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Abstract The abandoned Zgounder Mine (Morocco) was

exploited for Ag from 1982 to 1990 and generated nearly

490,000 t of mill tailings before it was closed without being

reclaimed. The tailings contain low concentrations of sul-

fide (mainly as pyrite, sphalerite, and galena) and carbon-

ates (mainly dolomite). Silicates (muscovite, albite,

chlorite, labradorite, actinolite, and orthoclase) occur in

high concentrations. The most abundant trace elements are

As, Ti, Fe, Mn, Zn, and Pb. We studied the geochemical

behavior of the mine wastes to identify the main factors

controlling drainage water chemistry. Particular emphasis

was put on sorption phenomena to explain the low As

concentrations in the leachates despite significant As levels

in the tailings. Weathering cell tests carried out on various

tailings produced two types of contaminated drainage:

acidic and neutral. The kinetic test leachates contained high

concentrations of some contaminants, including As

(0.8 mg L-1), Co (11 mg L-1), Cu (34 mg L-1), Fe

(70 mg L-1), Mn (126 mg L-1), and Zn (314 mg L-1).

Acidity and contaminants in the leachates were controlled

by dissolution of soluble salts and Fe hydrolysis rather than

sulfide oxidation. Batch sorption tests quantified the sig-

nificance of As sorption, and sequential extraction showed

that most of the As sorption was associated with the

reducible fractions (Fe and Mn oxides and oxyhydroxides).

Keywords Acid mine drainage � Contaminated neutral

drainage � Sorption � Weathering cells � Geochemical

behavior

Introduction

Mining of metallic ore deposits can expose sulfide minerals

to atmospheric weathering. Consequently, the sulfide min-

erals can oxidize and produce acidicwater ladenwith sulfate,

metals, andmetalloids, known as acidmine drainage (AMD)

(Akcil and Koldas 2006; Harris et al. 2003). When sufficient

neutralization capacity is available within the mine wastes,

leachate pH remains near neutral, but the water can still

contain metals that exceed regulatory water pollution stan-

dards; in this case, the effluent corresponds to contaminated

neutral drainage (CND) (Beauchemin and Kwong 2006;

Plante et al. 2010). Both AMD and CND can threaten sur-

rounding ecosystems, especially biodiversity (Lei et al.

2010; Niyogi et al. 2002). Mine drainage is controlled by

natural factors such as the geology, hydrology, and geo-

chemistry of the mine area (Cheng et al. 2009; Fukushi et al.

2003). Geochemical phenomena, such as oxidation, acid

neutralization, precipitation, sorption, hydrolysis, and solu-

bilization,which occur at different reaction rates, often affect

contaminant mobility (Fukushi et al. 2003; Haffert et al.

2010; Harris et al. 2003; Mahoney et al. 2005).

Arsenic (As) is known for its association with sulfide

minerals, mainly in gold-silver ore deposits (Haffert et al.
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l’Université, Rouyn-Noranda, QC J9X 5E4, Canada
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2010; Kim et al. 2012). The release of As from contami-

nated sites is controlled by dissolution/precipitation pro-

cesses (Fukushi et al. 2003; Haffert et al. 2010; Mahoney

et al. 2005) and by sorption phenomena. Sorption of As is a

complex process based on interrelations between the

properties of the solid surface, temperature, pH, and the

concentration and speciation of As and competing ions

(Asta et al. 2009; Cheng et al. 2009; Lizama et al. 2011;

Mamindy-Pajany et al. 2011). Aqueous arsenite species

[As(III)] predominate in reducing environments, whereas

arsenate species [As(V)] are more abundant under oxidiz-

ing conditions, and are considered to be both less toxic and

mobile (Bagherifam et al. 2014; Lizama et al. 2011). The

major species in mine water are H3AsO4 and H2AsO4
- for

As(V) and H3AsO3 for As(III) (Smedley and Kinniburgh

2002). These As oxyanions (either arsenite or arsenate) are

prone to sorption onto positively charged surfaces (Appelo

and Postma 2005). Various mineral surfaces are able to

sorb arsenic, including Fe, Al, and Mn oxyhydroxides,

clays, carbonate, and organic matter (Cheng et al. 2009). Fe

oxyhydroxides are considered to be some of the best As

sorbents (Carrillo and Drever 1998; Foli et al. 2013;

Giménez et al. 2007; Mamindy-Pajany et al. 2011), and

their high affinity for As is useful for As removal from

water (Carrillo and Drever 1998), mine tailings (Kim et al.

2012), soils (Drahota et al. 2012), and sediment (Mamindy-

Pajany et al. 2011). These properties also contribute to As

attenuation in mine water. However As can also be des-

orbed from sorption sites by changing geochemical and

hydrological (pH, competition, etc.) conditions (Asta et al.

2009; Foli et al. 2013; Mahoney et al. 2005; Mamindy-

Pajany et al. 2011).

About 200 mines in Morocco were abandoned without

considering structural stability and potential environmental

risks. The Zgounder deposit is one of the oldest and most

famous silver deposits in Morocco. It is located in the

western part of the central Anti-Atlas Mountain Range,

150 km south of Marrakech, at an altitude between 2000

and 2150 m, on the flanks of the Siroua mountains (Fig. 1).

The local relief is hilly with a valley that contains the

Zgounder River. The region has a continental climate;

temperatures range from -5 �C in January to 20 �C in

July. Average annual rainfall is around 419 mm and is

concentrated in the months of December–February. The

geology consists of a volcanic/sedimentary formation,

attributed to the Precambrian, which overlies an andesitic

basement that outcrops in the north of the district. The

silver mineralization (mainly as acanthite Ag2S, polybasite

Ag16Sb2S11, and pearceite Ag16As2S11) occurs as inter-

mittent lenses of varied sizes in the host rock. Within the

ore body, Ag mineralization occurs in mm-sized veins that

are mainly pyritic, as disseminated fine particles in the host

rock, and in veinlets with quartz/sulfides that occur in

centimeter-sized cracks. Native silver (Ag–Hg amalgam) is

the most commonly found silver mineral, representing

65–90 % of the silver ore (Macroux and Wadjinny 2005).

The deposit was intermittently mined between the thir-

teenth and nineteenth centuries, and later by the SOMIL

Co., which was a part of ONHYM (National Office of

Hydrocarbons and Mines, Morocco), between 1982 and

1990. During this period, about 500,000 t of ore, containing

approximately 300 g/t of Ag, were mined. Ore processing

was done by crushing and milling followed by extraction

using cyanide. More than 490,000 t of tailings were

deposited in the north tailings pond (&38 ha), from 1982

to 1988, and in the south tailings pond (&18 ha), from

1988 to 1990 (Fig. 2a–c). The bottoms of the two tailings

ponds are unlined and have not prevented infiltration of

surface mine drainage waters. Both tailings ponds show

yellow and reddish seepage resulting from rainwater infil-

tration. The seepages flow along a tributary and join the

Zgounder River. The site was closed in 1990 and left

without remediation. The north tailings pond dam was built

using tailings and gabion structures that successively col-

lapsed, leaving tailings distributed along the slope to the

river (Fig. 2d). Waste rock and other tailings were also

stored on the flanks of the hills, close to the mine gallery

entrances, and in the old river bed (Fig. 2d).

We studied the geochemical behavior of the site’s mine

wastes to identify the main factors controlling drainage

water chemistry, in particular metal and metalloid disso-

lution, from the mine tailings. Initially, the mine wastes

were characterized to determine their mineralogical and

chemical composition, and secondary mineralogy. In a

second step, the samples were characterized for their

principal physical features and their acid generation

potential using static tests. Third, the geochemical behavior

of the tailings was evaluated using weathering cells.

Finally, As sorption was studied using sorption and

extraction tests to better understand the phenomena that

control As concentrations in the site’s mine drainage.

Materials and Methods

Tailings Sampling and Analysis

In June 2013, two 60 cm deep trenches (T1 and T2) were

excavated in the north tailings pond, and one 60 cm deep

trench was excavated in the south tailings pond (T3)

(Fig. S1) (note: figures denoted in this fashion are sup-

plemental and accompany the on-line version of the

manuscript; these figures can easily be downloaded for

free.) No color change was observed along the depth profile

of trenches T1 and T3. Hence, samples were taken at the

surface (ZG1 and ZG6 respectively) and the potentially
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fresh or ‘unaltered’ tailings at 60 cm depth (ZG2 and ZG7

respectively) (Fig. S1a, c). At trench T2 (north tailings

pond), three horizons were identified and sampled

(Fig. S1b). ZG3 was taken at the surface (0 cm), while

ZG4, which had a yellowish coloration, was sampled from

15 to 20 cm deep, and ZG5 (blackish-gray in color) was

taken at a depth of 60 cm.

Precipitates and secondary efflorescent salts, recogniz-

able by their distinct colors (white, turquoise, red, and

yellow), were more abundant in the north tailings pond.

Whitish phases were the most abundant in both tailings

ponds. Different secondary minerals covering the tailings

were sampled (M1–M4). A sample of a reddish precipitate

from the north tailings pond seepage was also collected

(M5). All samples were carefully collected, transported to

the laboratory, and stored in double-sealed plastic bags

after air evacuation. The fine tailings were dried in an oven

at 40 �C.

Fig. 1 Location map of the

Zgounder Mine: regional mine

situation (a), zoom showing

location of tailings ponds and

the watershed (b)
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Particle size distribution was determined using a Mal-

vern Mastersizer laser particle size analyzer (Merkus

2009). Specific gravity (Gs) was measured using a

micromeritics helium pycnometer. The specific surface

(Ss) area was determined with a micromeritics Ss analyzer

using the BET method (Brunauer et al. 1938). The

chemical compositions of the tailings were determined

using acid digestion (HNO3–Br2–HF–HCl) (Potts 1987),

followed by ICP-AES analysis for over 20 elements, to a

0.001 wt% precision. Some elements (As, Be, Bi, Sb, Se,

Te, and Si) were partially evaporated during the digestion

procedure. They were analyzed separately after adaptation

of the digestion procedure, but silicon was not determined

for the present study. Sulfide sulfur was determined by

subtraction of the sulfate sulfur (determined by a 40 %

HCl extraction with 0.001 wt% precision; Sobek et al.

1978) from the total sulfur (ICP AES analysis). Miner-

alogical characterization was performed only for the

‘‘unaltered’’ samples (ZG2, ZG5, and ZG7), initially with

a Bruker A.X.S. D8 X-ray diffraction (XRD) instrument,

with a detection limit and precision of &0.1–0.5 wt%.

Mineralogical quantification was realized with Rietveld

(1993) fitting of the XRD data using the TOPAS software.

Mineralogical analyses were completed on polished sec-

tions of the tailings samples using a Zeiss Axio optical

polarizing microscope and a Hitachi S-3500N scanning

electron microscope (SEM) coupled with an Oxford

Instruments energy dispersive X-ray spectroscopy (EDS)

probe.

Static tests were conducted in order to assess the acid

generation potential of samples ZG2, ZG5, and ZG7. The

neutralization potential (NP) was determined by the stan-

dard carbonate NP method, which is based on the mea-

surement of the total inorganic carbon with an induction

furnace and its conversion into kg CaCO3/t equivalents

(Lawrence et al. 1989). Inorganic carbon can be used in

this study, as the tailings do not contain Fe and/or Mn

carbonates (such as ankerite and siderite), which can neu-

tralize initially and produce acidity after Fe/Mn oxidation

and hydrolysis (Skousen et al. 1997). This method is

simple and widely used in the industry (Frostad et al.

2003). The acid generation potential (AP), also expressed

in kg CaCO3/t, was calculated by using the sulfide sulfur

fraction, obtained by subtracting the sulfate sulfur from the

total sulfur assay (Lawrence and Wang 1996). The net

neutralization potential (NNP) was calculated by subtract-

ing the AP value from the NP value. NNP values less than

-20 kg CaCO3/t indicate an acid-producing material,

whereas materials with NNP[20 kg CaCO3/t are consid-

ered to be acid consuming. Hence, some uncertainty for

this technique exists between -20\NNP\ 20 kg

CaCO3/t (Miller et al. 1991; SRK 1989). Another tool used

to evaluate the AMD production potential from static tests

is the NP–AP ratio. Typically, the material is considered

Processing 
plant

a

North tailings pond

b

Dispersed 
tailings

Waste rocks

Broken dam 

Zgounder 
River

d

South tailings pond

c

Fig. 2 Photographs showing an

overview of the mine site and

processing plant (a), tailings
ponds (b North, and c South),

tailings dispersed after collapse

of north tailings pond dam, and

waste rock disposed in the river

bed (d)
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non-acid generating if NP/AP[2.5, uncertain if 2.5[NP/

AP[ 1, and acid generating if NP/AP \1 (Adam et al.

1997).

Leaching Tests

Leaching tests are performed to assess leaching of poten-

tially toxic elements from these materials under specific

conditions. In this study, the test was performed according

to the CTEU-9 method (Expertise Center in Environmental

Analysis of Quebec 2012) for determining the concentra-

tion of inorganic species likely to be leached on contact

with neutral pH water. A modified solid/liquid (S/L) ratio

of 1:25 (the original is 1:4) was used in order to get the

same ratio as the sorption tests. Therefore, 1 g of solid was

leached with 25 mL of water and shaken for 7 days at

room temperature. Additional testing durations (2, 6, 24,

and 72 h) were used to monitor behavior during the first

hours of contact with water. At each water sampling, lea-

chates were filtered using a 0.45 lm nylon filter and

acidified with 2 % HNO3. The resulting solutions were

analyzed by ICP-AES.

Weathering Cell Tests

The tailings geochemical behavior study was carried out in

weathering cells, which are small-scale kinetic tests that

require a small amount of material (Cruz et al. 2001;

Hakkou et al. 2008; Villeneuve et al. 2004). Approximately

66.7 g (dry weight) of tailings ZG2, ZG5, and ZG7 were

placed in a 100 mm diameter Buchner funnel equipped

with a glass fiber filter. A 7-day cycle consisted of two

flushing days (typically Mondays and Thursdays) alter-

nating with 2 and 3 days of exposure to ambient air,

respectively. The flushes consisted of adding 50 mL of

deionized water to the top of the Buchner funnel. The

leachate was recovered by applying a slight suction on a

filtering flask after 3 h of contact with the tailings. The

ZG2 and ZG7 weathering cell tests were dismantled earlier

than the ZG5 test due to perforation of their filters.

The leachates obtained during the weathering cell tests

were filtered using a 0.45 lm pore size nylon filter and

analyzed for several geochemical parameters in order to

understand the sulfide reactivity, oxidation kinetics, metal

solubility, and overall leaching behavior of the tested

materials. Filtered leachates were acidified with 2 % HNO3

to avoid metal precipitation and analyzed with ICP-AES to

determine metal and sulfate concentrations (in mg L-1).

For each kinetic test cycle, the pH, Eh, electrical conduc-

tivity (EC), metal concentrations, acidity, and alkalinity

were analyzed for each leachate sample. Alkalinity and

acidity (expressed in mg CaCO3/L) were measured by

acid–base titration to pH endpoints of 8.3 and, 4.5,

respectively. Sample pH, redox potential, and EC were

measured with an Accumet excel XL60 dual channel pH/

ion/conductivity/DO meter. Redox potential results were

corrected to a standard hydrogen electrode (SHE). These

data were compiled as instantaneous and cumulative loads

based on the volume and composition of the leachates, and

normalized to the solid samples mass.

Batch Sorption Tests

The As sorption capacity of the tailings was investigated

using static and kinetic batch sorption tests on samples

ZG2, ZG5, and ZG7. Because conditions are oxidizing in

weathering tests, As in the leachates is most likely in the

arsenate form (Mamindy-Pajany et al. 2011). Therefore, an

arsenate stock solution, prepared from a sodium arsenate

salt (AsHNa2O4�7H2O), was used for all sorption tests. An

initial L/S ratio of 25:1 mL g-1 was chosen for all of the

batch sorption tests, which allowed sufficient solution for

sampling during the experiments. Ionic strength was

adjusted to 0.05 M with NaNO3. The ionic strength

adjustments limit the effect of a change in ion concentra-

tions on the sorption properties; with a high ionic strength,

the composition of the background solution can be con-

sidered constant (Limousin et al. 2007; Plante et al. 2010).

Previous studies (Asta et al. 2009; Mamindy-Pajany et al.

2009) have shown that As(V) sorption is independent of the

solution ionic strength. However, those studies were per-

formed on pure minerals (hematite, goethite, and jarosite)

and with As concentrations and sample masses that were

much lower than those in this study. The experimental

conditions conducted in this work were chosen after pre-

liminary sorption tests designed from common batch

sorption tests found in the literature (Carrillo and Drever

1998; Giménez et al. 2007; Mamindy-Pajany et al. 2011).

Kinetic sorption tests were first performed to determine

the time necessary to reach equilibrium. Then, the static

batch tests were conducted, considering the equilibrium

time previously determined. The kinetic sorption tests were

carried out with 10 mg L-1 As for all samples, with

reaction times of 2, 6, 24, and 72 h. The static tests were

conducted to study the As sorption as a function of pH (pH

4, 5, 6, and 7), at a constant As concentration (10 mg L-1)

and a constant ionic strength (0.05 M). The initial pH was

chosen to cover the pH range observed in the preliminary

kinetic tests and in the field. The pH was adjusted using

0.02 M H2SO4 and NaOH solutions. Batch tests were also

conducted as a function of initial As concentration (0.1, 1,

10, and 50 mg L-1) at constant pH and ionic strength

(0.05 M). The concentrations 0.1 and 1 mg L-1 are close

to those obtained in the weathering cells. The 10 and

50 mg L-1 concentrations were considered respectively as

high and ‘‘extreme’’ concentrations to evaluate the

512 Mine Water Environ (2016) 35:508–524
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‘‘maximum’’ As sorption capacity. After a predetermined

contact time, the aqueous samples were decanted, filtered

through 0.45 lm nylon filters, acidified with 2 % HNO3,

and analyzed by ICP-AES.

Sequential Extraction Tests

Selective sequential chemical extractions are often used to

determine the metal distribution with different sorptive

phases and metals mobilization in soils and mine wastes

(Dold 2003; Garcı́a-Sánchez et al. 2010; Pöykiö et al.

2002; Tessier et al. 1978). The general principle is to leach

the sample with increasingly strong reagents, chosen for

their reaction selectivity. At each stage, the metals and

metalloids bound to a particular geochemical fraction are

released into the solution by ion exchange or dissolution.

Sequential chemical extractions are considered as semi-

quantitative, evaluating the nature and quantity of sorption

processes in soils and mine wastes (Plante et al. 2010).

The sequential extraction method used in this study was

adapted from Neculita et al. (2008) and can be described as

follows: (1) the soluble and easily exchangeable phases

were extracted using 0.5 M MgCl2 (L/S ratio: 24/1) at pH 7

for 1 h at room temperature; (2) the acid-soluble phases

were extracted with 1 M sodium acetate (L/S ratio: 24/1) at

pH 5 for 5 h at room temperature; and (3) the reducible

phases were extracted with NH2OH–HCl 0.04 M in 25 %

acetic acid (L/S ratio: 36/1) for 6 h at room temperature.

Sequential extractions were conducted successively on

initial and post-testing samples (ZG2, ZG5, and ZG7). The

extractions were performed in duplicate on 1 g aliquots

under ambient air on a rotary shaker at 250 RPM to min-

imize any diffusion-related bias. The samples were rinsed

twice with deionized water after a chemical extraction step

to minimize possible carryover between extraction steps;

these water extracts were combined with the corresponding

chemical extraction for metal analysis.

Results

Physical, Chemical, and Mineralogical Properties

The physical, chemical, and mineralogical characteristics

of the samples are summarized in Table 1. The relative

densities (Gs) show similar values for the different tailings

samples. The grain size distributions show that the south

tailings pond samples were coarser than those of the north

tailings pond. This might be related to ore processing

changes that occurred during the mine life. In addition, in

the two trenches of the north tailings pond, the surface

samples had larger particle sizes (D80: 83–95 lm) than the

bottom samples (D80: 35.2–40.5 lm). However, for the

south pond trench samples, the D80 were higher, but the

samples at the bottom were coarser than the ones from the

surface. The same trends were observed for D10 and D90.

Particle size differences explain the Ss areas observed

for the samples (Table 1). The Ss values at the bottom of

the north tailings pond (ZG2 and ZG5) were higher than

those at the bottom of the south tailings pond (ZG7). These

high Ss reflect the presence of phyllosilicate minerals that

are well known for their high Ss areas.

The chemical analyses of the Zgounder tailings and

secondary minerals are given in Table 1. Elements with

very low concentrations or below the detection limits of the

ICP are not presented. All tailings (ZG1–ZG7) had low

total sulfur concentrations. Surface samples contained

more sulfur than those of the bottom. With the exception of

ZG1, sulfur in tailings was mostly in the sulfate form,

indicating a highly weathered state along the entire depth

of the trenches. Secondary minerals, which probably cor-

respond to either secondary sulfates or to Fe hydroxide

sulfates (M1–M4) and Fe oxyhydroxides (M5), had higher

total sulfur content.

The Al concentrations were relatively high in the tail-

ings and the secondary minerals, while Ca, Mg, and Mn

were generally low in the tailings. The most abundant trace

elements were: Ti, Zn, Pb, and As. Other elements present

at significant amounts in the studied materials included:

Cu, Cr, Co, Ba, Ni, Mo, and Cd. The Zgounder ore was

mostly an Ag-Hg amalgam, but the Ag and Hg concen-

trations were low in the analyzed tailing samples, which

means that the cyanide extraction process was complete.

Mineralogical characterization, carried out mainly by

XRD, identified silicates and aluminosilicates. The ZG5

sample contained more actinolite than ZG2 and ZG7. It

also contained labradorite, orthoclase, wollastonite, and

dolomite (Table 1). A hydrated ferric iron sulfate (but-

lerite) and iron oxide (hematite) were observed in the ZG2

and ZG7 samples. Butlerite generally results from pyrite

oxidation. Titanite (also known as sphene) was identified

only in the ZG2 tailings. Note that amorphous phases are

not detected by XRD.

Mineralogical characterizations completed for the ‘un-

weathered’ samples (ZG2, ZG5, and ZG7) using an optical

microscope and SEM showed the presence of some sul-

fides, such as sphalerite (Electronic Supplementary Mate-

rial Fig. S2a) and galena in the three samples, as well as

pyrite in ZG5 and ZG7 (Fig. S2b). In addition, the EDS

microanalyses of the pyrite grains indicated the presence of

As trace impurities. The arsenopyrite form represented

61.5 % of the pyrite grains in ZG5 (As concentrations

within pyrite ranged from 0.45 to 1.73 wt%), while, it

represents 33 % of the pyrite grains in ZG7 (containing

0.62–1.5 wt% As). Iron oxides were frequently observed in

all samples. As shown in Fig. S2c, iron oxides contain As
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Table 1 Physical, chemical and mineralogical characterizations of the studied samples

Trench T1 Trench T2 Trench T3 Secondary minerals

ZG1 ZG2 ZG3 ZG4 ZG5 ZG6 ZG7 M1 M2 M3 M4 M5

Physical characteristics

Gs 2.84 2.82 2.83 2.83 2.92 2.80 2.80 nd nd nd nd nd

Ss (m
2 g-1) nd 12.7 nd nd 8.35 nd 2.94 nd nd nd nd nd

%\80 (lm) 83.0 35.2 95.0 95.0 40.5 44.6 154 nd nd nd nd nd

D10 (lm) 4.1 3.6 4.1 4.1 3.7 4.0 19.6 nd nd nd nd nd

D50 (lm) 29.8 10.5 24.7 24.7 12.3 19.6 88.6 nd nd nd nd nd

D90 (lm) 126 63.2 149 149 76.3 81.2 187 nd nd nd nd nd

Chemical characteristics (%)

Major elements (%)

Al 8.77 9.24 8.56 9.31 8.96 6.96 4.45 4.05 5.20 6.12 4.09 5.50

Ca 1.47 0.43 1.39 1.02 2.93 0.14 0.07 0.91 0.54 2.86 0.84 1.33

Mg 1.73 1.23 1.74 1.45 2.46 0.76 0.85 0.43 1.20 1.20 1.07 1.13

Mn 0.15 0.06 0.14 0.10 0.27 0.05 0.07 0.09 0.17 0.15 0.15 0.15

Fe 6.59 5.89 6.94 6.09 8.45 4.99 4.77 3.87 4.38 4.23 3.61 13.63

Stotal 0.41 0.11 0.35 0.26 0.27 0.60 0.23 6.12 3.38 5.62 6.35 1.06

Ssulfate 0.37 0.15 0.23 0.28 0.20 0.44 0.13 nd nd nd nd nd

Ssulfide 0.44 0.05 0.10 0.01 0.06 0.10 0.12 nd nd nd nd nd

Metals and metalloids (mg kg-1)

Ag nd 32 nd nd 16 nd 68 nd nd nd nd nd

As 520 542 669 751 276 591 560 410 763 534 416 2290

Ba 573 459 493 518 720 332 146 328 285 401 306 373

Cd \5 \5 \5 \5 \5 \5 \5 \5 72.6 15.8 23.8 64.7

Co 58 33 64 46 133 37.3 36.8 133 188 110 109 150

Cr 112 125 113 117 142 98.2 92.3 67.3 79.1 75.2 70.0 93.6

Cu 278 108 249 216 106 290 237 94.3 294 135 187 54.4

Hg nd 3.6 nd nd 5 nd 7.1 nd nd nd nd nd

Mo 48 50 48 51 73 43 38.3 48.9 65.5 44.5 36.7 367

Ni 23 12 16 11 45 15.7 17.6 18.2 108 11.5 26.8 45.4

Pb 979 826 522 802 390 1204 818 405 609 570 476 381

Ti 8892 5381 9145 6767 10,640 3832 5379 4365 5226 5844 5204 6160

Zn 2511 881 1507 1232 4240 1149 999 2308 23,300 4600 8576 32,120

ABA parameters (kg CaCO3)

AP 25.03 6.05 10.23 9.04 7.87 16.92 7.95 191.34 106 176 198.5 33.16

NP 4.85 8.38 9.60 6.24 11.06 5.08 4.01 22.91 29.33 76.79 6.74 164

NNP -8.74 6.89 6.41 5.95 9.29 1.85 0.19 54.07 32.05 116.16 56.3 166.9

NP/AP 0.36 5.63 3.00 21.48 6.24 1.57 1.05 -0.74 -10.79 -1.95 -0.14 -59.01

Minerals (%) Formulae

Muscovite KAl2(Si3Al)O10(OH�F)2 31.2 11.1 27.6

Albite NaAlSi3O8 19.1 15.9 25.5

Quartz SiO2 30.3 7.5 31.4

Chlorite (Fe�Mg�Al)6(Si�Al)4O10(OH)8 13.6 15.8 11.9

Actinolite (Fe�Mg�Al)6(Si�Al)4O10(OH)8 1.6 18.8 \1

Titanite CaTiSiO5 \1

Butlerite Fe(SO4)(OH)�2(H2O) 2.9 2.3

Hematite Fe2O3 \1 \1 \1

Labradorite (Ca�Na)(Si�Al)4O8 17.9

Dolomite CaMgCO3 \1

Wollastonite CaSiO3 2.5

Orthoclase KAlSi3O8 9.8

Total 98.7 99.3 98.7

ABA acid base accounting (static test), nd not determined
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(1.42–3.29, 0.45–5.46, and 1.1–1.8 wt% respectively in

ZG2, ZG5, and ZG7). Iron oxides within tailings can have

a primary but most probably a secondary origin. Indeed,

SEM observations showed Fe oxides possibly resulting

from the pyrite alteration (Fig. S2b). Also, several Fe

oxides contain Zn, Cu, and S, indicating likely secondary

trapping of these elements (Fig. S2c). Hemo-ilmenite and

ilmenite were identified in the ZG2 and ZG5 tailings, while

ilmenite and rutile were observed in the ZG7 sample. Other

minerals that were frequently observed by SEM–EDS were

similar to those identified by XRD. These include plagio-

clase (albite, labradorite, bytownite, etc.), amphibole

(actinolite and other magnesio-amphibole), chlorite, mus-

covite, and orthoclase. Apatite was identified in all samples

as an accessory mineral. Titanite and barite were observed

in the ZG5 tailings.

The mineralogical and chemical analyses (Table 1;

Figure S2) show that Al is associated with muscovite, albite,

chlorite, labradorite, and orthoclase in the tailings. The Ca

is associated principally with plagioclase and amphibole

and secondarily with wollastonite, titanite, dolomite, and

apatite. The Mg is related to amphibole minerals (actinolite

mostly), chlorite, and dolomite. The Fe is related to chlorite,

actinolite, ilmenite, oxides (hematite and other unidentified

oxides observed by SEM), and sulfides (mostly pyrite) in

the tailings samples. The sphalerite and galena can explain

the Zn, and Pb concentrations in the tailings. Furthermore,

the As is preferentially associated with pyrite and Fe-ox-

ides. No arsenic sulfide was mineralogically identified,

although arsenopyrite was described as abundant in the

deposit mineralization (Macroux and Wadjinny 2005; Pet-

ruk 1975) and was observed in the waste rocks. The Ti is

associated with ilmenite, hemo-ilmenite, rutile, and titanite,

which was widely observed with the SEM. Sulfide-S is

associated mainly with pyrite, sphalerite, and galena. The

sulfate-S is related to butlerite, which forms at low pH,

which is consistent with its identification at ZG2 and ZG7

and its absence at ZG5 (Murray et al. 2014).

Acid Potential Generation Assessment

Zgounder tailings characterization showed generally low

AP and NP values (Table 1). The NP could be underesti-

mated, as it was determined on the basis of carbonate as the

only neutralizing minerals (inorganic carbon), while neu-

tralization could have been associated rather with silicates

than carbonates (Blowes et al. 1998; Miller et al. 2010;

Plante et al. 2011).

Based on the classification of Miller et al. (1991), the

NNP values classified the studied wastes as uncertainty.

Referring to the NP/AP ratio (Adam et al. 1997), only ZG1

was acid generating. The other tailings were uncertain.

Even considering the total sulfur content instead of sulfide-

S (Sobek et al. 1978), the NNP remained in the uncertain

zone for the tailings samples (except ZG1). Conversely, the

NP/AP ratio indicated acid generation for all tailings

samples except ZG5. The levels of sulfide-S (and sulfur in

general) were very low in these materials, around the limit

of uncertainty. ABA interpretation in such cases is difficult.

Therefore, kinetic tests were needed to predict the acid

generation potential.

Zgounder Tailings Water Leachability

The leaching test results are presented in Fig. 3. The pre-

filtration pH of the slurries were acidic (ZG2 and ZG7) to

slightly acidic and near neutral (ZG5). After a slight

increase at the beginning (between 0 and 2 h), the pH

remained stable until the end of the test. SO4, Ca and Mg

were leached mainly during the early hours of the test

(Fig. 3). Several trace elements (Zn, As, Mn, Fe, Cu, and

Co) were released as soon as the materials were in contact

with water, before oxidation could occur. These results

indicate that the tailings contain soluble minerals (most

probably as secondary phases) that dissolved rapidly,

releasing their trace metal and metalloid contents. Even

though the mineralogical analyses only identified butlerite,

other secondary minerals could be present but not identi-

fiable by XRD because they were amorphous (Hakkou

et al. 2008) or below detection limits.

Weathering Cells Results

The geochemical behavior of the tailings is shown in

Fig. 4. The graphs correspond to the concentrations

released, without normalization (i.e. considering neither the

volume nor the mass of samples).

The tailings produced two types of drainages: AMD

(ZG2 and ZG7) and CND (ZG5). Indeed, the pH of the

leachates were acid for ZG2and ZG7, and near-neutral for

ZG5. The pH didn’t vary significantly throughout the tests

for the three samples. The acidic pH (mainly in ZG2 and

ZG7) could be partly due to sulfide oxidation, but the low

sulfide levels in the tailings indicate that oxidation alone

cannot explain the observed pHs, which are most likely due

to dissolution of acidic soluble salts, as shown by the

leaching test. In fact, acidity can be explained by hydrol-

ysis of Fe released following oxidation/dissolution (Jambor

and Blowes 1998; Skousen et al. 1997). The higher pH in

the ZG5 weathering cell tests (also observed in the leaching

test) could be explained by the presence of labradorite,

bytownite, dolomite, and actinolite (minerals not identified

or very low in ZG2 and ZG7). Indeed, calcic plagioclase

and amphibole can limit acid production, as these silicates

can react rapidly enough to match the rate of acid gener-

ation (Edmond Eary and Williamson 2006; Plante et al.
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2011). Dolomite, although present at low concentrations,

would also have contributed to alkalinity.

The EC values were higher in the ZG5 leachates than in

the ZG2 and ZG7 leachates, indicating more reactivity in

the case of ZG5. The Eh values were relatively high,

indicating an oxidizing medium, and were comparable for

the three samples.

Sulfate concentrations were high at the beginning of

each test for the three samples. The SO4 leached during the

first five cycles were higher for ZG5 than for ZG2 and

ZG7. From the 45th day on, the trends for SO4 decreased

and stabilized to similar concentrations for all three. The

SO4 in the leachates presumably originated from sulfate

dissolution initially, and then from sulfide oxidation later.

Ca and Mg showed similar trends to that of SO4. The

released Ca is mainly associated with incongruent disso-

lution/hydrolysis of plagioclase minerals and actinolite,

and from dolomite dissolution. Ca could also come from
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Fig. 4 Leachate quality from weathering cell for the Zgounder tailings samples (log scale for all except pH and Eh)
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wollastonite. The Ca concentrations of ZG5 are higher than

those in ZG2, which are higher than those of ZG7 (Fig. 4),

due most likely to the higher proportion of Ca-rich pla-

gioclases such as bytownite and labradorite, as well as

actinolite, in ZG5. Also, dolomite was only identified in

ZG5. The ZG2 sample contained more actinolite than ZG7,

which explains the greater Ca release in ZG2. The Mg

could have come from actinolite and dolomite dissolution,

and to a lesser extent, from chlorite alteration. In this case,

the larger concentrations of actinolite, dolomite, and

chlorite in ZG5 were responsible for the higher Mg con-

centrations. Moreover, the more acidic pH and less

buffering capacity of ZG7 led to greater chlorite reactivity.

Indeed chlorite, which has moderate reactivity at pH 5

(Kwong 1993), becomes very reactive at pH\3.

Mn concentrations increased throughout the tests,

although no Mn-minerals were identified. The Al was

leached at low levels, generally with the highest concen-

trations observed in the ZG7 tests. The Al levels were

initially high for the three tailings, but decreased and ten-

ded to stabilize for ZG2 and ZG7, whereas they were

variable for ZG5 (Fig. 4). The Al comes mainly from

labradorite and chlorite alteration reactions. The albite,

muscovite, and orthoclase contribute less because they

have slower hydrolysis reactions at pH 5 (Kwong 1993).

The acidic pH, favorable to aluminosilicate reactivity,

could explain the significant Al concentrations in ZG7. In

addition, precipitation of Al as a secondary hydroxide at

pH values above 4.5, could have controlled the Al con-

centration in the ZG5 leachates (Blowes and Ptacek 1994).

Significant concentration fluctuations were also observed in

the Si released throughout the tests, for all samples. Several

phases (actinolite, labradorite, chlorite, albite, muscovite,

titanite, and wollastonite) might control Si release, but

actinolite most likely explains it.

The As concentrations were low in the weathering test

leachates (\1 mg L-1) despite its high concentration in the

initial solid phase samples. As is leached following pyrite

oxidation and dissolution of Fe oxides as these minerals are

most associated with high As contents. Fe in the leachates

is related principally to pyrite oxidation and dissolution of

Fe oxyhydroxides, and secondarily to chlorite and actino-

lite alteration. However, its concentrations are significant

only for ZG7. This is explained by Fe precipitation at

relatively low pH (pH[4) (Gunsinger et al. 2006; Holm-

ström et al. 1999).

The most significant Cu release was observed for ZG7.

Cu is an amphoteric metal with low mobility at neutral pH,

and it remains adsorbed even at low pH (pH 4) (Gunsinger

et al. 2006). Cu desorption requires pH values below 3

(Galán et al. 2003; Jurjovec et al. 2002); thus, its release

from the tailings is likely related to Fe oxides, which

contain significant Cu, based on SEM–EDS analysis. Cu

could also have been come from chalcopyrite oxidation

even if the latter was not clearly identified in the tailings.

Chalcopyrite was observed in the waste rocks samples and

has been widely described in the ore deposit mineralization

(Macroux and Wadjinny 2005; Petruk 1975). Release of Zn

was higher than Fe and Cu for the three samples. Zn

originates from sphalerite oxidation and dissolution of Fe

oxides, which contain Zn (0.4–4.4 %). Cd was mainly

present during the first leaching cycle, with concentrations

[1 mg L-1. The Cd leaching trends were similar to those

of Zn. The Cd might originate from sphalerite dissolution

as well; Cd was identified in sphalerite by SEM analyses

(Fig. S2) and was also described in the deposit mineral-

ization (Macroux and Wadjinny 2005). The Co was rela-

tively significant for ZG5 during the two first weeks of

leaching.

The SO4, Ca, and Mg in the leachates were normalized to

the total sample mass and the volume recovered in each

leaching test, then summed (mg kg-1). The slope of the

linear regression for the stabilized portion of these cumu-

lative normalized loadings over time (Fig. 5) provides the

elemental release rates (mg kg-1 day-1). The cumulative

SO4, Ca, and Mg levels of ZG5 were significantly greater

than those of ZG2 and ZG7 (Fig. 5a, c, e). The SO4 release

rate was much greater for ZG5 (1.2 mg kg-1 day-1) than

for ZG2 (0.4 mg kg-1 day-1) and ZG7 (0.5 mg kg-1 -

day-1). The relative difference was even more pronounced

for Mg release rates (ZG5: 25.8 mg kg-1 day-1, ZG2:

6.7 mg kg-1 day-1, ZG7 3.6 mg kg-1 day-1). However,

Ca release rates were higher in ZG7 than ZG2 and ZG5.

The dissolved SO4, Ca, and Mg stabilized, and reaction

rates decreased, from the fifth cycle for ZG5 and the sec-

ond cycle for ZG2 and ZG7, indicating depletion of the

more reactive solid phases (Lappako 2000) and precipita-

tion of secondary minerals (Aubertin et al. 2002). Passi-

vation following the precipitation of secondary minerals

could also be a contributing factor (Belzile et al. 2004;

Cruz et al. 2001).

The cumulative masses of sulfate measured in the lea-

chates were plotted versus the cumulative amounts of

Ca ? Mg (oxidation–neutralisation curve; Benzaazoua

et al. 2004). Sulfate represents the main oxidation product

whereas Ca ? Mg represents the principal carbonate

minerals (although low) and silicate dissolution products

(Fig. 5b, d, f). The curves were approximately linear in all

of the weathering cell tests, which indicate that the neu-

tralizing minerals react specifically to the acid produced by

the three studied tailings, similar to observations by Ben-

zaazoua et al. (2004) for different materials.
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Discussion

Factors Controlling the Zgounder Mine Drainage

The tailings produce both AMD (ZG2 and ZG7) and CND

(ZG5). This difference in acid generation potential for the

different north tailings pond samples could be due to

changes in the geology, type of exploitation, or beneficia-

tion over time. ZG5 most probably corresponds to an ore

zone richer in neutralizing minerals.

In most cases of AMD, sulfide oxidation (mainly Fe-

sulfide) is the principal phenomenon responsible for acidity

generation and metal release. At Zgounder, the tailings

sulfide content was low, yet the leachate obtained (in the

leaching and weathering cells tests) for ZG2 and ZG7 was

acidic. Although the relatively low amounts of sulfides

might have contributed acidity, dissolution of secondary

metal-sulfate salts and hydrolysis of Fe hydroxides seem to

be the main reasons for the acidity produced by these

samples, as reported by Harris et al. (2003) and Jambor and

Blowes (1998). The lack of neutralizing minerals in the

tailings increased the acidity. The greater proportion of

suitable neutralizing minerals at ZG5 provided more

buffering capacity, which neutralized the acidity produced

by the same weathering reactions.

Some of the elements released by oxidation, neutraliza-

tion, and dissolution precipitate in the saturated pore spaces

or on the surface of solid particles, as secondary minerals

(Haffert et al. 2010; Harris et al. 2003; Mahoney et al. 2005;

Murray et al. 2014). Secondary salts observed on the surface

0

500

1000

1500

2000

0 20 40 60 80 100 120 140

Cu
m

ul
a�

ve
 SO

4
(m

g/
kg

)

Time (days)

ZG2 ZG5 ZG7
a

0

500

1000

1500

2000

0 20 40 60 80 100 120 140

Cu
m

ul
a�

ve
 C

a 
(m

g/
kg

)

Time (days)

c

0

50

100

150

200

250

0 20 40 60 80 100 120 140

Cu
m

ul
a�

ve
 M

g 
(m

g/
kg

)

Time (days)

e

R² = 0.9998

0

100

200

300

0 50 100 150 200 250

Ca
+M

g 
(m

g/
kg

)

SO4 (mg/kg)

ZG2
b

R² = 0.9834

0

100

200

300

400

500

0 100 200 300 400 500
Ca

+M
g 

(m
g/

kg
)

SO4 (mg/kg)

ZG5d

R² = 0.9996

0

100

200

0 50 100 150 200 250 300 350

Ca
+M

g 
(m

g/
kg

)

SO4 (mg/kg)

ZG7
f

Fig. 5 Evolution of cumulative masses of SO4 (a), Ca (c), and Mg (e) collected throughout the weathering test and oxidation–neutralization

curve (cumulative Ca ? Mg loads vs cumulative SO4) for ZG2 (b), ZG5 (d) and (f) ZG7

Mine Water Environ (2016) 35:508–524 519

123



of the tailings ponds (samples M1–M5), as well as those

formed in the tailings and dissolved during testing, demon-

strate these reactions. In an arid climate, like the climate of

the mine site, evaporation increases salt formation during

the summer (Hakkou et al. 2008; Hammarstrom et al. 2005).

However, these efflorescent minerals are dissolved with the

first flush of rains in the wet season, leaching their solutes to

be transported downstream to the Zgounder River. Indeed,

rain water and seepage collected on the surface of the north

tailings pond had a relatively low pH (5.4–6.4) and signifi-

cant contamination, which exceed (for some) those obtained

experimentally (SO4: 1016–7785 mg L-1, Fe: 15–47.5

mg L-1, and Zn: 6–12.8 mg L-1).

Sorption mechanisms also contribute to drainage qual-

ity. Some elements (As in particular) present at high pro-

portions in the tailings were not detected or were present at

very low concentrations in the leachates. This implies that

the As is being sequestered in the solid phase (solid solu-

tion/co-precipitation) rather than being leached during

periods of wetting and runoff (Fukushi et al. 2003). Pre-

cipitation of As is improbable, given the leachate pH and

thermodynamic equilibrium calculations performed with

Visual MINTEQ. Indeed, all As potential secondary phases

were undersaturated (negative saturation indices) for the

three weathering tests (Fig. 6). Sorption tests discussed

below verified the As sorption hypothesis.

As Sorption in Tailings Samples

The kinetic and static sorption test results are presented in

Fig. 7. The sorption kinetics show rapid sorption of As for

all tests (Fig. 7a, b). After only 2 h, more than 99 % of the

As was taken up by the ZG2 and ZG7 tailings and over

88 % in the case of ZG5 (Fig. 7b). The rapid As uptake

during the first minutes of the experiments indicated a sig-

nificant sorption capacity and enabled us to estimate that a

24 h (1440 min) test would be long enough to achieve

equilibrium conditions. Batch sorption tests were used to

evaluate the sorption capacities for different As concentra-

tions and pHs. The sorption capacities at equilibrium (qe) for

10 mg L-1 of As at pH 4, 5, 6, and 7 are shown in Fig. 7c–

g. Figure 7c shows the amount of As sorbed. The sorption

capacities were normalized for mass (mg kg-1, Fig. 7e) and

Ss area (mg m-2, Fig. 7g). The Ss areas were considered to

account for different grain-size distributions. The sorption

capacities normalized to Ss areas were obtained by dividing

the sorption capacities per the masses (mg kg-1) using the

respective Ss areas measured in the samples (m2 kg-1).

The As sorption was very similar for all of the materials

at all pHs tested with more than 90 % sorption. The

absence of preferential sorption as a function of pH is due

to the acidic to neutral pH at which the tests were con-

ducted. In these conditions, As(V) sorption (mainly by Fe

oxides) is maximized and decreases only at alkaline pH

([8, 9, or 11 depending on the sorbents) (Carrillo and

Drever 1998; Giménez et al. 2007; Mamindy-Pajany et al.

2011). The ranges were greater for ZG2 than for ZG5 and

ZG7. On a Ss area basis, the sorption capacity of ZG7

greatly exceeded that of ZG2 and ZG5. Given that:

(1) Sorption capacities were high at all tested pH values

and did not show significant differences,

(2) No differences were noted for preliminary tests

conducted at ‘optimum’ pH (pH 7 for ZG2 and at pH

4 for ZG5 and ZG7), and

(3) The differences between the three samples was

minimized at pH 6,

a pH of 6 was selected to study the effect of As concen-

tration (0.1, 1, 10, and 50 mg L-1 As) on sorption behavior
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(Fig. 7d–h). The high As sorption capacities of the three

tailings were confirmed. The As was 90–100 % sorbed at

0.1, 1, and 10 mg L-1 As (Fig. 7d). At a concentration of

50 mg L-1, As uptake was greater in ZG2 and ZG7, and

less for ZG5. The decrease in the amounts sorbed at high

As concentrations can be explained by partial saturation of
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the surface sites of sorbent minerals (Carrillo and Drever

1998; Mamindy-Pajany et al. 2009). ZG7 showed the

highest As sorption capacity on a Ss area basis (Fig. 7h).

However, ZG7 is coarser-grained, with a lower Ss area

than ZG2 and ZG5. Usually, As sorption is more important

when the material is finer (Carrillo and Drever 1998). This

result could be explained by the mineralogical nature of the

ZG7 sample, which presumably has (or has in higher

concentrations) mineralogical phases with high As uptake

potentials that can compensate for its lower Ss area. This

mineralogical phase could be rutile, which was only

identified in ZG7 by SEM analyses and is known for its

significant As sorption capacity (Dutta et al. 2004; Yan

et al. 2014). The mineralogical composition could also

explain the lower sorption rate noted in ZG5, compared to

ZG2 and ZG7.

Sequential Extractions

Sequential extractions were performed on ZG2, ZG5, and

ZG7 tailings to assess the nature of the sorption sites ( Elec-

tronic supplementary Material Fig. S3). The three tailings

samples show a similar As speciation. More than 99 % of the

extracted As is bound in the reducible phases (Fig. S3b). The

acid soluble (0.12–0.76 %) and soluble/exchangeable

(0.05–0.17 %) fractions is insignificant (Fig. S3b). Thus, the

results show that the principal sorption sites were associated

with the reducible species; other As uptake sources are neg-

ligible. These reducible species in the solid phase are gener-

ally considered to be Fe andMn oxides and oxyhydroxides. It

is well known that As in mine tailings is strongly associated

with Fe-oxyhydroxides (e.g. Garcı́a-Sánchez et al. 2010; Kim

et al. 2012; Palumbo-Roe et al. 2007). Several Fe oxides were

identified by XRD/SEM for the three samples, including

hematite, which has a large affinity for As sorption (Giménez

et al. 2007; Mamindy-Pajany et al. 2011). Fe-oxides seem to

be most likely responsible for the attenuation of As in the

Zgounder drainage (Asta et al. 2009).

Sequential extractions performed after the weathering

cell tests ended showed no As distribution changes com-

pared to initial samples. Extracted As still came from the

reducible phases (Fig. S3c, d). This indicates that the As

released was again sorbed preferentially by Fe-oxyhy-

droxides (Mamindy-Pajany et al. 2011).

Conclusions

Zgounder tailings generate AMD or CND depending on

their location. The AMD is mainly produced by dissolution

of metal sulfate salts and Fe hydrolysis rather than by

sulfide oxidation. The abundance of neutralizing minerals

varies spatially across the site; hence the CND noted for

some areas of the tailings pond. Neutralization is provided

primarily by silicate minerals, mainly Ca-plagioclases

(labradorite and bytownite) and amphibole (actinolite).

Precipitation and dissolution of acidic salts play important

roles in the storage and transport of acidity and trace metals

and metalloids, and effectively control the geochemistry of

the mine water and the chemistry downstream of the mine.

Sorption has been revealed as a major phenomenon con-

trolling As in the leachate from the tailings. Given the oxi-

dizing conditions, As primarily occurs as the arsenate species.

The testedmaterials show high As sorption capacities that are

not pH-dependent at the pH range considered. The minerals

comprising the sorbents appear to be responsible forAsuptake

by the Zgounder tailings. At high As concentrations, the

sorption capacities of the tailings can begin to be saturated.

Most sorption sites are associated with reducible mineral

fractions, probably Fe-oxyhydroxides. Thus, reducible phases

naturally attenuate As in the Zgounder tailings drainage.

The results from this study provides information on the

geochemical behavior of the Zgounder wastes and on the

phenomena controlling the chemistry of drainage waters,

with a focus on the As sorption phenomena. Additional

studies are needed for better identification of the miner-

alogical phases (salts and secondary minerals) involved in

contaminant sequestration and leaching. Further studies are

also necessary to better understand the mechanisms

involved in As sorption. These investigations should:

• Identify which reductible phases sorb As, and the

nature of As retention, in order to assess the long-term

stability of the As-solid phase interactions.

• Assess the As sorption under reducing conditions that

might occur in the field (e.g. bottom of the tailings pond).

• Evaluate the effect of competition of other anions such

as sulfate on the tailings sorption capacity of As. PO4

can also compete with As for sorption sites; however

this competition is unlikely in the present study given

that its only known mineral phase at this site has very

low solubility (apatite).

• Assess the As desorption rate after saturation of the

tailings or changes in the geochemistry in the tailings.
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