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Abstract—The geochemical and lithological features of bacterial—algal structures from the top of the Abalak
and Georgia Formations in the central part of Western Siberia were studied in order to determine the specific
conditions of their formation. The authors compared the element composition of these microbial carbonates
with the secondary carbonate rocks of the Abalak and Georgia formations. According to the results of X-ray
fluorescence analysis, differences were identified in the contents of MnO, Cr, V, Ni, Cu, and Zn in two types
of carbonates. The higher content of MnO in bacterial—algal structures were explained by the ability of bac-
teria to sorb Mn on the surface of their cells. This process requires oxygen, which suggests the presence of a
natural aerobic environment for the development of bacteria during the period of sediment accumulation.
According to the results of the study of microbial carbonates under a scanning electron microscope, it was
revealed that Mn, for the most part, is concentrated in carbonate minerals, in particular in kutnohorite. The
increased content of biophilic elements such as Ni, Cu, Zn, V in microbial carbonates, is probably associated
with the transformation of humic organic matter, that was accumulated in shallow water environments and
was actively recycled by microbial organisms. Minerals with the high Ba concentration were also found in iso-
lated bacterial—algal structures. According to the authors, such single barium mineralization could be caused
by the point effect of both near-surface and deep-seated barium-containing solutions and are not associated
with an increased content of manganese in the studied deposits.

Keywords: Abalak Formation, Georgia Formation, bacterial—algal structures, microbial carbonates, manga-

nese mineralization, humus formation
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INTRODUCTION

The study of carbonate rocks of the Abalak (J,bt3-J4tt")
and Georgia (J;0x3-J,tt!) formations of the West Sibe-
rian oil and gas bearing basin (WSOGB) has recently
become increasingly important due to the new data on
their potential reservoir properties (Zubkov, 2014;
Yurchenko et al., 2015; Potapova et al., 2018). The
petrophysical properties of these rocks were directly
affected by their formation conditions, reflected in
specific lithological and geochemical features. The
stable oxygen and carbon isotope ratios in carbonates
were considered most thoroughly (Yurchenko, 2016;
Zubkov, 2017). There are, however, numerous traces
of diagenetic and catagenetic processes that could

have strongly influenced 83C and 80, and thereby
prevent identification of sedimentation settings. The
trace elements in the carbonates, which, despite sec-
ondary processes, can reflect quite accurately the pro-
cesses of sediment formation remain relatively less
studied. We believe that the geochemical study of car-
bonates may add significantly to the data obtained
from the complex lithological study and contribute to
identification and characteristics of various aspects of
carbonate formation.

The purpose of this work was to determine the spe-
cific formation conditions of bacterial—algal assem-
blages from the upper subformation of the Abalak For-
mation and from the roof of the Georgia Formation
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Fig. 1. Images of bacterial—algal structures.

(Fig. 1). Obviously, formation of these sediments dif-
fered from the over- and underlying clayey and sili-
ceous-clayey rocks, and addditional data on the for-
mation conditions of Late Jurassic microbial carbon-
ates (MCs) of the WSOGB can significantly add to the
picture of the geologic history of the region.

The Late Jurassic MCs of the WSOGB were previ-
ously studied by many researchers (Ushatinsky and
Zaripov, 1971; Yasovich, 1971; Zanin et al., 2001; Eder
et al., 2018). Potapova et al. (2018) described MCs
from the upper Abalak Formation as fractured and
cavernous rocks through which oil enters the territory

(a) (b)

Fig. 2. Images of secondary carbonate samples: (a) car-
bonate diagenetic and catagenetic lenses and nodules;
(b) replacement limestones, difficult to diagnose in the
well core.
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of the Em-Egovskoye field (Krasnoleninskiy arch,
Western Siberia). These authors also discovered signs
of subaerial exposure in carbonates from the Abalak
Formation roof for the first time. The exogenous
influence has probably caused extensive karstification
and subsequent formation of a carbonate horizon of
paleo soils in these rocks. These authors also believe
that the Late Jurassic MCs acquired a complex system
of secondary voids due to subaerial exposure, which
resulted in improved reservoir properties.

Anomalies in mineral composition are always most
clearly seen when the studied sediments are compared
with typical widespread rocks. Therefore, the authors
also compared MCs with secondary carbonates (SCs),
the most common carbonate rocks of the Abalak and
Georgia formations. This group comprised the car-
bonate nodules and lenses formed in the sediment
during diagenetic and catagenetic secondary processes
(Fig. 2a) and replacement limestones forming inter-
layers up to 30 cm, rarely up to 1 m in thickness
(Fig. 2b). The replacement limestones were formed as
a result of intensive recrystallization of primary sedi-
mentary carbonate rocks, but rarely contain relics of
primary textures, which complicates the determina-
tion of their initial genesis.

MATERIALS AND METHODS

The bacterial—algal structures are confined in the
section to the roof deposits of the upper subformation
of the Abalak Formation and the upper part of the
Georgia Formation (Fig. 3a). Secondary limestones
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Fig. 3. A lithologic column for deposits of the Abalak, Georgia, and Vasyuganskaya formations; a, images of microbial carbonate
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(7) siliceous interlayers; (§) silty-claye rocks; (9) siltstones; (/0) sandstones; (/) sandy siltstones; (/2) glauconite accumulations;

(13) pyrite concretions.

are usually present in the bulk of glauconite-clayey
deposits of the upper Abalak and Georgia subforma-
tions (Fig. 3b). The age and facies analogues (the
upper subformation of the Abalak formation and
Georgia Formation) are represented as a rule by argil-
lite-like dark gray, thinly dispersed clays with irregu-
larly distributed glauconite. The Vasyugan Formation,
composed mainly of sandstones, sandy siltstones and
mudstones, lies beneath the Georgia Formation. Its
age analogue is the lower subformation of the Abalak
Formation. It is composed mostly of dark argillite-like
clays with pyrite concretions. The deposits of the Aba-
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lak Formation are spread within the territory of the
Kazym-Kondinsk and Frolovsk-Tambei facies, while
the Vasyugan and Georgia formations occur within
the Purpeia-Vasyugan area (Reshenie..., 2004).

Eleven MC and 18 SC samples of the Abalak and
Georgia formations were collected from cores of the
wells drilled mainly in the central part of Western
Siberia. The core material revealing sedimentary cover
deposits was collected from the following structural
uplifts: (/) Em-Egovskaya; (2) Yuzhno-Yagunskaya;
(3) Druzhnaya; (4) Lontyn-Yakhskaya; (5) Talinskaya;
(6) Malobalykskaya (Fig. 4).
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Fig. 4. A fragment of the actual map of the WSOGB (fig-
ures and symbols stand for the wells); black contour,
boundaries of the West Siberian oil and gas province, red
contour, boundaries of the Bazhenov complex; yellow
zones mark the main hydrocarbon reserves.

The analysis of major oxides and trace elements in
samples from the two types of carbonates was per-
formed by X-ray fluorescence spectrometry (XRF)
according to the analytical procedure certified by the
Scientific Council on Analytical Methods of the All-
Russian Research Institute of Mineral Raw Materials
(NSAM VIMS), (analyst A. Yakushev) (Metodika...,
2000). Analysis, (excitation and registration of the
characteristic radiation intensity of the elements to be
determined) was performed with sequential Axios
mAX Advanced X-ray fluorescence spectrometer with
wavelength dispersion, manufactured by PANalytical.
Samples were ground on a jaw crusher and vibration
mill to a size of <0.074 mm without preliminary drying
and prepared for spectrometer measurements. Glassy
disks were made for rock-forming element analysis by
melting baked sample with lithium borate at 1200°C in
gold-platinum crucibles in a MiniFuse induction
melting furnace (manufactured by Philips). Mounts
for the trace element and sulfur analyses were made by
cold pressing of dry sample powder with the addition
of plastic filler (polystyrene).
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The carbon and oxygen isotope compositions were
measured using DeltaVAdvantage isotope mass spec-
trometer (Germany) in order to determine the genetic
type of carbonate rocks and find traces of secondary
high-temperature processes. Samples of the two car-
bonate types were treated with polyphosphoric acid on
a GasBenchll sample preparation line connected
directly to the mass spectrometer. The composition of
stable isotopes of carbon (83C) and oxygen (8'%0) of
carbon dioxide released from the reaction of carbon-
ates with acid was analyzed. The accuracy of the mea-
surements was controlled with the NBS-18 and
NBS-19 international standards. Isotope values are
given in %o relative to VPDB.

The lithologic composition of both rocks types was
determined from 0.02 mm-thick rock sections
mounted on epoxy resin. Description and photo-
graphing of the thin sections was performed using an
Olympus microscope purchased under the MSU
development program.

A more detailed study of mineral composition was
carried out under the scanning electron microscope
(SEM) JSM-6480LV (Jeol, Japan) at the Institute of
Geography of the Russian Academy of Sciences. SEM
images were taken from the chips of microbial carbon-
ate samples with high Mn content. The sample pre-
pared for the SEM imaging had a 1-2 um-thick gold
layer sputtered on the surface with HeliosNanolab 600
unit. SEM images were processed using DigitalMicro-
graph and TIA software (United States).

RESULTS AND DISCUSSION

The lithologic composition of the thin sections. Lith-
ologic description of the thin carbonate rock sections
revealed that the sediments from the roof of the Aba-
lakand Georgia formations, described as MCs, are
represented by dolomitic limestones with microbial
algal and secondary spherulitic structures (Fig. 5).
These rocks are composed of a clotted and lumpy
microbial mass with stromatolitic and disordered tex-
tures. This mass is probably the result of algal and bac-
terial activity.

There was, as a rule, no free pore space in the MC
samples we studied; however, roughly unidirectional
(along the layers of bacterial—algal structure) up to
1 mm-wide cracks filled with calcite and dolomite
spheroid aggregates were quite common (Figs. 5a, 5b,
5d—5e). There were also areas filled with micro- to
coarse-crystalline dolomite. Clay-phosphate material
(15%) is concentrated in the form of layers and lenses
with indistinct boundaries, which envelope form tex-
tural stromatolite elements. Numerous secondary,
probably diagenetic and catagenetic alterations such as
intense secondary dolomitization, sectional silicifica-
tion (<3%) and pyriteization (about 10%) are also
noteworthy. Pyrite forms irregularly scattered aggre-
gates of irregular and spherical shapes, up to 0.9 mm in
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Fig. 5. Images of thin sections of microbial dolomitic carbonates; (a, c, e) parallel nicols; (b, d, f) crossed nicols.

size. The crystalloclasts include glauconite fragments
(up to 10—15%) with signs of redeposition and sub-
rounded silty quartz grains (up to 5%) (Figs. 5¢c—5d).

SCs observed in the thin rock sections are repre-
sented by massive limestones with crystalline and
spheroid aggregates. Stylolite seams, formed as a result
of dissolution of carbonate matter (Figs. 6a—6d), are
also frequently traced in the thin sections. Angular
clasts of quartz and feldspar up to 0.05—0.06 mm in
diameter, as well as mica (muscovite) fragments up to
0.05 mm in size are often traced in the main mass of
micrite, partially recrystallized during secondary
alteration. Authigenic albite, glauconite, dolomite,
crystalline and spheroaggregate calcite, micrograined
siderite, as well as pyrite and chlorite, are also distin-
guished in the thin sections. Organic matter is distrib-
uted irregularly and often found in the form of thin
films and concretions and sometimes fills small stylo-
lithic seams. In general, no relic primary structures are
observed in the secondary carbonates, which makes it
impossible to determine their primary genesis.

MOSCOW UNIVERSITY GEOLOGY BULLETIN  Vol. 78

The contents of major oxides obtained by the XRF
method. The percentages of petrogenic oxides in SCs
and MCs were obtained from trace element composi-
tions obtained by the X-ray fluorescence method.

MC:s differ from SCs, as a rule, by a large amount
of MnO (Fig. 7a). The content of this oxide in bacte-
rial—algal structures varies from 3 to 19%, while in
SCs it ranges from 0 to 1%. This difference can prob-
ably be explained by the fact that Mn?" is adsorbed on
the surface of bacterial cells, which are actively
involved in the formation of bacterial—algal lime-
stones. Bacteria often act as an inhibitor of divalent
Mn oxidation, as there are species that derive energy
from its oxidation (Emerson et al., 1979, Yakushev
et al., 2009). At the same time, manganese oxides, as
a rule, actively participate in humus formation and
firmly retain such heavy metals as Co, Ni, Zn, etc. in
their lattice (Manceau et al., 2000).

Secondary diagenetic manganese mineralization
was also explained by the concept of cyclic bacterial
activity, comprising two cycles, namely, bottom aero-
bic chemo- lithoautotrophic cycle and anaerobic dia-
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Fig. 6. Images of thin sections of secondary carbonates (a, ¢) parallel nicols; (b, d) crossed nicols.

genetic bacterial cycle, with the anaerobic system
overlapping the aerobic one (Polgari et al., 2012). The
oxidation of Mn(II) to Mn(III, IV) due to bacterial
activity, as well as the release and sorption of metal
ions on the MnO surface during the decomposition of
organic molecules occur within the benthic aerobic
oxidative cycle. Later, the bottom oxygen environment
is overlapped by a series of sediments, which leads to a
change to an oxygen-free reducing (anaerobic-sub-
oxic) environment. Microbiologically mediated
reduction of Mn(I1l, IV), occurring in such an envi-
ronment, leads to Mn-carbonate mineralization.

The behavior of Mn in these carbonates is still
poorly studied; however, there were observations of
the increased content of this element in diagenetic car-
bonate nodules of the Bazhenov and Tutleimskaya J;
formations (Ushatinsky et al., 1970, Yudovich and
Ketris, 1988). The even higher concentration of Mn in
bacterial—algal structures of the underlying Abalak
and Georgia formations can be explained by the high
oxygen content in bottom waters due to shallowing of
the basin. It is known that periodic aeration of deep-
water depressions in the Baltic Sea during strong
storms leads to the transfer of Mn into sediments
(Zelenin and Ozerov, 1983). It is also likely that Mn
may be more actively accumulated in MCs due to their
growth in shallow well-aerated waters. In addition,
stagnant conditions could also enhance Mn precipita-
tion into the sediment, because under distinctly stag-
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nant conditions of the water column, the concentra-
tions of components are equalized, the diffusion of
manganese from sediment to water slows, and Mn
remains in the upper ooze film and precipitates as
MnCO; (Blazhchishin and Emelyanov, 1977). This
scenario, however, is possible only in the presence of a
large amount of carbonate material in the ooze
(Berger and Soutar, 1970).

The contents of other major oxides vary insignifi-
cantly within the margin of error and depend on the
area. Thus, the content of MgO in MCs from the ter-
ritory of Em-Yegovsky, Lontyn-Yakhsky, Talinsky and
Malobalyksky uplifts (3—8%) is often higher than that
in SCs (1—-4%). The opposite pattern was traced for
samples from the area of Druzhnaya summit. 3-MC
samples generally contain less MgO (1-5%) than
3-SC ones (8—9%). Similarly, the SiO, content in
bacterial—algal structures of the Yuzhno-Yakunskoe,
Druzhnoe, and Talinskoe uplifts is, on average, higher
(8—18%) than that in SCs (1—13%). There is also a
slight difference in the contents of all other oxides
between the two types of carbonate rocks depending
on the confinement to the deposit.

The trace element composition according to XRF
data. The two types of carbonate rocks differ more sig-
nificantly in terms of elemental impurities (Fig. 7b).
As arule, bacterial—algal carbonates contain more Ni,
Cu, Zn, V, and less Sr. The Ni content in MC is sig-
nificantly higher (220—2067 ppm) than in SCs (up to
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118 ppm) (Figs. 8a, 8b). The copper content in MCs is
also significantly higher (37—338 ppm) compared to
SCs (0—29 ppm) (Figs. 8a, 8c, 8d). The Zn content
varies from 89 to 422 ppm, and from 25 to 215 ppm in
bacterial—algal structures and SCs, respectively
(Figs. 8b, 8d). In addition, there are insignificant dif-
ferences in the V content for the two types of carbon-
ates: 76—224 ppm (MCs) and 0—169 ppm (SCs)
(Fig. 8e). The two types of carbonate rocks also show
significant differences in Sr content: 344—833 ppm
(MCGs) versus 317—4833 ppm (SCs) (Fig. 8f). The con-
tents of other trace elements in the two types of car-
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bonates vary insignificantly and, similarly to most
petrogenic oxides, depend rather on the territory.

The main forms of Zn transport, in our case, are
probably colloids and organometallic compounds that
formed under the influence of humus organic matter
(Monin and Lisitsin, 1983). As mentioned above,
traces of intensive karstification and a carbonate hori-
zon of paleo-soils were previously found in the studied
sediments in the territory of the Em-Egov summit
(Potapova et al., 2018), which confirms this assump-
tion. Zinc is also a biophilic element, which probably
explains its higher content in bacterial—algal struc-
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tures compared to SCs. Considering the rhizoids
(traces of roots) previously found in MCs (Potapova
et al., 2019), the more intensive accumulation of bio-
philic elements in the surface of humus horizons of the
soil layer seems logical (Mikhalchuk, 2017). Another
element that gravitates to humic compounds is Ni.
Some heavy metals bind with humic substances into
poorly soluble colloidal film phases (Eisma, 1988;
Sholkovitz, 1990). Thus, Ruban (2017), found the
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maximum Ni content (410.0 ppm) in pelitic sediments
of the coastal area of Buor-Khoya Bay in the eastern
part of the Laptev Sea. This author associated the
increased Ni content with the input of marsh humic
compounds, which were activated during storms. The
increased V content in bacterial—algal structures can
probably also be explained by the participation of this
element in the humus formation process. According to
Rachold, Brumsack (2001) the concentration of V in
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Fig. 9. SEM images and trace element composition of the MC samples.

sediments may increase under reducing conditions, as
this element binds to organic matter.

The trace element composition acquired from SEM.
The SEM study of MCs showed that Mn in the studied
samples was concentrated mainly in carbonate miner-
als, namely in kutnohorite, Ca(Mn,Mg,Fe)(CO5),,
which composed both the main mass and separate
crystals (Fig. 9¢). A small amount of Mn was also
observed as an admixture in calcite (Figs. 9a, 9d). All
manganese carbonate minerals displaed high Ca con-
tent of 18—32 wt %, which does not allow us to draw a
conclusion about the presence of pure rhodochrosite
in the studied rocks. The rare single crystals of pla-
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gioclase NaAlSi;O4-CaAl,giOg (Fig. 9a) as well as sili-
ceous matter with various impurities, e.g., Al, whose
content does not reach 3 wt % (Fig. 9b) were found in
the samples taken from bacterial—algal structures.

Various manifestations of pyrite (FeS2), namely,
isometric crystals (Figs. 10a—10c) and globules
(Fig. 10d) were frequently observed in the samples.
Rarely, pyrite crystals on the SEM images are covered
with light precipitate with the spectra of sulfate miner-
als, which probably could have formed as a result of
secondary sulfatization. The Ca content in these sul-
fates is, however, very low, up to 5 wt %, which
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Fig. 10. SEM images and trace elemental composition of the pyrite in MCs.

excludes the presence of gypsum or anhydrite in the
sediments studied (Fig. 10b).

As well, SEM images of the main carbonate mass
of isolated bacterial—algal structures showed cracks
filled with organic matter (Fig. 11a) or calcite with Fe,
Mg, Mn impurities (Fig. 11b). Such manifestations
can be attributed to traces of secondary diagenetic and
catagenetic processes.

Anothertrace of secondary alterations in the rocks is the
presence of hydrous clay minerals, in particular, glauconite
((K,H,0)(Fe**,Al,Fe?",Mg),[Si;AlO,](OH),,nH,0). In
Fig 11c and minerals with high (up to 34 wt %) Ba con-
tent (Fig. 11d) in the basic kutnohorite matrix are
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shown. Authigenic glauconite in the studied samples
often composes grains (Fig. 11¢) and spherical clusters
(Fig. 11d).

As for barium carbonates, according to Karpova
et al. (2021), elevated barium contents in individual
samples as well as crystallization of barium-bearing
minerals are one of the markers of hydrothermal flow.
In fact, experiments on barite crystallization have
shown that crystallization of this mineral from the
mixture of Na,SO, and BaCl, solutions in carbonate
rocks is possible at 150—300°C (Kunz, 2002). Accord-
ing to Gurvich et al. (1978), the total Ba content in
carbonate and siliceous sediments is about 0.096%.
This means that the barium stored during sedimenta-
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. Elemental compo- . Elemental compo-
Point Rock sition, wt % Point Rock sition, wt %
Point | Organic C (o) Point | | Caleite with Mg, | € O Mg Ca Mn Fe

matter Mn, Fe admixture 1350 5 20 3 9

. Elemental compo- . Elemental compo-
Point Rock sition, wt % Point Rock sition, wt %
. , O Mg AlSi K Fe : Kutnohorite C O Ca Mn

Point 1 Point 1

Hydromica 52 3 6255 9 Ca(Mn, Mg, Fe)(COs), 17 54 10 19
Point 2 Hydromica O Mg Al Si K Fr
553 8245 5

Point 3 High-Ba C O Al Si S Ca MnBa

mineral 1136 1 3 8 4 3 34

Fig. 11. SEM images and trace element composition (a) of the fracture filled with organic matter; (b) of calcite vein, (c, d) of

hydrous and Ba-bearing minerals in MCs.

tion is not sufficient for the formation of Ba minerals;
there should be an additional Ba source. We should
not, however, attribute barium mineralization exclu-
sively to the effect of hydrothermal fluid. The source
of mobile Ba for barium-bearing fluids entering the
upper horizons of sedimentary strata may be bio-bar-
ites of siliceous plankton (Von Breymann et al., 1992;
Fu et al., 1994). Another mechanism that might pro-
duce barium fluids or mobilize dissolved Ba and trans-
fere it to the upper sedimentary strata along faults, is
post-sedimentary catagenetic changes of clay minerals
(smectite-illite transformations) in submerging basins
(Dahlmann and Lange, 2003). The mixing of cold
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barium-bearing fluid flows, the sources of which are
not only near-surface but also deeper reservoirs, also
cannot be excluded (Derkachev et al., 2015). Since no
barite (BaSO,) was detected in the samples, there is, in
the authors’ opinion, no space for assumptions about
the influence of SO,-containing acidic chloride high-
temperature solutions on secondary alteration of the
sediments.

Oxygen and carbon isotope composition. [sotope
data obtained for the samples of two types of carbonate
rocks show a significant difference in the ratios of 6'*0O
and 8"3C (Table 1). The 80 in SCs varies in a narrow
range from —11 to —12.7%o0. Meanwhile, MCs are less
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Table 1. Oxygen and carbon stable isotopes in the samples

of microbial and altered secondary carbonates

Sample* | § BC/12C (%0 PDB)| & '30/'°0 (%0 PDB)
VC —14.83 —11.01
vC —16.80 —12.75
vC —17.51 —12.60
vC —16.06 —12.69
MC —3.00 —8.74
MC —6.22 —7.37
MC —2.38 —7.48
MC -3.12 —7.37
MC —4.60 —8.31

* MCs, microbial carbonates; SCs, secondary carbonates.

enriched in light oxygen isotopes, with 880 values
ranging from —7 to —8.7%o. The difference between
the two rock types are even more pronounced in the
ratio of stable carbon isotopes. 63C in SCs varied from
—14.8 to —17.5%0. At the same time, MCs have a

et o — f— — — —] i — S— o— —— {o— S— {p— o—

LATYPOVA et al.

heavier isotope composition, with the value of the §'*C
varying from —2 to —6%o. Such a distribution of 6"*C
could only be caused by the degree of participation of
carbon dioxide of microbial origin formed inside the
sediment during oxidation of organic matter under
diagenesis conditions in the process of MC formation
(Kuleshov, 2013).

Thus, it can be concluded that the isotope data we
obtained, namely, the relatively heavier isotope com-
position 8'%0 in MCs, do not indicate high tempera-
tures of transformation of bacterial—algal assemblages
characteristic of hydrothermally transformed sedi-
ments. According to (Yurchenko et al., 2015), carbon-
ates of the Abalak Formation of the WSOGRB that were
formed at elevated temperatures, in particular the
group of hydrothermal carbonates, are enriched in
light oxygen isotopes (8'30 varies from —24 to —15%
VPDB) (Fig. 12). The second group of carbonate
rocks (limestones of the seep carbonate matrix), also
described in (Yurchenko et al., 2015) is more enriched
in light carbon isotope (8"*C varies from —13.8 to
—27.4% VPDB), indicating a biogenic source of car-

Organogenic carbonates
(belemnites + bivalves)
5.

[ §180. %o VPbJS Secondary carbonates i _]l
1a- and catagenetic 0
| | (dia- and ic) | 1, & .
l T T T | 1
0 s 10 e IR 0 @
[ | | eo_© | <
l ® || ® T o T T
I | | o ‘ o | %
o O “10d &
[ o I | [ ] | -
(J R
[ Secondary ® 0 | 8
[ hydrothermal ’ @ o) | —15+ %
| carbonatess "~ = @¢ G___(?—Cr ———%—ﬂ
—20 I
A Belemnites | © |
O
O Matrix limestones P CS)O S A |
°© B 7"
@ Calcite from fractures | O |
—304 I
O Modern methane-derived carbonates, Black sea | 30 |
|
@ SAC (secondary altered carbonates) | —35- Jl

@ Microbial Mn-carbonates

77» Modern Mn-carbonates from Guatemala Trough. (Pacific Ocean)

Bacterial “methane-derived”
carbonates

Z7/7» Modern Mn-carbonates from the Gotland Basin (Baltic Sea)

Fig. 12. The oxygen and carbon stable isotope compositions for belemnites, matrix limestones, and calcite from fractures of the
Abalak Formation (Yurchenko et al., 2015), modern methane-derived Black Sea carbonates (Reitner et al., 2005), modern man-
ganese carbonates from the Guatemalan Basin, Pacific Ocean (Coleman et al., 1982), modern manganese carbonates from the
Gotland Basin, Baltic Sea (Leina et al., 1986); zones of carbonate rocks were distinguished according to (Faure, 1989; Lein et al.,
2001; Campbell et al., 2002; Hinrichus and Boetius, 2002; Zakharov et al., 2006).
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bon dioxide involved in their formation. Seep carbon-
ate rocks also have a microbial genesis, but their for-
mation took place in significantly deeper water in
areas of bottom-depositing seep. The MCs studied
contain heavier oxygen isotope composition than sec-
ondary hydrothermal carbonates and heavier carbon
than bacterial methane-derived seep carbonates (Fig.
12). It can be inferred therefore that the studied MCs
were formed at lower temperatures and under greater
exposure to organic carbon dioxide.

Comparison of the isotope data for MCs of the
Abalak and Georgia formations with those available
for Mn carbonates from modern marine and oceanic
sediments of the Pacific Ocean and the Baltic Sea
shows that they are very similar in 8"*C, indicating
approximately the same contribution of organic car-
bon dioxide during rock formation. However, there is
a significant difference in 8'®0: Mn carbonates of
modern sediments are more enriched in heavy oxygen
isotope (6'30 ranges from —3 to —6% VPDB). The dif-
ference in 8'®0 can be explained by intensive second-
ary catagenetic transformations of the Abalak and
Georgia MCs compared to the modern unaltered sed-
iments, which is also confirmed by the SEM studies of
the rocks.

CONCLUSIONS

The study revealed some peculiarities of MC gene-
sis in the upper subformations of the Abalak Forma-
tion and in the Georgievskaya Formation of the
WSOGB. The MC formation involved bacteria that
probably adsorbed Mn on the surface of their cells and
the subsequent manganese mineralization occurred as
a result of alternation of bottom aerobic and diagenetic
anaerobic cycles. Such a cyclic system required an
oxygen environment in which bacteria could repro-
duce and cover the sediment layer by layer, creating an
anaerobic diagenetic environment in which, in fact,
the process of manganese mineralization took place.
Thus, the presence of bacterial—algal structures in the
studied section can be considered as an important
indicator of good aeration of the aquatic environment
in the sedimentation basin.

The high content of a whole group of biophilic ele-
ments (Zn, Ni, Cu, and V) in bacterial—algal struc-
tures compared to secondary carbonates indicates the
presence of humus material in the sediment. These
trace elements were probably actively involved in bio-
geochemical processes; the previously discovered
traces of karstification and rhizoids in the MCs of the
Em-Egovskaya area also support the assumption of
the existence of a carbonate horizon of paleo-soils.

Comparison of the carbon isotope composition of
the two carbonate types shows a large difference in
6C. The heavier isotope composition of carbon in
bacterial—algal structures indicates a biogenic source
of carbon dioxide involved in their formation. The
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similarity of the carbon isotope composition of mod-
ern microbial manganese carbonates with the studied
Late Jurassic bacterial—algal structures of the
WSOGB also suggests the primary biogenic nature of
the latter.

SEM study of the MCs revealed that Mn is con-
tained mainly in the kutnohorite mineral. In addition,
Ba-rich minerals found in some bacterial—algal struc-
tures suggest the introduction of barium-bearing flu-
ids. The question of the temperature and depth of
these fluids, however, remains controversial because
of the relatively heavy oxygen isotope composition in
carbonates and the absence of the high-temperature
barite mineral.
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