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Abstract: Studies of mineral-forming processes in modern peat bogs can shed light on metal
concentrations and their cycling in similar environments, especially in geological paleoanalogs.
In terms of the mineralogical and geochemical evolution of peat bog environments, the Vasyugan
Swamp in Western Siberia is a unique scientific object. Twelve peat samples were collected from the
Vasyugan Swamp up to the depth of 275 cm at 25 cm intervals. The studied peat deposit section
is represented by oligotrophic (0–100 cm), mesotrophic (100–175 cm), and eutrophic (175–275 cm)
peat, and this is underlain by basal sediments (from 275 cm). About 30 minerals were detected using
scanning electron microscopy (SEM), X-ray diffraction (XRD), and Raman spectroscopy. The observed
minerals are divided into detrital, clay, and authigenic phases. The detrital minerals found included
quartz, feldspar, ilmenite, rutile, magnetite, zircon, and monazite. When passing from basal to
oligotrophic bog sediments, the clay minerals changed from illite-smectite to kaolinite. Authigenic
minerals are represented by carbonates (calcite and dolomite), iron (hydro-)oxides, galena, sphalerite,
pyrite, chalcopyrite, Zn-Pb-S mineral, barite, baritocelestine, celestine, tetrahedrite, cassiterite,
REE phosphate, etc. The regular distribution of mineral inclusions in peat is associated with the
(bio)geochemical evolution of the environment. The formation of authigenic Zn, Pb and Sb sulfides
is mainly confined to anaerobic conditions that exist in the eutrophic peat and basal sediments.
The maximum amount of pyrite is associated with the interval of 225–250 cm, which is the zone
of transition from basal sediments to eutrophic peat. The formation of carbonate minerals and the
decreasing concentration of clay in the association with local sulfide formation (galena, sphalerite,
chalcopyrite, stibnite) begins above this interval. The peak of specific carbonation appears in the
125–150 cm interval of the mesotrophic peat, which is characterized by pH 4.9–4.5 of pore water.
Kaolinite is the dominant clay mineral in the oligotrophic peat. Gypsum, galena, chalcopyrite,
sphalerite, and relicts of carbonate are noted in association with kaolinite. Changes in oxygen
concentrations are reflected in newly formed mineral associations in corresponding intervals of the
peat. This can be explained by the activity of microbiological processes such as the anaerobic oxidation
of methane (AOM) and bacterial sulfate reduction (BSR), expressed in specific carbonatization
(100–225 cm) and sulfidization (175–250 cm), respectively.

Keywords: mineral formation; peat bog; Vasyugan Swamp; Western Siberia

1. Introduction

The Vasyugan Swamp (or the Vasyugan Mire) is the largest swamp on the planet with a total
area of more than 5,250,000 hectares [1], and has accumulated a huge amount of carbon (5.1 billion

Minerals 2018, 8, 500; doi:10.3390/min8110500 www.mdpi.com/journal/minerals

http://www.mdpi.com/journal/minerals
http://www.mdpi.com
https://orcid.org/0000-0002-9004-9929
https://orcid.org/0000-0002-7925-6150
https://orcid.org/0000-0002-7925-6150
http://www.mdpi.com/2075-163X/8/11/500?type=check_update&version=1
http://dx.doi.org/10.3390/min8110500
http://www.mdpi.com/journal/minerals


Minerals 2018, 8, 500 2 of 13

t) and peat in Western Siberia [1,2]. The huge peat deposits (around 18.7 billion t [1]) within the
Vasyugan Swamp are important scientific objects. Peat is an organic sediment, which the color of
which varies from light brown almost to black, and is formed under waterlogged conditions from
the partial decomposition of mosses and other bryophytes, sedges, grasses, shrubs, or trees [3].
However, peat is not only a specific organic deposit but also a unique repository for metals and
their compounds [3–10], accompanied by the mobilization and concentration of elements [6,7,11,12]
under the conditions of swamp evolution. Various biogeochemical processes in peat bogs lead to the
formation of new mineral phases such as sulfides (pyrite, marcasite, sphalerite, galena), carbonates
(calcite, siderite), sulfates (gypsum, anhydrite, jarosite), iron oxides (goethite), aragonite, calcite, opal-A,
halite, etc. [3,7,9,10,13–16].

To date, there are several issues regarding the metal sources [3,6,7], the conditions of mineral
formation [8,14,17–19], and the subsequent evolution of minerals [10] in peat deposits. Metal enrichment of
peat is interpreted by one of the following processes or their combination: interaction with underlying
rocks and diffusion from groundwater [4,6,7,10,13], precipitation of atmospheric dust caused by
natural or anthropogenic factors [9,15,20–23], release from plants [4,7,24], and detrital input from
surrounding rocks [4,6,10,12]. Peat comprises relatively young Cenozoic organic deposits that can be
studied considering many parameters of the geological environment, such as the composition of waters
and atmospheric dust, pH and Eh conditions, growth rates, botanical composition, microbiological
processes, etc. Studies of mineral formation processes and metal sources are the key points in
constructing the concept of peat environment evolution, with the formation of their metallogenic
appearance as the initial substrate (or “protholite”) for carbonaceous sedimentary rocks (lignite,
coal, etc.).

In this regard, the Vasyugan peat bog is unique. The studied area (N56◦55′30”, E82◦42′36”) is
a pine-shrub-sphagnum bog (Figure 1c) [1] located in the southeastern corner of the Vasyugan Swamp
(Figure 1a) between the rivers Iksa and Bakchar (the drainage system: the rivers Iksa and Bakchar
to the river Chaya to the river Ob to the Kara Sea). The peat deposit (or peat layer, peat sediments,
peat sequence) has a thickness between 1.75 and 3.8 m. The studied sequence (Figure 1b) consists of
oligotrophic peat (from the surface to 1 m down), mesotrophic peat (from approximately 1.0 to 1.8 m
down), eutrophic peat (from 1.8 to 2.25 m down), organic-rich sediments (from 2.25 to 2.75 m down),
and basal sediments (from 2.75 m) on the basis of botanical composition [8] and ash content. The peat
type reflects the nature of the water and mineral nutrition of bog vegetation, the remnants of which
form peat.

Figure 1. Map of the studied peat bog location (a) stratigraphy of the studied core (b) and photo
of the studied pine-shrub-sphagnum bog (c) Oligotrophic peat (0–1 m) consists of Sphagnum fuscum,
mesotrophic peat (up to 1.75–1.8 m) depth is comprised of Sphagnum magellanicum peat, eutrophic peat
(1.8–2.25 m) and organic-rich sediment (2.25–2.75 m) consist of Sphagnum jensenii and woody peat,
and the basal sediments (from 2.75) are presented by loam.
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Higher trace element concentrations in peat were previously described in the
studied region [8,25,26], and some mineral phases such as monazite, xenotime, crandallite
group, and zircon [23] were found with the interpretation of their source as atmospheric dust. The aim
of this work was to study the conditions for the formation and distribution of authigenic mineral
forms in a peat deposit to evaluate possible metal sources and mechanisms of their mobilization
and concentration.

2. Materials and Methods

The detailed mineralogical investigations were carried out by using samples of peat and basal
sediments (12 samples) which were collected from a drill hole (N56◦55′30”, E82◦42′36”) using a Russian
peat corer (diameter 7.5 cm) at 25 cm intervals.

The ash content was determined by drying ash peat samples at 450 ◦C for 10 h and expressing
results as a percentage of the dry weight of the sample at 60 ◦C. Ash is important in the characterization
of peat type.

Previously, dried peat samples were preliminarily crushed and soaked for 1 h in water to separate
the inorganic phase without heat treatment. Furthermore, the samples were poured into a 500-mesh
sieve and placed in a water-filled ultrasonic bath (Retsch UR 1) for 90 min so that the upper edge of
the sieve was above the water level. The liquid drained from the ultrasonic bath was settled for 24 h,
after which the inorganic fraction precipitated at the bottom. Complete drying of the obtained fraction
was carried out in an oven at 60 ◦C for 180 min. Specimens were cleaned in an air stream to remove
loose mineral grains.

The pH of pore water from each peat sample was measured using a laboratory pH meter in
naturally wet samples.

The mineralogical characterization of the thin layer (1 cm2) of peat sample, ash, and inorganic
fraction was carried out using a combination of X-ray diffraction (XRD) and scanning electron
microscopy (SEM) coupled with an energy-dispersive spectrometer (SEM-EDS). The bulk mineralogical
composition of the whole rock, inorganic fractions and separately clay-sizes fraction (for organic-rich
sediments and loam) was determined by using a Rigaku Ultima IV X-ray diffractometer at the Tomsk
Oil and Gas Research and Design Institute, with Cu-Kα radiation at a current of 30 mA and a voltage
of 40 kV. Samples for XRD analysis were obtained by gentle grinding of the whole rock (loam) and
inorganic fraction (peat) to a fine powder up to amean grain size of about 10 µm. Less than 10 µm
size-fractions of powdered samples were scanned from 3–70◦ 2θ, with a step of 0.02◦ at a scanning
rate of 1 s and a divergence slit (DS) of 1.2 mm. Clay samples (less than 2 µm) were obtained
by disaggregation and ultrasonic dispersion so as to prepare an aqueous suspension, followed by
sedimentation over 8 or 16 h. Each sample was scanned initially after air drying (i.e., untreated),
subsequently by ethylene-glycol solvation by vaporization in a desiccator for 24 h, and after heat
treatment at 350 ◦C for 1 h. Comprehensive identification of clay minerals was carried out in terms of
the following procedures provided in [27] and [28]. Quantitative mineralogical analyses of the whole
rock data were performed by a Rietveld analysis [29] using PDXL and Siroquant software [30]. A thin
layer of each sample (ash and/or inorganic fraction) was fixed to a double-sided 9 mm carbon tab
placed on an aluminum stub and was carbon coated (15 µm) prior to the analysis. These prepared
samples were studied under a TESCAN VEGA 3 SBU scanning electron microscope (SEM) and
an OXFORD X-Max 50 energy-dispersive adapter (EDS) with a 20 kV accelerating voltage, specimen
current of 12 nA, and a spot diameter of approximately 2 µm. A confocal Thermo Fisher Scientific
DXR2 Raman spectrometer was used to identify the mineral phases. All measurements were carried
out with a laser wavelength of 532 nm and 20–25 mW power. Spectra were usually acquired over
a 30 s period for 0–3.300 cm−1 with a three-rate accumulation.
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3. Results

3.1. Bulk Mineral Composition of Peat Inorganic Fraction

The ash content in peat (Figure 2) ranges between 1.1% and 5.1%. The ash content increases up
to 22.6% from a depth of 2.25 m and had the maximum amount of 87.6% and 95.3% in organic-rich
sediment (depth 2.5–2.75 m) and basal (depth 2.75–3 m) sediment, respectively. The oligotrophic peat
sequence was characterized by decreasing ash content from 2.8% to 1.1% with increasing depth to
1 m. Furthermore, the ash content increased from 2.5% to 5.1% in mesotrophic and eutrophic peat
sequences. The zone of transition from basal sediments to peat was fixed in the depth interval of
2.25–2.75 m (so-called organic-rich sediment), which was reflected in a contrasting increase of ash
content to 22.6–87.6% and a decrease of moisture from 77.4% to 4.7%. A strong inverse correlation
(r2 = 0.97) between the moisture and the ash content was found. The pore water pH of peat had a range
from 4.6 to 6.0. In contrast, the bottom sediments had a high pH of 8.1.

Figure 2. Bulk mineral composition in inorganic fraction, ash, and moisture content (%) of peat
and basal sediments. Oligotrophic peat (0–1 m) consists of Sphagnum fuscum, mesotrophic peat (up
to 1.75–1.8 m) depth is comprised of Sphagnum magellanicum peat, eutrophic peat (1.8–2.25 m) and
organic-rich sediment (2.25–2.75 m) consist of Sphagnum jensenii and woody peat, and the basal
sediments (from 2.75) are presented by loam.
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More than 30 minerals (Table 1) were found in inorganic fractions of peat and basal loam using a
complex of analytical methods (SEM, XRD, Raman spectroscopy). Mineral composition was divided
into three groups based on morphological and textural characteristics: detrital, authigenic, and clay.
Partially resorbed, erosional, and dissolution surfaces grains of minerals indicate detrital origin. The
absence of such characteristics and spheroidal or crystalline grain shapes reflects in situ (authigenic)
formation of minerals. The detrital minerals are quartz, feldspars, ilmenite, rutile, magnetite, zircon,
monazite, chromite, and amphiboles. Clay minerals are represented by illite, kaolinite, smectite,
and chlorite. Authigenic minerals are the following: carbonates (calcite and dolomite), ferruginous
(hydro-)oxides (ferrihydrite and goethite), galena, sphalerite, pyrite, chalcopyrite, barite, celestine,
stibnite, cristobalite, halite, phosphate of light rare earth elements (LREE phosphate or rhabdophane),
gypsum, baritocelestine, cassiterite, etc.

Table 1. Mineralogy of selected samples from Vasygan Swamp, Western Siberia.

Sample Detrital Minerals Clay Minerals Authigenic Minerals Identified by

2 quartz, chromite Fe-(hydro-)oxides, barite, rhabdophane SEM-EDS

4 quartz, feldspars,
chromite kaolinite Fe-(hydro-)oxides, rhabdophane,

chalcopyrite, galena, barite, calcite XRD, SEM-EDS

6 quartz, feldspars,
chromite kaolinite Fe-(hydro-)oxides, chalcopyrite, galena,

sphalerite, cassiterite, gypsum, calcite XRD, SEM-EDS

8 quartz, zircon,
chromite Fe-(hydro-)oxides, rhabdophane, calcite SEM-EDS

10 quartz, feldspars,
rutile, zircon barite, rhabdophane, calcite SEM-EDS

12 quartz, feldspars,
rutile, zircon

calcite, rhabdophane, barite, pyrite,
galena,

XRD, SEM-EDS,
Raman

14 quartz, feldspars,
zircon

calcite, Fe-(hydro-)-oxides,
rhabdophane

SEM-EDS,
Raman

16 quartz, feldspars,
zircon illite, smectite galena, sphalerite, pyrite, cassiterite,

rhabdophane, calcite XRD, SEM-EDS

18
quartz, feldspars,

chromite, ilmenite,
rutile, zircon

illite, smectite galena, sphalerite, pyrite, chalcopyrite,
rhabdophane, stibnite, calcite, dolomite XRD, SEM-EDS

20
quartz, feldspars,

chromite, ilmenite,
rutile, zircon

illite, smectite,
chlorite

pyrite, barite, galena, sphalerite,
chalcopyrite, rhabdophane, gold, calcite XRD, SEM-EDS

22
quartz, feldspars,

chromite, ilmenite,
rutile, zircon

illite, smectite,
chlorite calcite, Fe-(hydro-)oxides, rhabdophane XRD, SEM-EDS,

Raman

24 quartz, feldspars,
ilmenite, zircon

illite, smectite,
chlorite

calcite, galena, sphalerite, barite,
dolomite, Fe-(hydro-)oxides,

rhabdophane

XRD, SEM-EDS,
Raman

XRD and SEM results of basal sediments (or loam, depth from 2.75) revealed the following
mineral composition: quartz (41.2%), K-feldspar (4.5%), plagioclase (11.6%), calcite (10%), smectite
(7.5%), chlorite (9.5%), illite (6.5%), kaolinite (4.8%), and up to 4.5% other minerals (amphiboles, halite,
cristobalite, magnetite, zircon, ilmenite, galena, sphalerite, barite, etc.). The lower layer of the eutrophic
sequence (2.25–2.75 m) is a transition zone from loam to peat, so-called organic-rich sediments. Sulfides
disappear in the depth interval of 2.5–2.75 m of organic-rich sediment. The main mineral components
of this layer are represented by quartz (44.8%), feldspars (17.2%), calcite (7.8%), smectite (7.0%), chlorite
(9.2%), illite (4.2%), and kaolinite (5.6%). Organic-rich sediments at the depth of 2.25–2.5, are enriched
by pyrite, relative to underlying layers, and mainly consist of quartz (43.5%), feldspars (19.2%), calcite
(10.1%), smectite (3.1%), chlorite (10.2%), illite (5.7%), and kaolinite (4.7%). The inorganic fractions of
the upper layers (depth 1.75–2.25 m) of the eutrophic sequence are characterized by calcite depletion
and the predominance of illite (or illite-smectite) with approximately the same set of detrital minerals.
The sulfide association in these layers is represented by galena, sphalerite, and single grains of pyrite,
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stibnite, and chalcopyrite. The single inclusion of auricupride with the size of 0.8 µm was found by
SEM at the depth interval of 2.25–2.5 m.

The mesotrophic peat sequence (depth 1–1.75 m) is distinguished by the predominance of
carbonates, especially in the central layer (depth 1.25–1.5 m), and also by the barite enrichment
in the upper layer (depth 1–1.5 m), practically without clay minerals. There are quartz, feldspars,
zircon, and rutile among the detrital minerals. Fe-bearing spheroids (ferruginous (hydro-)oxides) were
found in the lower layer (depth 1.5–1.75 m) of the mesotrophic sequence.

Kaolinite and some detrital minerals (quartz, feldspars, zircon, and Cr-mineral) were observed in
the oligotrophic peat sequence (depth 0–1 m). There was a predominance of ferruginous (hydro-)oxides
and, in rare cases, calcite (at the depth interval 0.5–1 m), chalcopyrite and galena (at the depth interval
0.25–0.75 m), and sphalerite and gypsum (at the depth interval 0.5–0.75 m) in this sequence.

3.2. Sulfide and Sulfate Minerals

Among sulfides in the peat deposit, there are pyrite, chalcopyrite, galena, sphalerite, and stibnite,
which predominate in the eutrophic sequence and basal sediments (Figure 2). Galena and sphalerite
have a close association (Figure 3a) and prevail at the depth intervals of 1.75–2.25 m and 2.75–3 m.
The maximum of pyritization was observed in the 2.25–2.5 m layer.

Figure 3. SEM images of sulfides in peat and basal sediments: (a) close association of sphalerite
(Sph) and galena (Gal) in Sphagnum tissues; (b) euhedral galena microcrystals in kaolinite aggregate;
(c) subhedral galena in smectite matrix; (d) anhedral sphalerite (Sph) crystal in smectite matrix; (e) pyrite
(Pyr) framboid in illite (ill) aggregate; (f) pyrite framboid, subhedral stibnite (Stb), and clasts of quartz
(Q) and feldspars (Fsp) in Sphagnum tissues; (g) subhedral pyrite crystal in calcite (Calc); (h) anhedral
chalcopyrite crystals in kaolinite aggregate; (i) anhedral arsenopyrite and quartz clasts in Sphagnum
tissues. The images are (a,c,d,f,i) backscattered and (b,e,g,h) secondary electron micrographs.
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Galena was observed as euhedral (Figure 3b,c) and subhedral (Figure 3a) microcrystals with
sizes from 2 to 24 µm in a rare case with sphalerite (Figure 3a). Sphalerite is usually found as
anhedral microcrystals (Figure 3d) with sizes of 3–20 µm. Galena and sphalerite occur on clay
particles (Figure 3b–d) and less often on humic acid aggregates or Sphagnum tissues (Figure 3a,f).
Pyrite is characterized by two forms: microframboids (Figure 3e,f) with sizes of 4–8 µm and single
euhedral and subhedral microcrystals with sizes up to 12 µm (Figure 3g). Both pyrite forms are
concentrated in clay particles, humic acid aggregates, and Sphagnum tissues, and in a rare case, on
calcite (Figure 3g). The impurities of arsenic are fixed with concentrations up to 2.2% in some pyrite
crystals. Chalcopyrite has an anhedral and subhedral grain shape with sizes up to 47 µm (Figure 3h)
and is usually localized on clay particles. Arsenopyrite and stibnite were found on Sphagnum tissues in
single samples as anhedral microcrystals with sizes of 3–4 µm (Figure 3i) and subhedral microcrystals
(Figure 3f), respectively.

There were sulfates such as barite, rarely barytocelestine, celestine, and gypsum in the studied
section. The maximum distribution of sulfates was observed in the upper layer of the mesotrophic
peat sequence (depth 1–1.25 m) and in basal sediments (depth 2.75–3 m).

Barite has an anhedral (Figure 4a) and rare subhedral (Figure 4b) grain shape with a size range
from 3.5 to 20 µm and is precipitated on clay particles, humic acid aggregates, and Sphagnum tissues.
Celestine and gypsum are fixed in rare cases. Celestine was observed in organic-rich sediments (depth
2.25–2.5 m) on smectite particles as anhedral microcrystals (Figure 4c). Gypsum occurs on Sphagnum
tissues in association with ferruginous (hydro-)oxides in the oligotrophic sequence.

Figure 4. SEM images of Ba- and Sr-sulfate in peat: (a) anhedral barite (Bar) in ash; (b) subhedral barite
in ash; (c) anhedral celestine (Cel) in smectite (Sm) matrix. The images are (a,b) backscattered and
(c) secondary electron micrographs.

3.3. Carbonate and Fe-Bearing (Hydro-)Oxides

Carbonates in the inorganic component of peat are represented by calcite and dolomite. Calcite
prevails with respect to dolomite. The maximum concentration of carbonates (Figure 2) is noted in
the mesotrophic peat sequence (especially, at the depth interval 1.25–1.5 m) and in basal sediments as
well as in some layers of the eutrophic sequence (1.75–2.25 and 2.5–2.75 m). Dolomite was found in
the eutrophic peat sequence (depth interval 2–2.25 m) and in basal loam. Calcite is characterized by
an anhedral and subhedral grain shape and is concentrated in Sphagnum tissues (Figure 5b). In other
cases, calcite forms independent spherical or star-shaped aggregates with sizes up to 50 µm (Figure 5a).
Calcite belongs to the low-Mg variety and has the following molecular composition: 62.5–100% CaCO3,
0.5–3.9% MgCO3, and up to 0.3% FeCO3. In a rare case, calcite with high MgCO3 content (11.8%) was
noted. Dolomite rarely occurs in the form of rhombohedral crystals with sizes up to 10 µm (Figure 5c).
Dolomite has the following molecular composition: 37.1–50.0% CaCO3, 26.7–41.9% MgCO3, 0.5–7.7%
MnCO3, and up to 2.1% FeCO3.
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Fe-bearing (hydro-)oxides predominated in the oligotrophic peat sequence, while they were found
much less in the mesotrophic and eutrophic sequences. The maximum of their number occurs at
the depth interval of 0.25–1 m. Fe-bearing (hydro-)oxides are characterized by spherical aggregates
(Figure 5d) with sizes up to 80 µm or individual spheroids (Figure 5e,f) with sizes up to 15 µm.

Figure 5. SEM images of carbonate and Fe-bearing (hydro-)oxides in peat: (a) subhedral calcite (Calc) in
peat; (b) anhedral calcite in structure of Sphagnum tissues; (c) subhedral dolomite (Dol) and stibnite (Stb)
in clay aggregate; (d–f) Fe-bearing (hydro-)oxides (Fe-ox) in ash (within oligotrophic peat sequence).
The images are (a–d,f) backscattered and (e) secondary electron micrographs.

4. Discussion

The sulfides of Fe, Pb, Zn, and also Cu, Sb and As were concentrated (Figure 3) mainly in the
eutrophic sequence peat and basal loam. A close association of galena and sphalerite (Figure 3a–d) is
evidence of joint influx and immobilization of Pb and Zn in the peat bog. Atmospheric dust [8,9,21,
22,24] or groundwater [4,6] are discussed as metal sources in similar environments. The confinement
of galena and sphalerite to the eutrophic layers of the peat deposit, the association with carbonates
(Figure 2), as well as the absence of the mining industry in the studied area disprove the atmospheric
dust source of these metals. The predominance of galena and sphalerite in the basal sediments allows
the consideration of two scenarios of the input, mobilization, and precipitation of Pb and Zn (as well as
Sb). The first scenario is the initial enrichment by trace metals during the formation of loams, then the
subsequent diffusion of metals during the clay mineral transformation from smectite to illite, and the
immobilization in the sulfides in the zone of bacterial sulfate reduction (BSR). In this case, the contact
layer between basal sediments and eutrophic peat represents a transition zone without the precipitation
of sulfides. The second scenario is the loading of bog waters by Pb and Zn in the initial periods of peat
formation (about 2500 years ago [1,8]) with the transport of metal by surface and/or groundwater
and subsequent concentration due to the activity of sulfate-reducing microorganisms [10,14,31,32].
The contrast predominance of pyrite framboids (Figure 3e,f) below the peat layer with galena and
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sphalerite indicates the advancing pyrite formation in the presence of Fe2+ and H2S- ions in the
swamp environment.

Barite (Figure 4a,b) is formed at the boundary of geochemical environments, namely: basal
sediments vs. eutrophic peat sequence and mesotrophic vs. oligotrophic sequence. These boundaries
(or transition zones) correspond to the most contrasting change between the geochemical conditions
that are reflected in the distinctive composition of the mineral fraction. Probably, these geochemical
condition changes are preceded by the mineralization of the sulfate ions, which remain in the
underlying layers. The similar formation conditions of barite with a change of oxic vs. anoxic
conditions have been described for the bottom sediments within the Nile deep-sea fan [33] with
fixed methane emissions through these sediments. As is known, the origin of barite and celestine
in sedimentary sequences could be detrital [34,35], biogenic, and diagenetic for modern and ancient
coastal-marine sediments [36–42], hydrothermal [43,44], and cold seeps; then, there is barite formation
in conditions of methane seeps [33,45–47]. The association of Ba- and Sr-sulfates with certain layers of
the peat deposit indicate against atmospheric dust as the source of these metals. If barium is introduced
into a peat deposit from atmospheric dust, a linear trend of barite decreasing or increasing through
the peat section should be recorded depending on its solubility [48]. However, the detrital barite has
been diagnosed in the peat deposits of the Polish swamps [9,15]. Probably, the Ba and Sr source for the
peat deposit is organic matter. The mobilization of these elements occurs under methane emission
conditions [1,49] from decomposing abundant organic matter with concentration in the forms of the
mineral phases such as barite and celestine (Figure 4) at the boundaries of different geochemical
environments (Figure 2).

The occurrence of authigenic mineral phases, which is typical for sedimentary environments,
such as calcite, dolomite, pyrite framboids, galena, sphalerite, barite, and ferruginous (hydro-)oxides,
excludes the interpretation of their influx into the peat deposit by atmospheric dust. In contrast, the
concentration of these minerals is confined to certain geochemical conditions in the peat sequence.
Basal sediments with alkaline pore water (pH 8.1) are enriched by carbonates, galena, sphalerite,
and barite. This mineral assemblage evidence microbial mediation by a consortium of methanogenic
and sulfate reducing bacteria. Decreasing filtration properties and oxygen access contribute to the
formation of a reducing environment within the basal layer of the peat deposit due to autotrophic
sulfate reduction. The oxidation of hydrogen occurs followed by an increase in pH. The eutrophic
peat sequence is characterized by changing upwards through a section of associations of authigenic
mineral phases (Figure 2): carbonate and Fe-(hydro-)oxide are replaced by pyrite, which goes to galena
and sphalerite with a subordinate amount of carbonates and pyrite. This sequence is identical to the
methanogenesis zone in the community with bacterial sulfate reduction as a result of the intensive
organic matter decomposition. The result of these processes is the newly formed carbonate and
sulfide phases [33,50–52]. The mesotrophic sequence with a pH of 4.6–4.9 of pore water is enriched
by calcite (Figure 5a) with a subordinate amount of ferruginous (hydro-)oxides in the lower layer
and a predominance of barite in the upper layer. These facts indicate that the mineral formation
processes and the physical-chemical conditions of the pore water are not completely coherent within
the peat bog. This is a prospect for future research. The peak of calcite at the depth interval of
1.25–1.5 m could be interpreted by the anaerobic oxidation of methane (AOM), which influxes from
the eutrophic sequence with BSR at the depth interval of 1–1.25 m. The presence of calcite in this layer
reflects that physicochemical and biological processes are not necessarily in equilibrium with each
other [10]. The depletion of these layers by metals such as Pb and Zn led to the concentration of barite
(Figure 4a–c) with the probably biogenic source of barium [33,42,53]. Finally, the oligotrophic sequence
is characterized by the development of Fe-bearing (hydro-)oxides (Figure 5d–f) with a local occurrence
of carbonate and sulfides as a result of seasonal fluctuations of the oxidation-reduction conditions.

Given the proposed model, the Vasyugan Swamp should be considered as a dynamically
evolving system which concentrates various metals. With the continuation of its evolution, it is
possible to predict the further consolidation of the oligotrophic and mesotrophic sequences and their
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transformation to the eutrophic sequence with the pyrite-barite-carbonate association. Thus, the fossil
part of the peat deposit with the stability of newly formed mineral phases, that is, the absence of their
remobilization, should have a layered distribution of the mineral fraction in its section as described in
some lignite deposits [54–56].

5. Conclusions

The observed mineral phases within the peat deposit are of detrital, clay, and authigenic origin.
The detrital minerals are quartz, feldspars, ilmenite, rutile, magnetite, zircon, monazite, chromite,
and amphiboles; clay minerals: illite, kaolinite, smectite, and chlorite; authigenic minerals: carbonates
(calcite and dolomite), ferruginous (hydro-)oxides (ferrihydrite and goethite), galena, sphalerite, pyrite,
chalcopyrite, barite, celestine, stibnite, cristobalite, halite, rhabdophane, gypsum, baritocelestine,
cassiterite, etc.

The formation of Zn-, Pb-, and Sb-sulfides occurs in anaerobic conditions of eutrophic peat
sequences and basal sediments. The pyrite framboid formation is associated with the transition
zone between organic-rich sediments and eutrophic peat and is interpreted as the result of active
BSR. Above this layer, the specific formation of carbonate phases begins along with clay mineral
decrease in parallel with local sulfide formation (galena, sphalerite, chalcopyrite, and stibnite). The
peak of specific carbonatization appears in the mesotrophic peat sequence, where probably AOM
occurred and it resulted in barite formation as a product of residual BSR in the upper layer. There
are kaolinite clay particles with gypsum, galena, chalcopyrite, sphalerite, and relicts of carbonate
in the oligotrophic peat sequence. Changes in oxygen concentrations are reflected in newly formed
mineral associations in corresponding intervals of the peat. This can be explained by the activity of
microbiological processes such as AOM and BSR expressed in specific carbonatization (100–225 cm)
and sulfidization (175–250 cm), respectively

Given the proposed model, the Vasyugan Swamp should be considered as a dynamically evolving
system and it is possible to predict the further consolidation of the oligotrophic and mesotrophic sequences
and their transformation to the eutrophic sequence with the pyrite–barite–carbonate association.
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