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ABSTRACT

Geochemical zoning of the high-sulfi de (40–45 wt.% sulfi des) and low-carbonate (3 wt.% dolomite) waste at the Berikul gold 
mine, Kemerovo region, Russia, was studied in order to understand the processes controlling As, Cd, Cu , Pb and Zn migration 
from the waste. The following zones were distinguished from bottom to top: (1) slightly altered waste, (2) cemented hardpan 
zone, (3) melanterite zone, (4) intermediate zone and (5) jarosite zone. A sequential scheme of extraction was used to separate (a) 
water-soluble, (b) exchangeable, (c) carbonate, (d) phases bound with Fe3+, and (e) residual fractions of Fe, As, Zn, Cu and Cd. 
The two basal zones refl ect an early stage of weathering, where acid generated by sulfi de oxidation is neutralized by carbonate. 
Neutralization processes promote coprecipitation of As, Cd, Cu, Pb and Zn in Fe3+ phases, such as amorphous Fe sulfo-arsenate 
and jarosite. An intermediate stage, recorded in the melanterite and intermediate zones, is identifi ed by the disappearance of 
the carbonates and a decrease in the pH of pore solutions. At low pH, sulfi des are oxidized by Fe3+, producing Fe2+, SO4

2–, and 
liberating As, Zn, Cu and Cd, which accumulate in the pore water. This step results in the precipitation of Zn-, Cu- and Cd-
bearing melanterite. The intermediate stage of weathering continues until most of the sulfi de fraction has been oxidized. Then, 
as shown in the upper jarosite zone, the concentration of Fe3+ again increases in the pore waters because it is not being utilized 
in sulfi de oxidation, and Fe3+ phases, such as jarosite, precipitate. By this stage, signifi cant amounts of As, Zn, Cu and Cd have 
been leached from the weathered residue, but Pb precipitates in the jarosite. 

Keywords: arsenic, zinc, copper, lead, mine waste, sulfi de oxidation, sequential extraction, melanterite, jarosite, Berikul gold 
mine, Kemerovo region, Russia.

SOMMAIRE

Nous avons étudié la zonation géochimique des déchets à concentration élevée de sulfures (40–45%, poids) et à faible teneur 
en carbonate (3%) de la mine dʼor de Berikul, région de Kemerovo, en Russie, afi n de mieux comprendre les processus régis-
sant la migration de As, Cd, Cu , Pb et Zn à partir des déchets. On distingue les zones suivantes du bas vers le haut: (1) déchets 
légèrement altérés, (2) zone durcie et cimentée, (3) zone à mélanterite, (4) zone intermédiaire, et (5) zone à jarosite. Un schéma 
dʼextraction séquentielle a été utilisé pour séparer (a) composants solubles dans lʼeau, (b) composants échangeables, (c) fraction 
carbonatée, (d) phases liées au Fe3+, et (e) fractions résiduelles de Fe, As, Zn, Cu et Cd. Les deux zones à la base résultent dʼun 
stade précoce de lessivage, dans lequel lʼacide généré par lʼoxydation de sulfures est neutralisé par le carbonate. Les processus 
de neutralisation favorisent la coprécipitation de As, Cd, Cu, Pb et Zn dans des phases riches en Fe3+, par exemple une phase 
amorphe sulfo-arsenatée de fer et la jarosite. Un stade intermédiaire, enregistré dans les zones à mélantérite et intermédiaire, 
est identifi é par la disparition de carbonates et une diminution du pH des solutions interstitielles. A faible pH, les sulfures sont 
oxydés par le Fe3+, produisant Fe2+, SO4

2–, et libérant As, Zn, Cu et Cd, qui sʼaccumulent dans les solutions interstitielles. Cette 
étape mène à la précipitation de mélantérite contenant Zn, Cu et Cd. Le stade intermédiaire du lessivage continue jusquʼau point 
où la plupart de la fraction sulfurée a été oxydée. A ce point, comme le démontre la zone supérieure à jarosite, la concentration 
du Fe3+ augmente de nouveau dans les solutions interstitielles parce quʼil nʼest plus utilisé dans lʼoxydation des sulfures, et les 
phases riches en Fe3+ se forment, comme la jarosite. A ce point, des quantités importantes de As, Zn, Cu et Cd sont mobilisées 
du résidu lessivé, mais le Pb est accommodé dans la jarosite.

 (Traduit par la Rédaction)

Mots-clés: arsenic, zinc, cuivre, plomb, déchets miniers, oxydation de sulfures, extraction séquentielle, mélantérite, jarosite, mine 
dʼor de Berikul, région de Kemerovo, Russie.
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INTRODUCTION

Where sulfi dic mine-tailings are exposed to oxygen 
and water, they can generate acidic solutions containing 
high concentrations of base metals, which are poten-
tial ecotoxicants. Metal leaching and acid generation 
depend on the reactivity of sulfi des, which varies with 
the conditions of weathering (Jambor 1994). Geochem-
ical zoning in sulfi dic mine-wastes has been studied 
widely and used to describe the chemical reactions 
controlling the acidity and concentrations of elements 
in pore water (Blowes & Jambor 1990, Blowes et al. 
1991, Blowes & Ptacek 1994). If carbonate is present 
in the tailings, the acidity in the lower zones is buffered 
by dissolution of carbonate minerals, resulting in copre-
cipitation of metals in secondary phases, such as Fe 
hydroxides. In the upper carbonate-depleted zones, pH 
decreases, and metals may be released back into pore 
water by the dissolution of secondary phases (Blowes 
& Ptacek 1994). Further migration of the ecotoxicants 
might cause surface and groundwater pollution. This 
study was initiated because discharge of acidic solutions 
draining from the mine wastes into the Mokry Berikul 
River, in Russia, will continue to cause damage the 
phyto- and zooplankton populations (Bortnikova et al. 
2001) unless remedial action is taken.

BACKGROUND INFORMATION

The Berikul gold mine is situated in the northern 
part of the Kemerovo region, in western Siberia, about 
450 km northeast of Novosibirsk (Fig. 1). The ore 

deposit consists of quartz–sulfi de veins at the contact 
of dolomitic limestone and diorite. Fine-grained gold, 
which is intergrown with pyrite and arsenopyrite, was 
extracted at the Berikul mill by sulfi de fl otation and 
subsequent cyanidation of the sulfi de concentrate. After 
the removal of the gold-bearing cyanide solutions, the 
sulfi de residues were transported by trucks and dumped 
as a waste pile on alluvial carbonate boulders on the 
north bank of the Mokry Berikul River (Fig. 2). The 
waste pile is about 250 m in length, and 50 m wide at 
the base, with a height of 3–5 m. Discharged material 
is composed of 40–45 wt.% fi ne-grained sulfi des (less 
than 50 �m), pyrite (35–40 wt.%), arsenopyrite (2–5 
wt.%), and minor amounts of pyrrhotite, sphalerite, 
chalcopyrite, galena, quartz, albite, chlorite, muscovite, 
and dolomite. This waste material has been in existence 
since 1952. 

Our previous studies focused on the impact of the 
river pollution on aquatic life, porewater and surface-
water composition, and on the mineralogical control 
of water composition (Bortnikova et al. 2001, Sidenko 
2001, Sidenko et al. 2001, Gieré et al. 2003). A previous 
mineralogical and hydrogeochemical study showed the 
Berikul mine waste to generate acidic drainage (pH 
about 1.1), which contains very high concentrations of 
SO4

2–, Fe, Zn and As (Gieré et al. 2003). Within the pile, 
As and Pb were precipitated as amorphous non-stoi-
chiometric ferric sulfo-arsenates and jarosite–beudantite 
solid solutions, which are relatively insoluble (Sidenko 
et al. 2001, Gieré et al. 2003). Transition metals, such 
as Cu and Zn, accumulated in the soluble Fe sulfate 
minerals such as melanterite, rozenite, copiapite and 

FIG. 1. Map showing the location of the Berikul gold mine, in the Kemerovo region of southwestern Siberia, Russia.
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rhomboclase. The last three of these minerals precipitate 
as effl orescent crusts on the slopes of the pile and are 
subject to dissolution in periods of rain. The dissolution 
of the sulfates results in the release of metals into the 
Mokry Berikul River. This process is the fi nal step in 
the migration of elements from the mine waste to the 
aquatic biota.

The initial processes determining the release of 
metals from sulfi des and the conditions controlling the 
geochemistry within the waste pile were not previously 
studied, and details about the formation of secondary 
Fe-phases were not explained. For example, the reasons 
for the existence of a thick layer of melanterite between 
zones comprised of Fe3+ phases (e.g., jarosite) were not 
known (Gieré et al. 2003). Thus, this geochemical study 
was initiated to fi ll the gaps in our understanding of the 
processes that control the redistribution of As, Zn, Cu, 
Cd, and Pb within the high-sulfi de mine wastes. Our 
fi rst task was to quantify the distribution of Fe, As, 
Zn, Cu, Cd and Pb in primary sulfi des and in different 
secondary phases. The second task was to distinguish 
individual buffering reactions in each zone in order 
to understand better their effect on the stability of the 
secondary phases.

METHODOLOGY

Sampling

Representative samples were collected from the 
exposed walls of pits 3 m deep dug into the waste pile 
(Fig. 2). Samples were hermetically sealed in poly-

ethylene bags and frozen immediately to preserve the 
in situ chemical characteristics of pore waters. 

Analytical techniques

In the laboratory, the samples were thawed, and 
pore solutions squeezed from the moist silty material 
at a pressure of 100 Pa. No water could be extracted 
from dry or cemented “hardpan” layers. The techniques 
and results of water analyses were reported previously 
(Sidenko et al. 2001, Gieré et al. 2003). After the 
pore water had been removed, an aliquot of the solid 
sample was dried at room temperature for one week 
and powdered using an agate mortar and pestle to about 
0.05 mm. Polished sections were prepared from an 
uncrushed aliquot of the samples.

Polished sections were studied by refl ected light 
microscopy and scanning electron microscopy (JEOL 
JSM–36) to compare the relative degree of altera-
tion of various sulfi de minerals. Interpretations of the 
geochemical results of this study are based on previous 
mineralogical data, which have been obtained using X-
ray powder diffraction, thermogravimetric analysis, and 
electron-microprobe analysis (Gieré et al. 2003). 

The contents of CO2, Stotal and Ssulfate were deter-
mined by gravimetric techniques. Carbonates were 
dissolved in 6N HCl, with the evolved CO2 being 
passed through an Ascarite® mixture, in which the 
carbonates were precipitated as Na2CO3. Total S was 
measured using the gravimetric method described by 
Jeffery & Hutchison (1983). Sulfate S was determined 
as the difference between Stotal and sulfur remaining 

FIG. 2. Sample locations at the Berikul site, modifi ed from Gieré et al. (2003).



1144 THE CANADIAN MINERALOGIST

in the samples after leaching with hot 5 wt.% Na2CO3 
aqueous solution. Detection limits were 0.44 wt.% for 
CO2, and 0.2 wt.% for all S species.

A sequential extraction procedure was used to deter-
mine the form of Fe, As, Zn, Cu, Pb and Cd in a set of 
representative samples. The technique was developed 
by Tessier et al. (1979) for lake sediments. Various 
modifi cations of the technique have been later applied 
to mine tailings (McGregor et al. 1995, Ribet et al. 
1995, Fanfani et al. 1997, Dold & Fontboté 2001). We 
used the original technique of Tessier et al. (1979), but 
the extractions of reducible fractions were optimized 
to dissolve ferric sulfo-arsenates. This sequence was 
followed using 1 g of sample in a centrifuge tube. 
After each step of extraction (a–d), the solid residue 
was separated from the soluble fraction by centrifuging 
at 10,000 rpm for 10 minutes and rinsed with 5 mL of 
distilled water. 

a) Water-soluble fractions were extracted by agita-
tion with 20 mL distilled water for 30 minutes at room 
temperature. Preliminary drying of the samples should 
affect the stability of soluble hydrates such as melan-
terite by dehydration and oxidation of Fe2+. We had 
found previously that melanterite could be transformed 
into rozenite, and fi nally, into copiapite (Sidenko et 
al. 2001), but as these are also soluble sulfates of Fe, 
the drying process should not have any effect on the 
extraction of soluble Fe and the metals captured by 
melanterite. 

b) Exchangeable and sorbed metals were leached 
with 15 mL of 1 M MgCl2 solution for 1 hour. 

c) The carbonate fraction was extracted by dissolu-
tion in 15 mL of 1 M CH3COONa solution for 5 hours 
at room temperature. The pH was buffered at 5 with 
acetic acid.

d) The reducible fraction containing elements bound 
with ferric Fe phases was extracted by 30 mL of 2 M 
NH2OH•HCl solution in 25 vol.% acetic acid at <96oC 
for 6 hours. The concentration of NH2OH•HCl and 
the time for complete extraction were experimentally 
derived to dissolve iron sulfo-arsenates completely 
without a signifi cant attack on the arsenopyrite (see 
below). 

e) The residual sulfi des and silicates were dissolved 
using the HF–HNO3–HClO4 digestion technique (Bock 
1984). 

Concentrations of elements were determined by 
atomic absorption spectroscopy (AAS) using a Perkin–
Elmer spectrometer, model 3030E equipped with an 
HGA–600 graphite furnace. The following standards 
were used: KS–1 and GSO7330–96 for Cd, Cu, Fe, Pb, 
Zn, and GSO7264–96 for As. The reproducibility from 
the triplicate aliquots of eight samples was found to be 
within 37% for As, 22% for Cd, 15% for Cu, 12% for 
Fe, 35% for Pb, and 12% for Zn of total concentration 
of the elements. The low reproducibility was probably 
caused by a summation of errors produced during each 
step of the extraction. Fractions of the elements deter-

mined by sequential extraction are operationally defi ned 
(i.e., selectivity depends on such factors as the time of 
contact, the solid-to-liquid ratio, and the grain size, 
which can vary among samples). The average content of 
elements in each cross-section was weighted according 
to the thickness of the sampling interval (Table 1). 

Prior to the sequential extractions, optimal leaching 
parameters for the dissolution of amorphous Fe sulfo-
arsenates were determined experimentally, because 
the selectivity of NH2OH•HCl in 25 vol.% acetic acid 
with respect to these poorly studied phases was not 
known. Also, the proportion of As that could be leached 
from sulfi des during this dissolution was determined. 
Single crystals of arsenopyrite, pyrite, and quartz were 
obtained from the Geological Museum of the Institute 
of Geology, Siberian Branch of the Russian Academy 
of Sciences. Two mixtures were prepared containing 
mineral phases in similar proportions to those in the 
samples of waste; the fi rst contained 10 wt.% of amor-
phous Fe sulfo-arsenates hand-picked from the Berikul 
samples, and 90 wt.% of quartz sand, and the second 
contained 10 wt.% arsenopyrite, 30 wt.% pyrite and 60 
wt.% quartz. Both mixtures were fi nely ground. The 
two mixtures contained similar contents of As, 1.39 
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and 1.43 wt.%, respectively. The parameters for the 
extraction of the reducible fraction were varied to fi nd 
the optimal time of leaching and the concentration of 
As in the leachate. The concentration of NH2OH•HCl 
at 25 vol.% acetic acid was varied from 0.04 to 2 M. 
Aliquots of 2 mL were collected after 1, 3, 6 and 8 hours 
of dissolution, and the concentrations of As and Fe 
were determined by AAS. The optimal condition for As 
extraction (i.e., 99.4 % of total As) was found to be with 
2 M NH2OH•HCl solution for 6 hours (Fig. 3). Under 
these conditions, 9.3 wt % of As was leached from the 
arsenopyrite in the sulfi de mixture. Thus, it is possible 
that the reported As values in the reducible fraction are 
overestimated by as high as 10%. About 85% of total 
Fe was extracted from the fi rst mixture, and 6.3% from 
the second one under these conditions. According to 
this, Fe values were systematically underestimated by 
about 10%.

STRATIGRAPHY AND LITHOLOGY

Zones at sampling sites were distinguished by color, 
degree of lithifi cation, relative moisture content, and 
mineral composition (Gieré et al. 2003). Zoning patterns 
in different sections vary slightly, but the sequences of 
the layers are similar (Fig. 4). The zones of section 
B–2/99 are described in detail, because the section is 
more complete than the others. Five main zones (names 
given in italics) can be distinguished from bottom to top. 
Details about the alteration of sulfi de grains were added 
to the description of the zones previously published 
(Sidenko et al. 2001, Gieré et al. 2003).

Zone 1 is 1–3 m thick, and extends from the base of 
the pile to 2 m below the surface. It consists of friable, 
gray-green, slightly altered sulfide waste. During 
sampling, the material disintegrated into 1–2 cm pieces, 
indicating that some lithifi cation of initially fi ne-grained 

waste had occurred, even at this shallow depth. The 
beginning of sulfi de oxidation is shown by Fe hydrox-
ides replacing pyrrhotite and a rim of alteration products 
forming around galena, although pyrite and arseno pyrite 
grains remain angular and unaltered (Figs. 5a, b). 
Secondary phases include gypsum and reddish fi lms of 
X-ray-amorphous ferric sulfo-arsenates with variable 
chemical compositions. Three groups of amorphous Fe 
sulfo-arsenates were distinguished on the basis of their 
composition and visual properties (Sidenko et al. 2001, 
Gieré et al. 2003). Material of this zone is interpreted to 
be slightly altered sulfi de waste. It is the least weathered 
and closest to the original composition of all observed 
zones. Therefore, this zone is used as a standard for 
comparison of geochemical characteristics. 

Zone 2 is a gray hardpan layer, about 1 m thick, 
that overlies the slightly altered sulfi de waste of Zone 
1. As this layer was very diffi cult to penetrate, three 
of the pits were excavated just to this depth. The zone 
contains cavities, indicating that leaching processes 
have occurred. Signifi cant replacement of pyrrhotite and 
galena (Figs. 6a, b) as well as corrosion of arsenopyrite, 
were observed in close proximity to the leached cavi-
ties, but the sulfi des in general look similar to those in 
slightly altered waste. Close to the cavities, the grain 
size of pyrite and arsenopyrite decreases from 50 to 
30 �m. Gypsum grains 0.3–1 mm in size form the 
“skeleton” or “framework” of the hardpan layer (Gieré 
et al. 2003). The cavities are fi lled with jarosite and 
amorphous Fe sulfo-arsenates. The lithifi ed material 
is dry, but droplets of a red solution and moist, gel-
like mixtures of amorphous Fe sulfo-arsenates were 
observed on the wall of the cavities. 

Zone 3a covers the hardpan layer; it is 1.1 m thick 
and comprised of melanterite aggregates up to 10 cm 
across, and leached relics of hardpan which, in some 
cases, are overgrown by melanterite. Space between 
these relics and the melanterite aggregates is fi lled by 
water-saturated silty material (Fig. 4). The zone consists 
of about 25% melanterite, 55% silt and 20% hardpan 
relics by volume. The presence of the hardpan relics in 
the horizon above the actual hardpan layer indicates 
that the lithified waste is slowly dissolving during 
weathering, although there is no signifi cant difference in 
the degree of alteration and grain size of sulfi de grains 
between zones 2 and 3a.

Zone 4, the intermediate zone, 0.1 to 0.5 m thick, 
separates the melanterite zone from the overlying 
jarosite zone. This gray zone gradually changes upward 
to a yellow color, producing a diffuse boundary with 
the uppermost zones. Material of the intermediate 
zone is loose, consisting of quartz, jarosite, sulfi des 
and gypsum. A thin alteration-induced rim (<1 �m) 
surrounds pyrite, chalcopyrite and sphalerite, but arseno-
pyrite seems more altered compared to these sulfi des 
(Figs. 6c, d, e). Galena and pyrrhotite were not found 
in this zone. The moisture content of this layer is lower 

FIG. 3. The effect of NH2OH•HCl concentration (0.04 M 
white, 1 M grey, and 2 M black symbols) on As extraction 
from mixture #1 (circles), 10% amorphous iron sulfo-
arsenates and 90% quartz; mixture #2 (squares), 10% 
arsenopyrite, 30% pyrite and 60% quartz.
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than that of the underlying zone, whereas the grain size 
is similar at about 20–30 �m. 

Zone 5 is the uppermost bright yellow jarosite zone, 
is up to 0.5 m thick; it contains some strongly oxidized 
relics of hardpan material. The predominant phases 
are jarosite, quartz and gypsum, with minor pyrite and 
chalcopyrite (Fig. 5d), which seem to be the most stable 
sulfi des. The grain size of the sulfi des is about 20 �m.

The sequences of the zones exposed in sections 
B–2/96 and B–4/96 are similar to B–2/99, but individual 
zones are narrower because these sections are located 
in the center of the pile (Fig. 2), where weathering 
processes may have been slower than those occurring 
near the edge. Also, hardpan relics were not found in 
section B–4/96. 

In section B–1/96, a loose lens consisting of gangue 
minerals with about 10% dolomite was found instead 
of the melanterite zone. This material is dry, a reddish 
color and overlain by relics of hardpan. The lens may be 
the result of the occasional discharge of fl otation waste 
consisting of gangue minerals. This zone is referred to 
as zone 3b, or carbonate lens (Fig. 4).

In section B–1/99, zones 2–5 resembles those in 
B–2/99 with the exception that melanterite was not 
found in zone 3a. The complex sequence in the section 
B–1/99 may refl ect the presence of initial heterogeneity 
of the layers resulting in a complexity of the weathering 
profi le. 

Samples from sections B–2/99 and B–1/96 were 
selected for a detailed geochemical study because 
B–2/99 represents the general pattern of zonation and 
B–1/96 contains a possible barrier owing to the  presence 
of carbonate.

GEOCHEMICAL ZONING

Concentrations of sulfur and carbonate

The distribution of sulfur species and CO2 over 
the cross-sections refl ects the original distribution of 
minerals, the processes of sulfi de oxidation, and acid 
neutralization by carbonate dissolution (Table 1). The 
highest sulfi de sulfur content (21.6 wt. %) was observed 
in slightly altered waste at the base of section B–2/99 
(B–2/9, B–2/10). In general, values of sulfi de sulfur 
decrease from the base of the pile to the surface (Fig. 7), 
with values being below the detection limit (i.e., 
<0.2 wt.%) in the uppermost jarosite zone, indicating 
increased oxidation of sulfi des upward. The trend for 
sulfate is opposite to the distribution of sulfi de sulfur, 
with low values being found at the base of the cross-
sections, and high values at the top (Fig. 7). 

The maximum concentrations of CO2 were found 
in samples BK–8 and BK–6 from the carbonate lens in 
section B–1/96. In section B–2/99, concentrations of 
CO2 are about 2% in the basal layer (sample B–2/10) 
and below the detection limit at the boundary of the 
hardpan and melanterite zones, indicating the level of 
complete dissolution of carbonate. After the dissolution 
of dolomite, Mg can precipitate as hydrated sulfates, 
such as epsomite and hexahydrite. However, these 
minerals were not observed, although the pore waters 
are supersaturated with respect to epsomite (Sidenko et 
al. 2001). Magnesium might also accumulate in melan-
terite, which is capable of incorporating up to 50% Mg 
(Jambor et al. 2000).

The net neutralizing potential (NNP) was calculated 
from sulfide and carbonate content using the mNP 

FIG. 4. Correlation scheme of zones from different sections of the Berikul mine-waste. Name of the zones: 1: slightly altered 
sulfi de waste, 2: hardpan layer, 3a: melanterite zone, 3b: carbonate lens, 4: intermediate zone, 5: jarosite zone.
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computer program, assuming Fe-free dolomite to be the 
dominant carbonate (Table 1, Paktunc 2003). Average 
value of NNP are –444 and –117 kg/CaCO3 eq/t for 
sections B–2/99 and B–1/96, respectively. Negative 
values suggest the potential for acid production. 

Concentrations of Fe, As, Zn, Cu, Cd, and Pb

The vertical distribution of the elements (Fig. 8) may 
refl ect an initial heterogeneity of the waste pile owing to 
changes in the initial composition of the wastes and to 
post-depositional alteration. There is no documentation 
regarding changes in initial mineralogy of the tailings, 
but alteration of the top portion has been described 
(Gieré et al. 2003). 

The concentration of total Fe ranges from 5.0 to 
28.7 wt.% (Table 2, Fig. 8). High values were found in 
the slightly altered sulfi de waste (27.8 wt.% in section 
B–2/99, and 16.4% in section B–1/96) and in sulfi de 
relics (28.7 wt.% in section B–2/99, and 15.3 wt.% 
in section B–1/96). The upper zones are apparently 
depleted in comparison with the lower ones, indicating 
that Fe might have been leached from the top of the 
weathering profi le (Fig. 8). However, the lack of a 
statistically signifi cant difference in comparisons of the 

mean concentrations of Fe between samples collected 
from the top and bottom of the sections does not support 
this hypothesis. 

Relatively high proportions of Fe in the water-
soluble fraction were found in the melanterite and 
intermediate zones (up to 15.7% in section B–2/99 
and 14% for B–2/99), but these are low in other zones 
(Table 2). Overall, the proportions of Fe in exchange-
able and carbonate fractions are low, indicating that the 
sorption of Fe on clay minerals and the precipitation 
of Fe carbonates do not play a dominant role in the 
behavior of Fe in the Berikul waste (Fig. 8). 

Iron extracted from jarosite and amorphous ferric 
sulfo-arsenates in the reducible fraction appears to be 
concentrated within the jarosite zone (Table 2, Fig. 8). 
In section B–2/99, a local high level of Fe in the reduc-
ible fraction at the hardpan–melanterite zone interface 
(samples B–2/6 and B–2/7) is just above the region 
where the carbonate content is above the detection 
limit (Tables 1, 2). A similar relationship between the 
position of the local maximum of Fe in the reducible 
fraction (sample BK–5) and an increase in the carbonate 
content between samples BK–5 and BK–6 can be seen 
in section B–1/69. Precipitation of ferric phases could 
result from an increase in the pH of the pore solution 

FIG. 5. Photomicrographs of polished sections showing differing degrees of alteration of pyrite (Py), pyrrhotite (Po), chalco-
pyrite (Ccp), sphalerite (Sp), and galena (Gn) in samples B–2/10 (a, b), B–2/8 (c), and B–2/1 (d).
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as it infi ltrates the carbonate-buffered zone. Iron in 
the residual fraction is mainly bound with primary 
sulfi des. The highest portion of this fraction (60–85% 
of total Fe) is found in the slightly altered waste and 
in the lithifi ed relics. Average proportions of Fe in the 
residual fraction are 61% and 54%, for sections B–2/99 
and B–1/96, respectively. Thus, less than about 40% 

of the original Fe bound to sulfi des was transferred to 
secondary minerals.

Arsenic concentrations range from 0.02 to 5.3 wt.% 
(Table 3). The values decrease upward, with minimum 
values being in the jarosite zone (Fig. 8), indicating 
the possibility of As leaching from the upper zones 
and partially precipitating in the lower zones. Migra-
tion of As from the pile through the hardpan layer was 
also suggested by Gieré et al. (2003). Water-soluble, 
exchangeable, and carbonate fractions contain little 
As, being close to or below the detection limit, except 
within and around the intermediate zone, where propor-
tions of As in the soluble fraction vary from 2.9% 
(B–2/3) to 10% (B–2/2) in section B–2/99. Sample 
BK–4, collected from the intermediate zone of section 
B–1/96, was the only one in this section with detect-
able As in the exchangeable fraction. Most of the As 

FIG. 6. Back-scattered electron images (SEM) showing: 
replacement of (a) pyrrhotite, (b) galena by a zoned rim 
composed of (1) As–Pb–S and (2) Pb–S phases from sam-
ple 2/8, (c) arsenopyrite by iron sulfoarsenate, (d) mixture 
of amorphous silica and iron sulfo-arsenate surrounding 
chalcopyrite from sample 2/3, and (e) appearance of pyrite, 
sphalerite and arsenopyrite from sample 2/3. 

FIG. 7. Distribution of sulfur species and carbonate across sections B–2/99 and B–1/96. 
Zone labels are as given in Figure 4.
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FIG. 8. Element speciation in sections B–2/99 and B–1/96 from sequential extraction. Zone labels are as given in Figure 4.
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is extracted, with the reducible fraction indicating an 
association with the ferric phases. The proportion of As 
in this fraction is high, even if adjusted for a systematic 
overestimation of 10%. The maximum As values in the 
reducible fraction are found just above the region where 
concentrations of CO2 are above the detection limit in 
both cross-sections, indicating that coprecipitation of 
As with ferric phases may be linked to the distribution 
of carbonates. Arsenopyrite is the dominant form of As 
in the residual fraction, with the proportion decreasing 
upward toward the more weathered zones.

The distribution of Zn, Cu and Cd have similar 
features. The total concentration of Zn, Cu and Cd are 
lowest in the uppermost jarosite zone, indicating the 
possibility of leaching from this region (Fig. 8, Tables 
4–6). The concentration of Zn and Cd increases gradu-
ally with depth to a maximum in, or just below, the 
hardpan, whereas the Cu content sharply increases in 
the intermediate zone and then decreases. Signifi cant 
proportions of Zn, Cu and Cd were extracted in the 
soluble fraction, particularly in section B–2/99, whereas 
the proportions of exchangeable and carbonate fractions 
are negligible (Tables 4–6). The soluble forms accu-
mulated in the center of the weathering profi le, in the 
melanterite zone and in the hardpan layer (Fig. 8), in 
agreement with the mineralogical study of Sidenko et al. 
(2001), who showed melanterite from the Berikul pile 

to contain 0.34 wt.% Zn and 0.24 wt.% Cu. Signifi cant 
quantities of Zn, Cu, and Cd in the reducible fraction 
of the hardpan layer may be related to the precipita-
tion of Fe sulfo-arsenates and jarosite observed in the 
cavities (Gieré et al. 2003). Zinc and Cd accumulate 
mainly in amorphous Fe sulfo-arsenates, but Cu goes 
into jarosite (Sidenko et al. 2001, Gieré et al. 2003). 
High proportions of the residual fractions, representing 
primary sulfi des, were found in the zones of slightly 
altered waste and in the hardpan. 

The profi le of Pb is different from that of Zn, Cu and 
Cd (Fig. 8, Table 7); Pb is concentrated at the top of the 
sections, with concentrations of <2795 and 4128 ppm in 
sections B–2/99 and B–1/99, respectively. This is two 
to three times higher than in the other zones. Most Pb 
was extracted in the reducible fraction. Arsenic-bearing 
jarosite-group minerals, the major secondary phase, 
contain <4.3 wt.% Pb, in contrast to <0.89 wt.% in 
amorphous iron sulfo-arsenate (AISA; Sidenko et al. 
2001, Gieré et al. 2003), suggesting that Pb apparently 
accumulates in the upper zones by the precipitation of 
jarosite. Lead concentrations in the melanterite zone 
are lower than those in the basal section of the profi le, 
showing that Pb has been partially leached. Lead may 
be mobile under the conditions of the melanterite zone, 
where Fe is divalent and not precipitated as jarosite. 
Lead can then migrate downward and coprecipitate 
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with minerals of the jarosite group and AISA within the 
hardpan layer, causing higher concentrations of Pb in 
the reducible fraction there. The average proportion of 
Pb in the residual fraction of galena is only about 8% 
(Table 7). Two minor phases of Pb were found in zoned 
rims around galena (Fig. 6b). SEM–EDS analyses show 
the inner rim to consist of Pb and S, and the outer one, to 
consist of Pb, As and S. As the SK� peak overlaps PbK� 
on the EDS spectra, the presence of sulfur in the rim is 
problematic. The inner rim could be anglesite, which is 
a common product of oxidation of galena in mine waste 
(Jambor 1994). The outer rim of Pb arsenate or sulfo-
arsenate may have formed by the reaction of anglesite 
with As-rich solutions. These minor phases should have 
little effect on Pb distribution in the waste.

MINERALOGICAL ZONING

We have calculated the weight percent of Fe phases 
in these weathered mine-wastes using the results of 
sequential extractions and bulk-chemical analyses, as 
well as conventional powder XRD and electron-micro-
probe analysis of secondary phases reported previously 
(Sidenko 2001, Gieré et al. 2003). The major phases 
of Fe are pyrite, arsenopyrite, melanterite, jarosite and 
amorphous Fe sulfo-arsenates. The proportion of major 
Fe phases for section B–2/99 was calculated sequen-

tially according to the scheme presented in Table 8. 
Ideal formulae were assumed for pyrite, arsenopyrite, 
and melanterite, with the average concentration of As 
and Fe in jarosite and AISA being calculated from 
results of electron-microprobe analyses (Table 9).

The weight percent of arsenopyrite was calculated 
by assuming all As in the residual fraction to be in 
arsenopyrite (Table 8). The concentration of Fe in 
arsenopyrite was subtracted from total Fe in the residual 
fraction to obtain the weight percent of pyrite. The 
proportion of melanterite was estimated on the basis of 
Fe in the soluble fraction of the extraction. The content 
of AISA was calculated from the As concentration in 
the reducible fraction by assuming that AISA was the 
sole As-bearing phase extracted into the reducible frac-
tion. This assumption is acceptable because the average 
concentration of As in AISA is forty times higher than 
in jarosite, which is dissolved at the same step of the 
sequential extraction. The weight percent of jarosite 
was determined as the difference between Fe in the 
reducible fraction and in AISA. This last value was 
calculated from the weight percent AISA, multiplied 
by the average Fe concentration in AISA (Table 9), 
divided by 100. 

The distribution of primary sulfi des, calculated over 
the weathering profi le, shows a tendency for pyrite and 
arsenopyrite to decrease upward (Table 10). Amorphous 
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Fe sulfo-arsenate accumulates in the slightly altered 
waste zone, the hardpan, and reaches a maximum value 
of 22.9 wt.% at the base of the melanterite zone. This 
decrease may be due to dissolution of this phase in the 
upper layers. The melanterite content increases upward 
from 2.8 wt.% in upper part of the hardpan to 18.5 
wt.% in the melanterite zone, and then decreases again. 
Jarosite increases upward to reach 18.8 wt.%, at the 
boundary between the hardpan and melanterite zones, 
and 50.4 wt.% in the uppermost jarosite zone. 

GEOCHEMICAL PROCESSES

One of the parameters controlling the rate of metal 
leaching is the resistance of a specifi c sulfi de mineral to 
oxidation. Mineralogical observations show that pyrrho-
tite and galena are generally replaced by secondary 
minerals, in contrast to arsenopyrite, sphalerite, chal-
copyrite and pyrite (Figs. 6a, b). However, arsenopyrite 
appears to be less stable than pyrite, chalcopyrite and 
sphalerite (Figs. 6c, d). Therefore, the sequence of 
apparent reactivity is pyrrhotite ≈ galena > arsenopyrite 
> pyrite ≈ sphalerite ≈ chalcopyrite. One problem with 
visually estimating the relative amount of alteration of 
sulfi de minerals is that the products of oxidation can 
accumulate around a grain of one sulfi de (e.g., anglesite 

rim around galena) or be transported from the surface 
of a different sulfi de (e.g., pyrite). Replacement of 
chalcopyrite and sphalerite are rarely observed, even in 
highly oxidized material (Figs. 5d, 6d, e), but the accu-
mulation of S, As, Zn, and Cu in pore solutions indicates 
the dissolution of these minerals. Therefore, a grain 
of sulfi de that shows replacement textures can appear 
more altered than a grain of sulfi de of a similar size that 
has been partially dissolved. Secondly, there can be a 
difference in the degree of oxidation for adjacent grains 
of the same mineral. For example, the pyrrhotite grains 
shown in Figure 5c represent differing degrees of oxida-
tion, from slightly to completely altered. Therefore, 
the comparison of appearance of sulfi de grains from 
microscopic observations is limited in determining their 
relative reactivity. Additional methods, such sequential 
extraction, should be used to corroborate mineralogical 
results.

The average proportions of Fe, As, Zn, Cu, and Pb 
extracted in separate fractions after sequential analysis 
are given in Table 11, where the residual fraction repre-
sents mainly unoxidized sulfi des. The proportion of each 
metal remaining in the residual fraction can provide an 
indication of the relative reactivity of the host sulfi de 
in the environment of the Berikul waste. The order of 
decreasing metal proportions in the residual fraction is 
similar for both cross-sections, except for the positions 
of Fe and Cu. The sequence Pb < As < Zn < Cu ≈ Fe 
in the residual fraction assumes the sequence of sulfi de 
reactivity to be galena > arsenopyrite > sphalerite > 
pyrite ≈ chalcopyrite. This is in agreement with the 
degree of alteration of these sulfi des. Pyrrhotite was not 
included in this sequence because it is a minor phase. 

Using geochemical characterization, we defi ne three 
major regions within the profi le representing different 
stages of weathering of the high-sulfi de waste. The 
basal region, consisting of slightly altered sulfi de waste 
and the hardpan layer, is characterized by the presence 
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of both acid-producing sulfi des and acid-consuming 
carbonates. The middle portion including the melan-
terite and intermediate zones, contains only acid-
producing sulfi des, whereas in the uppermost region, 
neither carbonates nor sulfi des are present. 

 During the fi rst stage, the acid produced by the 
oxidation of sulfi des (reaction 1) can be neutralized by 
the dissolution of dolomite (reaction 2) at the base of 
the hardpan layer.

FeAsS + 1.5 H2O + 3.25 O2(aq) → 
2 H+ + SO4

2– + HAsO4
2– + Fe2+ (1)

CaMg(CO3)2 + 4 H+ + SO4
2– → 

CaSO4•2H2O + Mg2+ + 2 CO2(g) (2)

The gypsum framework in the hardpan layer is formed 
as a result of these reactions. Therefore, the hardpan 
forms at the upper boundary of the carbonate-buffered 
zone, where acidic water percolating downward reacts 
with carbonates. In the slightly altered sulfi de waste, 
Fe, As, Pb, Zn, Cd, and Cu accumulate in the reducible 
fraction that represents the ferric phases, jarosite and 
Fe sulfo-arsenates. Ferric iron, produced by the oxida-
tion of Fe2+ (equation 3), results in the precipitation of 
jarosite (equation 4) and Fe sulfo-arsenates (equation 
5). The formula of bukovskýite is used in equation 5 
as it is the mineral closest in composition to the AISA 
in Berikul waste (Gieré et al. 2003).

2 Fe2+ +0.5 O2 + 2 H+ → Fe3+ + H2O (3)

K+ + Fe3+ + 2 SO4
2– + 6 H2O → 

KFe3+(SO4)2(OH)6 + 6 H+ (4)

2 Fe3+ + HAsO4
2– + SO4

2– + 8 H2O → 
Fe3+

2(AsO4)(SO4)(OH)•7H2O 
(bukovskýite) + 2H+  (5)

Protons on the right of reactions (4) and (5) are consumed 
by the dissolution of carbonate (reaction 2), resulting in 
reactions (4) and (5) shifting to the right according Le 

Chatelierʼs principle. In this way, carbonate dissolution 
promotes the precipitation of ferric phases. The overall 
reaction of carbonate dissolution and the precipitation 
of Fe sulfo-arsenates can be expressed as:

MgCa(CO3)2 + 2 Fe3+ + HAsO4
2– + SO4

2– 
+ 8 H2O → Fe3+

2(AsO4)(SO4)(OH)•7H2O 
+ Ca2+ + Mg2++ 2 HCO3

– (6)

During the second stage, acid generated in the hardpan 
and upper regions completely dissolves the carbonates, 
and the pH of the pore solution decreases to 1.7 (Gieré 
et al. 2003), controlling the second stage of weathering 
observed in the melanterite and intermediate zones. 
With increasing acidity, the reactions (4) and (5) move 
to the left, leading to dissolution of the ferric phases 
in the central region. The dissolution of the Fe sulfo-
arsenates is inferred by their decrease from sample 
B–2/6 (B–2/99) upward (Table 10). This releases As, 
Pb, Zn, Cd and Cu back into solution, producing the 
high concentrations found in pore waters from the 
melanterite and intermediate zones. Jarosite remains 
constant in these zones, indicating that it is more stable 
than the Fe sulfo-arsenates. The rate of Fe2+ oxidation 
(reaction 3) in acidic water is limited even if the reac-
tion is bacterially catalyzed (Singer & Stumm 1970). 
Under these conditions, Fe3+ produced by reaction (3) 
is utilized by sulfi de oxidation (reaction 7): 

FeS2 (pyrite) + 14 Fe3+ + 8 H2O → 
15 Fe2+ +16 H+ +2 SO4

2– (7)

The order of reaction rates from the experimental oxida-
tion of sulfi des by Fe3+ at pH 2 (Wiersma & Rimstidt 
1984, Rimstidt et al. 1994) agrees with the sequence of 
sulfi de reactivity in the Berikul mine-wastes, indicating 
that Fe3+ is the principal oxidant of the sulfi des. If reac-
tion (7) is suffi cient to consume all the Fe3+ produced by 
reaction (3), Fe2+ and SO4

2– will accumulate in solution, 
and melanterite will precipitate (reaction 8):

Fe2+ + SO4
2– + 7 H2O → 

Fe2+SO4•7H2O (melanterite) (8)

The saturation indices of melanterite, calculated from 
the compositions of water, agree with the mineralogical 
results (Sidenko et al. 2001). In the central carbonate-
free region, signifi cant portions of Zn, Cu and Cd copre-
cipitate with melanterite. Copper and zinc can substitute 
for Fe2+ in melanterite owing to the similarity of the 
melanterite, zincmelanterite, and boothite structures 
(Jambor et al. 2000). 

The third stage begins with a continued decrease 
of sulfi des due to progressive oxidation in the upper 
region. The concentration of oxygen increases rapidly 
toward the surface within the upper 0.5 m of the sulfi de 
tailings (Blowes et al. 1991). This increase results in 
a higher production of Fe3+ in solution (reaction 3), 
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which causes sulfi des to oxidize rapidly (reaction 7), 
decreasing the sulfi de content in the solid waste upward 
from the intermediate zone (Fig. 7). The loss of sulfi des 
results in a further accumulation of Fe3+ in solution, 
which can no longer be consumed by the sulfi des (reac-
tion 7). This accumulation results in the precipitation 
of ferric phases such as the jarosite zone (reaction 4), 
where a decrease in sulfi de can be correlated with an 
increase in Fe in the reducible fraction. 

Lead can substitute for K in jarosite, resulting in a 
jarosite–plumbojarosite solid solution, whereas substi-
tutions of Zn, Cu and Cd are limited to less than 2 wt.% 
(Dutrizac & Jambor 2000). This fact explains values 
of up to 4.3 wt.% of Pb in jarosite from the Berikul 
waste with maximum contents of Cu of 0.24 wt.% and 
of Zn of <0.17 wt.% (Sidenko et al. 2001, Gieré et al. 
2003). If the mass of As contained in AISA and jarosite 
is calculated from Table 9 and 10, it can be seen that 
only about 10% of the As leached from ASIA can be 
attenuated by jarosite. Thus, Pb accumulates in the 
uppermost jarosite zone, whereas As, Zn, Cu and Cd 
have been mostly removed (Fig. 8) by the dissolution 
of primary minerals and of previously formed sulfo-
arsenates and melanterite during the advancement of 
the weathering front.

The equilibrium between jarosite and melanterite, 
which depends on pH and redox conditions (reaction 
9), controls whether metals coprecipitate with water-
soluble melanterite or with a more stable phase such 
as jarosite:

6 Fe2+SO4•7H2O + 1.5 O2+ 2 K+ → 
2 KFe3+

3 (SO4)2(OH)6 + 2 SO4
2– 

+ 33 H2O + 6 H+   (9)

Jarosite and melanterite are common products of pyrite 
oxidation observed in mine waste and oxidized sulfi de 
ores (Jambor 1994), but the occurrence of a ferrous 
sulfate (melanterite) zone between zones containing 
ferric phases (i.e., jarosite) is an unusual feature. 
Logically, melanterite should be converted to jarosite 
during progressive oxidation (Jambor et al. 2000), but 
we found 18.8 wt.% of jarosite below the melanterite 
zone in the upper part of the hardpan (Table 10). A 
diagram was constructed to show the equilibrium 
between melanterite and jarosite at different values of 
pH and redox conditions in the system S–O–H–Fe–K 
at 25oC (Fig. 9). We used the thermodynamic database 
constructed for this system by Alpers et al. (1989) and 
activities obtained from the average concentrations of 
K and SO4

2– in pore water previously determined for 
the Berikul waste (Gieré et al. 2003). The measured pH 
of the pore water was plotted against oxygen fugacity 
calculated from Eh values obtained in previous studies 
(Sidenko et al. 2001). The points form a trend, which 
crosses the jarosite–melanterite equilibrium boundary 
parallel to the pH axis under the conditions of low 
fugacity of oxygen, owing to acidifi cation following 

complete carbonate dissolution in the upper part of 
the hardpan layer. Melanterite is stable under the 
acidic and relatively reducing conditions of the pore 
waters squeezed from the melanterite zone (Fig. 9). 
The equilibrium boundary is then crossed vertically, 
as oxygen fugacity increases owing to diffusion from 
the surface and to the decrease in sulfi de oxidation that 
consumed oxygen and Fe3+ (reaction 1). Therefore, 
jarosite becomes stable in and above the intermediate 
zone (Fig. 9), where conditions are more oxidizing 
than in the melanterite zone. Thus, the precipitation of 
melanterite or jarosite depends on the sulfi de content 
controlling redox conditions and on the presence of 
carbonates buffering pH.

CONCLUSIONS

Three stages of weathering can be distinguished at 
the Berikul high-sulfi de waste pile. During an early 
stage, acid produced by sulfi de oxidation is neutral-
ized by carbonate dissolution, causing the formation 
of a cemented layer and coprecipitation of metals and 
arsenic with ferric phases such as amorphous Fe sulfo-
arsenates. The next stage begins after the complete 
dissolution of carbonates, when the acid generated 
cannot be neutralized. During this stage, ferric sulfo-
arsenates dissolve, releasing arsenic and metals to the 
solution. At a low pH, the rate of metal leaching from 
the waste is determined by the reaction rate of sulfi des 
with ferric ion. This reaction produces ferrous Fe, 
sulfate and metals in the pore water, resulting in the 
precipitation of Zn-, Cu-, and Cd-bearing melanterite. 
This stage ends with the almost complete oxidation of 
sulfi des. As a result, Fe3+ that has been consumed previ-
ously by sulfi de oxidation accumulates in the solution, 

FIG. 9. Solid phase equilibria in the system S–O–H–Fe–K at 
T = 25°C, log a K+ = –4.0, log a SO4

2– = 0.3. Circles show 
the composition of pore solutions squeezed from samples 
of the intermediate (solid circles) and melanterite zones 
(open circles). The trend line and numbers show the evolu-
tion of log f(O2) – pH conditions during weathering. The 
numbers show possible log f (O2) and pH conditions during 
fi rst (1), second (2) and third (3) stages of weathering.
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and Pb-containing jarosite precipitates. By this stage, 
signifi cant proportions of As, Zn, Cu and Cd have been 
leached from the ore residue by acidic solutions. 

The acid generation in Berikul mine-waste could be 
controlled by placing a clay and silt cover to prevent 
oxygen diffusion and infi ltration of oxygenated water. 
Building a rock berm is also recommended, as it would 
prevent erosion of the slopes and surface runoff. 
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