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Abstract

The comparative behaviour of Ni, Cu and Zn in the system “mine tailings—ground water—plants’ has been investigated
at the Ni-Cu mine site operated by INCO Ltd. Thompson Operations, Thompson, Manitoba. Oxidation of sulphide min-
erals causes the release of metals from exposed tailings containing Ni ~2000 ppm, Cu ~150 ppm and Zn ~100 ppm to the
ground water, which contains 350 mg/L Ni, 0.007 mg/L Cu, and 1.6 mg/L Zn. The metal concentration in the ground
water is affected by the relative proportions of sulfide minerals, the rate of oxidation of sulphide minerals (Ni-bearing pyr-
rhotite > sphalerite > chalcopyrite), and the affinity of the metals for secondary Fe-phases (Ni > Zn > Cu).

Metals bound to Fe-phases are unavailable for plants, whereas water-soluble, exchangeable and carbonate bound met-
als in the tailings are considered to be available. The available Ni (340 ppm) was found to be significantly greater than
available Cu (2.3 ppm) and Zn (2.5 ppm). The concentration of Ni (290 ppm), in the root system of water sedge (Carex
aquatilis Wahl.) is about the same as in the available fraction, whereas Cu and Zn in the roots are higher (42 and
21 ppm, respectively). Therefore, Cu and Zn seem to be actively absorbed by the plants, while Ni diffuses passively into
the roots. Nickel and Zn penetrate from the root into the shoot system more readily than Cu. After death, the shoots
of the plants from the tailings still accumulate metals to give concentrations of Ni (850 ppm), Cu (97 ppm), and Zn
(23 ppm) which were greater than those in the roots and living shoots. In an uncontaminated area, shoots do not absorb
metals after death.
© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

The mining of base metals produces large quanti-
ties of fine-grained sulfide waste. If the waste is
exposed to the atmosphere, sulfide oxidation can
release metals and contaminate groundwater
(Blowes and Ptacek, 1994; Johnson et al., 2000) or
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aquatic ecosystems (Marques et al., 2001). Exposed
sulfide tailings often form barren landscapes with a
few plants surviving in an environment lacking in
nutrients and with a high load of potentially toxic
metals (Winterhalder, 1995; Tisch et al., 1999; New-
man et al., 2005). Vegetation growing on the mine
waste can accumulate significant concentrations of
metals, causing penetration into food webs (Cobb
et al., 2000; Khozhina, 2002). Accumulation of a
specific metal in a plant depends on the availability
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of the metal and the physiological barriers within
the plant (Salisbury and Ross, 1992; Brooks,
1983). The concentration of available metals
depends on the metal speciation in solids (Fergus-
son, 1990; Raven et al., 1999; Kabata-Pendias and
Pendias, 2001). In this study, the authors compare
the transport of Ni, Cu and Zn through the system
“mine  tailings—ground  water—plants”.  The
approach was to determine metal speciation in the
tailings and analyse different parts of the plants col-
lected from the Ni-Cu mine site at INCO Ltd.
Thompson, Manitoba.

The mine is located about 5 km south of the town
of Thompson (55°38'N, 97°9'W, Fig. 1(a)). This
region has a continental climate typical of Central
Canada with a short frost-free season (about 85
days). It is in the Boreal Forest region and the veg-
etation consists mostly of stunted trees and low
bush (Klohn Leonoff, 1992).

INCO ltd. mines three deformed stratabound ore
bodies contained within metasediments (SRK,
1984). The ore consists of pentlandite, chalcopyrite,
and Ni-pyrrhotite with minor pyrite, violarite and
mackinawite. The processing of the ore includes
milling, selective flotation, and smelting of flotation
concentrates. Since 1960, about 40 million tonnes of
flotation tailings have been produced by INCO Ltd.
and have been discharged into the Tailings Manage-
ment Facility. Most tailings are kept submerged,
but about 3 km? of topographically high areas have

been left exposed (Fig. 1(b)). The tailings contain
from 4.0 to 15.7 wt.% S (Klohn Leonoff, 1992). Sul-
fide minerals are predominantly Ni-bearing pyrrho-
tite, with minor pyrite, chalcopyrite, sphalerite and
pentlandite in an assemblage with the gangue miner-
als biotite, quartz, and feldspar with minor amphi-
bole and calcite. The net neutralizing potential
(NNP) of the tailings varies from —-91.5 to
—458 kg CaCOs eq/t (Klohn Leonoff, 1992).

2. Methods
2.1. Sampling

In order to study lateral and vertical zoning, a
trench was dug by bulldozers through tailings
deposited 5-10 a ago (Fig. 1(c)). Trench walls were
smoothed at 14 observation points where the strat-
ification was documented using a Munsell® chart
to describe color. At four points (Figs. 1(c) and 2),
representative samples were collected from vertical
sections, and then sealed in polyethylene bags. The
sample number includes the section number and
sample number, starting from the deepest upwards
(e.g., 1/6 is the top sample #6 from section 1,
Fig. 2). The deepest sample from each section was
collected with an auger from the saturated zone,
where oxidation of sulfides should be minimal.
Therefore, there are gaps between auger samples
and the continuous upper part of the sections
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Fig. 1. (a) A map showing the location of the INCO Ltd. Ni-Cu mine in Thompson, Manitoba. (b) A plan of the tailings showing the

trench and (c) the sampling points.
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Fig. 2. The position of the vertical sections and the location of samples in these sections. The correlation of zones between different
sections of the trench. Zone names: Ox — Oxidized zone, T1-T4 — Transition zone, Rd — Reduced zone. The dashed line with triangles

shows the level of the water table.

(Fig. 2). Samples of evaporite minerals and weath-
ered mica were collected from the surface, and
placed in sealed vials to prevent possible dehydra-
tion and oxidation.

Ground water was sampled from the bottom of
pits 1, 4 and 13 dug in the trench to the saturated
zone. Only the shallow groundwater at the interface
of the saturated and exposed tailings has been stud-
ied. Neither deep ground water within the tailings
nor ground water from the silt and clay below or
outside of the tailings body were collected. Water
was also collected from the tailings pond to com-
pare with groundwater (Fig. 1(c)). The water was

passed through a 0.45 pm filter before being divided
into three aliquots; the first was acidified with con-
centrated HNO; (2mL/L) to preserve metals in
solution, the second with 6 M HCI (1 mL/60 mL)
for determination of Fe species and the third stored
unacidified for anion determination. All samples
were stored at 10 °C until analyzed by Envirotest
Laboratories Ltd.

Samples of natural soil were collected from four
points (<20 cm depth) within an uncontaminated
control area, 3.5km south of the trench
(Fig. 1(b)). The clay soils in this region are of gla-
cial-lacustrine origin. They were produced by
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weathering of metamorphic rocks, which had con-
tained some traces of sulfide minerals.

Water sedge plants (Carex aquatilis Wahl.) were
collected from the control area and from the tail-
ings (Fig. 1(c)). One population of the plants,
which was growing in the tailings, had developed
as a series of rings with oldest plants (R3) in the
centre, surrounded by the next oldest (R2) and
the youngest (R1) forming new growths further
out into the tailings (Fig. 3). From 15 to 20 plants
were collected from each of these three circles (R1,
R2 and R3) by digging. Roots were collected from
a soil volume of about 30 x 30 x 30 cm®, which
allowed sampling of the majority of the biomass
of roots. The plants were washed first in pond
water and then in distilled water before being
divided into separate parts; root system, live and
dead shoots. Plants were sampled in the beginning
of July when live shoots consisted mainly of
leaves. Leaves, which had died in the previous sea-
son, but were still standing and attached to the
roots, were separated from the roots to be com-
pared to the leaves that were still alive. At the
end of September, seeds of water sedge were col-
lected for germination tests from both the tailings
and control area.

2.2. Analyses

Solid samples were air dried and portions were
sent to Vancouver Petrographics Ltd. to be made
into polished thin sections, using oil for cutting
and grinding to minimize the dissolution of water-
soluble minerals. A second portion was crushed
and passed through a <65 um sieve to obtain the
fine fraction as this would be enriched in secondary
minerals with respect to the coarser fraction. A third
portion was ground to <S5pum for sequential
extraction.

Minerals were identified in <65 um fraction of
tailings, and in samples of evaporites and weathered
mica using a Phillips PW 1729 powder X-ray diffrac-
tometer (XRD) operated under Ni-filtered Cu-Ko
radiation. Scans were recorded from 3° to 70°, 20
with steps of 0.05°, at a rate of 1.5° 260 per min.

Polished sections were studied using optical
microscopy in reflected and transmitted light. Min-
eral grains were also observed with a scanning elec-
tron microscope (SEM, Stereoscan 120, Cambridge
Instruments), and analyzed qualitatively with an X-
ray energy-dispersive spectral analyzer (EDS).
Quantitative analysis of minerals was done with
a Cameca SX 100 electron microprobe (EMP)

Fig. 3. Water sedge plants in tailings area showing the sampling points R1-3.
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operated with a 2 uym diameter beam at an accelera-
tion potential of 15kV and a beam current of
20 nA. The set of elements chosen for EMP analysis
was based on the SEM-EDS data, and used chalco-
pyrite (S), magnetite (Fe) and elemental Ni stan-
dards. Detection limits for different elements
varied from 0.01 to 0.05 wt.%, with analytical preci-
sion being ~2%.

A sequential extraction procedure was used to
determine the speciation of Fe, S, Ni, Cu, and
Zn in samples of the tailings. The technique was
initially developed for lake sediments (Tessier
et al., 1979) and later applied to mine tailings
(McGregor et al., 1995; Ribet et al., 1995; Fanfani
et al., 1997; Dold and Fontboté, 2001). One gram
of <5 um powder was placed into a 50 mL centri-
fuge tube and dissolved sequentially in different
reagents as described below. After each step of
the extraction (a)—(d), the solid residue was sepa-
rated from the liquid by centrifuging at 2000 rpm
for 20 min, and the solution passed through a
0.2 um filter. The residue was rinsed with 5 mL
of distilled water, which were centrifuged and
added to the solution.

(a) The water-soluble fraction was extracted by
agitation with 40 mL distilled water for 1h
at room temperature. This step liberates ele-
ments from the most soluble phases of tailings
such as hydrated sulfates of Ni, Cu and Zn
(Dold, 2003a; Sidenko et al., 2005).

(b) Carbonates and exchangeable metals were
leached with 30 mL of 1M NHgy-acetate
solution, buffered at pH 4.5 by acetic acid,
for 3h at room temperature (Hall et al.,
1996; Dold, 2003a). This leach mobilizes
metals from carbonates, exchangeable cat-
ions from phyllosilicates and elements weakly
absorbed onto the surface of Fe-oxyhydrox-
ides. This fraction represents the portion of
metals, which can be available for plants
(Tan, 1996).

(c) Metals bound to amorphous and poorly crys-
talline Fe-phases were extracted by 30 mL of
0.2 M NHj-oxalate solution, adjusted with
oxalic acid at pH 3.2 in the dark, after Chao
and Zhou (1983). The leaching process con-
tinued for 1, as this period was considered
to be sufficient for complete dissolution
of schwertmannite (FegOg(OH)g 2.(SOy4), -
nH,0) and ferrihydrite (5Fe,O3-9H,0)
(Dold, 2003b).

(d) Elements co-precipitated with well crystalline
phases of Fe such as goethite (FeOOH) and
jarosite (KFe;(SO4)>(OH)e) were extracted by
45mL of 1M NH,OH:-HCI solution in
25 vol.% acetic acid at <96 °C (Hall et al.,
1996). It was determined, from a XRD study
of the solid residue, that 6 h were sufficient
to dissolve these phases.

(e) The residual fraction was calculated to be the
difference between the total content and the
sum of concentrations from steps (a)—(d). This
fraction contains elements bound to primary
minerals, which are mainly sulfides.

To determine the total content of Fe, S, Ni, Cu
and Zn in the tailings and natural soils, 0.5 g of
the air-dried samples were dissolved using the HF/
HNO3/HCIO, digestion technique (Bock, 1984).
For natural soils, the water-soluble, and exchange-
able/carbonate fractions of metals were extracted
with steps (a) and (b) of the leaching technique.
Blanks were used to account for possible contribu-
tions from the reagents.

The concentrations of the elements in all leach-
ates were measured, using a Varian Liberty 200,
inductively coupled plasma, optical emission spec-
trometer (ICP-OES) referenced to ICP standard
solutions (SCP Science®) at the Department of Geo-
logical Sciences, University of Manitoba. The preci-
sion of the sequential extraction technique was
tested by triplicate analyses of sample # 13/4 of
the tailings (Table 1).

For water samples, Eh and pH were measured
immediately after collection using an AP-62 pH/
Eh meter with an OPR-97-87 (Thermo ORION)
Pt electrode for Eh with an accuracy of £5mV
and a 13-620-AP50 (Accumet) Ag/AgCl pH elec-
trode with an accuracy of +0.02 pH units. The pH
of natural soils and tailings were measured on
10 mL of an air dried, <2 mm grain-size sample
mixed with 20 mL distilled water (1:2 soil-water
ratio, Lierop, 1990). The mixture was allowed to
stand for 30 min before the pH was measured.

Water samples were analyzed for total metal con-
centrations by inductively coupled plasma mass
spectroscopy (ICP-MS), and for SOi_ by turbidim-
etry. Ion chromatography (IC) was used to measure
Cl and F concentrations. The precisions of these
techniques is within 10%. Bicarbonate alkalinity
was not measured for groundwater because the
pH was <4.5. Divalent and trivalent Fe species were
separated using ion chromatography, followed by
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Table 1

Analyses in triplicate of speciation of elements in tailings sample # 13/4

Sample Total ppm Water-soluble Exch. + carbon. Am. Fe-hydrox. Cry. Fe-hydrox.
ppm % of tot. ppm % of tot. ppm % of tot. ppm % of tot.
Fe
13/41 80300 1290 1.6 270 0.3 13200 16 21100 26
13/42 93100 1300 1.4 130 0.1 15900 17 21200 23
13/43 110700 1290 1.2 240 0.2 15100 14 20700 19
Mean 94700 1293 1.4 213 0.2 14733 16 21000 23
SD 15300 5.8 0.2 74 0.1 1387 2 300 3.8
S
13/41 59600 4920 8 250 0.42 230 0.4 690 1.2
13/42 44200 4860 11 220 0.50 310 0.7 680 1.5
13/43 45400 4930 11 220 0.48 250 0.6 650 1.4
Mean 49733 4903 10 230 0.47 263 0.5 673 1.4
SD 8600 38 2 17 0.04 42 0.2 21 0.2
Ni
13/41 1200 250 21 20 1.6 73 6.1 132 11.0
13/42 1100 250 23 21 1.9 88 8.0 131 11.9
13/43 1500 260 17 21 1.4 88 5.8 130 8.6
Mean 1267 253 20 20 1.6 83 6.6 131 10.5
SD 210 6 3 0.7 0.3 9 1.2 1.0 1.7
Cu
13/41 118 <0.1 <0.1 2.1 1.8 3.0 2.5 35.1 30
13/42 106 <0.1 <0.1 1.4 1.3 3.1 3.0 35.0 33
13/43 117 <0.1 <0.1 2.0 1.7 33 2.8 34.1 29
Mean 114 <0.1 <0.1 1.8 1.6 3.1 2.8 34.7 31
SD 7 - - 0.4 0.3 0.2 0.2 0.6 2
Zn
13/41 71 1.9 2.7 0.6 0.8 9.3 13 18.2 26
13/42 67 1.9 2.8 0.6 0.9 11.2 17 18.4 28
13/43 75 2.0 2.7 0.5 0.7 11.0 15 18.2 24
Mean 71 1.9 2.7 0.6 0.8 10.5 15 18.3 26
SD 4 0.1 0.1 0.1 0.1 1.1 1.8 0.1 1.7

spectrometric analysis of total Fe. The precision of
this analysis is 10-15% depending on the Fe concen-
tration and the matrix of the solution.

The distribution of the saturation indices of min-
erals in the ground and surface water were calcu-
lated using the WATEQ4f computer program
(Ball and Nordstrom, 1991). The analytically deter-
mined Fe?"/Fe®" ratios were used to calculate the
activities of Fe and Cu redox couples.

Samples of shoots and roots were air-dried and
macerated in a coffee-grinder. Portions of the
crushed plant material, 2.5g in weight, were
digested with HF/HNO; (Bock, 1984) and analysed
for Ni, Cu and Zn using ICP-OES. The precision of
the analyses is 10% of the total concentration. Mean
value of the metal concentration [Me] of the plant
body was calculated from the metal concentration

[Me]; and the dry weight (m;,) of each part (i), and
the dry mass of the plant [M]:

Alf Z[Me]l. -m; = [Me].

1

Seed germination was tested according to the
techniques of Bradbeer (1988), and Koval and
Shamanin (1999). Seeds were stratified to induce
germination by placing 100 seeds in a 90 mm diam-
eter sterile Petri dish on wet filter paper. The Petri
dishes were placed in a growth chamber at 25 °C
for 24 h and than in a cold room at 2 °C for another
24 h (Koval and Shamanin, 1999). This cycle was
repeated once more. Stratified seeds were germi-
nated in a growth chamber for two weeks at 23 °C
during light period of 16 h, and at 18 °C during
dark period of 8 h. During the stratification and
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germination of seeds the filter paper in Petri dishes
was kept wet. Three replicate tests were made for
seeds from each of the tailings and control areas.

3. Results
3.1. Lithology and mineralogy

The following zones are based on the observa-
tions of physical properties and the degree of min-
eral alteration from 14 cross-sections. Three
principal zones were identified; reduced, transition
and oxidized. The transition zone contains several

N.V. Sidenko et al. | Applied Geochemistry 22 (2007) 30-52

layers distinguished by macroscopic features
(Fig. 2). These layers are labelled T1-T4.

The reduced zone is usually below the water table
(Fig. 2). In this zone, the tailings are loose and sat-
urated with water (Fig. 2) and vary in colour from
dark bluish grey (GLEY2 4/1) to bluish black
(GLEY2 2.5/1). They consist mainly of primary
minerals, reflecting the original composition of the
sulfide waste (Table 2). However, some pyrrhotite
grains have been replaced by marcasite (Fig. 4(a))
and thin films of Fe hydroxides surround some sul-
fide grains. Products of sulfide oxidation, such as
jarosite and S, were identified in samples collected

Table 2

Characteristics of layers in trench section # 4

Sample # Zone Depth (cm) Colour Munsell index Major minerals®

TR-4/6 Ox 040 Yellowish brown 10YR 5/4 Quartz, sulphur, goethite, lepidocrocite

TR-4/5 T1 40-50 Light bluish grey GLEY2 8/1 Quartz, goethite, jarosite, sulphur

TR-4/4 T3 50-70 Yellow 10YR 7/8 Sulphur, quartz, jarosite, goethite

TR-4/3 T4 70-80 Olive yellow 2.5Y 6/6 Pyrrhotite, quartz, sulphur, goethite, lepidocrocite
TR-4/2 Rd 80-100 Dark bluish grey GLEY2 4/1 Pyrrhotite, biotite, sulphur, jarosite

TR-4/1 Rd 160-175 Bluish black GLEY2 2.5/1 Quartz, pyrrhotite, biotite,

# Identified by XRD in >65 pm fraction of the samples.

L

Fig. 4. Photomicrographs of polished thin sections in (a), (c) reflected and (b), (d) transmitted plane polarized light, showing: (a) pyrrhotite
(po) partially replaced by marcasite (mrs) and Fe-oxyhydroxides (Fe-ox) in sample 4/2; (b) an unaltered calcite (cal) grain in contact with
pyrrhotite and K-feldspar (K-fs) from sample 4/2; (c) the atoll-like texture of pyrrhotite grains almost surrounded by vacant zone (vc),
marcasite and Fe-oxyhydroxides in sample 4/3 and (d) a corroded calcite grain is surrounded by Fe-oxyhydroxides in sample 4/3.
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at the level of the water table. Calcite grains are
angular and do not show dissolution features, but
occasionally they are coated by a thin red film of
Fe hydroxide (Fig. 4(b)).

The transition zone extends to a maximum of 1 m
above the water table (Fig. 2). Material of this zone
is loose and less saturated with water than the
reduced zone. There are often different colored lay-
ers. Olive-yellow (2.5Y 6/6) T4 or brownish-yellow
(I0YR 6/6) T3 beds are usually observed at/or just
above the water table, marking the precipitation of
goethite, lepidocrocite and S (Table 2). Bluish grey
(GLEY2 6/1) T2 layers and light bluish grey
(GLEY?2 8/1) or pale brown (10YR 8/3) T1 layers
are found as the top sequence in most sections.

In the transition zone, about 50% of pyrrhotite is
replaced by secondary minerals. The rims become
more complex then in the reduced zone. The
sequence ‘‘pyrrhotite—vacant zone (epoxy filled)—
marcasite-Fe oxide” found from the core to the
outer rim of oxidized pyrrhotite (Fig. 4(c)) is similar
to zoning observed by Jambor (2003). There is evi-
dence of pentlandite and sphalerite alteration, while
pyrite and chalcopyrite grains do not show any evi-
dence of oxidation. Calcite grains are corroded and
surrounded by thick rims of Fe hydroxides
(Fig. 4(d)).

The oxidized zone consists of reddish (5YR 5/4)
to yellowish-brown (10YR 5/6), usually cemented,
hardpan layers from a few cm to 0.5 m thick. This
zone consists of reddish (5YR 5/4) to yellowish-
brown (I0YR 5/6), usually cemented, hardpan lay-
ers from a few cm to 0.5 m thick. The total thickness
of the oxidized zone has an inverse relationship to
the depth to the water table. The water table is
apparently controlling the moisture content in the
pore space, and hence the diffusion of O, and rate
of sulfide oxidation.

The few marcasite rims observed around pyrrho-
tite grains in the oxidized zone are thin. Iron
hydroxide rims, however, are thicker than in the
transition zone and consist of inner rims replacing
pyrrhotite and outer ones representing the cement
(Fig. 5(a)). An EMP profile shows a decrease in
the concentration of Ni from 0.56 wt.% in the core
of a pyrrhotite grain through an inner rim of Fe
hydroxide to 0.16 wt.% in the cement (Fig. 5(b)).
Most of the pyrrhotite grains are replaced by sec-
ondary Fe phases, and pyrite is altered along frac-
tures (Fig. 5(c)). Pentlandite and chalcopyrite
show a minor replacement by Fe-oxyhydroxides.
Goethite and lepidocrocite, identified by XRD in

0"|'4>'|-v6: T T .'o.l‘_o..l.o

3 262 1 4 5 6
Points of analysis

—e—Nix100 ---¢--§ --0--Fe

| 50 um r—

Fig. 5. SEM electron backscattered images and the results of
EMP analyses showing: (a) pyrrhotite grain surrounded by Fe-
oxyhydroxides with analytical points through a rim-—core-rim
profile from sample 1/4; (b) the concentration of Ni, S and Fe
across the profile; (c) a grain of pyrrhotite almost completely
replaced by Fe-oxyhydroxides containing inclusions of pyrite,
sample 1/5.

the >75 um fraction, are probably from the cement
of the hardpan. Jarosite was mainly found in the
lower part of the hardpan, while goethite and lepi-
docrocite were distributed irregularly (Kavalench,
2004). There was no calcite found in this zone using
mineralogical methods.

The formation of green, white and yellow col-
oured crusts of evaporate minerals were observed
on the surface of tailings during dry weather.
Morenosite (Ni, Fe, Mg)SO, - TH,O and melante-
rite (Fe, Ni, Mg)SO, - 7TH,O were identified by pow-
der XRD and SEM-EDS analyses. Weathered mica
from the surface of tailings consists of interstratified
biotite-vermiculite. These layers are estimated to be
in the ratio 40:60 from the d-spacing of 13.4 A for
the combination of the 001/002 (biotitic/vermicu-
late) basal reflection (Moore and Reynolds, 1997).

3.2. Element speciation in the tailings

The weighted mean concentration of total Fe
varies from 12 to 18 wt.% with the vertical distribu-
tion varying between sections (Fig. 6, Appendix 1).
The mean proportions of Fe in the residual frac-
tions show that from 63% to 66% of Fe remains in
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Fig. 6. Speciation of Fe and S in the tailing solids from sequential
extraction. The fractions are (1) water-soluble fraction (2)
exchangeable and carbonate, (3) bound to amorphous and
poorly crystalline Fe-oxyhydroxides and oxyhydroxysulfates,
(4) bound to crystalline Fe-oxyhydroxides and oxyhydroxysul-
fates and (5) residual.

sulfides, mainly in pyrrhotite. The dominant sec-
ondary forms are crystalline and amorphous Fe-
oxyhydroxides (Appendix 1). Mean proportions of
Fe in the crystalline form are slightly greater (18-
20% of total Fe) then in the amorphous fraction
(13-17% of total Fe). In all sections, the highest
concentrations of crystalline Fe-oxyhydroxides are
in the uppermost oxidized zone. Concentrations of
amorphous Fe do not display a clear distribution
pattern. The maximum of Fe concentrations of this
fraction are found in the oxidized zone in sections 1
and 10, while in sections 4 and 13 they are in the T4
layer of the transition zone (Appendix 1).

The mean total S content varies from 5.5 wt.% to
7.5 wt.% between sections, with 87-90% of the total
concentration in residual sulfides (Fig. 6) and 7-11%
of the total concentration in the water-soluble
fraction. The mean concentrations of S bound to
secondary amorphous and crystalline Fe-oxyhy-
droxides are low and range from 0.04 to 0.06 wt.%

and 0.06 to 0.08 wt.%, respectively. The distribution
of this S species shows a clear pattern. The highest
concentrations of S precipitated with amorphous
Fe-oxyhydroxides are in the transition zone mainly
in the T4 layer (sections 4, 10, 13), while maximum
concentrations of S in secondary crystalline Fe min-
erals accumulate in the uppermost oxidized zone
(Appendix 2).

Between sections, the weighted mean concentra-
tion of Ni ranges from 1600 to 2900 ppm with 60—
73% being in the residual fraction (Appendix 3),
reflecting the proportion of Ni still in primary min-
erals. The 3 major secondary forms accumulating
Ni are soluble, amorphous and crystalline Fe
phases, with means of 8-18%, 8-11% and 8-13%,
respectively, of total concentrations. The highest
values of water-soluble Ni (up to 23 of the total con-
tent) are in the transition zone (Fig. 7). The highest
concentrations of Ni bound to amorphous Fe-
phases, as well as in exchangeable and carbonate
fractions is in the transition zone, particularly in
the T4 layers (Fig. 7 and Appendix 3). The relation-
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Fig. 7. The distribution of Ni, Cu and Zn in vertical sections of
the tailings. The names of the fractions are the same as for Fig. 5.
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ship between Ni in these fractions could be due to
weakly adsorbed Ni being desorbed from the sur-
face of amorphous Fe-phases during the extraction
of exchangeable and carbonate fractions. Maxima
of Ni concentrations bound to crystalline Fe-oxyhy-
droxides are in the oxidized zones of all sections
(Appendix 3).

The mean Cu content is lower than Ni by one
order of magnitude (120-220 ppm) with 52 to 69
water-soluble Cu in all samples of the tailings is
below the detection limit (<0.1 ppm). Mean propor-
tions of Cu in the exchangeable and carbonate frac-
tions are low, 1.9-2.8% of total content. High
concentrations of Cu in Fe-oxyhydroxides indicate
the dominant secondary sink for the metal
(Fig. 7). On average, Cu is predominantly concen-
trated in crystalline Fe-oxyhydroxides (mean 18—
34%) compared to the amorphous phase (Appendix
4). The concentrations and proportions of Cu
bound to crystalline Fe-oxyhydroxides increases
upwards from the bottom of the transition zone in
all sections being highest in the uppermost oxidized
layer (Appendix 4). Maximum of Cu concentrations
precipitated with amorphous Fe-phases were at the
bottom of transition zone in close proximity to the
water table (Appendix 4).

The mean concentrations of total Zn (81—
92 ppm) are about half that of Cu. The proportion
of Zn in the residual fraction indicates that from
60% to 67% of the total remains in primary
minerals, mainly sulfides. The concentrations of
Zn in soluble, exchangeable and carbonate fractions
are low and insignificant (Appendix 5). From 29%
to 36% of the total Zn is bound to secondary Fe-
oxyhydroxides (Fig. 7) with the domination of crys-
talline (17-21% of total) over the amorphous frac-
tion (12-15%). The concentrations of Zn bound to
well ordered Fe-oxyhydroxides are highest in the
oxidized zone of the tailings. High concentrations
of Zn associated with amorphous Fe-phases
are mainly accumulated in the lower part of
sections, in the transition and reduced zones
(Fig. 7).

3.3. Water chemistry

Shallow ground water travels radially from the
cone of the tailings deposited at the discharge point
towards the tailings pond (Fig. 2). The pH of ground
water decreases systematically from 5.36 to 4.92
from TR13 to the more oxidized (TR2) area of the
tailings (Table 3). The dominant anion in the ground

Table 3
Analyses of groundwater from trench pits and tailings pond
(mg/L)

Sample TR2 TR4 TR13 Pond
T(°C) 17.9 153 16.7 17.2
pH 4.92 5.29 5.36 7.65
Eh(V) 0.34 0.25 0.25 0.21
Ca 390 400 400 100
Mg 1830 1990 3160 26
Na 51.8 38.1 525 547
K 84.8 111 253 15

Cl™ <0.05 23 137 342
F~ <0.05 <0.05 <0.05 0.2
SOi’ 11700 13300 17800 942
HCO; - - - 55

Fe total 1410 2950 3540 0.15
Fe?™ 1140 2220 3250 <0.1
Fe** 95.1 223 187 <0.1

B 0.28 0.30 0.92 3.18
Al 341 0.10 0.34 0.04
As 0.009 0.037 0.02 0.002
Ba 0.035 0.041 0.026 0.019
Cd 0.005 0.0007 0.0002 <0.0001
Co 4.25 2.83 0.013 0.004
Cu 0.009 0.007 0.005 0.003
Li 0.50 0.52 0.44 0.009
Mn 21.2 23.8 18.8 0.0744
Ni 607 441 3.6 0.42
Pb 0.0009 0.0001 0.0031 0.0005
Rb 0.46 0.44 0.22 0.019
Se 0.008 0.008 0.01 0.003
Sr 0.71 0.67 1.74 0.81
U 0.016 0.008 0.0013 0.0003
Zn 2.31 2.55 0.073 <0.0005

water is SO, (Table 3) with the major cations being
Fe?" (1140-3250 mg/L), Mg>" (1830-3160 mg/L),
and Ca’" (390400 mg/L). A gradual increase in
Ni concentrations from 3.6 to 607 mg/L and Cu
from 0.005 to 0.009 mg/L were observed from
TR13 to TR2. Zinc concentrations rise from
0.073 in TR13 to 2.55 mg/L in TR4. The tailings
pond water is maintained at a neutral pH (7.65)
and is characterized by a lower content of all compo-
nents except Na, C1I”~ and HCO; (Table 3). Concen-
trations of Fe (0.15mg/L), Ni (0.42mg/L), Cu
(0.003 mg/L) and Zn (<0.0005 mg/L) in the tailings
pond water are significantly lower than in the
ground water. This shows that the tailings are the
major source of metals in the groundwater but not
the tailings pond, which is still receiving effluent dis-
charge from the mill and the smelter. The metal con-
centration in the pond is controlled by lime
treatment of the effluent. Groundwater flowing from
the more oxidized area mixes with the pond water,
where it will be diluted and neutralized.
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Calculated saturation indices (SI) indicate that
the ground waters are supersaturated with respect
to jarosite (SI = 12.7-14.3), goethite (SI = 8.6-8.9),
and ferrihydrite (SI=3.0-3.8). The saturation
indices of soluble sulfates of Fe and Mg such as
melanterite (SI=-1.9 to —1.4) and epsomite
(MgS0O, - 6H,O, SI=—1.5 to —1.2) are negative
but close to zero, indicating that these minerals
could precipitate if the solution evaporated.

3.4. Natural soils

The mean concentrations of Ni and Cu in the
natural soils are 12 and 4 times lower than in the
tailings although concentrations of Zn are similar
(Table 4 and Appendices 3-5). The concentration
of available Cu and Zn in natural soils (the sum
of water-soluble, exchangeable and carbonate frac-
tions) is similar to the tailings (Table 4, Appendices
4 and 5) whereas available Ni is 24 times lower.
For natural soils the mean pH of 1:2 soil-water
mixtures was 6.3 in comparison to 4.0 for the oxi-
dised zone of the tailings and 7.2 for the reduced
zone.

3.5. Plants

There is a much wider variety of species in the
control area compared to the tailings. As water
sedge (Carex aquatilis Wahl.) dominates within the
exposed tailings, it was chosen for analysis. In the
tailings, water sedge plants grow preferentially in
the vicinity (~10m) of natural woodlands and
spread radially by roots, which grow longer than

Table 4

Metal content in natural soils (ppm)

Sample # Ni Cu Zn
Total

CAl 90 38 75
CA2 100 42 85
CA3 49 23 74
CA4 270 62 47
Mean 130 41 70
Available®

Al 20 5.6 7.35
CA2 7.1 <0.35 4.9
CA3 26 4.55 3.85
CA4 1.5 <0.35 <0.35
Mean 14 2.7 4.1

# Available form is ) water-soluble, exchangeable and car-
bonate fractions.

75 cm to reach the groundwater. At the end of Sep-
tember, water sedge plants in the control area were
dispersing ripe seeds in contrast to the plants from
the tailings, where some seeds were still green. Seeds
of water sedge collected from the exposed tailings
have a low viability (14.0 & 2.1% germination) com-
pared to those from the control area (54.0 + 8.9%
germination).

The calculated mean concentration of Ni
(260 ppm) in the plant body (live parts) from the
tailings area is an order of magnitude greater than
for Cu and Zn (Table 5). In contrast, in the con-

Table 5
Metal concentration in water sedge (ppm dry wt.)

Ni Cu Zn
Tailings area
Root system
Ring 3 340 54 17
Ring 2 280 26 24
Ring 1 240 46 23
Mean 290 42 21
Live shoots
Ring 3 150 7.9 15
Ring 2 120 7.3 17
Ring 1 330 11 17
Mean 200 8.7 16
Dead shoots
Ring 3 1200 110 24
Ring 2 510 83 21
Ring 1 Was not found
Mean 850 97 23
Entire plant (live organs)
Ring 3 288 41 16
Ring 2 203 17 21
Ring 1 288 27 20
Mean 260 28 19

Control area
Root system

CAl 13 43 23
CA2 14 110 40
Mean 13 76 31
Live shoots

CAl 8.0 14 14
CA2 10 23 18
Mean 9.0 18 16
Dead shoots

CAl 4.9 19 11
Entire plant (live organs)

CAl 11 29 19
CA2 13 77 32
Mean 12 53 25
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trol area, Ni (12 ppm) is less than half the Cu and
Zn concentrations. Ni concentration in plants
from the tailings is 20 times greater than for the
control area (Table 5). The mean concentrations
of Ni (290 ppm), Cu (42 ppm) and Zn (21 ppm)
in the root system are greater than in the live
shoots (Ni — 200, Cu — 8.7 and Zn - 16 ppm).
The difference between Cu concentrations in the
root and shoot systems suggests the presence of
a barrier for Cu between them. The concentra-
tions of Ni (850 ppm), Cu (97 ppm), and Zn
(23 ppm) are higher in dead shoots than in live
shoots and roots.

In the control area, the concentrations of metals
in the root system, live and dead shoots decrease in
the order Cu > Zn > Ni (Table 5). The higher con-
centrations of Cu in the root system (76 ppm) com-
pared to the live shoots (18 ppm) indicates the
same barrier as for plants growing on tailings
(Table 5). In contrast to the plants from the tail-
ings, concentrations of Ni in dead shoots
(4.9 ppm) are low compared to the root systems
(13 ppm) and live shoots (9.0 ppm). Absorption
of Ni in shoots continues after death on the tail-
ings while in a natural habitat, Ni is released from
the dead plant tissues.

4. Discussion
4.1. Metal release by sulfide oxidation

Dissolved metals in ground water are the central
figures in the model of element cycling in the system
“tailings—groundwater—plants” (Fig. 8). The con-
centration of dissolved metals is controlled by sev-
eral processes such as the dissolution of primary
sulfides, precipitation and dissolution of secondary
minerals, the recrystallization of metastable phases,
and the consumption of metals by plants (Fig. 8).
The migration of the metals begins with the release
of these cations from primary sulfides to the ground
water as a result of oxidation. The initial hosts of Ni
are Ni-bearing pyrrhotite and pentlandite, chalco-
pyrite for Cu, and sphalerite for Zn. The main
source of Ni in the tailings is pyrrhotite because
pentlandite is rare possibly due to a selective separa-
tion of sulfides during the flotation process. In the
reduced zone, pyrrhotite has a rim of marcasite,
showing the beginning of alteration (Fig. 4(a)). In
the transition zone, pyrrhotite is surrounded by a
vacant zone. Jambor (1994, 2003) found that the
dark vacant zone usually contains traces of Fe-
sulfate and native S in the atoll-type textures of
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Fig. 8. A simplified model of metal behaviour in the system “mine tailings—ground water—plants”. The processes are (1) dissolution of
sulfides, (2) trapping of the metals during replacement of sulfides, (3) absorption/desorption from poorly crystalline phases, (4) absorption
of crystalline phases during recrystallization of schwertmannite, (5) co-precipitation with goethite, lepidocrocite and jarosite, (6)
precipitation/dissolution with soluble sulfates and adsorption/desorption on phyllosilicates and carbonates, (7) uptake of dissolved ions;
(8) uptake by dissolution and ion exchange, (9) transport and absorption on the root cells and (10) absorption in cells of the shoot system.
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pyrrhotite oxidation (Fig. 4(c)). These phases may
have dissolved during the preparation of the pol-
ished sections and then the vacancy was filled with
epoxy resin. Iron sulfates can be readily dissolved,
causing Ni to migrate from pyrrhotite grains. How-
ever, further replacement of sulfide grains by Fe-
hydroxides, such as goethite can allow the trapping
of some metals in the solid phase (Fig. §). More
than 20% of the initial Ni from pyrrhotite remains
in the rim as crystalline Fe-oxyhydroxides, such as
goethite and lepidocrocite (Fig. 5(a) and (b)).

The supply of Ni, Cu and Zn to the groundwa-
ter will be dependant on the proportions of the ini-
tial hosts of the metals and the oxidation rate of
specific sulfides, if the sulfides are assumed to have
similar grain sizes. The proportions of sulfides can
be estimated from the concentration of Ni, Cu,
and Zn in the residual fraction after sequential
extraction, as this represents the primary minerals.
The mean concentration of metals in this fraction
increases in the order Ni> Cu>Zn (Fig. 7 and
Appendices 3-5), suggesting that the proportions
of the sulfides are in the order Ni-pyrrho-
tite + pentlandite > chalcopyrite > sphalerite. The
oxidation rates at pH 4 for pyrrhotite has been cal-
culated to be 2.5-8.5x 1072 mol m~2 s, for sphal-
erite 4-6 x 107" mol m~?s™', and for chalcopyrite
8-17x10 "' molm2s~! (Belize et al, 2004;
Domeénech et al.,, 2002). The high concentration
of Ni-pyrrhotite and the rapid oxidation of this
mineral compared to other sulfides produces the
observed higher concentration of Ni than Zn and
Cu in the groundwater. As the oxidation rate of
chalcopyrite is slightly lower than for sphalerite,
but the content of chalcopyrite was calculated to
be higher from sequential extraction data (Appen-
dices 4 and 5), the supply of Cu and Zn to the
groundwater should be similar. However, Cu con-
centration is lower than Zn by several orders of
magnitude (Table 3) indicating that other processes
such as the precipitation of secondary minerals
may exert a control on the concentration of these
metals in the ground water.

4.2. Metal attenuation by Fe-oxyhydroxides and
hydroxysulfates

Oxidation of Fe’* to Fe*" may actively occur in
the pore water of the transition and oxidized zones
above the water table. In the reduced zone, below
the water table, oxidation would be slow due to
the low coefficient of O, diffusion in tailings satu-

rated with water (Elberling et al., 1994; Elberling
and Damgaard, 2001). Hydrolysis of Fe*" produces
the precipitation of secondary Fe-oxyhydroxides,
which can absorb other metals. Secondary Fe
phases precipitate around calcite grains (Fig. 4(d)),
because the dissolution of carbonate creates a local
alkaline environment, which is favourable for the
hydrolysis of Fe**.

The precipitation of jarosite, goethite, and fer-
rihydrite from ground water would be expected
from the positive values of saturation indices. How-
ever, jarosite would not be expected at the observed
pH of the groundwater (4.92-5.36) because it is only
stable at pH < 3 (Bigham, 1994; Bigham and Nord-
strom, 2000). The saturation index of schwertman-
nite is difficult to calculate numerically because
logarithmic constants of apparent schwertmannite
solubility vary by a factor of three between different
studies (Kawano and Tomita, 2001; Bigham et al.,
1996; Yu et al., 1999). However, calculated activities
of SOﬁf and Fe*", and the pH of the groundwater
fall in the field of natural schwertmannite occur-
rence, while ferrihydrite would be expected to pre-
cipitate at a lower pH and activity of SO?{ than
observed (Yu et al., 1999). From this deduction it
can be concluded that only schwertmannite and
goethite should precipitate from the groundwater.
These phases were identified in precipitates forming
from shallow groundwater exposed to air (Sidenko
and Sherriff, 2005). Accumulation of S in the poorly
crystalline Fe-phase at the bottom of the transition
zone agrees with the mineralogical identification of
schwertmannite (FegOg(OH)g_»(SOy), - nH,0).
Here, at the fluctuating water table, precipitation
of schwertmannite and goethite occurs due to oxida-
tion of Fe*" to Fe’* by O, diffusing from the sur-
face through unsaturated tailings.

Data from sequential extraction show a signifi-
cant proportion of metals bound to the poorly crys-
talline Fe-phase, indicating the importance of
schwertmannite in the attenuation of metals. Previ-
ous study showed that, most of the total Ni (99%)
and Zn (53-94%) and a significant portion of Cu
(33-76%) are bound to schwertmannite in precipi-
tates forming from groundwater (Sidenko and Sher-
riff, 2005). Schwertmannite accumulates Ni, Cu and
Zn in the transition zone (Fig. 7 and Appendices 3—
5).

Schwertmannite is a metastable mineral which
will re-crystallize completely into more stable goe-
thite in about a year (Bigham et al., 1996). During
this recrystallization, absorbed metals can be
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released back into the solution or bound to the
newly forming goethite (Fig. 8). This could be the
cause of the gradual decrease of Ni, Cu and Zn in
poorly-crystalline and their increase in well-crystal-
line Fe-oxyhydroxides from the bottom of the tran-
sition zone upward (Fig. 7). However, well-
crystalline Fe phases might directly precipitate from
solution without the intermediate formation of
schwertmannite. The role of schwertmannite in the
redistribution of metals, compared to crystalline
goethite, becomes less important in the oxidized
than in the transition zone.

Jarosite is another well-crystalline secondary
mineral of Fe identified in the tailings. Jarosite
might precipitate from pore water in the oxidized
zone, which is usually more acidic (pH < 3) than
the groundwater (Blowes and Ptacek, 1994). A com-
parison of Fe/S ratios in the well crystalline Fe
phases indicates that only a few % of the total Fe
could be bound to jarosite, and the major well crys-
talline phase is goethite.

The affinity of metals to well-crystallized second-
ary Fe-phases is shown by the mean proportions of
the moderately reducible fraction from sequential
extraction (Appendices 3-5), which decrease in the
order Cu (18-34%)>Zn (17-21%) > Ni (8-13%).
This order is the same as the affinity of the metals
to goethite (Webster et al., 1998; Trivedi et al.,,
2001) and the sequence of element incorporation
by jarosite (Dutrizac and Jambor, 2000). At the
pH of the ground water (~5) adsorption edge stud-
ies have shown that Cu tends to be adsorbed onto
secondary Fe phases while Zn and Ni stay in solu-
tion (Webster et al., 1998; Trivedi et al., 2001). This
could be the reason for the concentrations of Zn
being several orders of magnitude greater than Cu
in the groundwater despite a similar flux of the met-
als from the dissolution of sphalerite and chalcopy-
rite in the tailings. Thus, the ability of
Fe-oxyhydroxides and hydroxysulfates to remove
specific metals is more likely to control their concen-
tration in the ground water than the dissolution of
host sulfides.

4.3. Available form of metals

The mean proportions of water-soluble metals
from sequential extraction of the tailings are in
the sequence Ni> Zn > Cu, which is opposite to
that in stable crystalline Fe-oxyhydroxides (Appen-
dices 3-5). It seems logical that if a metal can not
be trapped in a stable form, it could possibly pre-

cipitate in a transient, more labile, form. As the
concentration of water-soluble Cu is below detec-
tion limit, the formation of soluble Cu minerals
would not be expected, while the significant con-
centrations of Ni and Zn in this fraction indicate
that these metals could be incorporated into solu-
ble minerals such as divalent metal sulfates. Solu-
ble Ni and Zn sulfates are unlikely to precipitate
from the ground water, as it is undersaturated with
respect to them. However, Ni and Zn can co-pre-
cipitate with Fe and Mg sulfates due to structural
similarities (Jambor et al., 2000; Gieré et al., 2003).
The saturation indexes of melanterite (FeS-
04-7H,0) and epsomite (MgSO,-7H,0) are
slightly negative but close to zero. Therefore, these
sulfates can precipitate if the groundwater evapo-
rates becoming more saline. In most sections, the
highest concentrations of soluble Fe, Ni and Zn
were found in the transition zone, where the solu-
tion may become saturated with respect to Fe sul-
fates. Although sulfate minerals were not identified
from this zone, the presence Ni-bearing melanterite
in evaporites on the surface of the tailings supports
the precipitation of Fe sulfates incorporating Zn
and Ni.

Metals incorporated into water-soluble sulfates
are more available for plants than those bound to
exchangeable or carbonate fractions. The concen-
tration of Ni and Zn in the water-soluble fraction
is greater than in the exchangeable and carbonate
fractions, while Cu does not accumulate in the solu-
ble fraction (Appendices 3-5). Nevertheless, Cu in
the exchangeable and carbonate fractions can be
mobilized by the aminoacids of root exudates and
then consumed by the plants (Salisbury and Ross,
1992). Exchangeable Cu could be incorporated into
vermiculite (Dold and Fontboté, 2001), which was
identified in weathered mica at the surface of tail-
ings. Secondary Cu carbonates were not identified
but Cu could be adsorbed on the surface of calcite
(Compton and Pritchard, 1990).

4.4. Metal absorption by plants

The main inflow for metals into plants is from
the soil via the root system (Brooks, 1983; Fergus-
son, 1990). Cations in the water-soluble fraction
are the most readily available for roots, but cation
exchange with solid phases becomes important if
the metal concentration is low (Salisbury and Ross,
1992). Therefore, metals bound in exchangeable
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and carbonate fractions of the solids can be con-
sidered as available forms (Kabata-Pendias and
Pendias, 2001). The concentration of available met-
als in the tailings was calculated to be the sum of
the water-soluble, exchangeable and carbonate
fractions using the mean values from TR13. This
region is similar to the plant collection area. The
values of Zn (2.5 ppm) and Cu (1.8 ppm) available
for plants from TR13 are similar to those in the
natural soils (4.1 and 2.7 ppm, respectively). In
contrast, the concentration of available Ni in natu-
ral soils is 14 ppm, which is 19 times less than for
the tailings (270 ppm). The relative availability
(available/total) of each metal was calculated as a
ratio of the concentration in the available fraction
to the total (Table 6). The relative availability of
Ni is an order of magnitude greater than Cu and
Zn for both the tailings (0.21) and the control
areas (0.11). In the natural habitat, the relative
availability of Cu (0.066) and Zn (0.056) is double
that in the tailings (0.02 and 0.03), respectively,
while for Ni it is half.

The relative absorption, which is the ratio
between the metal concentration in the root system
and in the available fraction (roots/available), indi-
cates the nature of metal uptake by the root system.
Within the tailings area, the relative order of metal
uptake by the roots is Cu>Zn > Ni (Table 6).
The concentration of Ni in the root systems was
lower than in the available fraction of the tailings
and natural soils, while the concentration of Cu
and Zn in the roots was greater than the available
metals (Table 6). Therefore, Cu and Zn penetrate

Table 6
Ratios of metal concentrations between the media and plant
parts

Ni Cu Zn
Delta tailings
Available/total 0.21 0.020 0.030
Roots/available 0.86 18 8.5
Roots/total 0.18 0.36 0.26
Live shoots/roots 0.69 0.21 0.76
Dead shoots/live shoots 4.2 11 1.4
Dead shoots/total 0.53 0.84 0.28
Control area
Available/total 0.11 0.066 0.056
Roots/available 0.93 28 7.6
Roots/total 0.11 1.8 0.45
Live shoots/roots 0.67 0.24 0.51
Dead shoots/live shoots 0.54 1.0 0.69
Dead shoots/total 0.038 0.46 0.16

into root cells against the concentration gradient,
indicating active accumulation by plants (using
energy). As the Ni concentration is lower in the
roots, it most likely penetrates passively along the
concentration gradient.

Copper and Zn are micronutrients for plants
(Chapin and Eviner, 2003; Marschner, 1995),
which require 6 ppm Cu and 20 ppm Zn in their
shoots for adequate plant growth (Epstein, 1965).
Copper bound with enzymes participates in redox
reactions, which relate to metabolic changes and
plant growth. Copper enhances the permeability
and lignification of cell walls and the viability of
pollen. Copper deficiency causes stunted growth
with distorted and bleached young leaves, and
necrosis of apical meristems (regions of primary
plant growth). Zinc has catalytic, cocatalytic, and
structural functions in enzymes (Marschner,
1995). Zinc metalloproteins are involved in DNA
replication and translation, hence affect gene
expression. As a structural component of ribo-
somes, Zn is actively involved in protein synthesis.
Zinc protects membrane lipids and proteins against
oxidative damage by binding with phospholipid
and sulfhydryl groups of membrane constituents,
or by forming complexes with cysteine residues of
polypeptide chains. There is an increase in plasma
membrane permeability if Zn is deficient. The most
visible symptoms of Zn deficiency are stunted
growth and chlorosis. The high requirement of
Cu and Zn for plant metabolism leads to their
active uptake from the habitat.

The only biochemical function defined for Ni in
plants is in the enzyme urease, which is an interme-
diate in N metabolism (Dixon et al., 1975; Marsch-
ner, 1995; Chapin and Eviner, 2003). Nickel is
classified as a ‘“beneficial nutrient”, which can
enhance plant growth, is required under specific
conditions, or is necessary for specific plant groups
(Dalton et al., 1985; Marschner, 1995; Chapin and
Eviner, 2003). There is no clear evidence of Ni defi-
ciency in plants (Dalton et al., 1985), although the
critical concentration of Ni for barley shoots has
been estimated to be around 0.1 ppm (Brown
et al., 1990). There is much more concern about
Ni toxicity levels, which begin at 10 ppm for sensi-
tive crop species (Bollard, 1983; Asher, 1991). The
minimal requirement of Ni by plants explains its
passive uptake by water sedge growing in both tail-
ings and control areas.

Inside the plant, cell membranes control the
rates of ion absorption and the kinds of solutes
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absorbed (Salisbury and Ross, 1992; Raven et al.,
1999). Root cell membranes can decrease the flow
of metals into the shoot system. Metals are trans-
ported from the root system by xylem flow to the
cells of the shoot system, where they can be con-
sumed by cells depending on the physiological
needs of the plant or excreted from the shoots
(Fig. 8). Some of the metals are returned to the
roots by the flow of phloem. In the tailings area,
the ratio of the concentration in the live shoots
to the roots for Ni (0.69) and Zn (0.76) are about
3.5 times greater than for Cu (0.21). This differ-
ence in ratios shows that Ni and Zn move from
roots to shoots more easily than Cu. In the con-
trol area, the concentration of metals in the shoots
is much lower, but the character of Ni, Cu and Zn
transfer from roots to shoots is the same as in the
tailings (Table 5). Thus, Cu is absorbed by roots
more effectively than Ni and Zn in both
environments.

Copper is a transition element, which forms sta-
ble complexes and has a high affinity for peptide
and sulfhydryl groups, carboxylic and phenol
groups (Marschner, 1995). In plants receiving a
large supply of Cu, transport of Cu from roots to
the shoots is restricted. The concentration of Cu
in the roots rises proportionately to that of the hab-
itat, with up to 60% of the total Cu content being
bound to the cell walls (Iwasaki et al., 1990). In con-
trast, root-supplied Zn is preferentially translocated
to the shoot system to meet the high Zn require-
ments for normal growth of the plant (Kitagishi
and Obata, 1986).

After the death of the shoots, metals can still
penetrate into these organs via the root system
because the dead shoots are still attached to the
live roots. The concentration of Ni and Cu in
the dead shoots of the sedge plants from the tail-
ings was found to be even greater than in the root
system (Table 5). This could be due to the absorp-
tion of metal ions by active groups of the organic
compounds in the dead shoots. The ratio of the
concentrations of metals in the dead to live shoots
decreases in the order Cu (11)>Ni (4.2)>Zn
(1.4), which reflects the adsorption affinity of the
metals onto cellulose, the main component of
the cell walls (Shukla and Pai, 2005). In the con-
trol area, the concentration of Ni in the dead
shoot system is about half that of the live organs,
but the concentration of Cu and Zn is equal
(Table 5), indicating that Ni is released from dead
shoots.

Shoot litter and root turnover form soil organic
matter (Schlesinger, 1991). Nickel-rich dead shoots
and roots in the tailings area would form contami-
nated litter. In boreal climates, only a small part
of the organic C is decomposed during litter turn-
over, hence little N1 will be released back to the hab-
itat with the rest being sequestered in the soil.

5. Conclusions

As a result of sulfide oxidation occurring in the
Ni—Cu mine tailings at Thompson, metals are
released from primary sulfides to the groundwater,
where the pH is buffered at 5 by carbonate disso-
lution. Concentrations of Ni in the ground water
are significantly greater than Cu and Zn because
of (1) a high initial concentration of Ni in tailings;
(2) a higher oxidation rate of Ni-bearing pyrrho-
tite compared to sphalerite and chalcopyrite; (3)
the low affinity of Ni for secondary Fe phases.
The co-precipitation of metals with Fe-oxyhydrox-
ides and hydroxysulfates controls their attenuation
from groundwater into a form unavailable for
plants. The order of relative metal affinity for sec-
ondary Fe phases (Cu>Zn >Ni) is opposite to
the order of availability of the -elements
(Ni>Zn > Cu).

Nickel penetrates passively from the tailings into
the root system of water sedge, in contrast to Cu
and Zn, which are actively absorbed micronutrients.
Inside the plant, Ni and Zn can pass the barrier
between the roots and shoots easier than Cu. After
death, shoots of the plants from the tailings area
continue to absorb metals in the order of their affin-
ity to cellulose (Cu > Ni > Zn).
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