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The study focuses on authigenic carbonates that are widespread in different deposition
environments and are a component part of the terrestrial biogeochemical cycle of
carbon. Samples from the Kolyma Yedoma Ice Complex that formed during the
Sartan Cryochrone (MIS 2), the coldest period of the Late Pleistocene, in the
northeastern Siberian lowlands, have been studied utilizing scanning electron
microscopy and energy-dispersive spectroscopy with replica technique. The samples
bear signatures of irreversible multistage cryogenic changes in structure and
composition, with the formation of authigenic minerals. Authigenic carbonates as
secondary phases in the Ice Complex deposits are remarkable by local changes in
chemical, physical, and other properties, which induce gradual changes in the lattice and
conversion of one mineral species to another. As a result, the sediments may contain
stable and metastable minerals. Crystalline species like calcite or aragonite precipitate
from aqueous solutions and their presence are restricted to free pore space in
segregation ice. Metastable phases may be produced as an initial reaction product
between the CO2 and the aqueous phase, while mineral surfaces and small pores act as
possible nucleation sites. Organic matter is also an important agent in the
cryometamorphism of sediments, including precipitation of authigenic phases due to
the freezing of colloids and high-molecular compounds.

Keywords: Yedoma Ice Complex, replica techniques, authigenic carbonates, Sartan Cryochrone (MIS 2), the Kolyma
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INTRODUCTION

Authigenic minerals in sediments are formed by physicochemical and biochemical reactions during
and after deposition in various environmental settings. The mineralogical alteration of sediments
soon after the deposition (early diagenesis) is controlled primarily by their original compositions and
relative percentages of four main components: chemically passive and active minerals, organic
matter, and pore fluids. Chemically passive phases are commonly predominant and mostly include
primary minerals (quartz, feldspar, garnet, and ilmenite) except for a few relatively reactive Fe- and
Ca-bearing silicates. Chemically active minerals encompass such inorganic phases as Fe, Al, and Mn
hydroxides, mix gels, amorphous silica, carbonates, and water-soluble salts, which are in equilibrium
with pore fluids only at the time of precipitation (Curtis, 1990; Buggle et al., 2011).
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The decay of organic matter produces SP2 and O2S, NH3,
CH4, and other reactive components, which become involved in
the alteration of sediments and control the chemical
environment, though are as low as a few percents or less
(Davidson and Janssens, 2006). As for pore fluids, they
commonly acquire higher pH during early diagenesis (Tranter,
2003).

The rate of physicochemical changes and the redistribution
of components differ in subaquatic and subaerial settings. The
authigenic minerals that precipitate in subaquatic conditions,
when sediments undergo compaction and pore water is
squeezed out, locally cement detrital mineral grains and form
concretions accumulating impurities (Zn, Sp, Cu, etc.).
Precipitation of calcium carbonate in sediments is driven by
the generation of subseafloor alkalinity, which is typically the
result of microbial respiration of organic carbon in the absence
of oxygen; the oxygen penetration depth for the majority of the
seafloor is less than 1 m (D’Hondt et al., 2015; Turchyn et al.,
2021).

Subaerial diagenesis requires hydration of sediments to
maintain ion exchange between surface-active components
(clay minerals, collomorphic oxide phases, organic complexes,
etc.) and the ensuing formation of soluble and amorphous phases.
Calcification as the process of the accumulation of authigenic
carbonates in subaerial settings is dominant in many soils in arid
or semiarid environments. Both abiogenic sources of Ca (primary
minerals ann groundwater) and atmospheric or biogenic
(decaying organic matter and rhizomicrobial respiration)
sources of CO2 are involved in carbonate authigenesis in soils
(Kolesár and Čurlik, 2015). Various types of microscale
secondary carbonates are preserved in loess-paleosol
sequences. Their abundance and distribution within loess
profiles can indicate moisture regime changes, dust
accumulation characteristics, and the extent and intensity of
leaching processes (Becze-Deák et al., 1997; Barta, 2011;
Durand et al., 2018).

Unlike unfrozen areas, the diagenetic reactions in permafrost
mostly involve bound water that affects the surface of organic-
mineral particles, whereas free water-sediment interactions are
restricted to the active layer. Another difference is that the
reactions at negative temperatures are slow, but the low rates
are compensated by the high contents of agents in limited
volume. Chemical reactions in perennially or seasonally frozen
sediments occur, respectively, at long-lasting negative
temperatures or during freezing and thawing (single brief
events or repeated cycles) (Yershov, 1998). The processes
during the freezing and thawing cycles in the active layer have
been quite well studied (Siegert, 1981; Konishchev and Rogov,
1993; Ostroumov et al., 2001; Rogov, 2009).

Note that it is hard to discriminate between diagenetic
processes and soil formation in subaerial settings (Lupachev,
Gubin, 2012). Soil formation processes, which reflect the main
physicochemical and biochemical reactions during and after
deposition, influence the precipitation of authigenic minerals.
These minerals are abundant in frozen soils and permafrost of
Central Yakutia (Siegert, 1981) and the northeastern Siberian
lowlands (Alekseev et al., 2003).

In general, the main aim of this topic is to elucidate authigenic
carbonate accumulations in the Yedoma Ice Complex from the
Kolyma Lowland, Northeast Siberia i) to document the in situ
crystals of carbonates in Yedoma silt, ii) to report shape and
characteristics of the crystals deposited in the textural ice and
pore space of the frozen sediments, and iii) to discuss the
processes involved in the precipitation of cryogenic carbonates.
Their features and distribution patterns in permafrost have
implications for the formation conditions of genetically
different frozen sediments, both inside and outside the present
permafrost limits, and for ecological factors that provide the
terrestrial biogeochemical cycle of carbon (Strauss et al., 2013).

MATERIALS AND METHODS

The microstructure of Yedoma Ice Somplex was studied in
samples from the well-known sites of the Kolyma Lowland:
Kolymskoe, Plakhinskii Yar, Duvanny Yar, Zelyony Mys, and
Kur’ishka (Figure 1). Currently, a large number of publications
mainly by Russian researchers exist that give detailed description
of these sites since the 1970s; therefore, in this article, the authors
will not describe their lithological and stratigraphic units (e.g.,
Arkhangelov et al., 1979; Vasil’chuk, 2005; Kaplina, 2011). The
distribution of Yedoma in the northeastern Siberian lowlands has
been recently mapped (Veremeeva et al., 2021). One of the last
summary publications concerning the Yedoma Ice Complex from
the Kolyma Lowland (on the base of stratotype site Duvanny Yar)
to test the processes and environmental conditions of silt
deposition has been given by Murton et al., 2015.

We chose specific sampling sites to study the undisturbed structure
of the frozen sediments. The cubic monoliths (15 × 15 × 15 cm)
were cut at a certain height (above river level, arl), which allows
considering the age of the samples tested as Sartan Cryochrone
(Q4

III or MIS 2, Marine Isotope Stage) for each site.
The samples are typical for the Yedoma silt and are

characterized by uniform fine grain sizes (up to 75% of coarse
silt) and high ice contents. The mineral composition consists of
rock-forming quartz, orthoclase, and plagioclase of the light
fraction (92–97%); accessory rutile, apatite, zircon, and
sporadic Cr-spinel; sericite and montmorillonitic clay minerals.
Yedoma deposits are non-saline and have 7–10 pH (Lupachev
and Gubin, 2012); mean TOC (total organic carbon) is 3.0 + 1.6/
–2.2 wt% (Strauss et al., 2013).

Samples were prepared by the replica technique that enables
studying the microstructure of finely dispersed deposits and
involves minimal disturbance to their morphology by forming a
thin plastic film on the sample surface (Bates and Comer, 1955).
The authors have modified the replica technique to investigate
the frozen ground in the scanning electron microscope (Rogov
and Kurchatova, 2013). Currently, replicas for SEM imaging are
made as follows. A frozen specimen is split in the cooling
chamber at a negative temperature, and its fresh cleavage
plane is coated with polystyrol dissolved in dichloroethane.
Then, the specimen is exposed to a specified negative
temperature until the solvent evaporates and thaws after
drying. The plastic film with the surface print (impression
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replica) is removed mechanically from the thawed specimen,
rinsed in distilled water, and examined under optical or
scanning electron microscopes in the laboratory (i.e., at room
temperature). The replica technique allows for the study shapes
and sizes of particles and aggregates, their surface
microtopography, and qualitative and quantitative relations
among the components of frozen ground in the initial
undisturbed state.

The samples were sputter-coated with gold in a Quorum
Q150R S an automatic rotary pumped coater and examined
with TM3000 (Hitachi) scanning electron microscope
equipped with an energy-dispersive X-ray system SwiftED3000
(Oxford). Determination of the composition of authigenic
minerals in replicas was carried out in the Earth Cryosphere
Institute, Tyumen Scientific Center of the Siberian Branch of the
Russian Academy of Sciences (SB RAS).

RESULTS

The microstructure formation in perennially frozen ground
results in their deposition and freezing conditions, including
grain size, mineralogy, water content, water chemistry,

temperature, and time of freezing (during or after deposition).
The sediment particles within a seasonal freezing and thawing
layer acquire a particular morphology during diagenesis due to
the exposition to cryogenic deformation (frost cracking). The
types of microstructure in seasonally and perennially frozen
ground control their cryostructures.

The sediments commonly freeze in wet conditions and
contain mostly basal-type pore ice and waved microlenses of
segregated ice that sometimes are difficult to distinguish.
Latent lenticular microstructure of samples from the
Zelyony Mys site has been observed using SEM
(Figure 2A). The well-preserved diatoms valves, which
indicated in situ deposition in the polygonal ponds or
thermokarst lakes, were found in these samples. Segregated
ice can form only due to the expansion of the soil skeleton
when the bonds between mineral particles break down
(dilatancy). Since the breakage follows weak zones, the
resulting voids represent the pattern of particles and their
relationships, i.e., the types of microstructure. Ice contents of
Yedoma silt usually increase from latent lenticular
microstructure to a braided one (Figure 2B). Silt preserves
elements of the primary sedimentary structure; however,
some mineral grains are reoriented, displaced, and

FIGURE 1 | Study area (A) and location of the sampling sites at the Kolyma Lowland (B). Sites are numbered: 1 � Kur’ishka; 2 � Zelyony Mys; 3 � Plakhinskii Yar;
4 � Duvanny Yar; 5 � Kolymskoe.
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aggregated. The structure patterns are the most prominent in
the layers, with high percentages of silt and plant remaining
(Figure 2C). The silt unit from the Kolymskoe site has high ice
content: lenses of segregated ice formed in diverse ways. Ice crystals
are platy in thin lenses and become purer upward in thick bands,
indicating freezing from the surface. The silt unit comprises sand-,
silt-, or clay-size particles, sometimes cemented with mud and
organic material or silt particles cemented with iron and plant
remnants. The particle density between ice layers increases by
cyclic freezing; their contacts change from volumetric to point-like

and by coagulation and cementation, they form circular features
(Yershov, 1998). Poorly decomposed fine in situ roots are
pervasive.

Different types of water freeze up successively during cyclic
freezing of silt sediments and syncryogenic stratum formation;
aqueous solutions acquire more complex compositions, and
authigenic minerals precipitate. The following types of
secondary carbonates have been observed under a SEM-EDX
study in the Sartan Yedoma Ice Complex deposits from the
Kolyma Lowland:

FIGURE 2 | Microstructure of Ice Complex deposits: (A,B) latent lenticular microstructure, Zelyony Mys site, sampled at 35 m arl; (C,D) braided microstructure,
Plakhinskii Yar site, sampled at 12 m arl; (E,F) irregular reticulate microstructure, Kolymskoe site, sampled at 25 m arl. arl � above river level.
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1) Calcium carbonate (CaCO3) polymorphs are
characterized by parallel intergrowth and polysynthetic
twinning of scalenohedral to rhombohedral calcite
crystals (Figures 3A,B); radiated rosette-like aggregate
and twinning of aragonite with a prismatic or acicular
(needle-like) habit of crystals (Figures 3C,D). CaCO3

aggregates have a size ranging from 50 to 100 μm on
average and are located in ice layers or at contacts with
mineral grains, with coarser sizes of crystals in larger
aggregates.

2) Isomorphic series of manganocalcite (Ca,Mn)CO3 (Mn:
Ca � 1 : 1) and Ca-rhodochrosite (MnCO3, with up to
17% Sa) look like columnar intergrowth in ice layers
(Figure 3E) or druses on the surface of mineral grains
(Figure 3F). Unlike the calcium carbonate polymorphs,
the grains in parallel-columnar aggregates are uneven in
size (decreasing toward one end), and some platy crystals
have granular surfaces. Ca-rhodochrosite aggregates are

sporadic and more often appear as small druses on
mineral surfaces.

3) Carbonate compounds of alternating compositions have high
Fe, Al, and Si (Figures 4A,B) and films aroundmineral grains,
cement in aggregates, or amorphous flakes, often with metal
impurities (Zn).

4) Siderite (FeCO3), as colloidal spherules, are commonly located
at the contact with grassroots or moss remains and also
around fungal hyphae (Figure 4C); early sediment
alteration produces siderite concretions (Figure 4D).

Iron sulfides in the form of amorphous FeSam and crystalline
greigites (FeS·F2S3) were observed in the samples from the Kur’ishka
site as an indicator of anaerobic environments (Figures 4E,F). FeSam
has a characteristic microstructure, consisting of several μm large
aggregates of curved, wrinkled sheets. These sheets are coated by
completely amorphous material, the wavy, fluffy surface of which
can also be observed in high-resolution SEM images. Greigite forms

FIGURE 3 |Morphology of the authigenic carbonates under SEM-EDX. El � element; W% � weight percent; σ% � error. (A) Parallel intergrowth of calcite crystals,
Kur’ishka site, sampled at 17 m arl; (B) polysynthetic twinning of rhombohedral calcite crystals, Duvanny Yar site, sampled at 36 m arl; (C) rosette-like aragonite
aggregate, Kur’ishka site, sampled at 19 m arl; (D) twinning of acicular and prismatic aragonite crystals, Kolymskoe sampled at 25 m arl; (E) columnar manganocalcite
intergrowth, Kur’ishka site, sampled at 21 m arl; (F) Ca-rhodochrosite druse, Kur’ishka site, sampled at 29 m arl
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irregularly shaped aggregations on the mineral surface coated by the
colloidal film.

DISCUSSION

Mineral grains in subaerial sediments subject to cryogenesis during
cyclic freezing and thawing experience physical, chemical, and
biochemical changes under the effect of pore moisture phase
transitions. The features of deposits in such conditions shape up
when mineral grains, especially quartz, break upon freezing
(Konishchev, 1982; Konishchev and Rogov, 1993; Schwamborn et al.,
2012). Finer sediments have larger surface areas of grain contacts with
water and related physical and chemical interactions. Cyclic freezing-
thawing accelerates chemical weathering because the migration of
bound water toward the freezing front and subsequent melting of
segregation ice maintain high water reactivity at low temperatures and
generally decrease the contents of free water in pore fluids.

The lower part of the active layer inmoistened tundra landscapes
has an anaerobic (reducing) composition and low rO. Hydrolysis,

which is especially rapid in layered and framework silicates, leads
to concurrent chemical weathering of sediments and ionic
decomposition of water (Oelkers and Schott, 1995; Tranter, 2003):

CaAl2Si2O8(s) + 2CO2(aq) + 2H2O(l)5Ca2+(aq)
+ 2HCO−

3(aq) +H2Al2Si2O8(s)
anorthite weathered feldspar

The H+ ions released by the water dissociation enter the lattices of
newly formed clay particles, while theOH− and silica groups interact to
produce silicic acid. Furthermore, some H2O molecules react with
dissolved atmospheric carbondioxide andprovideHCO−

3 inputs to the
solution. In solution, carbonate minerals are precipitated during
dissolved Ca-HCO3/CO3 saturation when the ion activity product is
greater than the solubility product. In polar soils, this typically occurs
during evaporation/sublimation or cryoconcentration due to the
freezing of soil solutions or films (Tranter, 2003). The freezing of
the active layer leads to water desorption, compositional complexity of
carbonates, and successive precipitation of authigenic minerals at

FIGURE 4 | Cryometamorphic features: (A) Fe-colloidal film on mineral grain surface, Kur’ishka site, sampled at 15 m arl; (B) aggregate cement, Plakhinskii Yar
site, sampled at 12 m arl; (C) colloidal siderite around fungal hyphae, Zelyony Mys site, sampled at 35 m arl; (D) siderite concretion, Zelyony Mys site, sampled at 35 m
arl; (E) amorphous iron sulfide (FeSam), Kur’ishka site, sampled at 21 m arl; (F) octahedral greigites coating a silt particle, Kur’ishka site, sampled at 21 m arl.
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various geochemical barriers. Cryometamorphism develops in several
stages for freezing.

StageI:rO increasesslightlytoneutralvaluesduetothehighcontents
of SP2 at the near-zero temperature. Freezing under a closed system
imparts a concentration of solutes in the residual water, leading to an
increaseincalcitesaturationindex.Calciumprecipitatesfromtheaqueous
solution with high contents of SP2 as calcite on the thermodynamic
barrier. Precipitation of carbonates upon freshwater freezing (with the
ensuingcalcitization) isacommonprocess inpermafrost: forexample,up
to0.5–2.0 kg/m2of salts (mainlyCaCO3) formuponaufeisfieldsafter ice
melting (Lacelle et al., 2009;Fotiev, 2009).Asnoted, calcites arepresented
by the parallel aggregates often located along the ice layer and also by
polysynthetictwinsthataretypicalforthem.Crystalsareeasilyrecognized
by the rhombohedral and scalenohedral habits.

The precipitation of calcite increases relatively the contents ofMg2+

in free water during freezing (Anisimova, 1981), which is favorable for
the formation of aragonite, another calcium carbonate polymorph. As
calcite growth rates decrease, aragonite growth rates stay constant and
this phase becomes the dominant mineral phase in solutions with a
high Mg/Ca ratio (up to five against 0.25 in freshwater) and low
supersaturation (DeChoudens-Sanchez andGonzalez, 2009). Crystals
show a prismatic or acicular (needle-like) habit as is usually displayed
for inorganic origin. Rosette- and sheaf-like aragonite clusters prevail.

Furthermore, freezing in a closed system can produce
manganocalcite with ∼1 : 1 Sa: Mn and finally Ca-rhodochrosite,
as Sa2+ becomes isomorphically substituted by manganese. The
process accelerates as the amount of free water reduces, resulting
in smaller sizes of mineral grains. The accumulation of manganese
is fairly widespread in the form of authigenic carbonates of
complex composition in the Pleistocene-Holocene sediments of
shelf-continental lithogenesis (Kuleshov, 2016).

Thus, the calcium carbonates that form at the first stage of
freezingmake up the series “calcite—aragonite—manganocalcite—Ca
rhodochrosite.” The redistribution of soluble compounds takes
place during the ice segregation in freezing grounds. The mobile
components are accumulated on the interface of a growing ice
lens. A part of soluble substances transforms into fixed forms in
zones of cryoconcentration.

Stage II: freezing involves pore fluids with complex organic-
mineral compounds (low-molecular complexes of iron with fulvic
acid, silica gel, Mn hydroxides, and colloidal clay minerals).
Migration of bound water and desorption of collomorph phases
produce clay films on grain surfaces and cause cementing of clasts
with Fe-Al-carbonate material. Locally, Ba, Zn, Co, and other
elements become adsorbed on geochemical barriers of clay and,
possibly, Mn hydroxides in compositionally complex flake-like
amorphous phases. Lower crystallization temperatures of organic-
mineral complexes are indicated by the presence of NaCl
compounds entrapped from freezing solutions.

The Kolyma Ice Complex deposits contain an assemblage of iron
sulfides with manganic calcite cement, which were also discovered in
the central Yakutian permafrost (Siegert, 1981). SEM images reveal two
varieties (Figures 4E,F, respectively): aggregates of amorphous sulfide
(FeSam), possibly, sheet-like features as mackinawite-type structural
elements that can form early during precipitation of colloids in reduced
conditions (Csákberényi-Malasicsa et al., 2012), and octahedral greigite
(FeS·F2S3) crystals.

Stage III: further freezing affects high-molecular solutions in living
cells, especially fungal hyphae. Several fungi can produce organic acids
with chelating properties; as a result of the interaction between oxalic
acid and cations, crystals ofmetal oxalates are produced (Baran, 2016).
Therefore, fungi usually induce drastic changes in the
microenvironment near their hyphal network. For instance, a
modification of pH is an essential environmental factor influencing
the redox state and the stability of iron ions and their solubility.
Indeed, according to laboratory experiments (Varadachari et al., 1994),
oxalic acid produces insoluble salts only reacting with divalent cations
such as Ca2+, while oxalates from the reaction with trivalent cations
result in soluble salts. Only Fe3+ can react with oxalic acid, which could
be why fungal iron oxalate is rarely found in soils, even though fungi
produce high amounts of oxalic acid and iron is the most abundant
metal on Earth (Comensoli et al., 2017).

Authigenic carbonates as secondary phases in the Ice Complex
deposits are remarkable by local changes in chemical, physical, and
other properties, which induce gradual changes in the lattice and
conversion of one mineral species to another. As a result, the
sediments may contain stable and metastable minerals. Crystalline
species like calcite or aragonite precipitated from solutions and their
presence is restricted to free pore space in segregation ice. Metastable
phases commonly form aggregates and polysynthetic twins, which
reflect the freezing kinetics and the contrasting properties of the
growth medium.

CONCLUSION

1) The Kolyma Yedoma Ice Complex that was formed during the
Sartan Cryochrone (MIS 2), the coldest period of the Late
Pleistocene, contains authigenic carbonates of several
generations: polymorphic (calcite and aragonite) and
isomorphic (manganocalcite, rhodokhrosite, and siderite)
calcium carbonates and complex Fe-Al compounds.

2) Growth of authigenic mineral aggregates is constrained by the
interstitial space and the thickness of ice lenses and is generally
consistent with the predominance of silt-size grains. The
morphology of new phases depends on the rate of pore
moisture freezing; Ca carbonate crystals are the largest
(50–100 μm on average). Secondary carbonates are represented
by polysynthetic twins, parallel intergrowth, and druses or
aggregates.

3) Cryogenesis leads to irreversible changes in the structure and
composition (cryometamorphism) of sediments and the
formation of metastable hydrates or colloids in anoxic areas of
the active layer (closed system). The freezing sediments change in
several successive stages: cryoconcentration of the residual solutions
of pore water;migration of boundwater and desorption of organic-
mineral complexes; Ca-rich silicate weathering.
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