,
the shortage of water derived from TSF could cause the
amount of acidified water and heavy metals into
groundwater to decrease temporarily.

5 Conclusions

1) The groundwater in the vicinity of tailings
storage facility in BS nickel mine is contaminated by
AMD and heavy metals (including Ni, Co, Zn, Cu
mainly) noticeably. The contamination is caused by the
percolation of acid water and heavy metals from TSF,
demonstrating that: the associations and relevances of
heavy metal in groundwater are similar to those of
beneficial elements in ore tailings; the contamination
plumes of both heavy metals and acid water are confined
in TSF district, and are of steeper gradient; and the
reduction of heavy metal contents and groundwater level
may correlate to the shortage of water from TSF.

2) The heavy metals concentration in groundwater
can be controlled by pH mainly.

3) The wastewater and tailing slurry in tailing
storage facility can provide water for oxidation metal
sulfides and forming AMD, therefore even if a metal
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Fig.5 Box-and-whisker plots of quarterly evolution of groundwater quality in one hydrological year
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sulfide mine is located in arid territory, there could be a
potentiality of producing AMD and releasing heavy
metals, contaminating the deep groundwater.
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