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Abstract: The article discusses possible mechanisms for the formation of ikaite (CaCO3-6H20) in the sediments
of the Kara Sea. We combined our own data with the results of previous studies on calcium carbonate
hexahydrates in this region. X-ray diffraction analysis of ikaite revealed its transformation into calcite,
providing valuable insight into its mineralogical evolution. Stable isotope analyses suggest that the main
process leading to ikaite formation is microbial degradation of organic matter through sulfate reduction, which
increases the concentration of dissolved inorganic carbon and phosphate ions in the pore water. Carbon that
enters the bicarbonate ion as a result of anaerobic oxidation of methane (AOM) can also contribute to the
formation of ikaite in some cases. However, AOM alone does not lead to the release of magnesium or phosphate
ions, which are known to inhibit calcite precipitation. Consequently, without the simultaneous microbial
decomposition of organic matter or the presence of unstable magnesium-rich minerals, AOM alone is not
sufficient for ikaite formation. Our sample analyses show that the proportion of methane-derived carbon in
ikaite does not exceed 62%, while the contribution of organic carbon can be as high as 100%. Furthermore, rare
earth element (REE) analysis supports the significant role of diagenetic organic matter degradation in
sediments where ikaite is present. These findings highlight the complex relationship between the
decomposition of organic matter, the oxidation of methane, and the formation of ikaite in the early diagenetic
sediments of the Kara Sea.

Keywords: ikaite; Kara Sea; methane; organic carbon; early diagenesis

1. Introduction

Ikaite (CaCQOs-6H20 - hexahydrate of calcium carbonate) is a unique mineral that forms at low
temperatures during early diagenesis. When the temperature exceeds 6-7°C, ikaite loses water,
resulting in the formation of calcite [1-3]. The transformation to calcite often occurs through an
intermediate vaterite phase [3-5]. The calcite form often preserves the shape of ikaite crystals,
forming a pseudomorph known as glendonite [6,7]. This mineral is also known by several other
names, including gennoishi, thinolite, jarrovite, White Sea hornlets etc [6,8]. Pseudomorphs of ikaites
are commonly used as indicator of past climate cooling, as they can only be found in areas with cold
ocean floors [2,8-10].

On the other hand, the confirmed presence of methane-derived carbon in the crystal lattice of
certain modern ikaites from bottom sediments [4,11-13], provides a basis for comparing glendonites
enriched in light 12C isotope with ancient methane seepage sites [14,15]. In this context, collecting data
on the processes that lead to ikaite formation in modern bottom sediments from various
environments is essential for understanding both the potential use of these sediments in
reconstructing past climate changes and the characteristics of the carbon cycle, especially in Earth’s
polar regions.

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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The bottom sediments of the Kara Sea are one of the most favorable environments for the
formation of ikaite, as confirmed by numerous findings of this mineral [12,16,17]. The formation of
ordinary anhydrous authigenic carbonates on the Arctic shelf is inhibited, mainly due to the low and
sometimes negative temperatures of the bottom water. Single occurrences of such carbonate minerals
in the Kara Sea are represented by calcite [18,19].

2. Materials and Methods

Offshore research in the southeastern part of the Kara Sea was conducted on board the R/V
Fridtjof Nansen (PINRO) in August 2015. During the coring operation at three different sites (FN-
76T, EN-169T, and FN-170T), we discovered ikaite concretions at various depths in the sediment
(Figure 1, Table 1). These concretions appeared in the form of rounded "needle-shaped" nodules or
as intergrowths of individual crystals. In our work we also used the results of ikaites studies in the
Kara Sea, previously published by other researchers [12,20] (Figure 1, Table 1).
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Figure 1. The location of ikaites in the sediment layers of the Kara Sea. Red circles represent
expeditions on RV Boris Petrov; green triangles represent expeditions on RV Fridtjof Nansen (our
data).

Table 1. Ikaites from the Kara Sea.

Water depth, Ikaite depth, Ikaite, %o VPDB OBC-CHa OBC-Corg Bottom Corg, Referen
m cmbsf! VPDB VPDB water, % ce
oBC o1 toC
(0]
Site FN-76T
50 70 -20,5 1,45 - - - - our data

Site FN-169T
36 65-69 -29,8 -0,5 - - - - our data
70-74 =27 -1,3 - -25,5 - 1,7 our data

1 below the see floor - cmbsf
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Site FN-170T
38 920 -57,3 1,84 - - - - our data
Site BP01-26
34 226-230 -233 to - - -78.2 -25.5 -1.3 - [12]
24.5
Site BP01-55

70 135-145 -40.9 to - - -86 -23.2 -1.5 - [12]
42.7

165 -41.6 to - - -86 -23.2 - - [12]
42.3

Site BP97-24
39 10-25 -28 to -30 - - - - - [21]
Site BP00-37

65 103-113 -49 - - - 14 - [22]
223-233 -37.6 - 833 - - - [20]
Site PB03-07

108 175 57.1...- - - - - - [20]
57.3

191 -438...- - - - - - [17]
433

199 -453...- - - - - - [20]
451

200 -418...- - - - - - [20]
420

215 -418...- - - - - - [20]
420

260-270 -30.6...- - - - - - [20]
30.4

280-285 -30.6...- - - - - - [20]
30.5

300-305 -288...- - - - - - [20]
29.1

315 -37.0...- - - - - - [20]
37.1

320 -33.7...- - - - - - [20]
335

Site BP00-06 (pseudomorphs after ikaite (?))
38 92-94; - - - - - - [22]
129-132
Site BP00-29 (pseudomorphs after ikaite (?))
68 200-205; - - - - - - [22]
258-260
Site BP00-30 (pseudomorphs after ikaite (?))
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52 388-391 - - - - - - [22]
Site 0502
48 40 - - - - - - [16]

The 683C and 60 isotopic composition of ikaite, as well as the 6"*C value of organic carbon (Corg) in
sediments, were determined using a Finnigan Delta Plus XP mass spectrometer. Limestone NBS-19
was used as a standard. The d*C values are reported on the VPDB scale, while the 50 values are
reported in the VPDB scale for carbonates and the VSMOW scale for water.

X-ray diffraction analysis of ikaite was carried out under vacuum conditions using a Rigaku
“Ultima IV” diffractometer. The anode material is a standard CuKa X-ray tube. The nominal
operating mode of the X-ray source is 40 kV / 35 mA. Scan range 20 angles from 5° to 85°. Reflected
X-ray detector — high-speed energy dispersive detector D-TexUltra. Silicone was added as a standard
for peak correction. XRD measurements of ikaite were conducted at intervals of 5 minutes, 20
minutes, 3 days and 30 days, under controlled conditions at 25°C and a 1 atm pressure (Figure 2). For
the sample held for 5 minutes under standard conditions, the rate of XRD measurement was 20°2 0
per minute. Subsequent measurements were performed at a slower rate of 5° 2 0 per minute.

{@" a 5min b 20 min

"G,

z
4
Intensity (cps) ‘00:"

3

2, %,

20,0
%

N

20 0 60 C RN, 40 60 80
ikaite S 0wl o Votmmib ot el em e ool ool buaskhontun ele  ncaite 8 3 00 ot vee vof sl of onn d wodldon sonmd § ol fio seabobmdbomd dek
e 3days| |d 30 days

R R T
X

Intensity (cps)

xS
9,
07

~°;9e‘ ———————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————
o L M‘JM LA A J ,l IL 1“.1 ak b s
calcite  2° 40 60 80/ g 720 % %0
Ikaite o nd i Weeb o'sieddeemed? allddisoblaVea sk ooovaterte g Vo g 0 Vg G gty Bl 080 RN AVY
2-therte (deg) 2-therte (deg)

Figure 2. XRD images of ikaite from site FN-76T after 5 minutes (top left), 3 days (top right), 3 days
(bottom left), 30 days (bottom right) of keeping the sample under normal conditions (1 atm, 25°C).

Thermal XRD-analysis of ikaites was conducted in the temperature range from -30° to +50°C under
vacuum conditions using a research complex based on the Rigaku “UltimalV” diffractometer
equipped with a medium- and low-temperature Rigaku “R-300” attachment. A resistive heater
external to the sample was used. The temperature gradient throughout the sample did not exceed
+2.5°C. The measurement speed was 2%/min, the heating rate was 5°/min. Before each measurement,
the sample was kept for an hour at a certain temperature.

The concentrations of rare earth elements in the ikaite and sediment samples were determined using
inductively coupled plasma mass spectrometry (ICP-MS), following acid digestion. Measurements
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were conducted using an ELEMENT 2 mass spectrometer (Thermo Fisher Scientific GmbH) at the
Geological Institute of the Russian Academy of Sciences.

3. Results

The sediment cores analyzed (FN-76T, FN-170T and FN-196T) were collected from the southern
part of the Kara Sea, under the influence of the Yenisei River (Figure 1). The water depth at the
sampling sites varied from 36 to 50 m. The host sediments of all sites were represented by Upper
Pleistocene-Holocene sediments, usually of fine-grained composition. These sediments often had a
noticeable odor of hydrogen sulfide. Mollusk shells, polychaete tubes, small spottiness and lenses of
hydrotroilite were observed in the cores. These features of the sediment are a consequence of reduced
conditions.

The ikaite crystals were found at different depths beneath the sea floor and had distinct shapes
(Figure 1). At site FN-76T, druses of honey-yellow crystals with diameter of 4-5 cm were observed at
a depth of 70 cm below the see floor. Spherical intergrowths of crystals in the sediment range of 65-
70 cmbsf were found at the site FN-170T. At the site FN-196T, individual ikaite crystals were sampled
at the sediment depth of 90 cmbsf. In all cores, ikaite was found in more compacted clayey sediments
than the overlying ones.

The results of XRD measurements indicate that calcite formed 20 minutes after keeping the
sample under standard conditions contained a small amount of magnesium in the crystal lattice; its
formula can be written as (Mgo.03, Cao.97)COs. The XRD analysis revealed that traces of the ikaite phase
existed in the sample for at least three days. XRD-measurements taken after 30 days showed the
disappearance of reflexes corresponding to ikaite - a complete transformation of ikaite into calcite
occurred. The presence of intermediate phases such as vaterite was not detected. It was established
earlier that when the temperature differential between formation and breakdown is larger (e.g. >
15°C), vaterite was observed to form as an intermediate stage, whereas when this differential was <
10°C, only calcite formed [3,23].

The results of thermal XRD-analysis of the ikaite-calcite transition in the temperature range from
-30°C to +50°C are shown in Figure 3.

The X-ray diffraction pattern (Figure 3) shows that reflections shift towards larger angles when
the sample is heated, indicating that water is being removed from the interlayer space. The peaks of
ikaite gradually become less pronounced and eventually disappear completely at a certain
temperature. At the same time, an increase in the areas of calcite reflections is observed.
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Figure 3. Results of thermal XRD-analysis of ikaite crystal from site FN-76T.

The rare earth elements (REE) concentrations in ikaite and sediment from site FN-169T (Table 2)
were normalized to the Post-Archean Australian Shale (PAAS; [24]), with the PAAS-normalized REE
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data presented in Figure 4. The ikaites are characterized by a luck of Ce anomaly (Ce/Ce* = 0.94 and
1.03), a MREE (Sm-Dy)-bulge, positive Eu anomaly (Eu/Eu* = 1.1 to 1.13), and superchondritic Y/Ho
ratios (29 and 28) (Figure 4). The sediment sample has Ce/Ce* and Eu/Eu* values of 0.92 and 1,06,
respectively, along with a pronounced MREE-bulge and a Y/Ho ratio of 26.4. The REE content in the
ikaite sampled from a depth of 70 cmbsf was significantly higher than in the ikaite from a level of 65
cmbsf (Table 2), suggesting a higher degree of contamination in the former sample with the
sedimentary material.

Table 2. Distribution of REE in the ikaite and sediment samples from site FN-169T, ug/g.

Elements Ikaite, 65-69 cmbsf Ikaite, 70-74 cmbsf Sediment, 70-74 cmbsf
La 1.83 16.39 30.71
Ce 4.10 34.67 58.86
Pr 0.54 3.69 7.01
Nd 2.21 14.06 27.42
Sm 0.61 3.09 6.16
Eu 0.15 0.76 1.39
Gd 0.67 3.18 6.10
Tb 0.10 0.47 0.90
Dy 0.58 2.71 5.02

Y 3.26 14.94 26.40
Ho 0.11 0.53 1.00
Er 0.30 1.51 2.85
Tm 0.04 0.22 0.42
Yb 0.27 1.41 2.72
Lu 0.04 0.21 0.43
Y/Ho 28.8 27.9 264
Ce/Ce* 0.94 1.03 0.93
Eu/Eu* 1.10 1.13 1.06
14

55 /""\
/ \ sediment (70-74 cmbsf)
1,0 /

0,8
ikaite (70-74) cmbsf)
0,6
0,4
0,2 —
0

lLa Ce Pr Nd Sm Eu Gd Tb Dy Y Ho Er Tm Yb Lu

Figure 4. PAAS-normalized REE data for ikaites and sediments from site FN-169T.
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In addition to the ikaite samples collected during our expedition on the R/V Fridtjof Nansen,
this mineral has also been found in the Kara Sea several times by other researchers [12,16,17,20-22,25].
The first documented discovery of ikaite in the sediments of the Kara Sea was made in 1997 at site
97-24 during a scientific cruise on the R/V "Akademik Boris Petrov" [21]. Small bladed and needle-
shaped crystals, less than 2 centimeters in size, as well as twinned crystal intergrowths ranging from
1 to 5 centimeters, were found in the dark gray clay between depths of 5 and 25 cmbsf. Their 5°C
values ranged from -30 to -28.8%0 VPDB (Table 1) [20,21].

Detailed studies of ikaites collected at two sites during the cruise of the R/V "Akademik Boris
Petrov" in 2001 are presented in the paper by [12]. In the sediments from site 01-26, at a sub-bottom
depth of 226-230 centimeters, a spherical cluster of small (less than 1 centimeter) bladed ikaite crystal
intergrowths were sampled. The cluster was approximately 5 centimeters in diameter. We found a
similar sample, although smaller in size, in the sediment of site FN-76T, which is located north of site
01-26 (Figure 1). Not only the morphology, but also the carbon isotope composition of the ikaite
samples is similar: - 20.5%o (in site FN-76T) and -24.0%o. (in site 01-26).

In the sediments from site 01-55 ikaite samples were found at a depth of 135 cmbsf in the form
of single crystals and as intergrowths of 2-3 crystals up to 6.5 cm long [12]. Below, at a level of 165
cmbsf, a large pyramid-shaped crystal with size of 4.5x12 cm was discovered, along with three
smaller crystals. The 03C values of these ikaite samples vary from - 42.3 to - 40.1%0 VPDB (Figure 1,
Table 1). The shape and size of ikaite crystals are likely to be directly influenced by the rates of
crystallization. These rates are determined by factors such as temperature, the presence of anhydrous
carbonate inhibitors, and the level of supersaturation of pore water with calcium and bicarbonate
ions.

Numerous pyramidal ikaite crystals, 2-4 cm long, were found in the sediments at site 03-07,
between depth of 175 cmbsf and the base of the section at 320 cmbsf [20]. The 5'*C values of the ikaites
at this site range from -57.3%o (same as in our site FN-170T) to - 28.8%0 VPDB (Figure 1, Table 1).

The discovery of an intergrowth of honey-yellow ikaite crystals during a cruise on the R/V
Geophysic in 1999 (site 0502) was reported in [16]. Unfortunately, no analytical studies have been
conducted on this sample.

Most of the ikaite samples are found in the “sea continuation” of the Yenisei River (Figure 1).
Only one site with ikaite was found within the zone of influence of the Ob River waters (BR03-07,
Figure 1).

The measured 0°C (Figure 5) and 6'80 values of all ikaite samples from the Kara Sea range from
-57.3 (site FN-170T) to - 20.5%0 VPDB (site FN-76T) and from -1.3 (site FN-169T) to 1.84%o (st. 170T)
VPDB, respectively (Table 1). It is important to note that the ikaite samples with the highest and
lowest carbon isotopic values (5'3C) were collected during our expedition on the R/V Fridtjof Nansen.
In the sediment samples from site FN-169T we detected the following values: Corg content
(1.7...1.84%), Cear content (0.08%), and 63Corg (-25.5 %o) (Table 1).
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Figure 5. Carbon (0'°C) isotope values variations in the ikaites from the Kara Sea relatively depth in
cm below sea floor (yellow - our data, blue - data from [20-22,25]).

4. Discussion
Carbon Isotope (6¥3C) in Ikaite

The variation in 03C values of ikaite samples from the Kara Sea, ranging from -20.5%o at site FN-
76T to -57.3%0 VPDB at sites FN-170T and PB03-07, provides insight into the primary carbon sources
involved in the formation of ikaite. Authigenic carbonates with extremely low d'3C values typically
form in sediments within areas of focused discharge of hydrocarbon fluids. In these areas, isotopically
light carbon released during anaerobic methane oxidation enters the crystal lattice of the carbonates.
Such anhydrous methane-derived carbonates with an isotope composition as light as -60.1%. VPDB
have also been found in the sediments at site BRO0-37 in the Kara Sea [20]. The average isotopic
composition of the total organic carbon in the exospheric reservoirs is approximately d'*Corg = - 22%o
[20]. Therefore, the 013C values of ikaite samples that contain carbon from organic matter are expected
to vary around this value. The wide range of 5'3C values observed in ikaite samples from the Kara
Sea can be explained by the different sources of carbon that contributed to their formation. The main
sources of carbon were organic matter and methane.

Carbon Mass Balance in Ikaite

Carbon can be incorporated into calcium carbonate hexahydrate in a similar way to that of
marine early diagenetic authigenic carbonates [26]. The main sources of dissolved inorganic carbon
(DIC) in pore water include: 1) the oxidation of organic matter (OM); 2) anaerobic oxidation of
methane (AOM); 3) carbon from the oxidation of methane homologues. However, the real sources of
carbon in our ikaite samples could be the first two components mentioned above: oxidized organic
matter and AOM. Indeed, hydrocarbon gases in the Late Pleistocene-Holocene ikaites-bearing
sediments of the Kara Sea are composed almost entirely of methane [20]. Therefore, the carbon from
methane homologues (C%) can be ignored. Thus, the mass fractions of different carbon sources can
be calculated using the following simple formula:

Fpic = Fou+Fen, = 1, (1)

where Foic is the DIC fraction of pore water that ikaite crystallizes from; Fowm is the proportion of
carbon released during the oxidation of OM; Fctu is the proportion of carbon released during AOM.

Considering the d3C values of each carbon source, we can write the mass balance equation as
follows:

Fpic8'3Cpic = Fomu8"Com+Fen, 8 Cen, )

The initial values for the balance calculations (0'*C-CH4 and 9*C-Corg values) are presented in
Table 1. To calculate the carbon source budget for ikaites from our study sites (FN-76T, FN-169T, and
FN-170T), we used the 5'3C-Corg value measured in sediments from site 169T. During the anaerobic
oxidation of organic matter in the sulfate reduction zone, there is minimal isotopic fractionation
occurs (e.g. [27]). Therefore, carbon with an isotopic composition close to that of the organic matter
enters the pore water. Unfortunately, during the expedition of the R/V Fridtjof Nansen, it was not
possible to obtain sufficient methane concentrations to measure d'*C-CHa values. Therefore, we used
data from previous studies on cores containing ikaite from the Kara Sea [12,20]. The minimum 8%C
value of methane in these cores is -86%o, and the maximum is -78.2%0 VPDB (see Tables 1, 3). At a
temperature of -1.4°C, the coefficients of carbon isotopic fractionation between ikaite and DIC in pore
water are a = 1.001-1.002, as reported by M. Whiticar and E. Suess [28]. This means that the isotopic
compositions of their carbon will differ by 1-2%o (Table 3).

Based on the data provided, we can determine the proportions of different carbon sources in our
ikaite samples (Table 3).
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Table 3. Proportions of carbon from methane and organic matter in the composition of ikaites.

Ikaite d13C-ikaite dBC-DIC dBC-CH4 OBC-Corg CHs OM
occurrence Y00 %00 Y00 %0 % %
cmbsf VPDB VPDB VPDB VPDB
Site FN-76T
70 -20.5 -21.5 -78.2...-86.0 -25.5 0 100

Site FN-169T
65-69 -29.8 -30.8 9-10 9091
70-74 -27.0 -28.0 4-5 95-96
Site FN-170T
90 -57.3 -58.3 54-62 38-46

All carbon in the crystal lattice of ikaite from site FN-76T originated from the oxidation of organic
matter. For site FN-170T, however, methane was the main source of carbon (54 - 62%) in ikaite. In
samples from site FN-169T, most of the carbon was derived from the breakdown of organic matter
(90 - 96%), with only a small amount coming from AOM (4-10%).

Oxygen Isotopes (630) in Ikaites

The oxygen isotope composition of ikaite's "carbonate part", as well as anhydrous carbonates, is
dependent on the 580 values of pore waters and crystallization temperature. The measured 580
ikaite values vary from -1.3 (site 169T) to 1.84%o. VPDB (site 170T), with a difference of 3.14%o. (Table
1). The bottom temperatures in the area where samples were taken ranged from -1.3 to -1.5°C. Based
on the available data, the theoretical 0'%0 value of the pore water from which the ikaite crystallized
could be calculated using the following equation, which is commonly used for calcites [29]:

10%n¢aco, 1,0 = 18.03(103T 1) — 32.42 3)

where o — oxygen isotope fractionation factor, T — temperature in Kelvin.

The theoretical 8180 values of pore water depends on temperature, and are therefore provided
in Table 4 for both bottom temperatures of -1.3 and -1.5°C. The calculation results indicate that the
theoretical 00 values of the pore water range from - 4.8 to -1.6%0 VSMOW (Table 4). These pore
water 80 isotopic values approximately correspond to variations in Kara Sea water salinity from -
33 to -27 %o [30,31]. This indicates a relatively weak desalination process during the crystallization of
ikaites. Variations in the theoretical pore water 080 values calculated are likely due to changes in the
depth of penetration of river water (mainly from the Yenisei River) into the Kara Sea over time.

REE and Tract Elements

Generally, marine carbonate rocks have their own characteristic REE pattern [32] which are: (1)
homogeneous HREE enrichment (2) La positive anomalies and (3) Ce negative anomalies if the
carbonate rocks were deposited in oxidizing condition.

Because Ce and Eu have two ions with different electrovalence, they often show anomaly in
chemical sedimentary rocks. The negative anomaly of Ce results from the differentiation between
Ce* and adjacent elements due to the oxidation of Ce¥ into Ce*. In oxidized water, soluble Ce3*
oxidizes to into insoluble Ce*, which is then fixed within sedimentary particles and organic matter.
This reaction causes a loss of Ce in water. Therefore, the redox condition of water during carbonate
deposition can be inferred from the enrichment or loss of Ce ion between its atom and adjacent
elements (e.g. [33]).
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Table 4. Theoretical calculated '®0 values of pore water in which ikaites crystallized.

Site 0180 ikaite, %o VPDB 8180 pore water, VSMOW
t=-1.3°C t=-1.5°C
76t 1.45 -2.0 -2.1
169t -0.5 -39 -4.0
-1.3 -4.7 -4.8
170t -1.84 -1.6 -1.7

Moderate Ce negative anomalies observed in carbonates are consistent with modern seawater
[34], and, therefore, provide strong evidence about formation in a seawater environment that was
mostly oxygenated. In our study, a minor negative Ce anomaly was recorded in the sample of bottom
sediment containing ikaite but was not present in the ikaite samples. The Ce/Ce* values in our ikaites
(0,94 and 1,03) likely reflect a redox environment.

Eu positive anomaly is usually caused by the differentiation of Eu’ ions from neighboring
elements due to their reduction to Eu?*. Eu3* is reduced to Eu?*, which reduces the radius of Eu ions
and enables Eu ions to substitute Ca?* into the crystal lattice of carbonates. There are Eu and Gd
positive anomalies in our samples that are different from Eu/Eu* in modern seawater. The Eu positive
anomalies in marine carbonate rocks could not be directly caused by the reduction of seawater, but
by the mixing of dust (e.g. continental weathering product), river water or hydrothermal fluid with
seawater [32]. Obviously, the latter option is extremely unlikely.

The MREE-bulge (Sm-Dy) observed in ikaite, and sediment samples could likely reflect the
presence of organic matter during early diagenesis [35]. Superchondritic Y/Ho ratios of the studied
ikaites (28 and 29) reflect a significant input of clastic material during ikaite formation [36].

The Mechanism of lkaite Formations in the Kara Sea Sediments

An important issue that scientists are actively discussing is why ikaite forms instead of the more
thermodynamically stable anhydrous forms of calcium carbonate. It is believed that, in addition to
low temperatures, the inhibition of calcite and aragonite is facilitated by the presence of certain
chemical compounds in the pore water, such as phosphate ion [12,13,37-42], Mg?* [43,44] and amino
acids [40]. These compounds may ultimately lead to the formation of ikaite. The results of laboratory
experiments have shown that a high Mg?/Ca? ratio is sufficient to stabilize ikaite, which can be
formed without the addition of phosphorus, even at temperatures well above 6-7°C [23,44-46].
However, the solutions used in laboratory experiments to grow ikaite typically have pH values and
Mg?* concentrations that are not representative of those found in marine early diagenetic sediments.
As a result, these laboratory conditions do not accurately reflect natural environments. Magnesium
is the fourth most abundant element in seawater and its role in inhibiting calcite formation has been
well known for a long time [47]. However, high concentrations of magnesium in seawater alone are
not enough to promote ikaite formation, otherwise it would occur much more frequently. Unstable
minerals from basic and ultrabasic rocks may contribute additional magnesium during the early
diagenesis. However, their high concentrations in bottom sediments are more the exception than the
rule. Although the Yenisei River transports clinopyroxene into the Kara Sea, eroding the basalt-
covered Putorana Plateau, the overall amount of heavy minerals in the silt and sand fractions of
bottom sediments is typically quite low [48]. Magnesium-containing clay minerals, such as chlorite
and montmorillonite, remain stable during the early diagenesis. Their significant destruction occurs
at greater depths and higher temperatures, associated with late diagenesis and catagenesis processes.
A sharp increase in the Mg?"/Ca? ratio in pore waters within layers containing ikaites is not the cause
of their crystallization, but rather a result of this process [42].

An increase in the concentration of phosphate ions in pore waters during early diagenesis is a
natural consequence of the decomposition of organic matter. This process is typically driven by
microbial activity, which occurs in the sulfate-reducing zone:
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(CH20)106(INH3)16(H3POs) + 53504 — — 106CO2 + 16NHs + 535% + 106H20 + HsPOs, 4)

The process of anaerobic methane oxidation (AOM) begins when methane enters the sulfate
reduction zone, as follows:

CHa4 + SO4* = HCOs + HS + H20, (5)

As can be seen from reaction (5), the result of the AOM process is an increase in alkalinity, which
contributes to the formation of carbonate nodules. However, this process does not result in the release
of magnesium or phosphorus into the pore water. Thus, AOM alone would lead to the formation of
anhydrous carbonates, rather than ikaite. This is exemplified by the methane seeps at the bottom of
the Laptev Sea, where calcite formations have been observed [49-51]. If AOM occurs in combination
with the oxidation of organic matter, ikaite may form based on reaction (4), which involves the release
of phosphate-ions into the pore water. This is supported by the isotopic analysis of d'*C in the ikaite
samples we collected, which suggests that often both methane and organic matter contributed to the
carbon content of the crystal lattice (Table 3). The balance calculations showed that the percentage of
methane carbon in our samples ranged from 0% to 62%, and the percentage of organic carbon ranged
from 38% to 100%. This suggests that microbial degradation of organic matter may play a significant
role in the formation of ikaite. It is worth noting that the findings of ikaites are typically located in
areas where large Siberian rivers discharge into the Kara Sea, as well as further offshore from these
zones. Rivers carry large amounts of organic material, which can accelerate diagenetic processes and,
consequently, promote the formation of ikaite crystals.

5. Conclusions

The sediments of the Kara Sea contain a significant amount of ikaite, which forms at depths
between 10 and 320 cmbsf. Below this level, the ikaite is likely transformed into anhydrous forms of
calcium carbonate (Table 1). The findings of these minerals are mainly located in areas along the
continuation of the Yenisei (8 sites) and Ob (1 site) Rivers. The primary factor influencing the
formation of ikaite crystals is the diagenesis of organic matter. This process results in the release of
phosphate ions into the pore water, which stabilizes ikaite. The relationship between river runoff and
ikaite formation is likely due to the supply of organic carbon from rivers, which promotes early
diagenetic processes. In some cases, a second source of carbon in ikaite may be the process of
anaerobic oxidation of methane. The latter can be identified based on the light isotopic composition
of carbon (0°C) in ikaite. In areas with intense methane seepage and rapid AOM, the formation of
anhydrous calcium carbonate crystals is more likely.
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