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A B S T R A C T   

This study presents results of the petrographic, mineralogical, stable isotopes of oxygen and carbon, and trace 
element investigation of authigenic carbonates collected at newly discovered active cold seeps on the Laptev Sea 
continental slope at ~300 m water depth. These carbonates are mainly represented by Mg-calcite with MgCO3 
content from 9.1 mol% to 14.0 mol%. The low δ13C values of carbonates ranging from − 50.6 ‰ to − 32.4 ‰ (V- 
PDB) indicate that they were formed from anaerobic oxidation of biogenic methane and minor participation of 
other carbon sources. The difference between measured (from 4.7 ‰ to 5.5 ‰) and calculated (4.0 ‰) δ18Ocarb 
values might be inherited from fluids enriched in 18O due to dissociation of gas hydrates, which could be the 
source of methane. The carbonates exhibit weak enrichment in Co, moderate and strong enrichments in As, Mo, 
and Sb, and strong enrichment in U. Interestingly, As, Sb, and Co correlate with the pyrite content. This indicates 
that authigenic iron sulfides promote the immobilization of these redox-sensitive elements in seep sediments. The 
(Mo/U)EF values and anomalies of concentration of Mo and U probably indicate variations in the redox condi-
tions during carbonate formation due to episodically seepage activity changes. Ascending methane-bearing fluids 
were the main contributor to the enrichment of cold-seep carbonates in As, Mo, Sb, and U at the Laptev Sea 
continental slope. However additional input from the particulate shuttle process can not be ruled out.   

1. Introduction 

Authigenic carbonates occur in the seas of the Arctic Ocean much 
less frequently than in the seas of humid and arid zones, which is 
explained by the increased solubility of carbon dioxide due to low water 
column temperatures (Bates et al., 2009; Guinotte and Fabry, 2008). 
However, authigenic carbonates found in various parts of the Arctic seas 
(inner shelf, outer shelf, continental slope) have been documented by 
many authors (Himmler et al., 2019; Kravchishina et al., 2017; Mazzini 
et al., 2016; Schier et al., 2021; Schubert et al., 1997; Thiagarajan et al., 
2020). 

Microbial carbonates are a unique geological archive of biogeo-
chemical processes and environmental conditions since, during their 
formation, the isotopic composition of the “parent” carbon is inherited 
to varying degrees, and various redox-sensitive trace elements are also 
captured (Hood and Wallace, 2018; Smrzka et al., 2021; Zhou et al., 
2016). Depending on the carbon source, different types of carbonates are 

distinguished, for example, (i) diagenetic carbonates formed during the 
microbial decomposition of sedimentary organic matter (Allouc, 1990; 
Kelts and McKenzie, 1982; Lein, 2004); (ii) carbonates formed during 
the anaerobic oxidation of methane of various type: abiogenic, biogenic 
(including methane from gas hydrates), thermogenic, and their mixing 
(Botz et al., 2002; Peckmann et al., 2001; Ruban et al., 2020); (iii) 
carbonates formed due to oil biodegradation (Feng et al., 2009; Mansour 
and Sassen, 2011; Naehr et al., 2009; Roberts et al., 2010). Cold-seep 
carbonates are formed under sulfate-driven anaerobic oxidation of 
methane (SD-AOM), controlled by a consortium of sulfate-reducing 
bacteria and methane-oxidizing archaea. Such conditions are typical 
for cold seep sites, where methane-rich (or other hydrocarbons) fluids in 
chemical non-equilibrium with seawater are transported through the 
sub-seafloor environment either along faults and fractures or through 
the porosity of sediments and are released at the sediment–seawater 
interface (Naehr et al., 2007). The sulfate-methane transition zone 
(SMTZ) can be situated close to the sediment-water interface when there 
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is a high flow of upward migrating methane-bearing fluid (Regnier et al., 
2011; Teichert et al., 2005). The Arctic is characterized by elevated 
concentrations of methane in the atmosphere (approximately 1.85 ppm; 
Shakhova et al., 2010). Methane is a strong greenhouse gas, therefore its 
emission to the atmosphere can lead to positive feedback on climate 
warming. SD-AOM, which contributes to the precipitation of carbonates, 
is the main mode of oxidation of methane in the marine sedimentary 
environment which limits methane release into the atmosphere (Boetius 
et al., 2000). 

Due to the anaerobic oxidation of hydrocarbon gases (including 
methane), the produced dissolved inorganic carbon leads to the increase 
of the alkalinity of pore water (Baker and Burns, 1985; Kulm et al., 
1986). In the presence of calcium and magnesium cations from 
seawater, elevated carbonate alkalinity promotes the precipitation of 
carbonates, which are characterized by the low isotopic composition of 
carbon because they are issued from methane and other hydrocarbons 
(Berner, 1980; Luff et al., 2004; Peckmann et al., 2001). Cold-seep 
carbonates show a wide range of mineralogical compositions that 
include high-Mg calcite (HMC) and low-Mg calcite (LMC), dolomite, 
aragonite, siderite (Matsumoto, 1990; Aloisi et al., 2000; Feng et al., 
2009; Tong et al., 2013; Guan et al., 2019; Naehr et al., 2000; Lu et al., 
2018). The mineralogy of carbonates indicates whether they were 
formed close to the seafloor (aragonite) or rather in deeper sediments 
(calcite, Mg-calcite, dolomite; Aloisi et al., 2000; Bohrmann et al., 1998; 
Haas et al., 2010; Yao et al., 2021). In addition, HMC and dolomite can 
point at high contents of dissolved sulfide in pore water during car-
bonate formation (Lu et al., 2018, 2021). Authigenic carbonates can 
have various shapes, for example, crusts, slabs, nodules, chimneys, and 
sometimes massive pavements (e.g., Aloisi et al., 2000; Bayon et al., 
2009; Feng and Chen, 2015; Mansour and Sassen, 2011; Sun et al., 
2020). Previous studies of the Laptev Sea authigenic carbonates have 
shown that carbon from various sources participates to their formation: 
biogenic methane, thermogenic methane, and organic matter of bottom 
sediments (Kravchishina et al., 2017; Krylov et al., 2015; Logvina et al., 
2018; Ruban et al., 2020). 

Carbonate minerals, including calcite, aragonite, and dolomite, are 
highly prone to incorporate significant amounts of trace elements 
(Veizer, 1983). Systematic analysis of trace element contents and ratios 
can provide a reliable reconstruction of the environment shaped by 
biogeochemical processes, temporal changes in fluid composition, fluid 
flow, and redox conditions (Smrzka et al., 2020). Early studies focused 
mainly on the content of magnesium, strontium, iron, and manganese, 
however more unconventional trace elements such as molybdenum, 
uranium, arsenic, and antimony can yield more valuable information on 
the carbonate formation at seeps. Additionally, SD-AOM also causes an 
increase in the concentration of hydrogen sulfide in pore waters (e.g., Li 
et al., 2019). It commonly results in the precipitation of iron mono-
sulfide or polysulfide minerals (e.g., mackinawite and greigite respec-
tively), which eventually convert into pyrite (e.g., Wilkin and Barnes, 
1996). 

This paper presents the results of petrographic, mineralogical, and 
geochemical studies of authigenic carbonates sampled from a little- 
known cold seep site on the continental slope of the Laptev Sea. We 
analyzed the oxygen and carbon isotopic compositions and the trace 
elements content to assess the formation conditions of these cold-seep 
carbonates. 

2. Site location and geological setting 

The Laptev Sea is an epicontinental sea bounded by the Taimyr 
Peninsula from the west and the New Siberian Islands from the east. The 
sea area is estimated at 673000 km2, and the maximum depth reaches 
3385 m in the Nansen Basin. 70% of the sea area is represented by a shelf 
with a depth of fewer than 100 m (Bogoyavlensky et al., 2018a). The 
shelf break runs along the 100 m isobath, below which is the continental 
slope. 

The Laptev Sea basin is located at the junction of three large tectonic 
structures of different ages: the ancient Siberian platform, the Mesozoic 
Verkhoyansk–Kolyma fold system, and the young Eurasian oceanic 
basin with the Gakkel Ridge (Daragan-Sushchova et al., 2021). Ac-
cording to some estimates (Bogoyavlensky et al., 2022; Daragan-Sus-
hchova et al., 2021), the thickness of the Upper Cretaceous-Cenozoic 
sedimentary cover reaches 13–16 km, which has the potential to 
generate hydrocarbons (Polyakova and Borukaev, 2017). The sedi-
mentary cover is disrupted by numerous faults with a displacement 
amplitude of up to 2 km that form the Laptev Sea Rift System (LSRS; 
Drachev, 2002; Sekretov, 2002). On the shelf break, LSRS intersects with 
the Khatanga-Lomonosov Fracture Zone (KLFZ) extending in the SW–NE 
direction. KLFZ was considered by new multichannel seismic data as a 
transform fault formed during the Paleocene (Shipilov et al., 2019). The 
LSRZ and KLFZ faults can play a major role in methane migration at 
previously discovered seeps (Sergienko et al., 2012; Shakhova et al., 
2019; Shakhova et al., 2015) on the outer shelf of the Laptev Sea 
(Bogoyavlensky et al., 2022). 

The study area, where the carbonate crusts were obtained, is located 
within the upper continental slope of the western Laptev Sea. Four 
seismic sections (LS0914, LS0923, LS0924, LS0927) were acquired in 
this part of the continental slope by CJSC MAGE from the R/V “Geolog 
Dmitry Nalivkin” in 2009 (Bogoyavlensky et al., 2018a). Results of 
seismic section analysis demonstrate the presence of numerous acoustic 
anomalies with gas saturation signs in Middle Miocene–Quaternary 
sediments of the sedimentary cover. Tops of these anomalous objects lie 
at a depth of about 100–200 m below the seabed. Besides, a few bottom 
simulating reflectors (BSR) serve as indirect evidence of gas hydrate are 
recognized in the Laptev Sea section. It probably corresponds to the 
bottom of the gas hydrate stability zone overlying free gas deposits 
(Bogoyavlensky et al., 2018a, 2018b). Widespread faults can serve as 
pathways for gas migration from the lower gas-saturated sediment strata 
to the upper sediment strata, as was stated for the Laptev Sea outer shelf. 

3. Sampling and methods 

3.1. Study area and sampling 

Authigenic carbonates from seep sites in the western part of the 
Laptev Sea continental slope were obtained during the 82nd research 
cruise of the RV «Akademik Mstislav Keldysh» in 2020. Sediment sam-
ples containing authigenic carbonate were collected at station AMK- 
6939 (station coordinates are 77◦17′4“N and 122◦5’45” E, water 
depth is 294 m; Fig. 1A) using a grab sampler. The sampling depth of the 
grab used is approximately 40 cm below the seabed, and it indicates the 
presence of carbonates in the upper near-surface horizon of sediment. A 
lot of carbonate nodules with sizes up to ~7–9 cm were found during the 
washing of the grab corer sample. Carbonates were washed to remove 
attached uncemented sediments and dried at 60 ◦C before analysis. 
Carbonate samples for stable carbon and oxygen isotope measurements, 
inductively coupled plasma mass spectrometry (ICP-MS), X-ray fluo-
rescence (XRF), and X-ray diffraction (XRD) were carefully ground to a 
fine powder using an agate mortar. 

Hydroacoustic investigations were performed using a Kongsberg 
EA600 ship-mounted single-beam echosounder operating at a frequency 
of 12 kHz and emitting an acoustic signal with a period of 0.5 Hz, and a 
pulse width of 0.512 ms. The speed of the research vessel at the time of 
registration of the gas flare was 9.2 knots, the heading was 272◦. The gas 
flares were recorded <1 km from the sampling station (Fig. 1B). 

3.2. Petrography and mineralogy of carbonates 

Polished thin sections from studied carbonate samples were prepared 
to identify the main carbonate phases. Thin section petrography was 
conducted on a CARL ZEISS Axio Imager 2 polarization microscope 
coupled to AxioCam MRc5 camera, using the Axio Vision 4.8 for image 
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analysis and camera control. Some polished thin sections and carbonate 
fragments were examined with TESCAN VEGA 3 SBU (TESCAN, Brno, 
Czech Republic) scanning electron microscope (SEM) with an OXFORD 
X-Max 50 (OXFORD Instruments, High Wycombe, UK) energy- 
dispersive adapter (EDS) under following parameters: a 20 kV acceler-
ating voltage, specimen current of 4–12 nA and a spot diameter of 
approximately 0.1–2 μm. Thin sections and carbonate fragments were 
fixed to a double-sided carbon conductive tape placed on an aluminum 
stub before analysis. 

The bulk mineralogical composition of authigenic carbonates was 
determined using a Bruker D2 Phase X-ray diffractometer (Billerica, MA, 
USA) equipped with a Cu-Kα radiation source and operated at a current 
of 10 mA and a voltage of 30 kV. The finely powdered samples were 
scanned from 5◦ to 70◦ 2θ using a step of 0.02◦ at a scanning rate of 2 s 
per step. The diverging, scattering, and receiving slits were 1 mm, 3 mm, 
and 0.3 mm, respectively. BRUKER Diffrac EVA, PDF4 Mineral database 
of ICDD, and the Crystallographic Open Database (COD) were used for 
mineral identification by automatic and manual peak search. Mineral 
quantification was performed by Rietveld refinement using the TOPAS 5 
software. 

From the d104 values of Mg-calcite, content in mol % MgCO3 was 
calculated using a linear interpolation between interplanar spacings of 
stoichiometric dolomite (d104 = 2.886 Å) and stoichiometric calcite 
(d104 = 3.035 Å; Goldsmith et al., 1961; Pierre et al., 2012). MgCO3 
contents were calculated by a linear empirical equation (Zhang et al., 
2010), which yields d104 = − 0.003 * MgCO3 mol% + 3.035 (Goldsmith 
et al., 1961; Markgraf and Mineralogist, 1985; Smrzka et al., 2021). 

3.3. Stable carbon and oxygen isotopic analyses 

The stable carbon and oxygen isotope ratios of the bulk nine car-
bonate samples were performed at the Laboratory of isotope and 
elemental analysis in Kazan (Volga region) Federal University (Russia). 
For analysis, powdered carbonate samples (approximately 200 μg) were 
treated with 100% phosphoric acid at 70 ◦C to release CO2 for mea-
surements using a Delta V Plus mass spectrometer (Thermo Fisher Sci-
entific, Bremen, Germany). The δ13C and δ18O values obtained are 
reported in standard δ notation relative to the Vienna Peedee belemnite 
(V-PDB) standard. Reproducibility was checked by replicate analysis of 
laboratory standards and was ±0.07‰ for both carbon and oxygen 
isotope analyses. The equilibrium δ18O values of calcite precipitated 

under present-day seafloor conditions were calculated with the equation 
of Kim and O’Neil (1997): 

1000lnα(calcite− water) = 18.03*( 103 T− 1)–32.42,

where T is bottom water temperature in Kelvins. Calcite/water 
fractionation factor α was calculated using the formula (Deininger et al., 
2021): 

αcalcite/water =
(
1000+ δ18OcalciteV− SMOW

)/(
1000+ δ18OwaterV− SMOW

)
.

The conversion of δ18O values from V-PDB to V-SMOW scales was 
calculated according to the equation (Coplen et al., 1983): 

δ18OV− PDB = 0.97002δ18OV− SMOW–29.98.

3.4. Major and trace elements 

The major element concentrations of the nine carbonate samples 
were estimated using a HORIBA XGT 7200 X-ray fluorescence (XRF) 
microscope (Horiba, Kyoto, Japan) operated at a tube current of 1 mA, 
with a 1.2 mm X-ray beam diameter for 100 s and a voltage of 50 kV. For 
XRF analysis, bulk powdered carbonates were pressed in pellets at a 
pressure of 25 MPa and fused at a temperature of 900 ◦C. The average 
value was calculated from three measurement points evenly distributed 
on each pellet surface. The detection limit for major elements was better 
than 0.01 wt%. For XRF data, detrital contents in the carbonate crusts 
were estimated simply by summing the contents of Al2O3, SiO2, K2O, 
TiO2, and Fe2O3 (Bayon et al., 2009). The trace element concentrations 
were measured on nine carbonate samples using inductively coupled 
plasma-mass spectroscopy (ICP-MS), conducted on ELAN DRC-e (Per-
kinElmer Inc., Waltham, MA, United States) instrument. About 0.5 g of 
the bulk powdered carbonate was dissolved by a mixture of HNO3 and 
HF. Precision and accuracy were better than 5% for major elements and 
10% for trace elements. 

The enrichment factor (EF) was used to assess the authigenic 
enrichment in trace elements during carbonate formation. EF was 
calculated using the standard formula (Tribovillard et al., 2006): EFele-

mentX = [(X/ Al)sample/(X/Al)upper crust], where X and Al represent the 
weight concentrations of the considered element (X) and aluminum (Al) 
normalized using the Earth’s upper crust compositions (McLennan, 
2001). EFX > 1 indicates enrichment in element X relative to its average 
crustal abundance. In practical terms, EFs > 3 represents a detectable 

Fig. 1. (A) Location of sampling site and main faults in the basement and sediment cover according to Baranov et al., 2020; Drachev, 2000; Sekretov, 2002: 1 – the 
Gakkel Ridge valley; 2 – normal faults; 3 – transform and strike slip faults; 4 – seep site where authigenic carbonates were obtained. (B) Hydro-acoustical images of a 
detected gas flare. 
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enrichment in an element over average crustal concentrations, and EFs 
> 10 represent a moderate to a strong degree of enrichment (Algeo and 
Tribovillard, 2009). 

4. Results 

4.1. Mineralogy and thin section petrography 

Typical macroscopic features of authigenic carbonate samples are 
shown in Fig. 2. Studied carbonates are mainly represented by three 
following varieties: tubular concretions (Fig. 2A), isometric crusts 
(Fig. 2B), and spherical or elliptical nodules (Fig. 2C) with sizes up to 10 
cm. They have gray colour, dense and strongly cemented texture, and a 
low degree of porosity. The size of hollow channels and cavities does not 
exceed 0.5 mm in width. Carbonate crusts consist of the microcrystalline 
carbonate matrix that lithifies detrital minerals of host sediments and 
singular bivalve shell fragments. Dark bands reflect the uneven distri-
bution of clay minerals in the gray groundmass of carbonates (Fig. 2D; 
Fig. 3A and B). According to the XRD data (Table 1), carbonate minerals 
are represented by Mg-calcite, dolomite, and kutnohorite (CaMn 
(CO3)2). Total carbonate content varies from 32.8% to 52.1%. The 
detrital fraction consists of quartz (22.1–27.9%), feldspar (11.7–24.8%), 
and clay minerals (11.2–20.3%). Quartz and feldspars are represented 
by rounded silt-sized grains randomly scattered within the carbonate 
matrix (Fig. 3C and D). The microcrystalline carbonate matrix is mainly 
composed of an aggregate of Mg-calcite and clay minerals. The EDS 
analysis results show that the Mg content in Mg-calcite ranged mainly 
from 2 to 7 wt%. However, small areas (about ~15 × 15 μm) with Mg 
content up to 18% were found (Fig. 5C and D). d104 values of bulk 
carbonate sample are between 2.993 Å and 3.008 Å and calculated 
values of MgCO3 content ranged from 9.1 mol% to 14.0 mol%. 

Various authigenic pyrite aggregates are associated with Mg-calcite 
such as isolated framboids, framboids with radial overgrowths like 
sunflowers in shape (up to 70 μm in diameter; Fig. 4C), and euhedral 
pentagonal dodecahedron crystals (approximately 15 μm in width; 
Fig. 4D), which infill cavities or organisms (Fig. 4E). These aggregates 
are composed of numerous smaller particles approximately from 0.5 μm 
to 1 μm in diameter, and form bands have a length of up to 500 μm. 

4.2. Isotope geochemistry, major and trace elements 

Stable carbon and oxygen isotopic compositions of authigenic car-
bonates are listed in Table 1 and reported in Fig. 6. All carbonate sam-
ples studied have negative δ13C values and positive δ18O values. The 
δ13C values range from − 50.6 ‰ to − 32.4 ‰ V-PDB, whereas the δ18O 
values vary from 4.7 ‰ to 5.5 ‰. 

Contents of major and selected trace elements in studied bulk car-
bonate samples are listed in Table 2 and reported in Figs. 7, 8, 9, 10. 
Al2O3 contents range from 7.43% wt% to 9.75 wt% with an average of 
8.48 wt%. The predominance of SiO2 in samples is apparent with con-
tents from 23.6 wt% to 35.0 wt%. Contents of MgO, CaO and MnO range 
from 3.51 wt% to 4.34 wt% for MgO, 22.0 wt% to 30.6 wt% for CaO and 
0.06 wt% to 0.17 wt% for MnO. For both EDS and XRF data, Mg/Ca 
(MgO/CaO) ratio ranges from 0.06 to 0.80 and from 0.13 to 0.17, 
respectively. According to XRF data (Table 2), detrital contents in car-
bonate crusts vary from 34.8 to 50.1 wt%, indicating that terrigenous 
clay-rich material is incorporated within the carbonate matrix during 
the carbonate precipitation. 

The contents of Cr, Co, Cu, Ni, Zn, Ba, and Th range from 22.3 ppm to 
54.7 ppm for Cr, 21.0 ppm to 55.8 ppm for Ni, 180 ppm to 290 ppm for 
Ba, 3.45 ppm to 6.32 ppm for Th. Co, Cu, and Zn contents display narrow 
ranges from 21.1 ppm to 28.8 ppm, 13.7 ppm to 21.2 ppm, and 44.4 ppm 
to 59.1 ppm, respectively. The maximum Ni, Sr, and Mo contents are 
associated with sample 6939/2, which is characterized by the highest 
δ13C value (− 32.4 ‰). Moderate to strong enrichments in As (AsEF from 
2.2 to 42.3), Sb (SbEF from 2.8 to 15.3), Sr (SrEF from 3.21 to 5.62), and 
Mo (MoEF from 9.0 to 25.0) are observed in studied carbonates, and only 
U (UEF from 12.3 to 22.7) exhibit strong enrichments in all nine analyzed 
samples. Some others trace elements (Co, Cu, Zn) display enrichment 
factors between 1 and 3. 

5. Discussion 

5.1. Fluid source for carbonate precipitation 

The compositions of stable isotopes of carbon and oxygen, as well as 
the structure and mineralogy of cold-seep carbonates, are indicators of 
the fluid sources (e.g., Feng and Chen, 2015; Peckmann et al., 2001; 
Roberts et al., 2010; Smrzka et al., 2019b). Сarbonates formed during 
SD-AOM have extremely low δ13C values because δ13C values of 
biogenic and thermogenic methane range from − 110 ‰ to− 50 ‰ 
(Whiticar et al., 1986) and from − 50 ‰ to − 30 ‰ (Sackett, 1978), 
respectively. However, δ13C values of carbonates cannot be simply 
equated with methane because there is a mixing of carbon from different 
sources include dissolved inorganic carbon from seawater, decomposed 
organic matter, and carbon deriving from the oxidation of hydrocarbons 
(Peckmann and Thiel, 2004), which hampers the identification of the 
parent carbon composition. Despite this, the carbon isotope composition 
of cold-seep carbonates is a reliable indicator for estimating the main 
source of methane (e.g., Himmler et al., 2015; Peckmann and Thiel, 
2004; Roberts et al., 2010; Tong et al., 2013). 

The very low δ13C values of studied carbonates suggest that methane 
is the main source of carbon. The results (Table 1; Fig. 6) show a sig-
nificant range of carbon isotopic values, that probably reveal a mixing of 
biogenic methane with carbon from other sources, which can hypo-
thetically be decomposed organic matter, dissolved inorganic carbon 
from seawater, thermogenic methane and other heavier hydrocarbons. 
It is unlikely that the organic matter of sediments could significantly 
participate in the carbonate precipitation and influence its carbon 
isotope composition since the content of total organic carbon in sedi-
ments of this part of the Laptev Sea continental slope (δ13C ~ − 25 ‰ to 
− 22 ‰ V-PDB) is <1% (Logvina et al., 2018; Martens et al., 2020). Fig. 6 
demonstrates that authigenic carbonates from the continental slope of 
the Laptev Sea are characterized by lighter δ13C than previously studied 
carbonates from the Laptev Sea shelf. 

Fig. 2. Typical morphologies of authigenic carbonates from the Laptev Sea 
continental slope: tubular concretions (A), isometric crusts (B), spherical and 
elliptical nodules (C), cross-sections through carbonate crust (D). 
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The oxygen isotope composition of the authigenic carbonates pro-
vides additional information about temperature during precipitation 
and the δ18O values of the fluid source in which the carbonates 
precipitated (Greinert et al., 2001). The δ18O values of the studied car-
bonates vary in a narrow range from 4.7‰ to 5.5‰ (Table 1), indicating 
the absence of significant fluctuations in the bottom water temperature 
and of the δ18O value of the fluids during carbonate precipitation. The 
theoretical δ18O values of Mg-calcite were calculated using the equi-
librium equation of Kim and O’Neil (1997) and the following parame-
ters: for bottom water δ18O = 0.2 ‰ (Bauch et al., 2016; Dubinina et al., 
2019) and temperature is 0.1 ◦C (Chuvilin et al., 2022). The correction 
factor of +0.06 ‰ per mol % MgCO3 was applied according to Tarutani 
et al. (1969). The calculated value of δ18O for Mg-calcite with an average 
MgCO3 content of 10.7 mol% in equilibrium with the bottom water is 

4.0 ‰, thus lower by about 1% than those measured in the studied 
carbonates (Table 1, Fig. 6). Higher δ18O values point to the participa-
tion of 18O enriched fluid relative to pore water during carbonate pre-
cipitation. At cold seep sites, 18O enrichment in the fluid can be caused 
by processes such as dehydration of clay minerals in deeper sediments 
(e.g., smectite-illite transformation; Hensen et al., 2004; Hesse, 2003), 
destabilization of gas hydrates (Davidson et al., 1983; Hesse and Har-
rison, 1981), deep-sourced fluids coming from oil and/or gas fields 
(Sofer and Gat, 1975). It is known that gas hydrate water is enriched by 
18O about 3‰ relative to pore water non-affected dissociation of gas 
hydrate (Crémière et al., 2012; Hesse and Harrison, 1981; Ussler and 
Paull, 1995). Seismic data demonstrate the presence of numerous 
acoustic anomalies with gas saturation signs and BSR horizon in sedi-
ments of the Laptev Sea continental slope (Bogoyavlensky et al., 2022; 

Fig. 3. Thin-section photomicrographs in plane- (left) and cross- (right) polarized light of authigenic carbonates from continental slope of Laptev Sea. (A and B) 
Banded structure of the microcrystalline carbonate cement reflecting the uneven distribution of clay minerals. (C and D) Detrital mineral fragments (mainly quartz 
and feldspar) in the microcrystalline carbonate cement. 

Table 1 
Mineralogical compositions and carbon and oxygen stable isotope compositions of the studied authigenic carbonates from the continental slope of Laptev Sea.   

Q FSP Clay Pyr Carbonates MgCO3 δ13C δ18O 

MC Dol Kut  

% mol % ‰ 

6939/1 23.9 24.8 16.6 1.8 31.6 1.3 – 14.0 − 41.9 5.1 
6939/2 25.2 13.4 17.7 1.9 32.6 1.9 7.3 8.5 − 32.4 4.9 
6939/3 22.7 11.7 11.9 1.5 51.2 1.0 – 9.1 − 42.9 5.0 
6939/4 23.8 12.1 12.3 1.5 49.4 0.9 – 10.1 − 49.9 5.2 
6939/5 22.8 11.9 20.3 1.2 40.1 1.0 2.7 10.9 − 41.8 5.5 
6939/6 27.9 14.1 16.2 2.5 34.1 1.8 3.4 9.6 − 35.8 4.7 
6939/7 23.7 12.8 14.5 1.1 44.8 1.2 1.9 10.3 − 43.6 5.3 
6939/8 25.6 13.9 11.2 1.3 45.5 0.8 1.7 9.9 − 50.2 5.2 
6939/9 22.1 11.9 12.9 1.0 49.7 0.9 1.5 9.9 − 50.6 5.1 

Q –quartz, FSP – feldspar, Clay – clay minerals, Pyr – pyrite, MC – Mg-calcite, Dol – dolomite, Kut – kutnohorite. 
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Bogoyavlensky et al., 2018a, 2018b), which may indicate the presence 
of gas hydrate. Unfortunately, it is impossible to reliably estimate the 
individual contribution of these sources from the δ18O values of car-
bonates. However, their combination can affect the enrichment of the 
carbonate-precipitating pore fluid by the δ18O. 

5.2. Environmens of methane derived carbonate precipitation 

The mineralogical composition of precipitating carbonates is 
controlled by thermodynamic and kinetic factors, including the Ca2+/ 
Mg2+ ratios, temperature, alkalinity, sulfate concentration, carbonate 
saturation state, and the degree of microbial activity (Burton, 1993; Luff 
et al., 2004; Naehr et al., 2000). The mineralogy of cold-seep carbonates 

Fig. 4. Scanning electron microscope (SEM) images illustrating the internal structure of authigenic carbonates (A) Distribution of pyrite framboids in the micro-
crystalline carbonate cement: Pyr – pyrite, Crb – carbonate cement. (B) Finely crystalline high magnesian calcite: HMC – high magnesian calcite. (C) Concentration 
“sunflowers” aggregates of authigenic pyrite in carbonate cement: Pyr – pyrite, Crb – carbonate cement. (D) Euhedral pentagonal dodecahedron crystals of authigenic 
pyrite: Pyr – pyrite. (E) Massive pyrite framboids forming band aggregates Pyr – pyrite, Crb – carbonate cement. “ds”. 
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is often used to estimate the depth at which carbonate formation occurs 
(Himmler et al., 2015). The most common cold seeps carbonate minerals 
are high magnesium calcite (HMC), aragonite, and to lesser degree 
dolomite (Bayon et al., 2007; Crémière et al., 2012; Roberts et al., 2010). 
Aragonite formation occurs closer to the seafloor under high sulfate and 
oxygen and low sulfide concentrations, as sulfate concentration de-
creases in deeper sediments due to AOM (Aloisi et al., 2000; Bohrmann 
et al., 1998; Crémière et al., 2016). Conversely, HMC and dolomite 
preferably precipitate at depths several meters below the sediment- 
water interface (e.g., Tong et al., 2019). Furthermore, sulfate reduc-
tion in deeper sediments horizons promote the saturation of pore water 
with dissolved sulfide and intensify the HMC and dolomite mineraliza-
tion due to the incorporation of Mg2+ ions into the calcite lattice (Zhang 
et al., 2012; Lu et al., 2018). 

High magnesian calcite is the dominant carbonate mineral of studied 
carbonate samples collected from the Laptev Sea continental slope 
(Table 1). The carbonates were obtained using a grab sampler, which 

confirms their occurrence is shallowly below (<40 cm) the sediment- 
water interface. At high fluid flows SD-AOM often occurs in the upper 
horizon of sediments or even directly at the sediment-seawater interface 
and in this case, the pore waters are characterized by high concentra-
tions of sulfate ions, which would cause aragonite precipitation (Luff 
et al., 2004; Teichert et al., 2005). However, the low bottom seawater 
temperature, combined with high flows of methane-content fluid, is a 
favorable factor for HMC formation (Burton and Walter, 1987). The 
association of pyrite and authigenic carbonate is related to the high 
activity of microbial sulfate reduction process during anaerobic oxida-
tion of methane in a reducing environment during carbonate precipi-
tation. Moreover, pyrite aggregates in the form of sunflowers and 
euhedral crystals indicate its formation in the deeper zones (Lin et al., 
2016). In combination with the mineral composition and microcrystal-
line carbonate cement, this observation indicates that carbonate for-
mation occurred in deeper sedimentary horizons. The seismic sections 
demonstrate clear forms in relief of seafloor, whose origin can associate 

Fig. 5. (A and B) SEM-images of dolomite crystals incorporated in high magnesian calcite matrix: Dol – dolomite, HMC – high magnesian calcite. (C and D) Energy- 
dispersive X-ray spectroscopy maps of carbonate, revealing heterogeneous distribution of Mg. Green points show Mg content in %. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version of this article.) 
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with mass-wasting (Bogoyavlensky et al., 2022). Mass-wasting processes 
could have contributed to the downslope movement of surficial sedi-
ments overlying carbonates. Thus, we suppose that the original zone of 
carbonate formation was deeper in the sediment column than the zone 
of their present-day occurrence (relative to the seafloor). 

5.3. Trace elements 

Besides stable isotope and mineralogical specifics, the elemental 
compositions of authigenic carbonates provide information about the 
environment of precipitation and trace fluid compositions (e.g., Feng 
et al., 2014; Hu et al., 2017; Liang et al., 2017). Some trace elements (e. 
g., Mo, U, As, Sb, Cr, V, Ni, Co, Zn, Pb) are redox-sensitive in marine 
sediments and they are enriched in anoxic conditions (Jacobs et al., 

1985; Morford and Emerson, 1999; Sato et al., 2012; Tribovillard et al., 
2006). Therefore, redox-sensitive elements are commonly used as reli-
able indicators to constrain variations in redox conditions during car-
bonate precipitation at cold seep sites (Deng et al., 2020; Feng and Chen, 
2015; Ge et al., 2010; Peketi et al., 2012; Smrzka et al., 2019a; Smrzka 
et al., 2021). There are two hypotheses explaining the enrichment in 
trace elements: (1) iron and manganese oxyhydroxides in the water 
column scavenge trace elements from the seawater and deposit them to 
the surface sediments (shuttle effect; Tribovillard et al., 2013); (2) 
ascending seep fluid contribute to upward migration of trace elements 
due to pore water enrichment (Cangemi et al., 2010). 

In this study, the values of MoEF, UEF, AsEF, CoEF, and SbEF show 
enrichment of carbonates in these elements (Table 3; Fig. 7). Trace el-
ements form the order in terms of enrichment factor: As>Mo > U > Sb >
Co. Interestingly, the arsenic enrichment exceeds the molybdenum 
enrichment, and the (Mo/U)EF ratio varies from 0.6 to 1.8, indicating 
similar enrichment in molybdenum and uranium. It is generally 
accepted that the accumulation of molybdenum in marine sediments 
occurs under anoxic (sulfide-rich) conditions. In contrast, the uranium 
accumulation occurs in suboxic conditions with low concentrations of 
oxygen and hydrogen sulfide (Algeo and Tribovillard, 2009). Cold-seep 
carbonates commonly form in an anoxic environment with high H2S 
concentration, which is produced by the anaerobic oxidation of methane 
in the SMTZ. Anomalous high Mo concentrations (from 7.2 ppm to 21.7 
ppm) and pyrite in carbonate cement (up to 2.5%; Table 1) can indicate 
that Fe sulfides are the main carriers of Mo. However, there is no cor-
relation between the contents of pyrite and molybdenum in the studied 
carbonate samples (Fig. 9). At the same time, after removing an anom-
alous point on the cross-correlation plot of Mo and pyrite (sample 6939/ 
6), the correlation coefficient (R2) increases to 0.72. Probably, molyb-
denum is incorporated not only into iron sulfides but also into the 
clay‑carbonate matrix, which is consistent with the results of the EDS 
analysis (Fig. 4). Since the mechanisms of molybdenum incorporation 
into carbonate minerals are still largely unknown and the sample for 
correlation analysis is small (n = 9), this observation should be treated 
with caution. As well as molybdenum, arsenic and antimony are incor-
porated into pyrite under sulfate-reducing environments (Morse and 
Luther, 1999). Therefore weak (for Sb) and strong (for As) correlations 
between pyrite and these trace elements contents support the role of iron 
sulfides in the accumulation of some redox-sensitive elements (Fig. 9). It 
should be noted that the results of scanning electron microscopy showed 
only authigenic phases of pyrite and the absence of detrital pyrite. 

The enrichment of sediments and authigenic carbonates in molyb-
denum, arsenic, and antimony has already been noted for various ma-
rine settings and has been attributed to both shuttle transport (e.g., Hu 

Fig. 6. Carbon and oxygen isotopic and mineral compositions of the studied 
carbonates from the Laptev Sea continental slope in comparison with authi-
genic carbonates from other areas of Laptev Sea: inner shelf (Krylov et al., 
2015), outer shelf (Kravchishina et al., 2021; Ruban et al., 2020) and conti-
nental slope (Logvina et al., 2018). 

Fig. 7. Box and whiskers diagram demonstrating the enrichment factors of 
trace elements in the studied carbonates. Box boundaries mark 25th and 75th 
percentiles, horizontal lines within boxes show median, and whiskers indicate 
the minimums and maximums. 

Fig. 8. Uranium and molybdenum covariation (MoEF versus UEF) for the 
studied carbonates (modified from Algeo and Tribovillard (2009)). Samples are 
normalized using the Earth’s upper crust compositions (McLennan, 2001). Lines 
show Mo/U ratios equal to the seawater value (1 × SW) and to fractions thereof 
(0.3 × SW, 0.1 × SW). (Mo/U)SW = 3.2. 
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et al., 2014; Tribovillard et al., 2013) and ascending fluids (Cangemi 
et al., 2010; Nath et al., 2008). Iron and manganese oxyhydroxides, due 
to their sorption capacity, can act as carriers of Mo, As, and Sb trans-
porting these elements from the seawater to the sediment by the shuttle 
effect (Scott and Lyons, 2012; Tribovillard et al., 2013; Tribovillard 
et al., 2006). However, this process only explains the enrichment in 
elements that can be sorbed by metal oxyhydroxides but it cannot 

explain the enrichment in uranium because it is poorly sorbed by 
Fe–Mn oxyhydroxides (Smrzka et al., 2020). Besides, the (Mo/U)EF 
ratio of carbonates, which formed lacking a contribution from deep 
ascending fluids, is much higher than that of seawater (Wang et al., 
2019). Absence of correlations between Fe and Mn and Mo, As, and Sb 
contents in the studied carbonates (Fig. 10) indirectly eliminates the role 
of iron and manganese oxyhydroxide particulate shuttles for the 

Fig. 9. Binary cross-correlation plots of trace elements and pyrite contents from the studied carbonates. Red circle shows an anomalous point on the cross-correlation 
plot of Mo and pyrite after removing which the correlation coefficient (R2) increases to 0.72. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 

Fig. 10. Correlation between Fetot, Mn and As, Mo, and Sb contents of the studied authigenic carbonates from the continental slope of Laptev Sea. Sb concentrations 
have been multiplied by 10 for visual clarity. 

Table 2 
XRF major element contents (wt%) of the studied authigenic carbonates from the continental slope of Laptev Sea.  

Sample Na2O MgO Al2O3 SiO2 P2O5 K2O CaO TiO2 MnO Fe2O3tot LOI Total Detrital 

6939/1 1.19 3.89 9.75 31.76 0.09 1.08 25.75 0.34 0.09 3.15 22.79 99.87 46.08 
6939/2 1.19 3.55 8.81 31.49 0.05 1.07 22.04 0.34 0.09 3.02 28.11 99.76 44.73 
6939/3 0.87 4.13 7.43 23.63 0.09 1.11 30.59 0.27 0.06 2.37 29.26 99.83 34.81 
6939/4 0.87 3.82 8.09 25.43 0.09 0.81 28.98 0.32 0.13 3.22 28.04 99.81 37.87 
6939/5 0.85 4.34 8.55 26.33 0.09 1.55 28.38 0.29 0.10 2.73 26.54 99.75 39.45 
6939/6 1.25 3.82 9.56 34.96 0.09 1.42 22.76 0.38 0.09 3.77 21.53 99.64 50.09 
6939/7 0.88 3.51 8.09 26.22 0.16 1.24 27.76 0.37 0.08 2.50 28.74 99.56 38.42 
6939/8 0.98 3.75 7.93 24.41 0.09 0.97 28.54 0.31 0.17 2.97 29.51 99.64 36.59 
6939/9 0.98 3.86 8.12 25.84 0.09 0.75 28.44 0.32 0.14 2.89 27.97 99.42 37.92  
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enrichments of Mo, As, and Sb. It is believed that ascending fluids not 
only deliver Mo, As, and Sb, but would also likely carry other elements 
(e.g., U, Cr, V, Ni, Co, Cu, Zn, Pb), resulting in carbonate enrichment in 
these elements (Tribovillard et al., 2013). Strong enrichment in U (UEF 
from 12.3 to 22.7) and weak enrichment in cobalt (CoEF from 2.1 to 2.8) 
are observed in studied carbonates (vanadium content was not 
measured). Thus, (i) U and Co enrichments, (ii) low values of (Mo/U)EF 
and (iii) the lack of correlations between iron, and manganese and Mo, 
As, and Sb contents indicate that ascending methane-bearing fluids 
played a crucial role in the enrichment of studied carbonates in As, Mo, 
Sb, U, Co at the Laptev Sea continental slope. However, additional input 
from the particulate shuttle process cannot be ruled out. 

6. Conclusion 

The authigenic carbonates collected from the Laptev Sea continental 
slope are mainly represented by high-magnesian calcite with MgCO3 
content from 9.1 mol% to 14.0 mol%. The negative carbon isotope 
composition of the samples suggests that carbonate formation was 
driven by the anaerobic oxidization of methane. The δ13C values of 
carbonates (from − 50.6 ‰ to − 32.4 ‰ V-PDB) reveal a mixing of 
biogenic methane with carbon from other sources. High δ18O values of 
the carbonates might be inherited from fluids enriched in 18O due to 
dissociation gas hydrates, the presence of which in sedimentary cover 
has been recently predicted based on the seismic data analysis. The 
framboidal pyrite associated with the studied carbonate indicates the 
high activity of the microbial sulfate reduction during anaerobic 
oxidation of methane and the reducing environment of carbonate pre-
cipitation. The carbonates exhibit weak enrichment in cobalt, moderate 
and strong enrichments in arsenic, molybdenum, and antimony, and 
strong enrichments in uranium. As, Sb, and Co correlate with the content 
of authigenic pyrite, pointing at the role of iron sulfides in accumulating 
some redox-sensitive elements at cold seep sites. We propose that 
ascending methane-bearing fluids play an essential role in the enrich-
ment of authigenic carbonates in As, Mo, Sb, and U at the Laptev Sea 
continental slope. 

The study of authigenic carbonates from the continental slope of the 
Arctic Ocean provides ideal opportunities for the understanding periods 
and intensity of past methane release from underlying sources. Further 
studies should involve the use of radiogenic isotopes to assess carbonate 
mineral age and precipitation rates. 
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