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Abstract The article presents the results of the study of
the vapor streams from sulfide-containing tailings after
gold mining by cyanidation (Ursk waste heaps, Keme-
rovo region, Russia). The gas survey of sulfur dioxide,
dimethyl sulfide, dimethyl sulfoxide, carbon disulfide,
and N-containing substances concentrations was carried
out using a portable device GANK-4 on a series of
profiles covering the waste heaps and the surrounding
area with simultaneous measurement of temperatures in
the air and soil. The concentration maps-schemes of the
studied gases in the surface layer were constructed. The
high positive correlation of gases between themselves is
established, which indicates similar mechanisms of their
formation. The electrical resistivity tomography
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determined the internal structure of the waste heap.
Active “breathing” zones were identified in which the
maximum fluctuations in the concentrations of sulfur,
selenium, and nitrogen-containing compounds in the
near-surface air layer were recorded. Such zones are
marked with lower resistances in comparison with other
areas on the geo-electric profiles. There is an inverse
correlation between the resistivity of the tailings and its
temperature and a direct correlation between the con-
centration of gas in the air and the temperature of the
soil. High concentrations of CS,, the volatile gas com-
pound of the second hazard class, were found in the
concentrations that exceed 68 times the daily average
norm. Further investigation of the mine tailings seasonal
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transformation with the production of toxic gases de-
serves special attention due to high environmental risks
and poor knowledge of this problem. The oxidation of
ore cyanidation wastes in summer and methylation in
winter due to seasonal temperature fluctuation lead to
production of gases of great concern including toxic
CS,.

Keywords Waste heap - Gas-vapor streams - Organic
gases - Channels of infiltration - Micro-electrical
resistivity tomography

1 Introduction

Sulfide-containing mine waste is a source of acidic
drainage flows and gas emanations (Bortnikova et al.
2018). Of particular interest are seasonal variations in
the structure and composition of man-made systems,
depending on environmental parameters in areas with
a continental climate characterized by long cold winters
and short warm summers. Soils in the frozen state are a
complex multiphase system, which is due to the fact that
variability of temperature and pressure is continuous in
the dynamics. At negative temperatures, the electric
potential jumps at the film-ice boundary and the rates
of some chemical reactions increase (Pticyn 2006). The
most intensive geochemical transformations are subject-
ed to a layer of seasonal temperature fluctuations, in
which chemical leaching is activated, associated with
rock cracking under the influence of expanding and
freezing pore fluid. The sulfide-bearing rock is exposed
in such conditions the oxidation of the formed acidic
drainage, leached metals, and metalloids (Yurkevich
et al. 2017a). In addition, a whole range of sulfur and
selenium-containing gases, including those of organic
origin, are released from sulfide-containing waste,
metals, and metalloids that are found in the air above
the surface of the dumps, as we wrote in works
(Bortnikova et al. 2017, 2018, 2019). However, the
mechanisms, as well as the toxicity of the detected
gases, remain poorly understood.

The discovery of substantial amounts of volatile
organo sulfides was first revealed in the oceans and
became one of the major additions to the sulfur cycle
in the second half of the twentieth century. Dimethyl
sulfide (DMS) represents a major flux of sulfur to the
atmosphere (Bates et al. 1992; Brimblecombe 2013;
Gourdal et al. 2018), plays a globally significant role
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in carbon and sulfur cycling, and affects the Earth’s
climate because its oxidation products serve as nuclei
to form clouds (Koch and Dahl 2018). DMS is also a
climate-relevant gas potentially involved in a feedback
loop known as the CLAW hypothesis (Charlson et al.
1987). The production of DMS is driven by the activity
of microbiological organisms (Kiene et al. 2000).

DMS stems mainly from the enzymatic cleavage of
dimethylsulfoniopropionate (DMSP) by algal and bac-
terial DMSP lyases in ocean water. DMSP dissolved in
water is then readily available to heterotrophic bacteria
as carbon and sulfur sources (Kiene 1990; Kiene et al.
2000; Sim6 2001; Vila-Costa et al. 2006; Gourdal et al.
2018; Ledyard & Dacey 1996; Malin & Kirst 1997).
DMS revealed in the air above burning coal mine heaps
(BCMH) (Kruszewski et al. 2018), during reductive soil
disinfestation sulfate (SO427) transformation (Meng
et al. 2015), reduction of dimethylsulfoxide, methyla-
tion of sulfide or methanethiol (CH3;—SH, MT), as well
as anthropogenic emissions from wastewater treatment,
and other sources (Hayes et al. 2010; Carrioén etal. 2017;
Koch and Dahl 2018).

The presence of dimethyl sulfide in the air above the
sulfide dumps is first mentioned in the paper
(Bortnikova et al. 2018). The presence of dimethyl
sulfide (C,HgS), in our opinion, indicates methylation
of sulfide-containing compounds by autotrophic micro-
organisms Pseudomonas sp. and Bacillus sp. (we found
earlier in this waste) by the reaction:
S2—+2CH3 4+ — (C2H6S.C2HS6S.)

The dimethyl sulfide molecule has a dipole moment
(1.51 g) comparable to that of a water molecule (1.84 g),
which indicates a high probability of formation of polar
ion bonds of DMS with divalent metal cations and their
involvement in gas transport (Bortnikova et al. 2018).

Dimethyl sulfoxide (DMSO) is a product of the
oxidation of dimethyl sulfide. More and more evidence
suggests that particulate matter DMSP (DMSP) may be
involved in osmoprotection, cryoprotection (Lee and de
Mora 1999), and antioxidant defense mechanisms
(Sunda et al. 2002; Gourdal et al. 2018).

Carbon disulfide (CS,) is the metastable product of
sulfide mineral oxidation (Hale 2010). Previous inves-
tigations of mineral deposits and mine tailings have led
to the conclusion that CS, soil anomalies occur over
mineral deposits where pyrite is an accessory mineral
that is not directly associated with the mineralization
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(Bortnikova et al. 2018). In fact, CS, is one of the least
soluble of the sulfur gases, which may be a significant
factor for their detection in the gas phase over mineral
deposits experiencing oxidation under moist or saturat-
ed conditions. In addition, CS, is one of the most stable
in air, which favors their persistence during gas-phase
dispersion through permeable rocks and overburden
(Hale 1993).

Sulfur oxide (IV) is an intermediate product of the
oxidation of sulfide minerals. Due to its high volatility, it
produces reaction zones. The main reasons for the
changes in SO, content observed over time are probably
the daily temperature fluctuations and different cooling
patterns of solid materials and air. The latter reason not
only leads to gas emissions from interporous space but
also changes the activity of the bacterial communities
that are transforming the mineral matrix of tailings.
Spatial fluctuations in emissions of SO, can be associ-
ated with variations in humidity and the permeability of
the waste (Hale 1993, 2010), but are mainly due to the
heterogeneous composition of the material, namely, dif-
ferences in the contents of sulfides (Bortnikova et al.
2018). The presence at North Silver Bell of anomalies of
SO,, which are more restricted in areal extent than those
of CS, but reach peak values of more than 300 ppb over
the orebody, is attributed to the shallowness of the ore
deposit and the hot, dry environment. In the usually
moist soils over mineral deposits in western Europe,
Nicholson et al. (1988) found no SO, (Hale 1993).
SO,, CS,, DMS found in the air above burning coal
mine heaps (BCMH) of Upper Silesian Coal Basin
(Kruszewski et al. 2018).

These substances in a vapor streams are products of
reduction and oxidation processes occurring in the dumps
under the influence of biotic and inorganic factors and are
integral parts of the cycle of sulfur, selenium, nitrogen in
the “waste-air”. Understanding the laws of this cycle is
necessary to establish the mechanisms of migration of
chemical elements in technogenic hypergenic conditions
at phase transitions between solid and gas.

One of the methods of monitoring gas emission in the
near-surface space is electrical resistivity tomography
(ERT). Time-lapse geophysical investigations allow to
define the water flow and solute dynamics (Busato et al.
2019; Binley et al. 2015; Guerin 2005; Jougnot et al
2018). Geophysical observations of CH4 biogenic meth-
ane emissions from peatlands indicate that gas emis-
sions are related to changes in atmospheric pressure,
precipitation, and saturation of the vadose zone (Terry

etal. 2016). The role of these dynamic parameters in the
evolution of gas plumes, as well as their relationship
with variations in physical and geochemical parameters
(e.g., permeability, capillary effect, solubility, and diffu-
sion of gas) of the aquifer are considered in the paper
(Cahill et al. 2017), but not yet sufficiently studied.
However, the results of geophysical monitoring of oil
wells (Steelman et al. 2017) show that ERT can be used
to monitor CH, leaks into deeper aquifers: the variation
in dissolved gas pressure has a direct correlation with
the electrical resistivity (ER) of the medium. The ERT
method has been successfully applied by numerous
authors to detect CO, in water-saturated geological en-
vironments (Xue et al. 2006; Auken et al. 2014,
Bergmann et al. 2017; Kremer et al. 2018). In another
previous work, Kremer et al. (2018) experimentally
simulated circulation of reactive CO, gas and inert N,
in two types of soils: carbonate and siliceous. The results
showed that the ERT method can be used to contour the
plumes of gas circulation. The increase in the resistivity
of the medium is due to the penetration of the gas-
insulator into the porous space, the decrease in ER is
due to the dissolution processes that increase the con-
centration of ions in the saturating pore fluid. In another
study (Golebiowski et al. 2018), it was revealed that
ERT surveys can be effectively applied in mining con-
ditions to detect the fractured zones which might be
sources of outflow of gas and/or water to the
excavations.

In other works of previous years, the authors showed
that the processes occurring in the dumps, including
oxidation, formation, and migration of pore solutions,
can be studied using the ERT (Olenchenko et al. 2016;
Yurkevich et al. 2017a, b; Epov et al. 2017), including the
application of the method to waste heaps of metallurgical
slags after combustion showed that the local anomaly of
extremely low resistivity (0.3-0.5 Ohm'm) might be
associated with a combustion center, which are zones of
active emission of gases and transfer of chemical ele-
ments in the gas phase (Bortnikova et al. 2017).

As the result of the previous investigations on gas
emanations, we evaluated the possible sources and
mechanisms of chemical element, including metals,
transport by low-temperature gas flows (Bortnikova
et al. 2018, 2019), the composition of gases, and trace
contaminants in the air over sulfide waste heap
(Bortnikova et al. 2017, 2019). The main attention in
these works was paid to the main sources and mecha-
nisms of metal entry into the gas phase based on an
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analysis of the compositions of solids, pore solutions,
secondary mineral phases, and gas condensates. In
2017, gases of presumably biotic origin were discovered
for the first time by portable gas analyzer, and assump-
tions were made about the mechanism of throwing,
which leads to the appearance of the dimethyl sulfide
and dimethylselenide in the air. In this study, quantita-
tive estimation of the gas concentrations was made.
However, no quantitative estimates were made and no
mechanisms for the formation of such emanations were
established.

Recent studies have shown that dynamic observa-
tions of the system make it possible to identify areas of
active hypergenic transformations, including those with
gas emanations (Osipova et al. 2018). In addition, it was
found that the electrical resistivity of the soil is closely
related to the temperature of the air, which in turn affects
the emanation of gases. Therefore, it seems promising to
use methods of electrical prospecting for a better under-
standing of the processes occurring in such systems. The
purpose of this work was to determine the composition
of and quantitative estimation of the gas flows from the
surface of the tailings and in the surrounding area with
the establishment of possible sources of anomalies in the
air, interrelations of geoelectric (ER), geochemical pa-
rameters of the technogenic environment, and external
environmental parameters (air temperature) in winter
and summer on the example of the Ursk waste heap of
the gold deposit (Kemerovo region).

2 Study Area

The Ursk waste heaps are located in the village Ursk
(Kemerovo region, Salair Ridge). The heaps originated
in the 1930s and stored the wastes of the cyanidation of
the weathering ores of the Novo-Ursk deposit. The
upper parts of the ore bodies (loose quartz-barite and
quartz-pyrite material) were mined, and gold was ex-
tracted by cyanidation (Fig. 1). Processed ore waste was
stored as heaps. A natural stream flows near its foot,
becoming an acidic, highly mineralized stream after the
heap.

The Novo-Ursk deposit was discovered in 1932 as a
part of the Ursk ore field, which combines the Novo-
Ursk, Beloklyuch, Samoilov deposits and a number of
ore occurrences. The structure, morphology, and com-
position of the ore bodies, the sequence of mineral
formation, and the history of mining have been studied
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and described by many researchers; thus, a brief descrip-
tion of the ore field is given in these papers (Bolgov
1937; Zerkalov 1959; Kovalev 1969; Distanov 1977).
The main sulfide minerals in the ores of the Ursk field
are pyrite, arsenopyrite, sphalerite, chalcopyrite,
tetrahedrite, and galena. The vein minerals present are
quartz, sericite, barite, calcite, and gypsum. Following
the discovery, the mining of the oxidation zone of the
Novo-Ursk deposit began.

From the surface, it was represented by a typical
gossan with a high content of barite and gold. At the
deposit, oxidized ore bodies were extracted to a depth of
40-50 m. Only the upper part of the ore bodies was
worked out: a quartz-baritic loose sand (the most oxi-
dized part of the ore bodies) and a quartz-pyrite (a less
oxidized substance), from which gold was extracted by
cyanidation. Wastes were stored side by side in the
floodplain of the stream in two waste heaps without
protective technical structures or dams. As a result,
heaps 10-12 m high were formed (Yurkevich et al.
2017a). The quartz-pyrite waste heap has been largely
removed in the last decade for secondary extraction of
barite. The second, from the waste of the oxidation zone,
remained unchanged.

A comprehensive geophysical and geochemical
study of the acid drainage distribution area in the vicin-
ity of the investigated heaps in past research allowed us
to determine two migration directions of highly miner-
alized toxic solutions. Surface runoff is on the natural
slope of the valley, in the vertical direction along the
natural fracture, drainage flows penetrate into the
groundwater to a depth of more than 20 m
(Olenchenko et al. 2016).

3 Methods
3.1 Field Measurements
3.1.1 Vapor Phase Composition

The composition of volatile compounds produced by
the material dumps was studied in 20162018 by sev-
eral methods.

Gas surveys at the dumps and the adjacent territory
were carried out using a GANK-4 portable gas analyzer
(NPO GANK, Moscow) (manufactured by “NPO PRI-
OR GANK?”, Russia) (Bortnikova et al. 2018) at 30
points through 20 m. The gas analyzer GANK-4 is
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| barite-pyrite hcup| W

Fig. 1 Location and photos of quartz-barite and barite-pyrite Ursk waste heaps, study scheme on the Ursk heap: (1) profiles of ERT, (2)
points for measuring of DMS, DMSO, CS2, SO2 concentrations and soil temperature, (3) pits

intended for automatic continuous or periodic control of
25 harmful substance concentrations in one device with-
out sample preparation in atmospheric air. It includes the
electrochemical, thermocatalytic, and semiconductor
built-in sensors, the replaceable chemical cartridge, the
afterburner, and chemical cartridges. The limit of the
main relative error is +20%, the limit of the allowed
additional error is no more than 0.6 (from the main), the
air consumption with the chemical cartridge 0.5 0.1 I/
min, the air consumption on sensors 1.8 +0.2 1/min
(https://gank4.all.biz/en).

The measurements were carried out on four profiles:
13 points on the quartz-barite dump and in the SW
direction from it in the drainage valley (red triangles,
points 1-13; Fig. 1), seven points on the barite-pyrite
dump and to the south (red triangles, points 14-20; Fig.
1), five points in the forest zone in the SW direction
from the pyrite heap (red triangles, points 21-25; Fig.
1), as well as in the background point in the forest zone
(background; Fig. 1). Concentrations of DMS (dimethyl
sulfide C,H¢S), DMSO (dimethyl sulfoxide C,HgSO),
carbon disulfide (CS,), sulfur dioxide SO, in atmo-
spheric air above the earth’s surface were determined
in a windless solar time in the period from 12.00 to
18.00. The gas analyzer tube was kept at a distance of

10 cm from the surface of the soil, and three parallel
readings were recorded with subsequent averaging.

1. For qualitative analyses of mine tailings’s vapor,
emanation air was sampled on-site on concentrators
by sampling pump ANP-11 (SIBEL Ltd., Novosi-
birsk). Then, samples were delivered to the labora-
tory and analyzed by gas chromatography/mass
spectrometry method (GC/MS).

2. On February 2018, at the sites with a contrasting
distribution of gases, gas concentrations in the near-
surface air layer under the snow cover were mea-
sured. On a profile, 14 m long, a snow layer on the
slope was removed, and the gases were measured in
the same way as in summer. At the same points, the
temperature of the soil was measured using a ther-
mal probe at a depth of 0.1 m. The concentrations of
gases in May were determined on the same micro-
profile.

3.1.2 Electrical Resistivity Tomography

Geoelectric sections were constructed using an elec-
trical resistivity tomography (ERT) method to
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determine the internal structure of the near-surface
space at the same profiles as for gas survey. Profile
1—on the slope of a quartz-barite dump of southern
exposure, 14 m length, step between measurements
30 cm (Fig. 1, Prl). Profile 2 crosses the quartz-barite
heap, a talus fan and a drainage valley in the south-
western direction, 240 m length, distance between
electrodes—5 m, with a starting point on the surface
of the heap, and with the end in the grove on the
border with the drainage valley (Fig. 1, Pr2). Profile 3
with a length of 120 m and step between the elec-
trodes of 5 m starts at the top of the pyrite dump and
lays along its southern slope and the drainage valley
in a southern direction (Fig. 1, Pr3). The measure-
ments were carried out using the multielectrode re-
sistivity meter “SKALA-48” (Skala-48, IPGG SB
RAS, Novosibirsk, Russia). ERT was performed
using a Schlumberger array.

A plot with contrasting concentrations of gases
(the slope of the southern exposure of the barite
dump) was selected for monitoring observations by
micro-electrotomography. Measurements were
made in summer and winter in this profile, with
simultaneous measurement of gas concentrations.
Within the study site, micro-soundings were made
on the profile along the slope (Fig. 1) to study the
detailed structure of the upper part of the section
to a depth of 3 m in winter (February) and spring
(May) time. The sequence of connecting the elec-
trodes corresponded to a dipole-axial installation
with a maximum spacing of the centers of the
supply and receiving dipoles of 5.25 m. Data
processing was performed using Res2Dinv soft-
ware (Loke 2000). Two-dimensional geoelectric
sections of the resistivity distribution in the area
were constructed using the results of data
processing.

3.1.3 Solid Matter Sampling

The materials in the dump were sampled from the test
pits with a depth of 20 cm with a plastic sampler. The
samples were divided into two parts and packed in
sealed plastic bags. One part of the sample was intended
to determine the chemical composition, the second was
to extract the pore water, from the third part of the
sample, water-soluble compounds were extracted in
the laboratory.
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3.2 Laboratory Analysis
3.2.1 Sample Preparation

Pore solutions were squeezed from the first of the two
parallel samples at a pressure of 100 Pa according to (BS
ISO 1998). The second set (10 g) was dried at room
temperature for 48 h, homogenized, and powdered to <
74 um by abrasion in an agate mortar for bulk analysis.
From the third part of the sample, water-soluble species
were extracted.

3.2.2 Analysis of Solid Samples for Trace and Major
Elements and Mineral Composition

The contents of major oxides in the bulk solid samples
were determined via X-ray fluorescence analysis from a
3-g sample aliquot. The elemental composition of solid
material was determined using inductively coupled plas-
ma atomic mass spectrometry ELAN-9000 DRC-e,
Perkin Elmer, USA (“PLASMA” Company, Tomsk).
Morphology and composition of mine tailings were
identified using scanning electron microscopy (SEM)
TESCAN MIRA3 LMU (Czech Republic) with an IN-
CA Energy 450+ microanalyzer based on the Oxford
Instruments NanoAnalysis X-MAX 80 (UK) system
(laboratory of X-ray spectral analysis methods of the
Institute of Geology and Mineralogy, Novosibirsk).

3.2.3 Gas Chromato-Mass Spectrometry

Qualitative analyses of the vapor phase from waste
samples were carried out using a field gas
chromatograph/mass spectrometer MCMS “NAVAL”
(SIBEL Ltd., Novosibirsk) previously developed at the
Laboratory of Field Analytical and Measurement Tech-
nologies of IPGG SB RAS (Makas and Troshkov 2004).
The sampled air was pumped through concentrators
comprising thin-walled stainless steel tubes with an
outer diameter of 2 mm containing a layer of Tenax
TA sorbent (10 mg). The sample was introduced into
the GC column by direct flash thermal desorption in a
stream of helium at a temperature of 300 °C. The pa-
rameters of the GC column are 0.32 mm x 1 pm x 15 m
(HP-5MS, Agilent Technologies, USA). The GC sepa-
ration mode involved holding the temperature at 90 °C
for 3 min then increasing it to 250 °C at a rate of 10 °C/
min. The resulting GC/MS data were processed using
the AMDIS (AutomaticMass Spectral Deconvolution



Water Air Soil Pollut (2019) 230:307

Page 7 of 17 307

and Identification System) program, and the identifica-
tion of individual components was performed using the
mass spectra of electron ionization using the NIST/EPA/
NIH mass spectral library (edition 2017).

4 Results and Discussion

4.1 Chemical and Mineralogical Composition
of the Ursk Wastes

At the surface, the oxidized quartz-barite heap is repre-
sented by a loose, dry large-medium-grained material of
predominantly bright red and brick color, with inclu-
sions of gravel and crushed stone.

The less oxidized barite-pyrite dump is composed of
medium-fine-grained gray sand, on the surface is cov-
ered with white and light yellow efflorescence, and
alternates with layers of blue-green and blue at a depth
of 20-70 cm. If we consider a substance stored in a
quartz-barite heap as a result of oxidative weathering
and leaching of pyrite material, then a comparison of
their microelement compositions may indicate the pro-
cesses of fractionation of chemical elements in the pro-
cess of hypergenesis.

The composition of the dumps differs both in the
content of oxides of the silicate group and in the trace
element composition (Table 1). The substance of the
quartz-barite dump contains a larger amount of rock-
forming elements, and the substance of the barite-pyrite
dump contains iron and sulfide sulfur (due to pyrite).

In the mineral composition, barite heap also differs
from pyrite heap; barite and pyrite with inclusions of
various sulfides and sulfates are determined as part of
the pyrite dump: tennantite with Se (up to 0.055 wt%),
Sb (up to 2.75 wt%), Zn (up to 3.05 wt%) impurities
(Fig. 2b, e), chalcopyrite (Fig. 2a, b), Cu-Fe-S sulfide
containing Se (up to 0.33 wt%), Sb (up to 2.1 wt%), As
(up to 4.7 wt%), Te (up to 12 wt%), Zn (up to 0.03 wt%)
(Fig. 2a), anglesite (Fig. 2c), galena with Te (up to
0.072 wt%), and Sb (up to 0.08 wt%) (Fig. 2d). The
mineral composition of the barite heap is dominated by
barite with single grains of pyrite.

4.2 Composition of the Vapor-Gas Phase
Dimethyl sulfide (DMS), dimethyl sulfoxide (DMSO),

sulfur dioxide (SO,), and carbon disulfide (CS,) were
detected using GANK-4 portable gas analyzer at all

points of the profiles in the surface air layer (Fig. 3).
The highest concentrations of all gases were found at the
points of Pr2, crossing the quartz-barite dump along
with the talus fan down to the valley. The concentration
of SO, significantly exceeds the concentration of the
measured gases: its content varies from 140 to 3600 pg/
m?, in five points of the profile it exceeds the maximum
allowable concentration (MAC). The highest contrast
distribution of gases was found on the same profile.
The maximum concentration of gases is confined to
the point #5, located at the foot of the dump, and then,
they decrease along the profile, but remain higher than
at points on the dump.

From the profile of the pyrite heap (points 14-20;
Fig. 3), the opposite trend is observed. The content of
sulfur dioxide, which is relatively high above the top of
the heap (160-330 pg/m?), sharply decreases at its
foothills and on the valley (23—73 pg/m®). The same,
but less contrasting trend is observed for other gases. In
addition, dimethyl selenide C,HgSe was detected at
points on the pyrite profile according to GC-MS. In
general, a high positive correlation had been established
between gas concentrations, which may be a conse-
quence of a similar mechanism of their formation during
interactions of biotic and inorganic components
(Table 2).

Note that in most points, the concentration of the
DMSO and sulfur dioxide exceeds the concentration
of DMS and carbon disulfide. This indicates a greater
intensity of oxidation reactions than the reductive.

4.3 Geoelectrical Zonality of the Heaps
4.3.1 Quartz-Barite Heap

The body of the heap is composed of a non-uniform
material, which is reflected in variations of the electrical
resistivity in a wide range from 1 to 350 Ohm'm. Low-
resistance areas are localized at depths of 2.5-7 m from
the surface at the pickets of 10-20, 35-50, and 55-60 m
along the profile (Fig. 4a).

The surface of the heap to a depth of 1 m in the initial
marks of the profile to a depth of 6 m at the pickets of
30 m and 60 m is composed of loose dry rocks with a
resistance of 30—150 Ohm'm. The nature of the location
of contrasting resistivity rocks indicates the infiltration
of acidic drainage from the surface into the dump with
oxidation, weathering, and loosening of the original
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Table 1 Composition of the solid matter in the Ursk waste heaps. Note: n.d. no data; “*” after (Lazareva et al. 2019)

Oxidized quartz-barite heap (QB)

Less oxidized barite- pyrite heap (BP)

Mean Min Max St. dev. Mean Min Max St. dev.
90, n=20
SiO, 63.74 61.35 66.32 2.29 28.02 20.86 33.42 6.5
TiO, 0.77 0.61 0.96 0.15 0.36 0.25 0.44 0.1
ALO3 2.81 2.36 3.09 0.31 0.93 0.66 1.23 0.3
Fe,05 4.49 347 491 0.68 25.50 21.22 30.74 4.8
MnO 0.01 0.00 0.02 0.01 0.00 0.00 0.01 0.0
MgO 0.06 0.04 0.08 0.02 0.02 0.02 0.02 0.0
CaO 0.27 0.04 0.55 0.21 0.12 0.09 0.15 0.0
Na,O 0.26 0.19 0.28 0.04 0.11 0.08 0.12 0.0
K,0 0.82 0.69 1.00 0.13 0.32 0.20 0.39 0.1
BaO 15.06 13.67 15.75 0.94 16.02 1491 17.45 1.3
Squlfate 0.70 0.46 0.92 0.19 0.78 0.71 0.88 0.1
Ssulfide 2.54 247 2.59 0.05 21.1 18.8 23.9 2.6
%, n=3
N# <0.05 n.d. <0.05 n.d.
C* 0.3 0.025 0.9 0.5 0.03 0.025 0.05 0.014
H* 0.4 0.3 0.6 0.15 0.2 0.05 0.4 0.18
ppm, n=20
Cu 47 40 60 9.1 514 425 629 105
Zn 36 32 41 35 94 77 120 23
Pb 2750 2400 3000 265 1667 1600 1800 115
Cd 0.38 0.35 0.40 0.02 0.37 0.34 0.40 0.0
Cr 34 26 42 6.5 24 14 38 12
Co 0.57 043 0.69 0.12 4.51 245 7.14 24
As 440 422 452 14 658 640 684 23
Sb 561 516 612 44 222 118 323 103
Ag 29 25 31 3.0 23 17 30 6.6
Mo 8.8 8.2 10 0.79 15 14 18 24
Sn 4.7 44 5.0 0.24 1.94 1.50 24 0.5
Rb 9.0 7.6 11 14 3.6 3.0 4.6 0.8
Sr 528 513 560 22 227 210 237 15
\Y% 27 2 96 35 9.2 5.0 13 33
Cs 0.45 043 0.49 0.029 0.22 0.19 0.27 0.044

waste material. It can be assumed that there are filtering
channels at 55 and 65 m along the profile (Fig. 4a).
The slope of the heap is represented by rocks with
resistivities of 30-65 Ohm'm over the entire depth of
sounding. Rocks here are subject to intensive
weathering and freezing. At the foothills of the heap at
pickets of 80-95 m, a low-resistivity anomaly (1—
5 Ohm'm) with a capacity of 2.5 m is observed at a

@ Springer

depth of 1-5 m. After a mark of 95 m, this anomaly
reaches the surface and extends to 190 m and is confined
to the soils of a valley formed due to the migration of
drainage flows and the removal of the clay part of the
waste from dumps. At the base of the technogenic soils
are high-resistance soils of the natural log. Toward the
end of the profile, the layer of wastes becomes thinner
up to a thickness of 1 m at a mark of 240 m.
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30pm

—

30um : S0um

Fig. 2 SEM images of the minerals detected in the tailings of the
barite-pyrite heap: pyrite (Py) with inclusions of Se and Te sulfides
and chalcopyrite (Ccp) (a), chalcopyrite (Ccp) and tennantite (Tn)

A detailed study of the geoelectric zonality was car-
ried out on the site with abnormal gas concentrations.
Electrical resistivity tomography micro-profiles (micro-
ERT) were built on the slope of the quartz-barite heap
(Fig. 4b). The values of the resistivity in the subsurface
space on the slope and at the foot vary in the range of 1—
200 Ohm'm, but there is a zone of low resistivity under
the foot at a depth of 0.5—1.5 m, which probably corre-
sponds to a lens with highly mineralized porous solu-
tions. The location of the exit channel of infiltration
solutions to the surface corresponds to the zone with
abnormal gas concentrations. The presence of areas
enriched with a heavy fraction (sulfide material) in
combination with highly mineralized acid solutions
coming from below promotes decomposition reactions
of sulfides with the production of sulfur gases and the
more intensive removal of chemical elements than at the
top of the dump.

B0um

40pm
(b, e); grains of barite (Brt) intergrown with anglesite (An) (c), and
with inclusion of galena (Gn) (d)

4.3.2 Winter Observations (February)

Measurements on the same micro-profile 1 were repeat-
ed in winter time (February) with simultaneous mea-
surement of gas concentrations at its points.

The upper part of the geoelectrical section along
with the Prl microtomography profile (Fig. 4c) to a
depth of 0.65 m was characterized by high resistiv-
ity (500-10,000 Ohm-m), which was associated with
seasonal freezing. There was no snow on the slope
of the dump, and the freezing was relatively deep. In
the interval of the profile of 9.5-11.5 m, an anomaly
reduced to 50 Ohm'm resistivity is distinguished. At
this point, the incision was blocked by a layer of
snow 0.5 m thick, which prevented freezing. The
configuration of the lens of highly mineralized pore
water at the base of the incision remains the same as
in summer.

@ Springer
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Fig. 3 Concentrations of dimethyl sulfide, dimethyl selenide, sulfur dioxide, dimethyl sulphoxide, and carbon disulfide in the near-surface

layer according to GANK-4 and GC-MS measurements

Comparison of the geoelectric profile with tempera-
ture data shows that the local anomaly of lowered elec-
trical resistivity in the range of 9.5-11.5 m has the
positive soil temperature (+ 0.4 °C), while in the rest
of the profile, it is negative (— 5 °C; Fig. 4c¢).

Above the same ER anomaly, there is an increased
concentration of DMS in the surface layer (up to 0.2 mg/
m’®) relative to the MPC (0.08 mg/mB). At other sam-
pling points, where the upper part of the section is

Table 2 Correlation coefficients of the DMS, DMSO, CS,, SO,
concentrations

DMS DMSO CS,
DMSO 0.61
CS, 0.73 0.72
SO, 0.83 0.66 0.72

@ Springer

marked by high resistivity, the concentration of LCA
does not exceed 0.04 mg/m® (Fig. 5).

An analysis of the soil temperature, DMS and resis-
tivity concentrations at a depth of 0.1 m (Fig. 5) show
that there is a close relationship between these parame-
ters. There are low resistivity and high DMS concentra-
tions in the area of positive temperatures. However, at a
point of 12.3 m of the section, high ER is associated
with the dry state of rocks at positive temperatures. Low
humidity causes low activity of methylation processes
and the formation of DMS.

Seasonal observations on quartz-barite dumps
showed that the temperature of soils in June rose by
10-15 °C compared to May parameters, but it is
distributed less evenly. At the pickets of 80 and
240 m, minima are observed, and at 100 m, a maxi-
mum is observed in the results of both May and June
measurements.
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Fig. 4 Geo-electric sections: a along the Pr2 profile of the quartz-
barite heap, a photo with a general view of the heap and drainage
valley. The micro-profile 1 area is highlighted in the black rectan-
gle (see Fig. 1). b Geoelectrical section of the slope of the quartz-

This zone (80-100 m in profile) corresponds to the

basset of the low-resistance anomaly on the surface of
the heap, which we noted above. The DMS and DMSO
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barite heap on the micro-profile 1 in the spring time. ¢
Geoelectrical section of the slope of the quartz-barite heap on
micro-profile 1 in the winter time

concentration discontinuities are noted at this point.
Apparently, a geochemical barrier is formed in this area
due to a change in physicochemical conditions when
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acidic drainage from the oxidation zone gets into natural
soils. The elevated concentrations of DMS and SO, at
the drainage valley indicate this area as “breathing” (Fig.
1, point 5). Activity in the gas production may be
associated with the development of a specific biotic
community characteristic of transition zones in natural-
technogenic systems.

4.4 Barite-Pyrite Heap

On the pyrite-barite heap, unlike quartz-barite, low-
resistivity zones (saturated with highly mineralized pore
solutions), in which there is the most intensive interac-
tion, approach the surface at the top of the heap, and
then, they are replaced by a section with lower electrical
conductivity (Fig. 6).

4.5 The Composition of Air Above the Surface
of Barite-Pyrite and Quartz-Barite Heaps According
to Gas Chromatography—Mass Spectrometry

About 100 volatile organic compounds were identified
in air samples over the heaps using GC/MS analysis.
Concentrations of a number of compounds of sulfur,
selenium, and nitrogen, as well as aldehydes, alcohols,
and acids, significantly exceed background levels
(Table 3).

As it was mentioned above, according to the portable
gas survey, dimethyl sulfide, and dimethyl sulfoxide
were found in the air, the concentrations of which cor-
relate with each other, which indicates the interconnec-
tion of the processes that lead to the gases formation. We
suggest that dimethyl sulfide is a biological methylation
product of sulfide-containing waste components. The
oxidation of the dimethyl sulfide with oxygen leads to
the formation of dimethyl sulfoxide (Gourdal et al.
2018). GC-MS confirms the presence in the air of

DMSO, as well as other methylated forms (containing
methyl groups -CH3) of sulfur-containing compounds:
dimethyl disulfide DMDS (C,HgS,), dimethyl trisulfide
DMTS (C,H4S;). DMDS and DMTS are volatile organ-
ic compounds with an unpleasant odor and high reac-
tivity, which is caused by the weakness of the S—S bonds
in these molecules. It is known that, for example, DMTS
(C5HgS3) is a decomposition product of bacterial de-
composition (Statheropoulosa et al. 2007).

DMDS is a widespread natural odoriferous com-
pound emitted from many sources such as plants
(Stensmyr et al. 2002a), fungi (Johnson and Jiirgens
2010). We assume that these compounds are metabolites
of'the bacterial transformation of sulfur-containing com-
pounds in sulfide heaps, which was mentioned earlier
(Bortnikova et al. 2018). Moreover, unlike our previous
data on organic gases above the sulfide tailings
(Bortnikova et al. 2018, 2019), in this study, quantitative
estimation of the gases concentrations was made. It is
noteworthy that compounds containing methyl groups
are found in the air above the quartz-barite heap in
higher concentration than above the barite-pyrite heap
(Table 3). In addition, aromatic compounds are found
over quartz-barite heap: phenol (3 pg/m?), benzonitrile
(17.2 pg/m?), and benzamide, N, N-dimethyl- (6 pg/
m?®). Notable high concentrations of nonanal (CoH;50)
in the air above the quartz-barite (9.8 p1g/m?) and barite-
pyrite (85.5 pg/m®) heaps. Nonanal acts synergistically
with carbon dioxide (Bowman et al. 2003).

The presence of carbon disulfide CS, in the air
above the heaps was recorded earlier (Bortnikova
et al. 2018, 2019). In the works of Hale (1993,
2010), data on the stability of CS, in the air above
sulfide deposits were provided, which can be used as
an indicator sign during prospecting. In the case of
Ursk waste heap, both above quartz-barite and above
barite-pyrite heaps, high concentrations of CS, were

T

5 10

1 T TTTT Y . TT TTTTTTT e TT
15 20 25 30 35 40 45 G50 55 60 65 VO 75 80 85 80 85 100 105 10 115 120

Length, m

I T

1 25 6 13 N
Fig. 6 Geoelectrical section of profile 3 on the pyrite-barite heap
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Table 3 Concentrations of organic compounds in the air above the Ursk heaps, pg/m>

Component Q-B B-P BG MPC (GN 2.1.6.1338-03) GN (Hygienic Norms) no. 2.1.6.1338-03. (2003)
msd ad he
Carbon disulfide 31,0 434 930 30 5 2
Dimethyl selenide 51.8  bdl bdl nd nd nd
Disulfide, dimethyl 23 114  bdl 700 nd 4
Trisulfide, dimethyl 0.3 0.2 bdl nd nd nd
Pyridine 15.0  bdl bdl 80 nd 2
Formamide, N,N-dimethyl- ~ 45.0  bdl bdl nd 30 3
N,N-dimethylacetamide 4.2 bdl bdl 200 6 2
Benzamide, N,N-dimethyl- 6.0 bdl bdl 75 30 3
Phenol 3.0 04 0.2 7 nd 3
Benzonitrile 172 02 bdl nd nd nd
Benzyl nitrile 0.4 bdl bdl nd nd nd
2-Pyridinecarbonitrile 0.8 bdl bdl nd nd nd
Benzenepropanenitrile 0.2 bdl bdl nd nd nd
1,2-Benzenedicarbonitrile 1.0 bdl bdl nd nd nd
Hexanal 32 8.0 0.8 20 nd 2
Heptanal 0.9 34 0.9 10 nd 2
Octanal 32 15.3 1.0 20 nd 2
Nonanal 9.8 855 1.1 20 nd 2
Decanal 4.0 9.1 1.0 20 nd 2
1-Octanol bdl 3.8 bdl nd nd nd
1-Nonanol bdl 34 bdl nd nd nd
Butanoic acid, 3-methyl- 1.1 0.6 0.2 nd nd nd
Pentanoic acid 1.0 0.1 0.1 30 10 3
Benzoic acid 2.7 0.2 0.1 nd nd nd
S, S7, Sg 1.6 0.2 bdl nd nd nd

O-B quartz-barite heap, B-P barit-pyrite heap, BG background values, msd maximal single dose, ad average daily, /c hazard class, n.d. no

data

found (compared to all detected organic gases): 31
and 43.4 ug/m’, respectively. It should be noted that
carbon disulfide is a volatile compound of the second
hazard class, its average daily maximum allowable
concentration in the air of populated areas is 5 pg/m>,
the maximum single dose is 30 pg/m’ according to
the hygienic standards adopted in the Russian Feder-
ation (RMH 2003) that is, the found concentrations
exceed 68 times the daily average norm and even
higher than the maximum one-time. Considering that
the studied heaps are located in the territory of the
Ursk village, further monitoring of the concentrations
of this compound in the field deserves special atten-
tion and will be the subject of study in our further
studies in this area and other similar objects.

The dimethyl selenide (C,HgSe) was detected over
the pyrite heap in the concentration of 51.8 ug/m®. We
explain its formation by microbiological methylation of
selenium-containing compounds, which we also wrote
earlier (Bortnikova et al. 2019). In addition, we first
discovered formamides, aromatic and heterocyclic com-
pounds (Table 3), quantitative estimates were given for
their concentrations.

Methylated forms of formamide, N, N-dimethyl- and
formamide, N-formyl-N-methyl-formamides are found
in concentrations of 75 and 6.5 ppb, respectively
(Table 3). Formamide, N, N-dimethyl- is the third in
the level of concentrations among all organosulfur gases
in the air above the pyrite dump (after C;HgSe and CS,).
Probably, both compounds are also participants of the

@ Springer
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same biotic cycle with methylation, which we wrote
about above. In addition, it is interesting that formam-
ides are intermediates in the methanogenesis cycle and
can be the source of the highly toxic hydrogen cyanide
(HCN) (Bipp and Kieczka 2012).

It is also known that formamide is a safe product of
enzymatic conversion of toxic cyanide, for example,
phytopathogenic fungi using cyanide hydratase by reac-
tion (Mansfield 2000; Gupta et al. 2010):

HCN + H,O—HCONH,.

In addition to detoxifying of cyanide, a number of
fungi carry out the reaction of converting cyanide to
formamide in order to use cyanide as a source of nitro-
gen. Pereira et al. (1996) identified three fungi from
industrial effluents that grew on cyanide as the only
source of nitrogen: F. oxisporum, Trichoderma koningii,
and Gliocladium virens.

Since the wastes we study are formed as a result of
sulfide-containing ores cyanidation, it can be assumed
that a number of nitrogen-containing compounds found
in the air above the dumps, for example, the aforemen-
tioned formamide derivatives, are products of the biotic
conversion of cyanides and rodanides. Further study of
the nitrogen-containing gases seasonal dynamics over
the Ursk waste heaps can provide information on the
intensity of cyanidation waste biodegradation, depend-
ing on the season, which is an urgent task in the condi-
tions of the Siberian climate.

In addition, aromatic compounds are detected over
quartz-barite dumps: benzamide, N, N-dimethyl- (6 ng/
m), phenol (3 ug/m3), benzonitrile, CcHsCN (17.2 ng/
m?), benzyl nitrile, C;H,CN (0.4 pg/m?),
benzenepropanenitrile CsHoCN (0.2 pg/m?). As for
the above-described nitriles (C¢HsCN, C,H,CN,
CgHoCN), they are derived from hydrocyanic acid.
Their formation may be associated with the transforma-
tion of cyanide residues that are part of the waste.
Nitriles are poisonous to humans due to the disruption
of'the action of cytochrome oxidase and the inhibition of
the function of oxygen transfer from the blood to the
cells. The toxic effect is manifested both by inhalation of
nitrile vapors and by ingestion through the skin or the
gastrointestinal tract. Unconditional interest is caused by
the mechanisms of formation of such compounds, sea-
sonal variations in their concentrations, localization of
the most active breathing zones, their relationship with
environmental parameters.

@ Springer

In this paper, we combine geophysical and geochem-
ical methods to obtain a general picture of the distribu-
tion of chemical compounds in a solid-pore solution-
atmosphere system; we make judgments about the mo-
bility of chemical elements and organic compounds
during the hypergene transformation of a technogenic
system.

It was shown that the areas subject to the greatest
hypergene changes are detected with the help of electro-
tomography as areas of anomalous resistance, these
same zones are characterized by increased gas evolu-
tion. Among these gases, there is a whole spectrum,
including hazardous organic gases, whose concentra-
tions are higher than the maximum permissible, but their
origin in these dumps is not completely clear and re-
quires further research. In addition, the toxicity of a
number of gases has not been studied at all, toxicolog-
ical tests are necessary, the relevance of which is beyond
doubt due to the fact that the studied and similar wastes
are located next to residential areas.

5 Conclusions

1. A study of the composition of gases in the surface
part of the heaps was conducted by the example of
two heaps with the contrasting composition of the
tailings and different degrees of oxidation of the
tailings.

2. The intensity of gas emanations depend on the
external environmental conditions, in particular, on
fluctuations in air and ground temperatures. The
highest gas concentrations were found in areas with
anomalous temperature and the presence of chan-
nels of infiltration of pore solutions to the surface.
The most intensive geochemical transformations
are subjected to a layer of seasonal temperature
fluctuations, in which chemical leaching is activat-
ed, associated with rock cracking under the influ-
ence of expanding and freezing pore fluid. The
sulfide-bearing rock is exposed in such conditions
the oxidation in summer and methylation in winter.

3. Sulfide-containing heaps are a source of anomalous
concentrations of sulfur- and nitrogen containing
gases in the air: DMS, DMSO, CS,, SO,, methyl-
ated forms of formamide, N, N-dimethyl- and
Formamide, N-formyl-N-methyl-formamides. The
intake and concentration of gases are determined
by the internal structure of the heaps and the degree
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of oxidation of the tailings. The presence of highly
conductive zones (the presence of highly mineral-
ized solutions) in the surface parts of the heaps leads
to the intensive production of the gases. In areas
with high resistivity (relatively “dry” areas) the
intake of gases into the air is lower by an order of
magnitude. The oxidized quartz-barite heap and
profile along the debris cone is characterized by a
higher concentration of gases than the pyrite-barite
(less oxidized) heap.
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