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Abstract: The Urals (Russia) are among the largest mining areas in the world, with millions of tons of
mine waste deposited. An old sulfidic tailing dump formed over decades of mining activities at the
Sibay ore-processing plant is a typical cause of acid mine drainage (AMD) formation, posing a threat
to ecosystems of neighboring environments. In this study, the formation of oxidized surface soil
layers in four zones of the Sibay tailing dump was revealed, and their chemical–mineralogical and
physical–mechanical characteristics were analyzed. According to the results of the metabarcoding
of hypervariable regions of the 16S rRNA genes, oxidation in soil layers was associated with the
activity of sulfur- and iron-oxidizing acidophiles represented by a few genera: Ferroacidibacillus,
Sulfoacidibacillus, Sulfobacillus, and Ferroplasma. The structure of the microbial communities in soil
layers differed depending on the zone and depth of sampling. In the samples characterized by the
weak oxidation of sulfide minerals, microbial communities were dominated by bacteria of the genus
Pseudomonas. The data obtained in this research are of importance to predict the oxidation/leaching
processes in mine wastes and their negative environmental impacts in the mining region, as well as
to develop technologies for processing these raw materials.

Keywords: tailing dump; bioleaching; acidophilic microorganisms; microbial community; sulfides

1. Introduction

The acidification of soil leading to a decrease in pH below 5.5 and considerably lower
values (~1.0–2.0) may pose a serious problem to ecosystems at abandoned mine areas and
neighboring environments. Many abandoned mine areas are left unattended for decades,
thus aggravating the acidification. In addition to a decrease in pH that has negative impacts
on soil productivity and plant growth, the leaching of toxic metals contributes to more
severe pollution [1,2]. Acid mine drainage (AMD) is one of the common consequences of
the bio-oxidation of sulfides by acidophilic microorganisms during mining activities and
the deposition of mine wastes, including mine tailing dumps [3].

The Urals (Russia) are among the largest mining regions in the world. Since the begin-
ning of the development of the Urals sulfide deposits in 1635, millions of tons of various
types of waste from the mining and processing of sulfide ores have been accumulated [4].
Several studies have proven the harmful effects of accumulation and acidification of waste
from mines and tailing dumps [5,6]. At the same time, special attention is paid to the study
of the processes of migration and accumulation of metals in the aquatic landscape [7].

Apart from the negative environmental impact, the Urals tailing dumps contain non-
ferrous, rare, and precious metals. Therefore, these mine wastes are considered objects of
re-mining for the extraction of valuable components [8–10]. However, within the same
tailing dump, the properties of tailings may differ. They depend on the conditions and
period of deposition of tailing zones, the duration of storage (with and without flooding),
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humidity, climatic conditions of the region (including temperature changes), and other fac-
tors [11]. Within the same dump containing sulfidic ore flotation tailings, zones are usually
characterized by different pH and Eh values, as well as varying elemental composition [12].
Therefore, characteristics of the near-surface section of the tailing dump, especially a zone
of relatively active aeration, may be expected to promote the development of microbial
communities, the structure of which depends on the conditions described above. In turn,
the structure of the community is predicted to affect the elemental composition of the
tailings stored.

The presence and composition of acidophilic microbial communities can predict the
oxidation/leaching processes in mine wastes, as well as probable negative environmental
impacts. It has been previously shown that iron and sulfur oxidizers contribute to the
highest acidity values in the iron mine dump in Eastern China. The microbial commu-
nities present there are dominated by the genera Acidiferrobacter and Sulfobacillus. In old
bare samples, Acidibacter, Metallibacterium, and Cyanobacteria are abundant, while the phy-
lum Acidobacteriota prevails in the vegetated samples and promotes nutrient enrichment
and plant growth significantly [13]. The assessment of the microbiological and chemi-
cal spatial distribution within two tailing basins from a tungsten mine has shown that
the tailings sediments core microbiome contained members of the family Anaerolineacea
and the following genera: Acinetobacter, Bacillus, Cellulomonas, Pseudomonas, Streptococ-
cus, and Rothia [14]. Acidic contaminated soils of antimony mine (Lengshuijiang, China)
are dominated by Rhodobium, Sphingopyxis, Streptomyces, Burkholderia, Mucilaginibacter,
Phenylobacterium, Flavobacterium, and Arthrobacter. The presence of these genera positively
correlates with one or more heavy metals in the soil samples: antimony, arsenic, cadmium,
and zinc [15].

Abandoned gold mine tailings and adjacent soil samples (Krugersdorp, South Africa)
characterized by low pH and high metal concentrations have been shown to contain
mainly acidophilic sulfur and iron-oxidizing bacteria Acidithiobacillus spp. and Acidiphilium
spp. [16]. Other microorganisms, such as Bacillus spp., Arthrobacter spp., Pseudomonas
spp., Achromobacter spp., and Streptomyces spp., have also been found to thrive under the
conditions of high acidity and metal content in abandoned mine areas and tailings [17,18].

The study of the microbial diversity in tailing dumps and its impact on the character-
istics of tailings can be used not only to assess their environmental impact in the mining
region but also to develop technologies for processing these raw materials.

Thus, the goal of this research was to study the chemical–mineralogical and physical–
mechanical properties, as well as microbial diversity, in the surface layers of an old sulfidic
tailing dump.

2. Materials and Methods
2.1. Tailing Dump

The type of waste from the mining and processing of pyrite ores obtained at the
Sibay ore concentrator (ore-dressing plant) is a typical cause of the formation of AMD.
Therefore, the object of the study was an old tailing dump of the concentrator located in
Sibay (Republic of Bashkortostan, Russia; Figure 1).



Minerals 2024, 14, 23 3 of 17

Figure 1. Location of the old tailing dump of the Sibay concentrator within the city of Sibay (the
object is in the red frame).

At the Sibay concentrator, operating since 1959, ores from neighbor sulfide deposits
(Sibayskoye, Yubileinoye, Mayskoye, and several small deposits in the Baymak district)
have been processed. The old tailing dump of the Sibay concentrator was formed from the
beginning of its operation until 1965.

The old tailing dump is located 1.0 km to the south of the industrial site of the Sibay
concentrator, ~0.15 km from the right bank of the river Karagayly. The coordinates of the
central part of the old tailing dump are 52.715215, 58.719982.

The climatic conditions of Sibay are characterized by moderate continental climate
and aridity throughout the year typical for this climate. Precipitation is especially rare in
summer and more frequent in winter. Winters are frosty and long. The average temperature
in January is −13 ◦C. Summer is hot and short. The average temperature in July is +21 ◦C.

2.2. Sampling

Samples were collected from various zones of the tailing dump, taking into account
the features of their surface topography and local characteristics of water circulation.

Based on the presence of visibly oxidized crust near the southern dam, sampling zone
no. 1 was determined. In this zone, three samples were collected from a depth of 0.5, 1.0,
and 1.5 m: samples 1.1, 1.2, and 1.3, respectively.

The presence of an artificial riverbed on the surface of the tailing dump, which ensures
the outflow of accumulated precipitation from the southwest to the northeast due to the
difference in the height of the tailing dump, determined the sites of sampling in zones nos.
2 and 3.

Zone no. 2 was chosen as the tallest location in the main part of the old tailing dump
at the source of the artificial riverbed. In zone no. 2, three averaged samples were also
collected every 0.5 m in depth (samples 2.1, 2.2, and 2.3).



Minerals 2024, 14, 23 4 of 17

Zone no. 3 is located in the zone of accumulation and release of engineered waters at
the surface due to the lowered part of the relief. Three samples were also collected from
this point at intervals of 0.5 m in depth (samples 3.1, 3.2, and 3.3).

Moreover, zone no. 4 located outside the tailing ponds in the northwestern section of
the tailing dump was distinguished. It was located at a greater height compared to the main
part of the dump (zones nos. 1, 2, and 3) and separated from it by a dam. Technogenic soils
in zone no. 4 were represented by pyrite tailings characterized by longer storage periods
and, consequently, more pronounced oxidation. In this zone, sample 4.1 was collected from
a depth of 1.5 m to compare its properties with those of the samples from soils of the main
part of the tailing dump.

The result of the zoning of the Sibay tailing dump, taking into account relief features,
is shown in Figure 2.
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The weight of each sample was 2 kg. Each sample was assigned a unique number and
hermetically packed in plastic containers for storage at +5 ◦C.

2.3. Analytical Methods

The value of the pH of wet samples was measured with a pH-150MI pH meter–
millivoltmeter (Izmeritelnaya tekhnika, Moscow, Russia).

The chemical composition of the samples was determined by X-ray fluorescence
method using Innov-X Alpha Series analyzer (Innov-X Systems, Mountain View, CA,
USA). The mineralogical composition of the samples was determined using powder X-ray
diffraction with an XRD-6000 diffractometer with CuKα radiation (SHIMADZU, Kyoto,
Japan). The relative mineral phase amounts were estimated using the Rietveld refinement of
the XRD patterns by SIROQUANT V4 software (Sietronics, Mitchell, Maranoa, Queensland,
Australia).

The physical and mechanical properties of the selected ore flotation tailings were
assessed in their natural state under field conditions, as well as in the geomechanics
laboratory in the state of their natural moisture, which was ensured by sealed packaging
after sampling.

The bulk density of old tailings was determined on the field using a metal cylinder
without a bottom and a lid with a sharp cutting edge. The volume of the samples was
determined by the internal volume of the experimental cylinder.
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The natural moisture content of technogenic soils was determined according to Rus-
sian Standard no. 5180-84 “Soils. Laboratory methods for determination of physical
characteristics”.

To determine the liquid limit, the Vasiliev cone was used. Determination of the plastic
limit was carried out by the standard method of rolling out a thread of soil. Based on the
values of the liquid and plastic limits, the plasticity index was determined, which was used
to assess the soil clayiness. After that, the liquidity index was determined to classify soils
(Russian Standard no. 25100-2011 “Soils. Classification”.)

To determine the internal angle of friction and specific cohesion, soil tests using the
single-plane shear test according to the scheme of consolidated–drained (slow) shear were
carried out (Russian Standard no. 12248-2010 “Soils. Laboratory methods for determining
the strength and strain characteristics.”). The samples were pre-compacted under vertical
stress of 0.1, 0.2, and 0.3 MPa for two days using a soil compaction device. The tests were
carried out at natural soil moisture and in a water-saturated state when stress was applied.

Particle size distribution studies were carried out in the laboratory using combined
sieve and sedimentation methods, according to current standard methods for determining
the content of particles of a certain size class (Russian Standard no. 12536-2014 “Soils.
Methods of laboratory granulometric (grain-size) and microaggregate distribution.”). The
sample was dispersed with distilled water to improve particle separation and eliminate
soluble phases and subsequently placed into a drying oven and heated to a constant mass.
The dried sample was dispersed using a standard set of sieves. Products sieved were
weighed using scales with an average accuracy class.

2.4. Isolation and Analysis of Microbial Communities

Microbial communities were washed out from the soil samples (10 g wet wt) collected
at different depths of four zones of the tailing dump with the standard acidified 9K medium
base containing no energy sources (pH 1.8) [19]. Cell numbers were determined using direct
counting with a Mikmed-2 microscope equipped with a phase-contrast device (LOMO,
Moscow, Russia).

Solids in the studied samples were precipitated by centrifugation (100× g, 2 min) and
subsequent filtering through paper filters. Cell pellets were collected by centrifugation
(5000× g, 15 min) of the obtained supernatant. The biomass was sequentially washed with
the iron-free 9K medium base (pH 1.5) and with the same medium with a neutral pH by
centrifugation (10,000× g, 5 min). The structure of the microbial communities from mine
tailing samples was determined by the metabarcoding method using the 16S rRNA gene
hypervariable region (V3–V4) as described [20]. Sequencing of DNA libraries was carried
out with a MiSeq instrument (Illumina, San Diego, CA, USA) and the Miseq reagent kit
v3 (Illumina, San Diego, CA, USA). To choose operational taxonomic units (OTU) and to
carry out the taxon-based assignment, the QIIME open-source software pipeline [21] and
the Silva132 database [22] were used. The analysis included ≈12,000–30,000 fragments
(an average length, 449 nucleotides). Analysis of the similarity of nucleotide sequences of
the 16S rRNA gene fragments was carried out to identify microorganisms at the species
level using the Nucleotide Basic Local Alignment Search Tool (BLAST; Bethesda, MD, USA,
https://blast.ncbi.nlm.nih.gov/Blast.cgi, accessed on 11 October 2023).

3. Results and Discussion

During a preliminary assessment work, it was found that the upper part of the tailing
dump was formed by an oxidation zone (Figure 3a) represented by brown and gray soils
(Figure 3b). Brown soils in the form of loose and dense masses indicate the predominance of
secondary sulfates of the jarosite group, the formation of which occurs under conditions of
acidic waters (pH < 3) and high oxidative potential of the environment during the oxidation
of iron sulfides (pyrite, pyrrhotite, marcasite, and others) [3,23]. Gray soils include mineral
forms characteristic of the intermediate step of sulfide oxidation in the form of secondary
sulfates of the melanterite group (Figure 3c). The high acidity of solutions (pH < 3) and low

https://blast.ncbi.nlm.nih.gov/Blast.cgi
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oxidative potential of the environment (<0.2 V vs. SHE) are among the conditions required
for the stability of these sulfates.
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3.1. Composition and Properties of Soils

The results of determining the pH of the material of samples collected from the soils of
the tailing dump are shown in Table 1. In all samples, an acidic environment was observed,
the formation of which was associated with the oxidation of sulfide minerals of flotation
tailings. The simplified chemistry of sulfide oxidation can be expressed as the following
reactions:

4Fe2+ + O2 + 4H+ = 4Fe3+ + 2H2O, (1)

MeS + 2Fe3+ = S0 + Me2+ + 2Fe2+, (2)

where Me—metal of sulfide minerals.

2S0 + 2H2O + 3O2 = 2H2SO4. (3)

Table 1. Results of pH measurements in wet material of samples.

Zone of Tailing Dump Sample Sampling Depth (m) pH

Southern (no. 1)
1.1 0.5 1.97
1.2 1.0 2.40
1.3 1.5 2.79

Southwestern (no. 2)
2.1 0.5 0.93
2.2 1.0 2.27
2.3 1.5 2.23

Northeastern (no. 3)
3.1 0.5 0.83
3.2 1.0 1.54
3.3 1.5 2.33

Northwestern (no. 4) 4.1 1.5 1.95

Due to the natural decrease in the concentration of dissolved oxygen with increasing
soil depth due to a decrease in its permeability, an increase in pH values was observed for
all studied zones of the tailing dump from the soil surface to depth.

Table 2 shows the results of the analysis of metal content in the sample materials
from the Sibay tailing dump. It can be concluded that in all cases, the copper and zinc
content in the sample material was relatively low, except for the copper content in the
soil at a depth of 1.0 and 1.5 m in the southwestern zone of the tailing dump (samples 2.2
and 2.3). When analyzing the content of copper and zinc, its increase with an increase
in depth was observed in all zones of the tailing dump. This pattern is explained by the
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more pronounced oxidation of sulfides in the surface soil layers, which is accompanied by
(bio)leaching of metals, as well as metal release from the tailing dump with precipitation.

Table 2. Content of main chemical elements in samples from the Sibay tailing dump.

Zone of Tailing Dump Sample No.
Content (wt.%)

Cu Zn Pb As Ti Fe

Southern (no. 1)
1.1 0 0.1 0.1 0.1 0.4 14.9
1.2 0.2 0.2 0.1 0 0 25.6
1.3 0.1 0.2 0 0 0.3 17.2

Southwestern (no. 2)
2.1 0.1 0.1 0.1 0.3 0 35.2
2.2 0.6 0.3 0.1 0 0 22.9
2.3 0.7 0.4 0.1 0 0 22.9

Northeastern (no. 3)
3.1 0 0.1 0.2 0 0 20.1
3.2 0.1 0.1 0.1 0 0 29.8
3.3 0.2 0.4 0.1 0 0 25.8

Northwestern (no. 4) 4.1 0.06 0.1 0.02 0.03 0 6.6

Data from the X-ray diffraction analysis (Table 3) allowed an assessment of the mineral
composition of the material of soil samples collected from the tailing dump.

Table 3. Mineral composition of the samples from the Sibay tailing dump.

Zone of Tailing Dump Sample No.
Content (wt.%)

Py * Jr Ml Rz Gp Qz Al-O-Si Minerals

Southern (no. 1)
1.1 10 10 0 4 10 38 28
1.2 39 1 0 10 5 18 27
1.3 18 1 4 0 8 24 45

Southwestern (no. 2)
2.1 56 0 25 3 4 7 5
2.2 39 0 10 0 4 21 26
2.3 36 0 8 0 4 21 31

Northeastern (no. 3)
3.1 32 6 3 4 8 28 19
3.2 25 2 37 7 5 13 11
3.3 48 1 3 0 3 17 28

Northwestern (no. 4) 4.1 6 3 0 0 17 55 19

* Py, pyrite; Jr, jarosite; Ml, melanterite; Rz, rozenite; Gp, gypsum; Qz, quarts; Al-O-Si, aluminosilicates.

According to the data in Table 3, the only sulfide mineral determined in all samples
was pyrite (FeS2, 6–56%). This was due to its high refractoriness to oxidation processes
(including bio-oxidation), as compared to sphalerite (ZnS) and pyrrhotite (FeS) composing
processed sulfide ores. It is also noteworthy that no carbonate minerals were present, which
eliminates the neutralization of sulfuric acid formed during the oxidation of sulfides.

Products of secondary mineral formation were represented by jarosite (KFe3(SO4)2(OH)6,
1–11%), rozenite (FeSO4·4H2O, 1–10%), and melanterite (FeSO4·7H2O, 2–37%). The pres-
ence of secondary soluble mineral forms, such as rozenite and melanterite, is primarily
associated with crystallization from solutions.

Jarosite is known to be a precipitation product of ferric iron:

3Fe2(SO4)3 + 12H2O + K2SO4 = 2K[Fe3(SO4)2(OH)6]↓ + 6H2SO4. (4)

Thus, the presence of jarosite in the samples, as well as iron sulfate minerals, which
are products of the transformation of iron-containing sulfides under aerobic conditions,
indicated the presence of oxidative processes in the soils of the tailing dump. It is also
noteworthy that melanterite is a relatively rare mineral. During hot weather, the crystal
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growth of melanterite occurs on pyrite aggregates [24], which are oxidized by aerobic
microorganisms upon contact with oxygen.

Analysis of the mineral composition of the samples collected from the main part of
the tailing dump allowed the following conclusion. The largest amount of highly and
moderately soluble sulfates characterizing the level of soil salinity was found in the samples
from the southwestern (no. 2) and northeastern (no. 3) zones of the tailing dump, with
the melanterite content reaching 25 and 37%, respectively. In general, the content of iron
sulfate minerals varied at different soil depths without any explicit pattern.

Changes in the jarosite content in the soils of the southern (no. 2) and northeastern
(no. 3) zones were characterized by a pronounced decrease in the jarosite content with an
increase in depth. These data were in agreement with greater intensity of sulfide oxidation
processes on the surface and a decreased amount of oxygen penetrating deep soil layers.

It is also worth mentioning that the pyrite content varied in the soil samples. This
could be due to the heterogeneity of the ore flotation waste deposited in the tailing dump,
which was confirmed by the significant variation in the content of insoluble and non-
oxidizable quartz and aluminosilicates in the sample material. For instance, the quartz
content in sample 4.1 was 55% and only 7% in sample 2.1.

The main results of determining the physical and mechanical characteristics of the
tailing soils are summarized in Table 4.

Table 4. Physical and mechanical characteristics of tailing samples.

Tailing
Dump Zone

Sample
No.

Moisture
(%)

Liquid-
Limit Water
Content (%)

Plastic-
Limit Water
Content (%)

Plasticity
Index

Liquidity
Index

Angle of
Internal Friction

(Degrees)

Specific Shear
Cohesion (MPa)

Southern
(no. 1)

1.1 14.6 24.5 24.0 0.5 −18.8 33.5 0.0217
1.2 15.2 23.7 23.1 0.6 −13.2 29.9 0.0325
1.3 8.50 22.2 21.5 0.7 −19.1 35.0 0.0050

Southwestern
(no. 2)

2.1 25.0 27.4 22.7 4.7 0.53 33.0 0.0100
2.2 16.4 22.0 21.0 1.0 −3.80 32.0 0.0430
2.3 16.9 16.4 15.7 0.7 0 32.5 0.0330

Northeastern
(no. 3)

3.1 26.9 27.3 21.5 5.8 0.910 19.2 0.0117
3.2 28.1 27.4 22.8 4.6 0.650 - * -
3.3 19.9 26.7 19.3 7.4 −6.77 - -

Northwestern
(no. 4) 4.1 7.60 15.8 14.5 1.2 −5.72 41.0 0.0244

* could not be determined when studying the sample in its natural state.

Analysis of the data summarized in Tables 3 and 4 indicated the effect of the secondary
mineral formation on the physical and mechanical properties of soils during storage.

For instance, in sample no. 4.1, characterized by complete pyrite leaching, the absence
of intermediate forms (melanterite and rozenite), as well as the highest content of quartz
and gypsum, were shown. These characteristics determined the highest value of the angle
of internal friction (41.0 degrees) and a high value of the specific shear cohesion of soil,
indicating the possibility of the development of this tailing dump zone: mining for metal
extraction or land reclamation.

In the southern zone, sample no. 1.1 (an active aeration zone at a depth of 0.5 m) was
represented by a jarosite crust, as in the case of zone no. 4 characterized by an increased
content of the final products of the secondary mineral formation: jarosite and gypsum. The
pyrite content in sample no. 1.1 was low—10%. The ongoing processes determined the
formation of soil with high angles of internal friction and specific shear cohesion. Due to
the high values of these indices, it would be possible to carry out the movement of the
equipment along the surface of the tailing dump, excavation of soil, and its transportation
for subsequent processing or disposal. At a depth of 1.0 m (below the well-aerated surface
layer), active processes of secondary mineral formation occurred, resulting in complete
melanterite dehydration and rozenite formation. At this depth, the pyrite content was



Minerals 2024, 14, 23 9 of 17

higher than that in the aeration zone, and the secondarily formed rozenite reached 10%.
Under such conditions, the value of the specific shear cohesion of soil was relatively high
(0.0325 MPa), while the internal angle of friction was lower than that in the zone of the
active aeration—29.9 degrees. At a depth of 1.5 m, pyrite was partially oxidized, with the
formation of jarosite and melanterite.

Samples collected from zone no. 2 were characterized by the highest content of pri-
mary pyrite and secondary melanterite. Moreover, in the near-surface zone, melanterite
dehydration and the formation of rozenite occurred. Jarosite, the final product of weather-
ing, was not found in this zone; the gypsum content was also relatively low: 4% of the total
mineral mass. The values of the angle of internal friction and specific shear cohesion were
quite high, ensuring the stability of the slopes in this area.

Soil samples from zone no. 3 located in the pond area of the tailing dump with an
artificial riverbed were characterized by pronounced secondary mineral formation and
the presence of intermediate mineral forms. High values of moisture and liquidity index
of the tailings in this zone would make it impossible to carry out extraction and loading
operations by mechanical means without preliminary drainage.

Active leaching of pyrite from the aerated near-surface layers led to a change in the
particle size distribution of the tailings. The granulometric composition of the soil from
different zones of the tailing dump is shown in Table 5.

Table 5. Particle size distribution of soil from the Sibay tailing dump.

Zone of
Tailing
Dump

Sample
No.

2–1
mm

1–0.5
mm

0.5–0.25
mm

0.25–0.10
mm

0.10–0.05
mm

0.05–0.01
mm

0.01–
0.002 mm

<0.002
mm Soil Type

Southern
(no. 1)

1.1 0.19 8.45 36.4 30.4 7.50 7.50 5.20 4.36
Fine sand with clay1.2 0.32 9.50 40.7 29.5 8.54 3.56 5.11 2.76

1.3 0.15 9.94 37.6 34.5 7.23 5.40 4.67 0.54

Southwestern
(no. 2)

2.1 0 4.34 9.30 6.65 8.54 42.2 21.1 7.87 Silty sandy clay
2.2 0 2.34 7.34 4.24 15.3 45.3 21.3 4.18 Silty sandy clay
2.3 0.29 9.50 38.6 34.5 9.56 3.40 2.67 1.48 Fine sand with clay

Northeastern
(no. 3)

3.1 0 3.56 6.70 8.70 9.40 44.2 20.4 7.04 Silty sandy clay
3.2 0.36 5.43 5.84 9.94 7.56 39.5 27.4 3.93
3.3 0 0.94 2.24 3.85 8.01 47.7 25.8 11.5 Elastic silt

Northwestern
(no. 4) 4.1 0.10 2.59 6.98 7.56 8.60 39.4 23.4 9.35 Silty sandy clay

Analysis of characteristics of the oxidized layers of the tailing material from different
zones of the tailing dump showed the following.

The surface layers of the southern zone (no. 1) of the tailing dump were characterized
by cemented soil containing secondary jarosite. The zone was composed of fine sands, the
characteristics of which were similar to the sands from the southwestern zone.

At a depth of 1.0 m from the surface, the southwestern zone (no. 2) was composed of
silty sandy clay, which swelled when moistened. Below 1.0 m, the zone contained loose
fine sand with clay characterized by high water filtering. Moreover, the coarseness of sands
of more than 0.10 mm (amount, >75%) indicates that they do not acquire the properties of
quicksand when moistened.

Based on the nature of tailings deposition in the main accommodating volume of
the tailing dump, the northeastern zone (no. 3) was a tailing pond. It was composed of
water-saturated finely dispersed tailings, mainly fractions of the −0.05 + 0.002 mm class,
which determine the instability of soils to moistening. As a result, the slopes of such soils
can be easily eroded, which would complicate mining operations in this area.

In the northwestern part (no. 4) of the tailing dump, the soil was represented by silty
sandy clay, with a particle content of −0.05 mm class of more than 50%, which determines
higher cohesion of soils, compared to other zones (Table 4).
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As mentioned above, microbial communities are known to participate actively in the
processes of secondary mineral formation. Therefore, in addition to the determination of
the composition and physical–mechanical characteristics of soils, it was interesting to study
the structure of the microbial communities from each tailing dump zone.

3.2. Microbial Community Structure in Different Zones of Sibay Mine Tailing Dump

To estimate the leaching/oxidation of the flotation ore tailings and the contribution of
microorganisms to these processes, the samples collected from different depths (0.5–1.5 m) in
the Sibay tailing dump zones (Figure 2) were analyzed for the presence of microorganisms.
The depth of sampling (from the surface up to ~1.5 m) was justified by the ocher color of
upper layers, presumably, resulting from the oxidation of sulfide minerals. Analysis of the
structure of microbial communities in the studied zones of the tailing dump was carried
out by the metabarcoding analysis of hypervariable regions of the 16S rRNA genes. As
previously shown [20,25], some species of acidophiles can be successfully predicted by
metabarcoding due to the high variability of the V3–V4 regions within the corresponding
genera, although the differences in the V3–V4 region are usually not sufficient to differenti-
ate closely related microbial species. In this research, acidophilic bacteria and archaea were
also successfully assigned to the known species.

In all samples, cell numbers were determined within 107 cells/g sample, except for
the samples from zone no. 2 (samples 2.1, 2.2, and 2.3) and sample 3.3 collected from zone
no. 3: 106 cells/g sample.

In the southern zone (no. 1) of the mine tailing dump (Figure 4a–c), Ferroacidibacillus
spp. were shown to dominate the communities from all three samples (depth, 0.5–1.5 m).
Nucleotide sequences of the 16S rRNA gene fragments showed 100% similarity to the
species Ferroacidibacillus (Fr.) organovorans (former “Acidibacillus ferrooxidans”) within the
family Alicyclobacillaceae, phylum Firmicutes [26,27]. Bacteria of the genus Ferroacidibacillus
have been classified as chemolitho-heterotrophs that require both inorganic (iron) and
organic compounds for their efficient growth. The optimum temperature and pH for
Fr. organovorans are 30 ◦C and 2.9 (1.9 in the case of the type strain), respectively. This
acidophilic species was isolated from mine waste regolithic material (pH 2.9) subjected to
accelerated weathering in humidity cells at 25 ◦C. Other isolates have been obtained from
diverse environments impacted by metal mining, such as solid wastes, as well as from
geothermal areas. The mesophilic species Fr. organovorans has been reported to carry out
oxidation of ferrous iron and, therefore, indirect oxidative dissolution of sulfidic minerals,
such as pyrite [26–28].

The layers of this zone (no. 1) were defined as jarosite crust: an oxidized zone char-
acterized by ocher color, in which jarosite content varied within 1–10%. The proportion
of nucleotide sequences assigned to Ferroacidibacillus sp. ranged from 71 (or 74%, taking
into account another Ferroacidibacillus sp.—99.5% similarity) to 90%, decreasing 2.4 times
at a depth of 1.5 m (sample 1.3; Figure 4c). In this layer, other acidophiles also prevailed,
probably, contributing to the oxidation of sulfides: Sulfobacillus spp. (three different 16S
rRNA gene sequences), with a total share of 43% in the microbial community. The highest
proportion of the nucleotide sequences of the 16S rRNA gene fragment showed 99.5%
similarity to one of the validated Sulfobacillus species: Sb. thermotolerans Kr1T [29,30]. The
closest (99.8%) similarity was indicated to the uncultured Sulfobacillus sp. from a low-grade
copper sulfide run-of-mine test heap [31]. Two other prevailing Sulfobacillus spp. identified
in the acidophilic community of zone no. 1 at 1.5 m showed a 100% identity to Sulfobacillus
sp. Y0017 [32] and uncultured Sulfobacillus sp. (99.8% similarity) from the acidic region (pH
2.7) of an abandoned semiarid lead-zinc mine tailing site [33]. The strain Y0017 is a highly
efficient pyrite-oxidizing isolate at 45 ◦C, with an upper temperature limit of 50 ◦C [32].

Bacteria of the genus Sulfobacillus are commonly identified in bioleaching processes
and mine wastes, as well as sulfide ore deposits containing precious and nonferrous
metals, acid mine drainage, and thermal springs [3,34]. Compared to Fr. organovorans
identified in the same microbial community in this research, mixotrophic Sulfobacillus
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bacteria possess wider capabilities of oxidizing inorganic substrates: ferrous iron, reduced
inorganic sulfur compounds (RISCs), elemental sulfur, and sulfide minerals in the presence
of small amounts of organic substances [35], using both inorganic and organic substrates as
energy sources [36]. Optimum growth of Sulfobacillus bacteria occurs at ≥39 ◦C, while a
lower temperature limit is <20 ◦C [34].

Figure 4. Proportions of the 16S rRNA gene sequences (%) in microbial communities from the
southern zone (no. 1) of the Sibay tailing dump. Microbial communities were analyzed in samples
(a) 1.1, (b) 1.2, and (c) 1.3 collected at a depth of 0.5, 1.0, and 1.5 m, respectively. Community structure
was determined by metabarcoding analysis of the V3–V4 regions of the 16S rRNA gene. Others, each
microorganism represented by <1% of total sequences in the community; n.d., the genus was not
determined.

The share of other bacteria (based on the proportion of the 16S rRNA gene sequences)
identified in the structure of three communities from the southern zone did not exceed
1–8%, with that of Pseudomonas spp. varying from 2 to 8% (Figure 4a–c). Although
extremely low pH values are outside the growth optimum range for these minor bacterial
components of the communities, they have been identified in several acidic man-made
environments, including abandoned mine areas [2,15,37,38]. The data obtained in this
research and previous studies by different authors, as well as low amounts of these bacteria
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(compared to the predominant members) in microbial communities, may indicate their
ability to survive under such conditions without active proliferation and functioning.

In the southwestern zone (no. 2) of the mine tailing dump, the community was
represented by two predominant genera: Pseudomonas (share, 48%–56% of all sequences)
and Stenotrophomonas (21%–23%) (Figure 5a–c). Other bacteria were minor components of
the communities. Moreover, no acidophiles were identified in the community structure.
This zone of the tailing dump was characterized by the high content of pyrite (36%–56%)
and the absence of jarosite (Table 3), indicating negligible bio-oxidation of ferrous iron and,
therefore, sulfides by acidophilic chemolithotrophs.

Figure 5. Proportions of the 16S rRNA gene sequences (%) in microbial communities from the
southwestern zone (no. 2) of the Sibay tailing dump. Microbial communities were analyzed in
samples (a) 2.1, (b) 2.2, and (c) 2.3 collected at a depth of 0.5, 1.0, and 1.5 m, respectively. Community
structure was determined by metabarcoding analysis of the V3–V4 regions of the 16S rRNA gene.
Others, each microorganism represented by <1% of total sequences in the community.

The northeastern zone (no. 3) was characterized by a qualitative structure different
from that of the communities from other zones, with Ferroplasma (Fm.) spp. (100% similarity
to Fm. acidiphilum) prevailing at depths ≤1.0 m (Figure 6a,b). These acidophilic archaea
oxidize ferrous iron at low pH values in the presence of small amounts of organic material.
They are commonly reported as members of acidophilic communities in sulfide ore deposits,
processes of bioleaching of sulfide raw materials, and AMD [34,39,40]. The proportion
of Pseudomonas spp. was within 2–8% at depths ≤1.0 m and increased 2–9 times at 1.5 m
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(Figure 6c). In this layer, a pronounced succession of community members was noted. At
0.5–1.0 m, Ferroacidibacillus spp. prevailed, while at 1.5 m, no iron or sulfur oxidizers were
identified.

Figure 6. Proportions of the 16S rRNA gene sequences (%) in microbial communities from the
northeastern zone (no. 3) of the Sibay tailing dump. Microbial communities were analyzed in samples
(a) 3.1, (b) 3.2, and (c) 3.3 collected at a depth of 0.5, 1.0, and 1.5 m, respectively. Community structure
was determined by metabarcoding analysis of the V3–V4 regions of the 16S rRNA gene. Others, each
microorganism represented by <1% of total sequences in the community; n.d., the genus was not
determined.

Finally, in the northwestern zone (no. 4), which was characterized by 3% of jarosite
in the composition of the sample, two main genera probably contributed to the oxidation
processes of the layer at a depth of 1.5 m: Sulfoacidibacillus (Sf.) and Sulfobacillus (Figure 7).
The genus Sulfobacillus was represented by the same species as in the southern zone (no. 1)
(nucleotide sequences of the variable regions of the 16S rRNA gene showed 100 and 99.8%
similarity to that of the strain Y0017) (sample 1.3; Figure 4c). Sulfoacidibacillus spp. (100
and 99.5% similarity to Sf. thermotolerans) is a former genus “Acidibacillus” belonging to the
family Alicyclobacillaceae (phylum Firmicutes). These bacteria are similar to Ferroacidibacillus
spp. determined in the samples from other zones of the tailing dump and oxidize not only
ferrous iron but also RISCs, together with the utilization of organic compounds (organic
substances are preferred to inorganic substrates). Moderately thermophilic and extremely
acidophilic bacteria of this genus are characterized by a temperature growth optimum
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of 43 ◦C and pH optimum of 1.8 [26,27]. Ferroplasma spp. were also identified in this
community (100% similarity to Fm. acidiphilum).
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Figure 7. Proportions of the 16S rRNA gene sequences (%) in microbial communities from the
northwestern zone (no. 4) of the Sibay tailing dump. Microbial communities were analyzed in sample
4.1 collected at a depth of 1.5 m. Community structure was determined by metabarcoding analysis of
the V3–V4 regions of the 16S rRNA gene. Others, each microorganism represented by <1% of total
sequences in the community.

Thus, the qualitative structure of the microbial communities differed depending on
the zone of the tailing dump and the depth of the sample collection (Figures 4–7). At
least one indicator of the activity of extremely acidophilic iron- and/or sulfur-oxidizing
microorganisms in the surface layers of the tailing dump (compared to deeper layers)
was found: a higher content of jarosite formed due to the precipitation of microbially
oxidized iron—Fe3+ (Table 3). With depth, the jarosite content tended to change, and a
moderate (Figure 4) or, less commonly, pronounced succession of microorganisms in the
communities was noted (Figure 6). Overall, sulfur- and iron-oxidizing acidophiles were
represented by a few genera: Ferroacidibacillus and Sulfoacidibacillus (former “Acidibacillus”),
Sulfobacillus (phylogenetically close to Sb. thermotolerans), and Ferroplasma. Their presence
and proportion in the community depended both on the zone of the tailing dump and the
depth of sampling. Among other genera, Pseudomonas prevailed in the layers characterized
by weak oxidation of sulfide minerals.

4. Conclusions

An integral approach used in this research combined chemical–mineralogical, physical–
mechanical, microbiological, and molecular–biological methods. The data obtained allowed
a thorough characterization of the oxidized surface soil layers from four zones of the Sibay
tailing dump. The main conclusions of this research are as follows:

• The surface layers of the tailing dump were formed by two main soil types: brown
and gray soils characterized by low pH values. Brown soils were associated with
oxidized upper layers dominated by secondary sulfates of the jarosite group formed
via (bio)oxidation of pyrite. Gray soils included secondary sulfates of the melanterite
group characteristic of the intermediate step of sulfide oxidation;

• The study of the microbial communities isolated from different zones of the tailing
dump indicated that their structure depended on the zone of the tailing dump and the
depth of sampling. Moderate or, less commonly, pronounced succession of microor-
ganisms in the communities was shown;

• Sulfur- and iron-oxidizing acidophiles contributed to the oxidation of sulfide minerals
and the formation of jarosite in the upper soil layers of the tailing dump. They were
represented by the following genera: Ferroacidibacillus, Sulfoacidibacillus, Sulfobacillus,
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and Ferroplasma. In the layers characterized by the weak oxidation of sulfide minerals,
Pseudomonas spp. prevailed;

• Processes of (bio)oxidation and secondary mineral formation in the tailing dump may
change the physical properties of soils. Based on the particle size distribution, as well
as the physical and mechanical characteristics of the tailing samples, soils from the
southwestern and northwestern zones were characterized by high stability of slopes
and, therefore, the possibility of further development of the tailing dump: mining for
metal extraction or land reclamation.

Data on the granulometric, physical, chemical, and mechanical features of the tailing
dump soils, as well as acidophilic sulfur and iron oxidizers, can be used to predict negative
environmental impacts in the mining region, including further AMD formation. The results
obtained in this study are of importance to the technologies for the subsequent treatment
of ore flotation wastes deposited in the Sibay tailing dump, as well as land reclamation
activities in this area.
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