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Wastes of the ore cyanide process are prone to oxidation and acid leaching that causemobilization, migration, and
precipitation of elements, including noblemetals. The issues of waste oxidation, as well as release and transport of
oxidation products, are of principal environmental concern and a focus of active geochemical research. We study
the behavior of Au and Ag in the natural–industrial system “sulfide wastes–surface/pore waters–particulate
matter–bottom sediments” in the presence of different elements (Na, Mg, K, Ca, Al, Fe, Cu, Zn, Se, Ag, Au, Hg, Pb,
REE, etс.), at the Novo-Ursk auriferous pyritic deposit (Salair, Kemerovo region, Russia).
The wastes include processed primary ore (wastes I) and ore from the gold-bearing weathering profile (wastes
II) that store, respectively, 0.5 ppm Au, 18 ppm Ag and 0.26 ppm Au, 13 ppm Ag. Gold in wastes I occurs in the
native formwith Cu andAg impurities and also Au exist as invisible species in pyrite. Inwastes II, gold is adsorbed
onto the surfaces of secondary mineral particles (kaolinite, montmorillonite, hydromica, and Fe(III) compounds)
while silver is an isomorphic impurity in alunite–jarosite minerals. The oxidation of wastes produces acid mine
drainage (AMD) water, with рН = 1.9 and high concentrations of sulfate, Fe, Al, Cu, Zn, Pb, As, Se, Te, Hg, Сd,
and REE, which flows into the Ur River (a tributary of the Inya).
The stream transports gold and silver existing in dissolved+ colloidal and particulate forms. Dissolved+ colloidal
gold and silver have similar distribution patterns with their contents inversely proportional to рН. Dissolved +
colloidal gold in the AMDwater ismore abundant than silver (0.4–1.2 ppbAu against 0.1–0.3 ppbAg). Gold chang-
es from the dissolved + colloidal (in AMD) to particulate (till 0.03 ppb) forms and precipitates in progressively
larger amountswith distance from the tailings. Silver inmost of the analyzed natural and tailings-impactedwaters
exists as suspended particles (to 1 ppb). The concentrations of gold and silver are the highest (1.8–2.1 ppb Au and
4.5–5.7 ppb Ag) in peat pore waters within the geochemical trains of the tailings, apparently as a result of
re-precipitation on organic barriers.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Wastes of mining and ore processing have been studied for years in
various aspects. The available knowledge on the structure of tailings, as
well as on mineralogy, geochemistry, and microbiology of weathering
profiles are synthesized in numerous publications (Alpers et al., 1994;
Blowes et al., 1994, 2003; Jambor, 1994; Ritchie, 1994; Bigham et al.,
1996; Nordstrom, 2000; Dold and Fontbote, 2002; Lazareva et al.,
2002; Descostes et al., 2004; Druschel et al., 2004; Gleisner et al.,
2006; Equeenuddin et al., 2010; Marescotti et al., 2012; Auld et al.,
2013; Sun et al., 2013). This knowledge is especially important as having
implications for prevention, treatment, and remediation of contamina-
tion effects (Gitari et al., 2008; Ríos et al., 2008; Nyquis and Greger,
2009; Dold et al., 2009; Gibert et al., 2011; Macías et al., 2012;
Heviánková et al., 2014; Jeen et al., 2014).

Sulfide wastes deposited in open air are exposed to wind and water
weathering and related oxidation, which contaminates large areas
a).
around producing geochemical dispersion haloes and trains (de Haan,
1991; Bortnikova et al., 2003; Moncur et al., 2014). Acid sulfate mine
drainage waters formed by oxidation of sulfide materials bear high
concentrations of dissolved solids, including heavy metals and toxic
elements (Bigham, 1994; Nordstrom and Alpers, 1999; Plumlee, 1999;
Seal and Hammarstrom, 2003; Blowes et al., 2003; Valente and
Gomes, 2009; Luptakova et al., 2012). Acid mine drainage (AMD)
contains abundant sulfate anions and other sulfur ions, such as
tetrathionate (S4O6

2−; reaction 1) (Mironov et al., 1989) and thiosulfate
(S2O3

2−; reaction 2), according to Pourbaix diagrams (Xia, 2008).
Thiosulfate is metastable in the oxide zone and transforms either into
tetrathionate (S4O6

2−) or trithionate (S3O6
2−) depending on рН

(reactions 3–5); the two latter ions, in turn, become oxidized to SO3
2−,

S2O6
2− and SO4

2− (Xia, 2008).

4FeS2 þ 11O2 þ 4H2O ¼ 2FeSO4 þ 2FeðOHSO4Þ þ H2S4O6 þ H2O ð1Þ

2S2− þ 4S4O2−
6 þ 6OH− ¼ 9S2O2−

3 þ 3H2O ð2Þ
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3S2O2−
3 þ 2О2 þ H2O ¼ 2S3O2−

6 þ 2OH− ð3Þ
4S2O2−
3 þ О2 þ 2H2O ¼ 2S4O2−

6 þ 4OH− ð4Þ

3S4O2−
6 þ 2:5О2 þ 2OH− ¼ 4S3O2−

6 þ H2O: ð5Þ

Elements released from AMD waters become redeposited as
ochreous precipitates. Goethite, ferrihydrite, lepidocrocite, jarosite,
schwertmannite, and hydrogoethite are main ochreous minerals
(Bigham, 1994; Bigham et al., 1996; Marescotti et al., 2012). Iron hy-
droxides, with their high sorption capacity, commonly adsorb heavy
metals and other AMD elements, but ochreous precipitates are unstable
and prone to redissolution by acid waters with pH 4.5–6.5 (McDonald
et al., 2006; Herrera et al., 2007), which poses pollution problems
(Jarvis and Rees, 2004; Carbone et al., 2013). Minor рН–Eh changes can
trigger rapid mineral evolution including dissolution, re-precipitation,
and structure changes (Marescotti et al., 2012), which return heavy
metals back to the waters and maintain widespread of low-density
fine-grained ochreous precipitates (Hammarstrom et al., 2003).

The environmental issues concerning acidmine drainage and ochre-
ous precipitates (Hammarstrom et al., 2005; Valente and Gomes, 2009;
Sima et al., 2011; Luptakova et al., 2012), and the related contamination
(Sarmiento et al., 2011; Carbone et al., 2013), arouse special interest.
Most of the research in this line has reasonably focused on the behavior
of heavy metals and toxic elements (As, Hg, etc.) (Boulet and Larocque,
1998; Jung, 2001; Lazareva et al., 2002; Al et al., 2006; Roychoudhury
and Starke, 2006; Gustaytis et al., 2010, 2013; Equeenuddin et al.,
2013; Lusilao-Makiese et al., 2013; Rieuwerts et al., 2014), while noble
metals (Au and Ag) in tailings remain little explored (Stoffregen,
1986; Mironov et al., 1989; Benedetti and Boulegue, 1991; Leybourne
et al., 2000; Dutova et al., 2006; Reith and McPhail, 2007; Myagkaya
et al., 2013).

The behavior of gold in the superficial conditions of oxidation and
weathering in gold fields and their surroundings has been mostly
studied in terms of distribution patterns, speciation, and morphology of
particles (Roslyakov, 1981; Vasconcelos and Kyle, 1991; Lawrance and
Griffin, 1994; Bortnikova et al., 1996; de Oliveira and de Oliveira, 2000;
Kalinin et al., 2009; Hough et al., 2011; Zhmodik et al., 2012; Reith et al.,
2012; Fairbrother et al., 2012). However, some recent papers considermi-
gration paths of gold in mining and refinery wastes (Benedetti and
Boulegue, 1991; Leybourne et al., 2000; Al et al., 2006; Roychoudhury
and Starke, 2006) andpostulate its highmobility in natural andmanmade
supergene environments (Mann, 1984; Vlassopoulos and Wood, 1990;
Vlassopoulos et al., 1990; Andrade et al., 1991; Benedetti and Boulegue,
1991; Bowell, 1992; Cidu et al., 1995; Radomskaya et al., 2005; Dutova
et al., 2006). Additionally, geochemical cycling of Au in supergene envi-
ronments can be mediated by microorganisms (Korobushkina and
Korobushkin, 1998; Reith et al., 2005, 2012; Reith and McPhail, 2007;
Southam and Beveridge, 1994; Southam et al., 2009).

Gold migrating in streams is most often dissolved or particulate.
Dissolved gold is present in both natural and mine waters as part of
chlorine-, sulfur-, or hydro-complexes, cyanide, as well as mixed Au
complexes (Stoffregen, 1986; Vlassopoulos and Wood, 1990; Andrade
et al., 1991; Benedetti and Boulegue, 1991; Tossell, 1996; Leybourne
et al., 2000; Radomskaya et al., 2005; Dutova et al., 2006; Xia, 2008).
As Pourbaix diagrams show, AuOH(H2О)0 (Vlassopoulos and Wood,
1990), and mixed Cl and S complexes such as AuH2S+ and AuOHCl¯

(Dutova et al., 2006), control gold solubility in most of natural waters
(pH to ~6–12). Given the presence of Cl−, the chloride (AuCl2−, AuCl4−,
AuOHCl−) and sulfide (Au(S2O3)23− and Au(HS)2̄)) complexes are the
major agents in acid sulfate waters (Mann, 1984; Stoffregen, 1986;
Vlassopoulos and Wood, 1990; Andrade et al., 1991; Colin and
Vieillard, 1991; Dutova et al., 2006). Thiosulfate Au complexes in acid
waters exist according to reaction 6 (Xia, 2008). Furthermore, drainage
solutions may contain cyanide complexes Au(CN)2¯ that result from
oxidative dissolution of wastes (Leybourne et al., 2000).

4Au0 þ 8S2O2−
3 þ О2 þ 2H2O ¼ 4AuðS2O3Þ3−2 þ 4OH− ð6Þ

Particulate gold can form by adsorption onto mineral particles as a
result of interaction between hydroxyl groups of colloids and/or cation
exchange reactions related to electrostatic interactions. These bonds
are relatively weak and the elements are easily desorbed back into
water (Sarkar et al., 1999). Second, abundant particulate gold may be
due to highly adsorptive amorphous iron hydroxides. Transport of
such gold is called mechanic migration (Radomskaya et al., 2005).

Metastable thiosulphate complexes at рН b5 break down to sulfate,
the reaction being catalyzed by transitional elements and bacteria,
while gold re-precipitates on iron hydroxide particles (Mironov et al.,
1989; Benedetti and Boulegue, 1991; Ran et al., 2002; Yudovich and
Ketris, 2004), by reaction 7 (Xia, 2008):

Fe2þ þ AuðS2O3Þ3−2 þ 3OH− ¼ Au0 þ FeOOH þ H2O þ 2S2O2−
3 ð7Þ

Third, formation of stable colloid particles that can penetrate
through a 0.45 μm membrane filter provide the presence of colloids
and related elements in filtered water (Petrukhin, 1992; Howe and
Clark, 2002;Wang et al., 2003). Fourth, gold can form soluble and insol-
uble organic complexes which influence its mobility in supergene envi-
ronments (Baker, 1978; Vlassopoulos et al., 1990; Baranova et al., 1991;
Bowell et al., 1993a,b; Varshal et al., 1996, 2000; Wood, 1996). For in-
stance, the carboxyl and phenol groups of humic acids (HA) form strong
complexes with noble metals, which affects the HA sorption capacity
(Varshal et al., 2000) and acts as a barrier for noble metal ions. Interac-
tion with fulvic acids (FA) also leads to the formation of soluble com-
plexes and increases the mobility of noble metals (Baranova et al.,
1991; Bowell et al., 1993a,b). Furthermore, organic acids can reduce
ion complexes and provide gold fixation: e.g., humic substances in
riverwater reduce gold from chloride complexes to gold-bearing organ-
ic complexes (Baker, 1978). The standard reduction potentials for FA
and HA range from +0.5 to +0.7 V, while the species such as AuCl4̄
and AuC12̄ are abundant only in highly and moderately oxidizing
media, respectively; therefore, humic and fulvic acids do not form
dissolved complexes with Au(III) and Au(I) (Wood, 1996). In this case,
chloride-complexed gold (AuCl4̄, AuC12̄) becomes reduced and
immobilized upon entering the environments where the humic sub-
stances have “hard” O-donor groups dominating their binding sites
and control the redox conditions. On theother hand,HA cause less influ-
ence on reduction and fixation of gold if the Au transporting complexes
have low standard reduction potentials (e.g., AuOH0 (Е° = 0.506 V),
Au(HS)2̄ and Au(S2О3)23−), with a relatively high proportion of “soft”
N- or S-donor binding sites, whereby strong complexing may lower
the standard reduction potentials to prevent reduction and promote
aqueous transport (Wood, 1996). Organic substances can alsomaintain
reduction of Au (III) to elemental gold and formation of colloids (Ong
and Swanson, 1969; Avramenko et al., 2012).

Our previous studies (Myagkaya et al., 2013) showed that oxidative
leaching of wastes in the Ursk tailings led to gold and silver dissolution
and re-precipitation on a bio-geochemical barrier of peat lying beneath
wastes shed from the stockpiles. That inference has guided the research
reported in this publication, which consists of two parts. Part 1 deals
with Au and Ag migrations in water, in the presence of different
elements (Na, Mg, K, Ca, Al, Fe, Cu, Zn, Se, Ag, Au, Hg, Pb, REE etс.) in
natural and mine waters in the system “sulfide wastes–surface/pore
waters–particulate matter–bottom sediments” in the Ursk area.

2. Study area

The Ursk tailings site is located at 54°27′11.03″ N, 85°24′09.76″ E in
Ursk Village (Kemerovo region, Russia, Fig. 1) within the Ur ore field in
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the northern Salair Ridge (Altai-Sayan mountains, Siberia). The tailings
have been mined for more than 80 years ago and store wastes from
cyaniding auriferous pyritic and complex ores (primary ore and ore
from the gold-bearing weathering profile) of the Novo-Ursk deposit
(Shcherbakova et al., 2010; Gustaytis et al., 2010, 2013; Myagkaya
et al., 2013).

The ore mineralogy consists of pyrite, sphalerite, chalcopyrite, gale-
na, arsenical pyrite, fahlite, cinnabar, as well as quartz, barite, calcite,
chlorite-group minerals, sericite, albite, graphite, rutile, and fluorite,
with Au and Ag ranges 0.7–4 ppm and 16.5–29.65 ppm, respectively
(Bessonenko et al., 1970; Roslyakov et al., 1995; Tokarev et al., 2004).
3. Materials and methods

3.1. Sampling

In the course of field trips in 2011 through 2013, we sampledwaters,
suspended particles, and bottom sediments within the contamination
area around the tailings (Fig. 2). The waters were of three groups: acid
mine drainage (AMD) (i) and natural waters in the Ur river, lakes, and
ponds sampled upstream (ii) and downstream (iii) of the AMD dis-
charge (W-1 and in W-13–W-16, respectively, in Fig. 2). The AMD wa-
ters were sampled at different distances from the tailings (W-4–W-12,
Fig. 2) and in different seasons to monitor seasonal changes in water
chemistry.

Potentiometry for pH and Eh of all non-acidified and non-filtered
sampled waters was performed in situ using a portable Infraspak-
Analit Anion 7051 water analyzer (Russia), with an electrode calibrated
against standard buffer solutions of рН = 1.68–4.01–6.86–9.18. The
absolute errors did not exceed ±0.02 for pH and ±2 for Eh. Dissolved
Fig. 1. Location map of Ursk gold mine area (a: map is based on U
oxygen was measured in situ by titration using a Merck mobile testing
set (Germany).

Elements in water can exist in truly dissolved (filter pore
size b 0.2 μm), dissolved plus colloidal (filter pore size from 0.2
to b 0.45 μm) and particulate (filter pore size N 0.45 μm) forms
(Petrukhin, 1992; Howe and Clark, 2002; Wang et al., 2003). To study
Au and Ag partitioning between the dissolved+ colloidal and particulate
(suspended) fractions, all surface water samples were filtered through
0.45 μm low adsorption cellulose acetate membrane filters (type
11106–47-N) for aqueous solutions (Sartorius Stedim, Germany). The fil-
ters combine high flow rates and thermal stability with very low adsorp-
tion characteristics, and are therefore perfectly suited for use in pressure
filtration devices. The filters were weighed before and after filtering on
first-class precise analytic balance (LB 210-A SartoGosm, Russia). The Au
and Ag contents in surface waters were estimated with reference to the
dissolved + colloidal/particulate species ratio, while those in particulate
matter were calculated taking into account the volume of filtered
solution, the filter weight, and the amount of filteredmaterial, for further
conversion of Au and Ag in the particulate aliquots into their contents in
particles suspended in a liter of solution.

Then the filteredwaterwas poured into vials and acidified. All water
samples for Hg were poured into Pyrex vials, as borosilicate glass is the
best suitable material which can prevent samples from contamination
with atmospheric Hg vapor (Hamlin, 1989). We used available conical
Falcon (Axygen) polypropylene vials, with low sorption capacity, pro-
ceeding from data on adsorption of elements (Cu, Zn, Se, Pb, Na, Mg,
Al, Si, K, Ca, Fe, Co, REE, etс.) on thewalls of containersmade fromdiffer-
entmaterials (polypropylene, borosilicate glass, teflon, etc.) (Robertson,
1968), as well as from the fact that Au can adsorb on both silica
(borosilicate) glass (Beneš, 1964; Samiullah, 1985) and polypropylene
(Beneš and Smetana, 1966). Samples can be stored from 24 h (Cidu
Nmap N 3840 Rev. I Nov. 2002; b: map is scaled-up section).



Fig. 2. Sketch map of sampling sites for waters and bottom sediments at the Ursk tailings site located at 54°27′11.03″ N, 85°24′09.76″ E in Ursk Village. Samples (W) represent waters
upstream of AMD discharge (W-1), flooded quarry (W-3), AMD under wastes in proximal zone of contamination train (W-4), AMD waters at different distances from the tailings
(W-5 toW-10), pond (W-11), pool of AMD flowing from the pond, before discharge into theUr (W-12), AMDmixedwith Ur River (W-13), Ur River, 200mdownstream of AMDdischarge
(W-14), Ur River, 1–3 km downstream of AMD discharge (W-15 to W-16).
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et al., 1994) to one year (Falkner and Edmond, 1990) in polypropylene
vials without adsorption losses of Au (the element of our interest)
when acidified by aqua regia to рН 1–2. According to the Interstate
standardization for water sampling (All-Union State Standard #
31861–2012, 2013), most of analytes are preserved in the solution at
pH b 2, the minimum ratio for acidifying being 2:500 for all samples
(All-Union State Standard # 31861–2012, 2013). The acidified waters
were analyzed immediately upon return from the field. Note that the is-
sues of sorption on container walls and preservation of ultra-trace Au
and Ag are of minor importance for this study as they do not interfere
much with the general behavior patterns of the elements in the system
“natural waters — AMD–AMD-contaminated waters”. Some water
samples were left non-acidified for determination of major ions.
The waters were sampled at 17 points; simultaneously with water
sampling, bottom sediment samples were collected into 1 L plastic
bottles and packed tightly.

Solids sampled in the contamination train included wastes of
primary pyrite ore and those of the gold-bearing weathering profile
(wastes of types I and II, respectively), as well as peat in a swampy
ravine downstream of the tailings. The wastes of both types and peat
were pressed with a portable manual press at 150 g/сm3 to extract
porewater for analysis. Porewaterswere sampled and acidifiedwithout
filtering, as in the case of surface water sampling. Additionally, heavy
mineral concentrate (HMC) samples were washed out from peat in
the field.

3.2. Experimental procedures

3.2.1. Mineralogy
Solid materials (bottom sediments, peat, wastes, and filter

precipitates) were air dried before analysis. Gray HMC samples were
washed to black in the field; HMC samples from cyanide wastes were
washed additionally on the concentrator. Pyrite monofractions were
isolated from washed HMC samples by flotation and electrostatic
methods for further Au and Ag determination.

Scanning electron microscopy (SEM) was applied to polished
sections and pellets of primary samples of wastes, HMC, pyrite
monofractions and peat to study the morphology and identify separate
particles. The instruments were a Carl Zeiss LЕО1430VР (Germany) and
a TESCANMIRA3 LMU (Czech Republic) scanning electron microscopes
with Oxford INCA Energy EDS detectors (UK). The Oxford Instruments
INCA Energy 350 spectrometer in the LЕО1430VР microscope is
designed for micron-scale studies and can record X-ray spectra of ele-
ments fromB toU, to anoptical resolution of 4–4.5 nm. The othermicro-
analyzer INCA Energy 450+ is based on the Oxford Instruments
NanoAnalysis X-MAX 80 system and has an optical resolution of 1 nm.
The operation conditions were: 15mmworking distance, 20 keV accel-
eration voltage, and 1.5 nA beam current. The contents of elements in
mineral grains smaller than the beam spot (many particles are b1 μm
while aggregates are porous) were estimated from relative contents of
major elements subtracting the elements of the host mineral. Minerals
in wastes and sediments were studied by powder X-ray diffraction
(XRD) on a DRON-4 diffractometer operated at 40 kV and 24 mA, with
CuK-α radiation.

3.2.2.Major- and trace-element chemistry ofwastes, bottom sediments and
suspended particles

The contents of major elements in thewastes and bottom sediments
were determined by X-ray fluorescence spectroscopy (XRF) in pellets
made in the following way. The samples were dried at 105 °C for 1 h,
then ignited at 1000 °C for 2.5 h, and then mixed with a flux consisting
of 66.67% lithium tetraborate, 32.83% lithium metaborate, and 0.5%



Table 1
Detection limits of elements for ICP-MS, ppb.

Element Detection limit Element Detection limit

Na 4.2 Sb 0.0032
Mg 0.15 Te 0.008
Al 0.11 I 0.034
Si 18 Cs 0.0051
P 27 Ba 0.012
S 260 La 0.00093
Cl 9.5 Ce 0.0011
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lithium bromide, at 1:9 (total weight of the mixture was 5 g). The mix-
ture was fused in Pt crucibles, in a Linn High Therm Gmbh Lifumat-2.0-
Ox induction furnace. The analysis was performed on an ARL-9900-XP
X-ray spectrometer (Applied Research Laboratories, Switzerland).

The abundances of С, H, N and S in the samematerials of wastes and
bottom sediments were determined by the CHNS elemental analysis on
an EvroVector Euro EA 3000 analyzer (Italy), using the combustion/gas
chromatography techniques. The analysis was by catalytic combustion
followed by packed column gas chromatographic separation with ther-
mal conductivity detection (using a single TCD). The analytical accuracy
was 0.3–0.5 wt.%, at the range of measured concentrations from 1.5 to
95%.

The contents of Cu, Zn, Se, Rb, Sr, Mo, Cd, Sn, Sb, Te, Hg, As, and Pb in
the wastes were determined by X-ray fluorescence spectroscopy with
synchrotron radiation (SR-XRF), on a VEPP-3 spectrometer operated
at 15 to 50 keV, following the МVI-3-2006 procedure (Daryin, 2006).
Samples were prepared as 30 mg compressed pellets, 5–6 mm in
diameter, and analyzed to an accuracy of ±30% relative to the absolute
abundance. The detection limits for the analyzed elements were
0.0001–0.1 wt.%.

The contents of Cu, Zn, Cd, Pb in the bottom sediments were deter-
mined by the atomic absorption spectroscopy (AAS). The AAS analysis
was performed using a Thermo Electron Corporation Solar M6 spec-
trometer with a Zeeman and deuterium background correction system
(USA), to an accuracy of 10–35 relative %, at р= 0.95 confidence prob-
ability. The detection limits were from 0.05 to 5·103 ppm for Cu, Zn, Cd
and from 0.5 to 5·103 ppm for Pb (M-MVI-80-2008, 2008).

The contents of Au and Ag in solid samples (wastes, bottom sedi-
ments and suspended particles) were determined at a certified labora-
tory of the Institute of Geology and Mineralogy (Novosibirsk)
following the procedures from (MVI NSAM N 237-S, 2006; MVI NSAM
N 130-S, 2006) modified after the method by Tsimbalist (1984) which
was specially designed for evaluation of ultra-trace Ag and Au contents
(n·10−6–n·10−8%). The method implies extraction pre-concentration
of elements into the organic phase followed by AAS of elements in the
extract. Subsample solids (1 g) and weighed membrane filters were
acid digested. For silver analysis, samples were digested in aqua regia
and HCl, and the solution with silver was sprayed (atomized) in flame
to assess the absorption of radiation by free silver atoms. Silver present
in contents below 10 ppm was extracted by isopropylamine before
flame atomization (MVI NSAM N 130-S, 2006). The samples analyzed
for gold were likewise digested in aqua regia and HCl but after being
annealed in a muffle furnace at 650 °C (MVI NSAM N 237-S, 2006).
The element that was transferred to the acid solution was extracted
by toluene solutions of organic sulfides. The extracts were analyzed by
flame AAS on a Perkin-Elmer 3030 В spectrometer (USA) and a Thermo
Electron Corporation Solar M6 photometer (USA). Each third sample
was run in duplicate. The analytical accuracy was from 16 to 59% for
gold and 5–59% for silver, at the р = 0.95 confidence depending on
the Au and Ag contents (from 0.1 to 20 ppm Au and 0.2 to 2·103 ppm
Ag, respectively).
K 1.8 Pr 0.00013
Ca 0.41 Nd 0.00009
Ti 0.047 Sm 0.0005
V 0.0023 Eu 0.0001
Cr 0.052 Gd 0.0002
Mn 0.04 Tb 0.0001
Fe 1 Dy 0.0003
Cu 0.22 Ho 0.0001
Zn 0.57 Er 0.0001
As 0.0066 Tm 0.00009
Se 0.13 Yb 0.0002
Br 0.44 Lu 0.00007
Rb 0.0091 Au 0.0005
Sr 0.033 Hg 0.004
Ag 0.0021 Pb 0.021
Mo 0.0037 Th 0.0002
Cd 0.002 U 0.00031
Sn 0.0077
3.2.3. Water chemistry
The ion composition of water samples was estimated by capillary

electrophoresis (CE) on a Lumex Kapel 103Р instrument (Russia). In
CE methods, analytes migrating through electrolyte solutions under
the influence of an electric field can be separated according to mobility
of cations. The detection limits were from 10−3 to 10−4% for different
ions (Nature Protection Norms 14.2:4.167–2000), the RSD error did
not exceed 15%.

Carbon was measured by IR spectroscopy on a Shumadzu Total
Organic Carbon Analyzer, TOC-VCSH (Japan). The method implies IR
detection of СО2 produced by HCl digestion of hydrocarbonates and
carbonates. Total organic carbon (TOC) was determined by catalytical
combustion of samples to СО2, again measured by IR spectroscopy.
The detection limit was 4 ppb and the analytical accuracy was better
than 1.5%.

The contents of elements (Na, Mg, K, Ca, Al, Fe, Cu, Zn, Se, Ag, Au, Hg,
Pb etс.) in the natural waters and mine drainage were determined by
mass spectrometry with inductively coupled plasma (ICP-MS) on an
Agilent Technologies Agilent 7500 quadrupole ICP-MS spectrometer
(USA). The same method was applied to REE. The analytical accuracy
was under 10% if the concentrationswere an order of magnitude higher
than the detection limit (see Table 1). The detection limits (see the
Formula 1)were defined each time for each element as 3× SD of the sig-
nal for the control water sample with the concentration of the analyte
approaching 0, divided by the sensitivity coefficient (determined by
analysis of standard element concentration), as recommended in the
application manual of Agilent 7500. The sensitivity is determined by
the number of counts per unit concentration.

Formula 1.

DL = (3σ × standard element concentration)/(S − B),

where DL is the detection limit; σ is the standard deviation (SD) from
the control water sample signal; S is the standard element signal
(concentration 10 μg/l); В is the control water sample signal at zero
analyte concentration.

The composition of porewaters (Na, Mg, K, Ca, Al, Mn, Fe, Cu, Zn, Pb)
was also determined by AAS (Thermo Electron Corporation Solar M6
spectrometer), with measured concentrations from 0.05 to 5·105

ppm. Total mercury in pore waters was analyzed by gold amalgamation
with cold vapor AAS, on a 3030В Perkin-Elmer spectrometer (USA),
with an MHS-20 mercury-hydrate detector. The detection limit was
0.02 ppb, and the analytical accuracy was 35%. The method was tested
at the laboratory of the US National Bureau of Standards (Kovalev
et al., 1998). Gold and silverwere additionally determined on anAgilent
Technologies Agilent 7500 quadrupole ICP-MS spectrometer (Table 1).

4. Results and discussion

4.1. Ursk tailings

The tailings at the Ursk site are dumped as two 10–12mhigh piles of
wastes from the primary ore and the gold-bearingweathering profile in
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the upper part of a natural ravine; nearby there are a flooded quarry and
a ganguedump (Figs 3, 4a). Primary orewastes (type I) are of gray color,
rich in sulfide, and consist of barite, pyrite, quartz, and minor jarosite
precipitates (Fig. 5). The percentages of pyrite, quartz, and barite in-
ferred from major-element contents are, respectively, 35%, 20%, and
15%. Wastes of the weathered gold-bearing material (type II) are
ginger-color and likewise contain barite, pyrite, and quartz (Fig. 5),
but with smaller percentages of barite and pyrite (4% and 9%, respec-
tively), larger contents of quartz (60%) and jarosite, withminor gypsum
and goethite. Some of the minerals may be inherited from the primary
ore compositions. Wastes II contain more abundant aluminosilicate
minerals than wastes I (Fig. 5), notable amounts of muscovite, albite,
and chlorite, and trace microcline.

Heavy mineral concentrate (HMC) samples contain 80% pyrite and
20% barite in wastes I and 64.5% pyrite, 35% barite, 0.5% galena and an-
glesite in wastes II. Diverse primary minerals are preserved in pyrite as
inclusions and intergrowths, under 15 μm in size: galena, bornite
(Fig. 6d), arsenopyrite (Fig. 6c), sphalerite (Fig. 6e), tennantite
Cu3AsS3 (Fig. 6e), and chalcopyrite (Fig. 6f). Tennantite contains
3 wt.% Sb impurity and some chalcopyrites contain the impurities of
1 wt.% Ag and 0.5 wt.% Se. Other identified phases are altaite (PbTe;
Fig. 6c,d), geffroyite (Ag, Cu, Fe)9(Se, S)8 (Fig. 6d), andmercury telluride
with Ag impurity (Fig. 6f, g). Altaite and galena often bear up to 4 wt.%
and 1.3 wt.% Se, respectively. Barite encloses naumannite (Ag2Se;
Fig. 6a) and mercury selenide with significant amounts of Ag and S:
Hg0.8Ag0.2Se0.7S0.3 (Fig. 6a, b). Native gold was encountered only once
in wastes I and never in wastes II, for the whole history of studies in
Fig. 3. Sketch map of Ursk tailings site located at 54°27′11.03″ N, 85°24′09.76″ E in Ursk
Village. Legend: 1 = forests; 2 = residential areas; 3 = flooded quarry; 4 = gangue
dump; 5, 6 = tailings: wastes I (5) and II (6); 7 = proximal zone of dispersion train com-
posed of shed wastes I; 8 = proximal zone of dispersion train composed of shed wastes II;
9–12 = middle zone of train (shed wastes I and II); 13 = swampy part of contamination
train; 14 = main AMD creek; 15 = pond; 16 = distal zone of train; 17 = road; 18 =
intercalated wastes I and II; 19 = boundaries of train zones.
the area. It was a submicron-scale particle in pyrite, with Cu and Ag
impurities (Fig. 6h, i), of fineness 910‰ (28.6‰ Cu, 61.4‰ Ag). Most
of gold in the Ursk tailings was inferred to be “invisible” (invisible
gold refers to a very fine colloidal or cluster species, chemically or struc-
turally bound with sulfides, and irresolvable by optical methods) (Cook
and Chryssoulis, 1990; Kalinin et al., 2009; Kovalev et al., 2011;
Zhmodik et al., 2012; Tauson et al., 2014), proceeding from the knowl-
edge of disseminated gold in sulfides and from the lack of clastic Au.
Gold is disseminated in wastes I and can be adsorbed on minerals
(layered clayminerals such as kaolinite ormontmorillonite, hydromica,
Fe(III) compounds, etc.) in wastes II. Earlier fine dispersed gold was
found in friable barite from the Ur ore field and identified analytically
(Roslyakov et al., 1995).

Wastes I have larger Fe, Cu, Zn, Se, Sr, Cd, Sn, Sb, Te, Ba, Hg and Pb, as
well as S enrichments, while wastes II are richer in Na, Mg, Al, Si, K, Ca
and Rb (Table 2). These patterns are due to mineralogy difference in
the two types of wastes (Fig. 5). Residual Au and Ag are generally
lower in wastes II (0.26 and 13 ppm) than in wastes I (0.5 ppm and
18 ppm), respectively (Table 2). Their contents in pyrite monofraction
are quite low as well (0.5 ppm Au and 4.5 ppm Ag).

Sulfide-rich tailings deposited on the surface at the Ursk site are
exposed to free oxygen supply (from air, rainfall, and floods) and the
ensuing oxidation. The natural creek that drains the site has turned
into an acid mine drainage stream (Fig. 4d) flowing into the Ur River
(an Inya tributary). The AMD-affected swampy area downstream of
the tailings became burnt out, partly void of vegetation, and covered
by a thin mantle of shed material as far as the Ur River (Figs. 2,3),
with remnant peat mounds rising above. Particles and dissolved
elements, which migrate with drainage waters and re-precipitate,
have produced a train around the tailings.

The material shed from the tailings undergoes hydraulic sorting,
with coarser sand fractions settling near the discharge point and finer
silt fractions carried away to longer distances (the classification of
grain size fractions is according to Kachinsky (1958)), as it happens in
tailings impoundments (Robertson, 1994). The related dispersion train
of elements and particles can be divided conventionally into a proximal,
middle and distal grain size zones located, respectively, at short (60 m),
medium (130 m) and long (600 m) distances from the tailings (Fig. 3)
(Gustaytis et al., 2010; Shcherbakova et al., 2010).

Dense layered segregations, or crusts and ochreousminerals precip-
itate from AMD waters in the proximal and intermediate zones. The
crusts (mostly Fe(III) compounds) spatially coincide with ephemeral
streams and exist also at thewastes/peat interface in themiddle section.
Most likely they were originally deposited on the surface and became
buried under the material shed later from the waste piles.

As a result, the crusts bear significant amounts of barite, quartz,
some pyrite, trace albite, and muscovite found in the tailings. Among
new minerals, gypsum (in high percentages) and jarosite are clearly
identifiable in X-ray patterns (Fig. 7). Poorly crystallized secondary
iron compounds are hard to discriminate against the background pri-
mary minerals, but broad bases of peaks at 21.18 and 33.34 2Θ indicate
possible presence of goethite (Fig. 7).

In the distal zone, the drainage waters form a pond (Figs. 3,4e), with
its bottom sediments composed mainly of X-ray amorphous phases
which may be a mixture of sulfates and Fe and Al hydroxides. Main
minerals show broad and weak spectra (Fig. 7). The presence of
schwertmannite and ferrihydrite can be inferred from comparison of
the spectra with data by Bigham (1994) and with the Eh and pH values
of the waters. Jarosite-group minerals exist to a large probability while
the presence of goethite is less reliable. The sediments contain large per-
centages of layered clayminerals (illite, kaolinite, andmontmorillonite;
Fig. 7), either shed from the tailings or precipitated from waters. Note
that layered clayminerals are also known from sulfide-bearing oxidized
coal mine wastes (Jambor, 1994), and sulfide tailings (Valente and
Gomes, 2009). The pond sediments may include diaspore (Fig. 7). The
tailings primary minerals (barite, quartz, muscovite, microcline,



Fig. 4. Photographs of Ursk tailings site. a: piles of wastes I (left) and wastes II (right); b: gangue dump; c: swampy part of contamination train covered with wastes II; d: AMD streams in
distal train zone; e: pond.

Fig. 5. XRD patterns of wastes I (black line) and II (beige line). Y axis shows intensity in pps (pulses per second); X axis shows CuK-α radiation.
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Fig. 6. SEM images ofmineral inclusions in barite (bar) and pyrite (pyr). a: naumannite and Hg andAg selenide (Hg, Ag-slnd) on the surface of barite; b: SEM–EDS frompanel (а); c: altaite
and arsenopyrite (arsenopyr) inclusions in pyrite; d: altaite, bornite, geffroyite inclusions in pyrite; e: pyrite intergrownwith tennanite, sphalerite (sph), and chalcopyrite (chalcopyr); f:
Hg and Ag telluride intergrown with chalcopyrite and pyrite; g: SEM–EDS from panel (f); h: elemental gold intergrown with pyrite; i: SEM–EDS from panel (h).
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plagioclase, chlorite) brought by drainage and flood waters occur in
minor amounts.

4.2. Chemistry of surface waters

Natural waters in the area of the Ursk tailings and AMD waters
within the train (Table 3) have been classified according to major ions
using the classifications by Perelman (1982) and Alekin (Reznikov
et al., 1970). Natural waters upstream of the AMD discharge are cold
(T ≤ 30 °С), oxygenated (13.5 ppm), with pH = 7.5, Eh = 515 mV,
TDS ≤ 0.2 g/L, and have a hydrocarbonate chemistry with dominant
Mg2+ and Ca2+. The water chemistry we obtained is generally consis-
tent with the data by B.A. Vorotnikov who studied waters in the area
in the 1970s (Nesterenko et al., 1976). The waters show enrichments
only in Si, As, Br, Sr, I, Ba and U (Table 3) being depleted in all other
elements we analyzed.

The AMD waters are cold, with abundant Fe3+ that acts as a strong
oxidizer, рН=1.9, Eh= 655mV, TDS ≤ 4.8 g/L, and have a sulfate com-
position with SO4

2− reaching 3600 ppm, quite high enrichments of Al
(N26 ppm) and Fe (780 ppm) and minor Cl (13 ppm). The abundances
of Fe, Al, Cu, Zn and Pb are one or three orders of magnitude higher
in AMD than in natural waters (Table 3) (Shcherbakova et al., 2010).
The AMD waters are also more strongly enriched in As (630 ppb), Se
(440 ppb), Te (28 ppb), Hg (11.4 ppb), and Сd (18 ppb) than the Ur
River water, and have elevated contents of Si, P, Ti, V, Br, Rb, Sr, Mo,
Sb, I, Cs, Ba, Th, and U (Table 3). The contents of Cr and Mn are slightly
higher than in the Ur (Table 3).

AMD becomes less acid (pH increases from 1.9 to 2.5) away from the
tailings, while Fe, Cu, Zn, Pb, Se, As, Cd, Te, Hg, Th and U decrease
(Table 3). The concentrations of these elements are markedly lower in
the pond distant from the tailings (points W-11, W-12, Table 3) than
in the AMD creek in their immediate vicinity (point W-4, Table 3).
This trend is due to sorption capacity of Fe(III), Al(III) and Si secondary
minerals deposited on the bottom (Fig. 7) (Seal and Hammarstrom,
2003). There may be different interactions in the system “water–
metals–organic matter–goethite”: metals may either adsorb on
goethite, or complex with organic ligands and then adsorb on goethite
forming various mineral-organic clusters (Ali and Dzombak, 1996;
Perelomov et al., 2011) or ternary complexes, for example goethite-
Cu-FA) (Weng et al., 2008).

The AMDwaters reactingwith the Ur River at the inlet become neu-
tralized and produce abundant particulate matter. The mixed waters



Table 2
Average values, ranges and standard deviations (SD) of element contents in tailings.

Element Units Wastes I SD Wastes II SD n

N wt.% b0.05 n.d. b0.05 n.d.

3
C wt.% 0.03/0.025–0.05 0.014 0.3/0.025–0.9 0.5
H wt.% 0.2/0.05–0.4 0.18 0.4/0.3–0.6 0.15
S wt.% 26/22–29 3.5 1.4/0.6–1.9 0.7

Na2O % b0.001 n.d. 0.36/0.001–0.6 0.2

6

MgO % b0.001 n.d. 0.1/0.001–0.3 0.13
Al2O3 % 0.56/0.33–0.76 0.15 4.1/2–6 1.4
SiO2 % 16/6–23 5.9 58/26–70.3 17
P2O5 % b0.001 n.d. b0.001 n.d.
K2O % 0.09/0.04–0.17 0.04 0.53/0.2–0.9 0.21
CaO % 0.05/0.001–0.11 0.04 0.3/0.14–0.54 0.18
TiO2 % 0.14/0.1–0.18 0.03 0.3/0.18–0.46 0.09
MnO % b0.001 n.d. b0.001 n.d.
Fe2O3 % 27/12.4–35 7.3 9.4/4.4–18.3 4.6
LOI % 19/7–24 6 5.4/2.5–8.6 2.52

Cu ppm 290/134–443 107 100/49.3–193 47.6

9

Zn ppm 286/51–591 173 160/96–204 37
Se ppm 159/81–322 73 107/52–166 35
Rb ppm 17.8/12.2–24 5 34.8/19–54 10.2
Sr % 0.09/0.05–0.17 0.04 0.07/0.03–0.16 0.04
Mo ppm 6.3/2.8–11 2.6 5.6/2.2–7.9 2.1
Cd ppm 1.36/0.3–2.82 0.74 0.37/0.14–0.84 0.25
Sn ppm 13/6.5–25.6 6 5.5/0.98–11 3
Sb ppm 247/163–336 56 154.4/47.5–334 85.4
Te ppm 21.7/14.2–32 5.3 15/3.5–27 7
Ba % 23.7/11.4–40 10 13/3.2–39 10.3
Hg ppm 75/33–106 25.3 36/16–71 19
As ppm B.D.L. n.d. 0.03/0.01–0.06 0.02
Pb ppm 2867/1700–4100 929 2000/1100–2700 487
Ag ppm 18/11–25 4.9 13/8.2–21 5.4
Au ppm 0.5/0.21–0.71 0.19 0.26/0.13–0.49 0.15

Note: n - is the number of samples; Wastes I are wastes of processed primary ore;Wastes
II are weathered gold-bearing wastes; n.d. is no data; LOI is loss on ignition; B.D.L. is below
detection limit.
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(W-13, Table 3) are oxygenated, with рН = 7.1, Eh = 523 mV,
TDS ≤ 0.2 g/L, and have an HCO−

3 –SO4
2−–Mg2+–Ca2+ composition.

Away from the AMD inlet, the Ur water composition changes
to HCO−

3 –Mg2+–Ca2+, oxygen increases, while TDS decreases
(W-14–17, Table 3). The river water recovers its original ion compo-
sition 5 km downstream of the inlet (W-17, Table 3) (Shcherbakova
et al., 2010). At the same distance, the contents of the analytes (Al,
Mn, Rb, Sr, Cs, Ba, Cu, Zn, As, Se, Te, Pb, Fe) become commensurate
with those upstream of the AMD discharge into the Ur (Table 3).

4.3. REE distribution

The Ur water not contaminated by AMD (pH = 7.5) has generally
low REE abundances (Table 3) and is more depleted in LREE (till Nd)
Fig. 7. XRD patterns of pond bottom sediments (black line) and layered crusts (beige line). Abb
schvertmanite, ferrihydrite. Y axis shows intensity in pps (pulses per second); X axis shows Cu
than in middle REE (Sm-Dy) and in HREE (Но-Lu) relative to NASC
(Taylor and McLennan, 1985) (Fig. 8, Table 3). The mobility of REE is
pH dependent: REE form stable complexes with SO4

2− in acid waters
(pH b 5) but adsorb onto Fe and Al colloids and complex with CO3

¯ at
pH N 5, and become removed from the solution as pH increases further
(Verplanck et al., 2004; Merten et al., 2005; Zhao-zhou et al., 2006; Lei
et al., 2008; Sharifi et al., 2013; Vakh et al., 2013). Therefore, the
pH = 1.9 AMD waters show much greater REE enrichments than the
uncontaminated Ur water (Table 3), especially in La (190 ppb), Ce
(470 ppb), and Nd (260 ppb). There is a weak positive Eu anomaly,
most likely due to dissolution of aluminosilicates (plagioclase) in the
tailings (Fig. 5). Middle REE are slightly higher than LREE and HREE
(Fig. 8). These patterns with REE enrichments in general and high
MREE in particular are typical of AMD waters (da Silva et al., 2009).

The REE concentrations decrease away from the tailings and become
lower in the pond (рН=2.9, pointW-11, Fig. 8) than in theAMDwaters
(point W-4, Fig. 8). This may result from a slight pH increase and sorp-
tion on particulate matter (Figs. 4d–e, 7), as well as AMD enrichment
with respect to Fe and Al which are in affinity with REE (LREE with Fe
and HREE with Al) (Lei et al., 2008; da Silva et al., 2009).

The Ur waters affected by AMD (point W-13, Fig. 8) have higher
REE abundances than the uncontaminated (point W-1, Fig. 8) river
(Table 3). Note that unlike other REE patterns of natural waters and
those contaminated by AMD (Fig. 8), curve W-14 is a broken line with
two peaks, in Eu and Tm. However, they are rather due to the REE
contents as low as the detection limits (Table 1), within the analytical
accuracy 10%. In this respect, the curve is informative only as to the
general trend of decreasing REE in contaminated waters. Particulate
matter settles down away from the AMD discharge but REE depletion
at 5 km is similar to that at the inlet; thenormalized REE spectra become
almost perfectly flat at this distance (point W-17, Fig. 8).

4.4. Gold and silver patterns

The waters of the Ursk tailings area contain dissolved (dissolved +
colloidal) and particulate (suspended particles) gold and silver
(Fig. 9). In uncontaminated natural waters, the particulate species is
ten times more abundant than dissolved gold (0.007 ppb against
0.0006 ppb Au, Fig. 9a), which is similar to the tendency known also
from other mining areas in Russia (Radomskaya et al., 2005). As for
silver, its particulate and dissolved species are of the same order of
magnitude: 0.008 ppb and 0.004 ppb, respectively (Fig. 9b).

The AMDwaters bear high contents of gold, mainly in the dissolved
form (Fig. 9a), ranging within 1.2 ppb in spring (May) and 0.4 ppb in
summer (June) near the tailings. The Au contents in AMD are higher
in spring when sulfide-bearing substances and acid waters are still fro-
zen and the H2SO4 concentration is high (Ivanov and Bazarova, 1985;
Takenaka et al., 1992). Freezing of the waters that contain some minor
reviations stand for mineral names: Cl= chlorite, Di= diaspore, Kfsp=microcline, Sh =
K-α radiation.



Table 3
Water chemistry around Ursk tailings.

Elements Units W-1 W-3 W-4 W-11 W-12 W-13 W-14 W-15 W-16 W-17

pH 7.5 8.2 1.9 2.5 2.9 7.1 7.9 7.5 7.6 7.7
Eh mV 515 530 655 660 698 523 530 465 471 485
O2 ppm 13.5 8.2 b 0.2 b 0.2 b 0.2 8 12 7.5 8 12
TDS g/L 0.2 0.22 4.8 2.6 1.5 0.2 0.36 0.35 0.28 0.32
TOC ppm 13 6 14 10.5 9.5 7 6 6 5 5
Na+ ppm 6.1 9.5 17 13 10 7.2 7 5.2 3.6 6.6
Mg2+ ppm 9 7.5 100 62 43 11 5.2 8.6 5.2 8.3
K+ ppm 1.5 6 0.9 0.7 1.5 1.5 1.4 1.4 0.7 1.5
Ca2+ ppm 60 45 190 220 330 76 61 65 74 65
HCO¯3 ppm 100.6 65.5 4.2 B.D.L. 7.5 19.3 263 232 174 201
SO4

2− ppm 15.6 63 3600 1917 1049 72 20 36 17 33
Cl¯ ppm 3.4 18 13 13 11 2.5 2.2 2.8 1.3 4.6
Al ppm 1.2 0.9 N26 N26 N26 N26 1.4 1.25 0.94 0.92
Si ppm 4.5 3.2 57 30 18 4.4 3.8 3.8 4 3.6
P ppm 0.05 0.04 1 0.2 0.06 0.04 0.04 0.05 0.05 0.06
Ti ppm 0.00086 0.0004 0.41 0.02 0.003 0.001 0.0008 0.0012 0.0005 0.003
V ppm 0.001 0.00006 0.06 0.016 0.0003 0.0003 0.001 0.0008 0.00015 0.001
Cr ppm 0.00024 0.0003 0.11 0.033 0.01 0.0002 0.0002 0.0002 0.0002 0.0005
Mn ppm 0.25 0.13 17 15 11 0.8 0.2 0.3 0.04 0.25
Fe ppm 0.2 0.14 780 280 24 0.29 0.1 0.2 0.24 0.5
Cu ppm 0.0018 0.0012 2.5 0.97 0.3 0.006 0.0015 0.004 0.0012 0.0035
Zn ppm 0.003 0.012 11 5.2 2.5 0.3 0.001 0.01 0.002 0.012
As ppb 1.2 1.3 630 65 2.5 0.8 1.6 1.6 0.9 1.9
Se ppb 0.6 1.2 440 52 13 1 0.59 0.83 1 0.8
Br ppb 36 70 140 160 140 62 55 35 27 44
Rb ppb 0.4 0.9 12 4.4 2.4 0.5 0.36 0.47 0.31 0.6
Sr ppb 240 160 590 600 750 290 260 260 380 260
Mo ppb 0.75 0.04 6.7 0.27 0.02 0.77 0.81 0.82 0.48 0.75
Ag ppb 0.004 0.01 0.3 0.07 0.01 0.005 0.005 0.002 0.001 0.006
Cd ppb 0.01 0.03 18 9 4.6 0.12 0.01 0.07 0.02 0.03
Sn ppb 0.03 0.07 0.04 0.04 0.02 0.01 0.01 0.04 0.02 0.05
Sb ppb 0.17 0.5 0.7 0.45 0.16 0.16 0.16 0.21 0.28 0.23

Element Units W-1 W-3 W-4 W-11 W-12 W-13 W-14 W-15 W-16 W-17

Te ppb 0.01 0.02 28 3.5 0.25 0.01 0.01 0.01 0.01 0.01
I ppb 7.4 21 25 19 16 14 12 8 7 12
Cs ppb 0.02 0.01 0.2 0.05 0.03 0.02 0.003 0.06 0.04 0.035
Ba ppb 50 130 10 23 18 44 47 52 39 69
La ppb 0.06 0.01 190 110 63 0.2 0.023 0.11 0.01 0.32
Ce ppb 0.13 0.02 470 260 150 0.44 0.04 0.23 0.01 0.7
Pr ppb 0.02 0.002 61 31 17 0.045 0.005 0.025 0.004 0.08
Nd ppb 0.063 0.006 260 130 68 0.17 0.02 0.1 0.006 0.32
Sm ppb 0.015 0.003 61 30 15 0.04 0.005 0.02 0.003 0.08
Eu ppb 0.006 0.006 17 8.2 4 0.013 0.003 0.01 0.005 0.002
Gd ppb 0.02 0.003 55 31 18 0.06 0.007 0.03 0.005 0.1
Tb ppb 0.003 0.0004 8 4.5 2.4 0.01 0.001 0.004 0.002 0.01
Dy ppb 0.013 0.002 47 27 13 0.04 0.005 0.023 0.003 0.06
Ho ppb 0.003 0.0004 9.3 5.3 2.6 0.01 0.001 0.006 0.002 0.012
Er ppb 0.01 0.001 28 15 7.5 0.02 0.003 0.013 0.003 0.04
Tm ppb 0.002 0.0002 4 2 1 0.003 0.001 0.003 0.002 0.005
Yb ppb 0.01 0.001 25 13 6.5 0.02 0.004 0.013 0.003 0.03
Lu ppb 0.002 0.0003 3.5 2 1 0.002 0.0005 0.002 0.002 0.006
Au ppb 0.0006 0.002 1.2 0.01 0.001 0.001 0.001 0.001 0.001 0.001
Hg ppb 0.027 0.61 11.4 0.38 n/d 0.18 n/d 0.31 0.23 0.036
Pb ppb 0.1 0.5 110 59 49 0.23 0.06 0.3 0.13 0.7
Th ppb 0.005 0.001 21 9 3 0.006 0.002 0.006 0.002 0.014
U ppb 2.4 0.03 24 11 7 2 2.3 2.5 1.5 2.2

Note: May 2012; HCO¯3 is calculated according to Inorganic Carbon data. B.D.L. is below detection limit. n/d is not determined. Samples represent waters upstream of AMD discharge
(W-1), flooded quarry (W-3), AMD under the tailings (W-4), pond (W-11), pool formed by AMD flowing from pond, before discharge into the Ur River (W-12), AMD mixed with Ur
water (W-13), Ur River, 200 m downstream of AMD discharge (W-14), Ur River 1 km downstream of AMD discharge (W-15), Ur River 3 km downstream of AMD discharge (W-16),
Ur River 5 km downstream of AMD discharge (W-17).
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amounts of N(III) coming to near-surface wastes from the atmosphere
increases the concentration of HNO2; the samemechanismmay provide
high HCl concentrations (Ptitsyn et al., 2006, 2007; Markovich, 2009).
The strong acidsmaintain progressive oxidative dissolution of minerals,
as well as dissolution of gold and its high contents in spring.

Dissolved + colloidal gold becomes lower while the particulate spe-
cies increases (Fig. 9а) away from the tailings, where рН is slightly higher
and suspended matter consisting of amorphous Fe(III), Al(III), and Si
compounds is more abundant. This occurs on the pond bottom (Fig. 9a,
point 11) covered with ochreous precipitates (Figs. 5e,7), where
dissolved + colloidal and particulate gold species have commensurate
percentages. However, particulate gold is much more abundant in a
pool down the flow, which accommodates AMD from the pond (Fig. 9а,
point 12): 0.01 ppb against 0.0014 ppb, respectively. Thus, particulate
gold increases though remaining lower than the dissolved species.

Unlike gold, more silver in AMD occurs in the particulate form (to
1 ppb; Fig. 9b). The contents of dissolved + colloidal and particulate
Ag are almost equal (0.1–0.3 ppb and 0.1–0.4 ppb, respectively;
Fig. 9b) only in the immediate vicinity of the tailings and in the pond.
In the mixed AMD-Ur River waters, both gold and silver are more



Fig. 8.NASC-normalized (Taylor andMcLennan, 1985) REE patterns inwaters around the tailings (in ppb). Samples (W) represent waters upstream of AMD discharge (W-1), AMD under
wastes in proximal zone of contamination train (W-4), pond (W-11), AMDmixedwith Ur River (W-13), Ur River, 200mdownstreamof AMDdischarge (W-14), and Ur River 5 kmdown-
stream of AMD discharge (W-17).
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often particulate (Fig. 9), as suspension settled on the bottom can re-
suspend and travel long distances thereon.

Oxidation of sulfide materials produces sulfur-, chlorine-, OH-
bearing, or mixed complexes (Mann, 1984; Stoffregen, 1986; Mironov
et al., 1989; Vlassopoulos and Wood, 1990; Benedetti and Boulegue,
1991; Andrade et al., 1991; Colin and Vieillard, 1991; Dutova et al.,
2006; Xia, 2008), which may be responsible for high contents of dis-
solved Au in the Ursk tailings area. According to the Pourbaix diagrams
Fig. 9. Histograms (ppb contents) of dissolved and particulate gold (a) and silver (b) in
waters of tailings area as a function of pH. May 2012. X axis shows sample numbers as
in themap of Fig. 2: 1=backgrounduncontaminatedwaters upstreamof AMDdischarge;
3 = flooded quarry; 5 through 12= AMD waters at different distances from the tailings;
13=AMDmixedwith Ur River; 14=Ur River, 200m downstream of AMD discharge; 15
through 17 = Ur River 1 to 5 km downstream of AMD discharge.
for the Au–S–Cl–H2O and Au–S–H2O systems (Vlassopoulos andWood,
1990; Benedetti and Boulegue, 1991), the Au complexes more likely
contain Cl and S. Furthermore, the Ursk tailings material being
composed of cyanidation wastes, the cyanide complexes Au(CN)2̄may
contribute to mine drainage (Leybourne et al., 2000).

The transition from dissolved + colloidal to particulate gold species
may result from destabilization of sulfur complexes at рН b 5 and sorp-
tion of uncomplexed gold on particles (see reactions 6 and 7) (Mironov
et al., 1989; Benedetti and Boulegue, 1991; Xia, 2008). A similar case of
sulfide tailings was reported from Canada (gossan tailings pile, Murray
Brook massive sulfide deposit, New Brunswick) (Leybourne et al.,
2000), where contents of dissolved gold decreased off the source from
19 ppb to 3 ppb, while Ag decreased to 2.9 ppb. The explanation was
that degradation of cyanide along the flow path and within Gossan
Creek allowed formation of colloidal gold (Leybourne et al., 2000). Pro-
ceeding from elementmigration patterns inwater (see the Introduction
section), we suggest that the changes in relative percentages of dis-
solved + colloidal and particulate gold and silver in the Ursk tailings
area result from several processes: dissolution, ion exchange, adsorp-
tion, desorption, complexation, formation of colloids, reduction, and re-
actions with amorphous Fe(III) and organic compounds. Furthermore,
silver as isomorphic impurity in alunite–jarosite group minerals
(Mencheti and Sabelli, 1976; Rattray et al., 1996; Dill, 2001) enters col-
loids consisting mostly of Fe(III) compounds.

4.5. Pore water geochemistry

Pore water pressed out from the shed tailing material shares similar
chemistry with AMD water (Tables 3 and 4). Its average pH and Eh
values increase (from 1.5–1.8 to 3.5) and decrease (from 756–635 to
435 mV), respectively, away from the tailings. Pore water in surface
bog peat, which interacts with the shed wastes, has рН = 2.2 and
Eh = 534 mV while the respective values for peat buried at about
0.6 m below the surface are рН = 4.4 and Eh = 396 mV. The TDS con-
tents are higher in pore water from the shed wastes than in AMD
(Tables 3 and 4) and are close to the values in surface peat, but they de-
creasewith depth from 4.4 to 1.4 g/L. Corg is the dominant component of
pore water in buried peat (Table 4) but is lower in the bog peat which
may lose more Corg being more strongly affected by AMD. TOC is also
high in the pore water of shed wastes, possibly at the account of plant
remnants.

Compared with AMD, the concentrations of Na, Mg, Al, K, Ca, Mn, Fe,
Cu, Zn, Ag, Au, Hg andPb in the porewater ofwastes I are higher only for
Na, K, Al, Fe, Cu, Ag, Hg and Pb (Table 4). The porewater ofwastes II near
the tailings and that of sand-silt wastematerial distant from the tailings
contain all these elements in higher concentrations than AMD waters.
This enrichment may be due to direct influence of wastes in the former



Table 4
Chemistry of pore water within the dispersion train.

Element Units Sand with plant remains: wastes
I

Sand with plant remains: wastes
II

Sand-silt wastes, with peat and ochreous
precipitates

Bog peat Buried peat

n 4 3 5 3 4
pH 1.8/1.1–2.2 1.5/1.2–1.7 3.5/1.45–4.8 2.2/2–2.3 4.4/3.5–6.4
Eh mV 635/611–660 756/675–838 435/320–655 534/409–768 396/180–688
TDS g/L 2.5/0.5–6 7.8/3–12 6.3/0.8–13 4.4/4–5 1.4/1–1.6
TOC ppm 71/39–109 141/42–240 105/60–175 72/58–86 544/309–943
Na+ ppm 20/15–23 65/15–115 25/13–39 29/13–42 15/11–18
Mg2+ ppm 25/20–33 239/27–450 207/68–770 38/24.5–51 23/19–30
K+ ppm 6.7/2.7–10 3.5/2.6–4.5 22/0.5–53 6/3.3–11 5.3/3–10
Ca2+ ppm 86/10–130 475/180–770 383/52–520 393/102–757 226/117–371
SO4

2− ppm 1141/112–2922 3413/1317–5508 3343/320–8879 1790/1250–2338 307/208–404
Al ppm 137/89–200 810/120–1500 448/42–2080 554/94–1389 108/58–223
Mn ppm 4.5/1.3–7.2 18/10–27 34/12–130 19/2–40 9.1/1.1–16
Fe ppm 987/29–2750 2590/1080–4100 1869/79–7500 894/117–1850 131/14.2–410
Cu ppm 5.6/0.56–14 7.8/3.6–12 2.3/0.25–12 24/2–57 0.1/0.03–0.15
Zn ppm 7/5.6–9.4 32/7–57 14.3/0.7–57 60/5–152 21/2–65
Ag ppb 4.2/0.1–8.3 0.1/0.05–0.25 1.4/0.2–2.6 5.7/0.7–8.3 4.5/2.4–8.3
Au ppb 0.2/0.15–0.25 0.1/0.15–0.2 0.2/0.1–0.25 2.1/1.25–5.5 1.8/0.5–5
Hg ppb 102/6–163 122/100–145 454/88.5–1170 180/18–896 17/6–39
Pb ppm 4/1.6–7 1.1/0.36–1.9 1.44/0.5–3.1 1.2/0.02–3.4 0.7/0.1–2.6

Note: The values are average contents in typical material of train, with ranges in denominator.
n - is the number of samples.

Table 5
Concentrations of elements in bottom sediments of streams around Ursk tailings.

Elements Units D-1 D-11 D-14 D-15 D-16 D-17

N wt.% 0.05 0.12 0.05 0.05 0.2 0.2
C wt.% 1.3 1.8 1.8 1.5 2.7 3.2
H wt.% 0.6 1.1 0.6 0.6 0.8 0.8
S wt.% 0 1 1 0 0 0
Na2O % 1.34 1 1.2 2.4 1.4 1.7
MgO % 1.33 1.6 1.2 1.7 1.8 1.9
Al2O3 % 14 15 10.2 13 13.1 13.2
SiO2 % 65 51 50 63 58.4 59.4
P2O5 % 0.13 0.16 0.15 0.17 0.19 0.2
SO3 % 0.8 1.4 3.2 1.7 3.4 3.05
K2O % 1.7 2 1.6 1.4 2 1.9
CaO % 1.1 0.5 0.9 3.4 3.6 3.6
TiO2 % 0.84 0.8 0.6 0.8 0.8 0.8
MnO % 0.1 0.05 0.04 0.2 0.22 0.3
Fe2O3 % 6.5 12.3 13.1 7 6.5 6.4
LOI % 6.1 13 10.1 4.5 7.5 7.4
Cu ppm 37 78 58 49 40 43
Zn ppm 85 275 105 265 162 260
Ag ppm 0.5 16 3.6 0.4 0.95 0.6
Cd ppm 0.04 0.13 0.01 0.11 0.1 0.11
Ba % 0.07 1.9 7 0.7 0.5 0.1
Au ppm 0.14 0.66 0.25 0.03 0.2 0.3
Pb ppm 18 1530 208 33 61 31

Note: June 2012; LOI = loss on ignition. Samples represent water upstream of AMD
discharge (D-1), pond (D-11), Ur River, 200 m downstream of AMD discharge (D-14),
Ur River 1 km downstream of AMD discharge (D-15), Ur River 3 km downstream of
AMD discharge (D-16), Ur River 5 km downstream of AMD discharge (D-17).
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case and to low permeability of mud (Robertson, 1994) in the latter
case. The element contents in bog peat are commensurate with or
slightly above those in shed wastes but are lower than in buried peat
at the 0.6 m depth (Table 4). Mercury in the pore water of shed wastes
increases off the tailings from102–122 ppb to 454ppb in themost distal
train part, and its contents in the peat pore water decrease with depth
from 180 to 17 ppb.

Average contents of porewater gold and silver are higher in wastes I
than inwastes II: 0.2 ppbAu and 4.2 ppbAg (maximum0.25 ppbAu and
8.3 ppb Ag against 0.1 ppb of both Au and Ag,maximum 0.2 ppb Au and
0.25 ppb Ag). The contents are quite high (0.2 and 1.4 ppb Au and Ag,
respectively) in the sand-silt pore water in the distal train zone. Pore
water gold is more abundant in peat (Table 4) than in wastes, most
likely as a result of organic complexation (Vlassopoulos et al., 1990;
Baranova et al., 1991; Bowell et al., 1993a,b; Varshal et al., 1996,
2000). Gold decreases with depth from 2.1 to 1.8 ppb. Silver is
rather high in peat bog pore water (5.7 ppb) and likewise decreases
depthward to 4.5 ppb.

4.6. Distribution of elements in bottom sediments

The Ur bottom sediments upstream of the AMD discharge have
contents of rock-forming elements, e.g., Na, Mg, Al, Si, K, Ca and etc.
(Table 5) higher than in both types of wastes (Table 2), but lower con-
centrations of Fe, Cu, Zn, and Pb (Table 5). Bottom sediments down-
stream of AMD consisting of shed cyanide wastes, which were
sampled in the pond far from the tailings, show higher Mg, Al, K, Fe
and Cu, Zn, Pb than the bottom sediments upstream of AMD (Table 5).
The enrichment results from the spread and dissolution of wastes and
subsequent precipitation of ochreous minerals (Figs. 4e,7) (Jambor,
1994; Bigham, 1994; Bigham et al., 1996; Equeenuddin et al., 2013)
known to be good co-precipitators for elements (Seal and
Hammarstrom, 2003; Hammarstrom et al., 2005; Dinu, 2010;
Moiseenko et al., 2012; Carbone et al., 2013). Most elements are lower
in bottom sediments 200 m far from the Ur-AMD confluence than in
the pond but higher than in the Ur where they vary insignificantly
away from the AMD discharge (Table 5). Namely, Cu, Zn, Pb remain
slightly higher than in the non-contaminated Ur sediments upstream
of AMD while Na, Mg, Al etc. are similar to the latter even 5 km down-
stream of it.

The contents of Au and Ag in the Ur bottom sediments are rather
high (Table 5, Fig. 10) being inherited from gold deposits of the area
(Nesterenko et al., 1976). Gold in the sampled river sediments
(Table 5, point D-1) is three orders of magnitude higher than in soils
of the Ur ore field (0.001–0.004 ppm) and far above the regional back-
ground (0.00045–0.0032 ppm) (Nesterenko et al., 1976). The shed
wastes deposited on the AMD creek bottom store 0.5 ppm Au and
13 ppm Ag on average, exceeding the respective concentrations in un-
contaminated natural bottom sediments in the area. The concentrations
of gold and silver are markedly higher also in sediments of the pond
than in the Ur sediments upstream of AMD (Fig. 10). The Au and Ag
concentrations decrease down along the flow but remain higher than
upstream of the AMD discharge (Fig. 10).
5. Conclusions

More than 80 years of mining at the Novo Ursk gold deposit have
produced a natural-industrial system with changed patterns of



Fig. 10.Gold and silver (ppmcontents) in bottom sediments.May 2011. X axis shows sam-
ple numbers as in the map of Fig. 2: Samples represent background uncontaminated wa-
ters upstreamof AMDdischarge (1),floodedquarry (3), AMDwaters at different distances
from the tailings (5 to 12), mixed AMD and Ur River waters (13), Ur River, 200 m down-
stream of AMD discharge (14), Ur River 1 to 5 km downstream of AMD discharge (15 to
17).
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elements, including Ag and Ag. According to the reported analytical re-
sults, the redistribution patterns are as follows.

1. The Ursk tailings include processed primary ore (wastes I) and ore
from the gold-bearing weathering profile (wastes II). Wastes I store
residual noble metals: 0.5 ppm Au and 18 ppm Ag. Native gold in
thesewastes has been encountered only once over thewhole history
of research in the area. Gold occurs mostly as invisible species while
silver either exists as impurity in preserved primary minerals
(chalcopyrite, telluride and Hg selenide) or forms separate phases
(geffroyite, naumannite). The concentrations of gold and silver in
wastes II are lower (0.26 ppm Au and 13 ppm Ag) and gold particles
never have been found. Gold in wastes of this type may adsorb on
layered clay minerals (kaolinite, montmorillonite, etc.), hydromica,
Fe(III) compounds, etc. Silver appears to be related mainly with
alunite–jarosite group minerals.

2. Gold and silver becomemobilized by oxidative dissolution of wastes
and entrained with drainage waters. Gold migratesmost often in the
dissolved form along with colloids but particulate gold becomes
more abundant away from the tailings, especially in the surface
stream after mixing of the acid mine drainage and the alkalic Ur
River waters. The gold concentration in AMD waters decreases
away from the tailings as a result of deposition in bottom sediments.
Silver likewise migrates with waters but, unlike gold, occurs in the
particulate form in both natural waters and AMD.

3. Pore waters in the contamination train around the tailings have
the highest contents of gold (up to 1.8–2.1 ppb) and silver (4.5–
5.7 ppb) in peat, possibly because of organic complexing.
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