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Asstract:  We present a complex study on mineralogical, U/Th dating, isotopic and geochemical characteristics of
Pleistocene glendonites (calcite pseupomorphs after ikaite) from the outcrops of Bol’shaya Bakakhnya valley, eastern
Taimyr, Russia. Based on the U/Th dating of the glendonites (37 = 7 ka) we propose that the glendonites and host
sediments were formed during the Karginsky interstadial (22—50 ka)—this data corresponds well with published ages
of foraminifers and wood fragments from Karginsky deposits of eastern Taimyr. The main factors leading to ikaite
crystallization was presence of organic matter (813 C varies from —5 to —40%o V-PDB) in the host clayey sediments and
low temperatures (< 7°C) of bottom water. Isotope (80 ratios vary from -8 to —33.9%. V-PDB) and geochemical
(PAAS-normalized patterns of rare earth elements) characteristics of the studied glendonites confirm that ikaite
crystallization and transformation was influenced by seawater. Carbon was derived from dissolved inorganic
carbon, decomposed organic matter, and probably methane. Some glendonites are surrounded by concretions (host rock
cemented by calcite). The isotopic characteristics of the host concretions and glendonites are similar, so we assume that
glendonites and host nodules were formed by the same processes—sulfate reduction coupled with anaerobic
decomposition of organic matter. Nevertheless, geochemical characteristics of the host concretions and glendonites
differ: Mg/Ca ratio and values of Fe, Mn, Zn, Cd, and U are higher in host concretion than in glendonite. This may
reflect differences in crystalline structure of ikaite and high magnesium calcite.

INTRODUCTION study of Quaternary glendonites less affected by later diagenetic alteration,
and thus better preserved than ancient ones, could provide additional
information about the environment of ikaite crystallization and its
transformation into glendonite. However, only a few studies on Quaternary
glendonites from the White Sea (Schultz et al. 2022; Vasileva et al. 2022)
and Alaska (Jacobson 2014; Schultz et al. 2022) have yet been published.
Glendonites from outcrops of the Bol’shaya Balakhnya River valley in
northern Taimyr were briefly described in the 1980s (Brodskaya and
Rengarten 1975), and later have been mentioned in several publications
(Kind and Leonov 1982; Mokhov and Proskurnin 2015; Delventhal
2022). The purpose of this study is to determine mineralogical, isotopic
and geochemical characteristics of glendonites from outcrops of the Bol’shaya
Balakhnya River valley and reconstruct the prosesses of ikaite precipitation and

Glendonites are pseudomorphs after ikaite—metastable hexahydrate of
calcium carbonate (CaCO;-6H,0) found all over the world in a wide range of
depositional settings and stratigraphical intervals (see Rogov et al. 2021, 2023
and references therein). In modern environments, ikaite is stable under near-
freezing conditions (Whiticar and Suess 1998; Greinert and Derkachev 2004;
Krylov et al. 2015). Ikaite precipitates during early diagenesis promoted by an
alkaline geochemical environment and CO, release due to reactions of sulfate
reduction (Qu et al. 2017; Whiticar et al. 2022). Glendonite forms due to
ikaite dehydration and cementation under increasing temperatures.

Based on finds of modern ikaite in low-temperature environments,
glendonites are often considered by researchers as indicators of cold-water

environments of the past (Frank et al. 2008; Vickers et al. 2018, 2022, 2023
among others). Nevertheless, sometimes based on low ratios of 813C values,
methane seeps are thought to influence ikaite precipitation (Teichert and
Luppold 2013; Morales et al. 2017).

Stratigraphic studies and various dating techniques for Quaternary deposits
provide data for high-resolution stratigraphy, which makes possible the precise
correlation of glendonite findings and climatic changes. Furthermore, the
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transformation into glendonite.

GEOLOGICAL FRAMEWORK AND THE STUDIED SECTION

Glendonites are described from two sections located in the eastern part
of the Taimyr Peninsula. Their frequent occurrences in the Aragonitivoye
and Snezhnoe sites (Figs. 1, 2), located on the banks of the river Bol’shaya
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FiG. 1.—Studied localities and their geographical position.

Balakhnya, were discovered by S.M. Andreeva and L.V. Lopatina in 1973
during a geological survey (Fisher et al. 1989). The Aragonitovoe section (the
overall thickness is 3—6 meters) is composed of sands with lenses of clay (10—
40 cm thick), the glendonites are found within clay. The Snezhnoye site is
located on the bank of the Bol’shaya Balakhnya River, near Deptumalaturku
Lake (Fig. 1). The section here is composed of sands with clay lenses (30-60
cm thick); the glendonites are found in clays. Soon after disovery of these
glendonites a few specimens (referred as recorded from Bol’shaya Balakhnya
without additional data) were briefly described by Brodskaya and Rengarten
(1975). These authors note the presence of glendonites in clayey host rock
(with suggested age 30—40 ka). Numerous well-preserved glendonites from
one of these localities were collected in the late 1970s by L.D. Sulerzhitsky
(Geological Institute, Moscow), who donated them to the Vernadsky State
Geological Museum in Moscow; some of these specimens were referenced
recently by Rogov et al. (2021, their Fig. 1.5; 2023, their Figs. 2.3, 14.7-9).
However, details about the locality (or localities) as well as precise geological
information concerning these specimens was missing: only their origin from
the Quaternary deposits of the Bol’shaya Balakhnya River was clear.

The age of the host rocks is determined differently. Mokhov and Proskurnin
(2015) propose that the host sediments correspond to the Kazantsevo
Formation (marine sediments deposited during the Kazantsevo interglacial),
while Kind and Leonov (1982) assign the host sediments to the Karginsky
interstadial (see Discussion).

MATERIALS AND METHODS

Five samples of glendonites from the Aragonitovoye locality and one sample
from the Snezhnoye locality (Table 1) were derived from the dark-colored
Quaternary clays by one of the authors (JG) during the fieldwork in the
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summer of 2018. Along with glenodnites one sample of host clay was
examined for microfossil analysis.

Glendonite samples were studied to find out their mineralogy, geochemical,
isotopic composition and age. The mineral composition was studied using
the powder X-ray diffraction (PXRD) technique on a Rigaku Miniflex 11
diffractometer (CuKa radiation, 5-80°, 3°/min scan speed). Petrographic
and cathodoluminescence (CL) studies were carried out on polished thin
sections on an Olympus BX-53 microscope with a CL8200 Mk5-2 Optical
CL system. For evaluating geochemical composition, we used a Perkin Elmer
ICP-AES Optima 8000 DV (Ca, Mg, Fe) and ICP-MS NexION 300S (Perkin
Elmer) (REE, Sr, Rb, Cu, Ni, Mn, Zn, Cd, U). Powdered samples weighing
0.1-1.5 g were leached for 30 minutes in 0.01 M HCI. Once the samples
were separated from the insoluble residue in the centrifuge, they were leached
in 2.5 ml 0.1 N HCl and 3.5 ml 1 M HCI. The samples were then evaporated
and leached in 3% HNOs;, with chemical analyses made on 50 ml of solution.
The obtained concentrations of major and trace elements in the standard
material are in satisfactory agreement with certified values, with a deviation
of < 15%. The 8'C and 8'®0 isotope ratios were measured using the Thermo
electron system, including a Delta V Advantage Mass Spectrometer with Gas-
Bench-II. Analytical precision for both §'%0 and §'*C was + 0.2. The results
of measurements of isotope compositions of stable carbon and oxygen isotopes
presented as 3'3C (%o V-PDB, Vienna PeeDee Belemnite) and 8'%0 (%o
V-PDB). We used the **°Th/U dating method to determine the ages of
the glendonites. Four subsamples of the glendonites (sample Bal-4) were
radiochemically analyzed using the “total sample dissolution” (TSD) technique
(Bischoff and Fitzpatrick 1991; Maksimov and Kuznetsov 2010). To exclude
the influence of contamination with ***Th from clastic components, isochrons
were plotted (Bischoff and Fitzpatrick 1991; Rowe and Maher 2000; Geyh
2008). Radiometric measurements of U and Th isotopes was carried out on an
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Fic. 2.—Photographs of Aragonitovoye locality with numerous loose glendonite specimens.

OR-TEC’s Alpha Suite Alpha Spectrometer. Normalization of the analytical
isotopic data against 2*2Th allowed us to build linear isochrons using
230Th/232Th-"3*U/?3?Th and ***U/2**Th->*%U/***Th coordinates, as well
as to calculate the 2>°Th/***U and 2**U/***U activity ratios and age of the
carbonate fraction, based on methods given in Geyh (2008) and Maksimov
and Kuznetsov (2010).

Microfauna were analyzed in the fraction > 63 pm, and the species
composition of fossil foraminifers and ostracods was studied under the
binocular microscope. Photos were taken with a VEGA3 TESCAN scanning

TABLE 1.—Mineralogy of the studied samples (data obtained by powder

X-ray diffraction).
No. Sample Calcite Dolomite Quartz Plagioclase
1 Bal-1 (glendonite) u
2 Bal-1 (host concretion) L] +
3 Bal-2 (glendonite) u
4 Bal-2 (concretion) u * 0 *
5 Bal-3 (glendonite) u
6 Bal-4 (glendonite) u *
7 Bal-4 (host concretion) u
8 Bal-5 (glendonite) u o *
9 Bal-6 (glendonite) u +
10 Sn-1 (glendonite) u +

Note: ®, main phase; o, minor phase; *, traces.
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electron microscope (SEM) at the Borissiak Paleontological Institute, Russian
Academy of Sciences, and on the light microscope ADF W300, with digital
camera STD16 at the Geological Institute, Russian Academy of Sciences.

RESULTS
Morphology of the Studied Glendonites

The studied glendonites predominantly comprise rosette forms that reach
4.5 cm in diameter (Fig. 3); samples Bal-4 and Sn-1 represent two glendonites
enclosed by a concretion; sample Bal-3 is represented by three glendonites,
gravel particles, and wood fragments enclosed by a carbonate concretion.
The sample Bal-lhas an elongated form and encloses a wood fragment.
Sample Bal-6 is has a bladed form. Sample Bal-2 is a single glendonite in
a carbonate concretion.

Taxonomic Identification of Microfossils

Qualitative analysis of the clay sample show the presence of benthic
foraminifera tests and ostracod valves belonging to the typical Arctic
fauna (Pleistocene—Modern) of shallow shelf areas influenced by river
runoff. Benthic foraminifera are represented by the species Buccella
frigida (Cushman 1922), Elphidium clavatum (Cushman 1930), Elphidium
albiumbilicatum (Weiss 1954), Eoeponidella pulchella (Parker 1952), and
Haynesina orbiculare (Brady 1881) (Fig. 4). Ostracods valves are rare and
belong to three species: Roundstonia macchesneyi (Brady and Crosskey
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FiG. 3.—Morphology of the studied glendonites. W, wood fragment; G, glendonite; C, carbonate concretion; Sh, bivalve shell fragment.

1871), Semicytherura complanata (Brady et al. 1874), and Sarsicytheridea
bradii (Norman 1864) (Fig. 4). The preservation of microfossils is
rather good, but foraminifera tests are found mostly in the fine fraction,
63-125 pm.

Mineralogical Composition and Optical Studies

PXRD data show that the studied glendonites and concretions are
composed of calcite with minor amounts of dolomite, quartz, and feldspar
(Table 1). Optical studies reveal that glendonites are composed of slightly
elongated oval or tabular crystals and rosette-like joints of elongated crystals
of calcite. The size of calcite crystals is up to 0.4 mm. Calcite crystals are
zonal: the central zone is dark (almost black, see Fig. SA—C; central zones of
the calcite crystals are shown with white arrows); a thin brown rim appears
around the edges. Outside, the crystals are surrounded by a thin colorless
zone. Carbonate minerals are non-luminescent in CL.

The host concretions (samples Bal-1, Bal-2, Bal-4) are composed of
micrite with minor amounts of clastic silty grains of quartz and feldspar
(Fig. 5D); clastic grains show blue and red luminescence, while carbonate
minerals are non-luminescent.

Isotope Analyses

Isotope studies (Table 2, Fig. 6) reveal that both glendonites and host
concretions show a wide range of isotope values. 8'C values in glendonites
vary from —33.9 to —6.2%0 V-PDB (mean value —18.2%, V-PDB), while 5'%0
values vary from —3.5 to —1.1%o V-PDB. In host concretions both oxygen and
carbon isotope values vary slightly from the enclosed glendonite. 8'C values
in concretions vary from —22.3 to —6.7%o V-PDB and &'%0 values vary from
—4.2 t0 =2.9%0 V-PDB.

Time: 12:41 |

Geochemical Characteristics

The geochemical composition of the studied glendonites and host
concretions are given in the Supplemental Table 1S and Figures 7, 8, and 9.
Concretions are characterized by elevated values of some elements compared
to glendonites. The concentration of Fe in glendonites is 0.01-0.04%, while
in concretions it rises to 0.99 and 1.55%; concentration of Zn in glendonite
varies from 0.8 to 1.4 ppm, in concretions content of Zn is 15-16 ppm;
Mn concentrations in concretions are also higher than in glendonites (220-
600 ppm in glendonites and 1400-1700 ppm in nodules). Similar changes
in the concentrations of elements with varying values are noted for Co, Ni,
Cu, V, and Cr.

REE (lanthanide + Y) concentrations were normalized for Post-Archean
Australian Shale (PAAS, Taylor and McLennan 1985), Ce/Ce* and Euw/Eu*
anomalies were calculated using equations given in Bau and Dulski (1996),
Bau (2006), and Ponnurangam et al. (2016). PAAS-normalized patterns are
given in Figure 8. Samples are characterized by weak positive Eu anomaly
(1.13-2.29); the Y/Ho ratio varies from 30 to 42. All patterns show similar
shape with higher concentration of heavy REE (HREE) and lower concentration
in light REE (LREE). PAAS-normalized patterns of host concretions are
characterized by a middle REE (MREE) bulge.

U/Th dating

All the studied samples contained some amount of >>>Th. A linear regression
was constructed for four glendonite subsamples (**°Th/**Th — 2**U/**?Th and
Z34U/232Th — 28U/**Th, Table 3 and Fig. 10), giving an isochronous age of the
carbonate fraction of 377 ka.
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Fic. 4.—Foraminiferal tests and ostracod valves from the Bol’shaya Balakhnya section, eastern part of the Taimyr. Scale bar 50 pm. 1, 12, 15-17, SEM images; 13-15,
light microscope images. Foraminifera: 1-3, Elphidium clavatum (Cushman 1930); 4, Elphidium albiumbilicatum (Weiss 1954); 5-7, Haynesina orbiculare (Brady 1881);
Buccella frigida (Cushman 1922); 9-14, Eoeponidella pulchella (Parker 1952); 9, 13, dorsal view; 10, 11, 14, ventral view; 12, side view. Ostracods: 15, Roundstonia
macchesneyi (Brady and Crosskey 1871), left valve external view; 16, Semicytherura complanata (Brady et al. 1874), right valve external view; 17, Sarsicytheridea bradii
(Norman 1864), right valve external view.
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FiG. 5.—Optical characteristics of the studied glendonites and host concretions in plane-polarized light. A) Sample Sn-1 (glendonite). B) Sample Bal-6 (glendonite). C)
Sample Bal-2 (Glend, glendonite; Conc, host concretion). D) Sample Bal-4 (host concretion). White arrows point at needle-like calcite crystals at the edge of a glendonite

blade, yellow arrows point at dark central zones of the glendonite-composing crystals.

DISCUSSION

Age Constraints on lkaite Crystallization and Transformation

The stratigraphy of the Quaternary deposits north of the Siberian platform
and of the Taimyr Peninsula has been discussed in several reviews (Arslanov
et al. 2004; Astakhov 2013; Gusev et al. 2016; Mdller et al. 2019, among
others). Recent advances in dating techniques applied to Quaternary

TABLE 2.—Isotope composition of the glendonites and host concretions.

No. Sample 3'3C, %o V-PDB 5'%0, %o V-PDB
1 Bal-1 (host concretion) —6.7 —4.2
2 Bal-1 (glendonite) —8.0 —2.8
3 Bal-2 (glendonite) —16.0 —2.1
4 Bal-2 (concretion) —11.0 2.4
5 Bal-3 (glendonite) -33.9 —1.1
6 Bal-4 (host concretion) —22.3 -29
7 Bal-4 (glendonite) —20.3 -1.9
8 Bal-5 (glendonite) —6.2 —3.5
9 Bal-6 (glendonite) —23.6 —-1.7

10 Sn-1 (glendonite) —20.0 -2.1
Time: 12:41 |

deposits allow measurment of ages using different approaches, but still some
uncertainties remain.

Sediments exposed in the terraces of the Bol’shaya Balakhnya River that
contain glendonites were described by Kind and Leonov (1982) and Mokhov
and Proskurnin (2015). Mokhov and Proskurnin (2015) propose that the
marine deposits exposed along the Bol’shaya Balakhnya River correspond
to the Kazantsevo Formation, while Kind and Leonov propose that these
deposits date back to the later Karginian time (interstadial). According to
published stratigraphical schemes for the Taimyr Peninsula, the accumulation
of the Kazantsevo Formation was preceded by the Taz glaciation, corresponding
to MIS 6 and the Moscow glaciation in the European part of Russia (Volkova
and Babushkin 2000). Numerous datings (OSL, ESR, U/Th) for the Kazansevo
Formation from the northern part of Western Siberia and the Taimyr Peninsula
reveal ages from ~ 70 to ~ 120 ka (Kind and Leonov 1982; Arkhipov 1989;
Gusev et al. 2016; Kostin et al. 2019) corresponding to MIS 5.

Sediments of the Kazantsevo Formation indicate climate warming and
inflows of Atlantic water into the Arctic (Astakhov 2013). The Kazantsevo
sediments contain the boreal mollusk Arctica islandica and the extinct
index mollusk Cyrtodaria jenisseae (= C. angusta in modern systematics)
(Sachs 1953). The presence of thermophilic plants and mollusk remnants
provides information on a milder and warmer climate than nowadays (Arslanov
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FiG. 6.—Isotope composition of the studied glendonites and host concretions.

et al. 2004; Volkova et al. 2010; Gusev et al. 2016). The area of the modern
Taimyr and Yenisey rivers is located in a basin where sands, silts. and coarse
gravels were deposited; the sedimentary basin was probably slightly desalinated
(Mezhubovsky et al. 2001). Based on microfaunal complexes from the
Kazantsevo deposits of Taimyr, it is shown that the basin was shallow (up to
50 m in depth) (Kind and Leonov 1982).

According to the assumptions of Sachs (1953), the Kazantsevo was
followed by the most extensive glaciation of the late Quarternary, the
Zyryanka glaciation. The Karginsky interstadial is believed to divide
two independent glaciations—the major Early Zyryanka and minor Later
Zyryanka. It is supposed (Gudina 1976; Kind and Leonov 1982; Levchuk
1984) that the Karginsky Formation was deposited in an even warmer sea
than the Kazantsevo Formation.'*C dating of plant detritus showed ages
between 46.7 = 1.2 ka to 26 = 1 ka (Kind and Leonov 1982); Arkhipov
(1989) documented a similar age, 22—50 ka ('*C), for the Karginsky deposits.

Time: 12:41 |

Some new information on '*C ages of foraminifera tests found in the
Karginsky Formation in the westernmost part of Taimyr were determined as
31.31 = 0.4 ka and 39 = 1.11 ka (Gusskov et al. 2008). Thus, the Karginsky
transgression corresponds with MIS 3. Based on the faunal complex, Kind
and Leonov (1982) suggest that the Karginsky sea basin was shallow (40—
50 m), characterized by slightly reduced salinity and bottom temperatures
slightly above zero. The Karginsky deposits are overlain by either later
continental sediments (alluvial, lacustrine—alluvial) or glacial ones, corresponding
to the Sartan (Upper Zyryanka) glaciation.

Foraminifera determined from the clays with glendonites from the
Bol’shaya Balakhnya section belong to species that inhabit modern
Arctic and Nordic seas (Polyak et al. 2002; Korsun et al. 2014) and
are found in Holocene and Pleistocene marine sediments of nothern Eurasia
as well (Gudina 1976; Levchuk 1984; Zanina et al. 2021; Taldenkova et al.
2024). B. frigida, E. clavatum, E. albiumbilicatum, and H. orbiculare belong
to the river-proximal ecological group (Polyak et al. 2002). These species
with E. pulchella were also found in Karginsky section A-47 on the Bol’shaya
Balakhnya River, but the foraminiferal assemblages were richer (Levchuk
1984). Ostracods are represented by two shallow-water marine species S.
complanata, S. bradii and a brackish-water species R. macchesneyi, which
are typical of the modern fauna of the Kara and Laptev Sea shelves
(Stepanova et al. 2007). These benthic microfaunal groups are not
important for determining the exact age of the host sediments, but they
do confirm that sedimentation occurred on a shallow shelf that was
influenced by river runoff (details of the ecology of these Foraminifera
and Ostracoda speies are described in Polyak et al. 2002, Stepanova
et al. 2007, and Korsun et al. 2014).

The age obtained by U/Th dating of glendonites is 37 * 7 ka, and this age
largely corresponds to the age of the Karginsky horizon. Currently, there is no
data on the fractionation of U and Th isotopes during the dehydration of
ikaite and ikaite—glendonite transformation, the assumption being that U/Th
dating gives ages that agree with '“C dating at least within the first thousand
years (Vasileva et al. 2022).

Kind and Leonov (1982) mentioned glendonites (as “gennoishe”)
specifically from the Karginsky layers of Bol’shaya Balakhnya River
middle flows (A-47, A-50, and A-51 sections, southwards from Dolgoe Lake)
and indicate that the microfauna diversity in dark-colored clay layers with
glendonites decreases. These authors also propose that glendonite occurrence
in clay layers indicate the marine origin of the layers. Although ikaite and
glendonite can be found in non-marine settings (lakes (Council and Bennett
1993; Last et al. 2013; Oechlerich et al. 2013), caves (Bazarova et al. 2016,
2018), and ice (Brown et al. 2015)), our identification of microfauna in clays
enclosing glendonites confirms that studied sediments are of marine origin.

The dark-colored clay of the Karginsky Formation is overlain by Sartan
limnoglacial light-colored sands that contain ice wedges and do not contain
any faunal remnants (Kind and Leonov 1982). Thus, the section shows a
gradual shallowing of the basin and the possible transition of shallow marine
clayey sediments to sand deposited in a continental environment. The absence
of glendonites in the coarser-grained sands of the Karginsky Formation may
be caused by better aeration of the sand and rapid aerobic oxidation of
organic matter instead of anaerobic oxidation necessary for sulfate reduction
(see below, Isotopic and Geochemical Constraints on Environment of Ikaite
Precipitation and Transformation).

In modern environments, ikaite is linked to neer-freezing bottom temperature
(below 7°C, Domack et al. 2007; Logvina et al. 2018; Tollefsen 2018, among
others). The absence of glendonites in the overlying lacustrine sediments of the
Sartan glaciation, which bear traces of at least a seasonal temperature below
zero for bottom water, suggests that low temperatures are not the only condition
for the formation and transformation of ikaite. Probably another important
factor controlling ikaite precipitation was the presence of seawater (containing
SO,* for sulfate reduction) combined with the presence of organisms
supplying organic matter to the sediments. The simultaneous implementation
of these conditions in the sedimentatary basin occurred only at the end of
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Fig. 7.—Ca-Mg, Fe-Mg, Fe-Mn, Sr-Mg concentration cross-plots. Blue points are for glendonites while orange points are for concretions.

Karginsky time, when: 1) the marine basin still existed, 2) the sediments
contained a certain amount of organic matter dispersed in fine clayey silt,
and 3) cooling and gradual shallowing of the basin began, which could
promote a more contrasting change in bottom temperatures due to seasonal
temperature changes.

Isotopic and Geochemical Constraints on Environment of lkaite
Precipitation and Transformation

Complex mineralogical (morphology, composition) and petrographic
features reveal that the studied glendonites of the eastern Taimyr are
similar to Holocene glendonites described from the White Sea (northwestern
Russia, Schultz et al. 2022; Vasileva et al. 2022). The glendonites are
composed of two calcite types—dark tabular calcite crystals or rosette
aggregates that are surrounded with acicular needle-like crystals. A certain
amount of organic matter is also a constituent of the pseudomorph; organic
matter fills pore space between calcite crystals. Concretions around glendonites
are composed of high-magnesium calcite (micrite) cementing silt-size quartz
grains. Because the concretion includes (overgrowths) the glendonite
pseudomorph, we assume that concretion growth occurred later than
ikaite precipitation and possibly later than ikaite—glendonite transformation.

Ikaite crystallization and transformation occurred due to decomposition
of organic matter causing the isotopic composition of the studied glendonites.
The 8'C in the studied samples varies from —33.9 to —6.2%0 V-PDB (mean
value —18.2%o0 V-PDB), reflecting decomposition of organic matter which
promoted ikaite precipitation (Muramiya et al. 2022; Vickers et al. 2022;
Counts et al. 2024). It seems that the presence of organic matter played a

Time: 12:41 |

crucial role in promoting ikaite crystallization as glendonite pseudomorphs
were found only in dark organic-rich clays. The lowest value of 8'C
(=33.9%o0 V-PDB, sample Bal-3) indicates that some amount of methane
could also percolate into the ikaite crystallization zone. Methane could
form during biological methanogenesis performed by anaerobic bacteria
inhabiting sediments in the zone of methanogenesis (Whiticar 1999); as
methane percolates upward through sediments, in the zone of anaerobic
methane oxidation or in the zone of sulfate reduction, methane undergoes
anaerobic oxidation (Smrzka et al. 2020; Munnecke et al. 2023).

The values of 8'%0 in glendonites vary from —3.5 to —1.1%o V-PDB that
is very close to isotopic composition of seawater-derived calcite (Campbell
2006); low negative values of 'O (lower than —2%. V-PDB) indicate either
influence of meteoric fresh water or influence of late diagenetic fluids
(Campbell 2006). The glendonites lack true negative Ce/Ce* anomalies,
but the overall shape of PAAS-normalized REE patterns (Fig. 9) is close to
seawater with HREE enrichment (e.g., Tostevin et al. 2016) which also confirms
the influence of seawater during ikaite precipitation and transformation.

Apparently, carbon for cementation of the surrounding sediments and
concretion precipitation was derived from the same sources—decomposition
of organic matter and dissolved seawater inorganic carbon (the values of 3'>C
in concretions vary from —22.3 to —6.7%o V-PDB; Fig. 6). The concretions
are composed of high-magnesium calcite (HMC), and geochemical
characteristics of host concretions and glendonite slightly differ.
Concretions are characterized by a low Ca/Mg ratio and elevated concentrations
of redox-sensitive elements Fe, Mn, Zn, Cd, and U (Fig. 8, Table SI)
compared to glendonites. According to Smrzka et al. (2020), enrichment of the
redox-sensitive elements depends on the diagenetic environment: Fe- and
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Fig. 8.—Changes in the concentrations of Sr, Rb, Fe, Mn, Zn, Ni, Cd, U, and Ca/Mg ratio in the studied samples of glendonites and host concretions. Gray rectangles
mark changes in geochemical composition of host nodules.
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TABLE 3.—Results of the radiochemical analyses of four sub-samples of Bal-4 sample determined applying TSD technique.
238U 234U 230Th 232Th

No. dpm/g Z0Th/4U 278U

1 0.333 = 0.019 0.424 = 0.022 0.276 £ 0.013 0.103 = 0.008 0.650 = 0.046 1.274 £ 0.093
2 0.360 = 0.015 0.439 £ 0.016 0.340 = 0.018 0.149 = 0.011 0.774 £ 0.050 1.219 = 0.062
3 0.362 = 0.027 0.520 = 0.034 0.328 = 0.022 0.141 = 0.014 0.630 = 0.059 1.438 = 0.132
4 0.500 = 0.043 0.584 = 0.049 0.345 = 0.018 0.126 = 0.011 0.591 £ 0.058 1.168 = 0.130

dpm/g, decay per minute per gram.

Mn-reduction of organic matter results in U and Cd enrichment, while
sulfate reduction results in enrichment of Mo, Co, Cu, Ni, Zn, and V.

The process that affects ikaite precipitation and transformation to glendonite
is organoclastic sulfate reduction and Fe—Mn reduction (Qu et al. 2017). Sulfate
reduction is a complex biogenic process that involves sulfate reduction to
sulfides coupled with anaerobic methane or organic matter oxidation (Machel
et al. 2001; Qu et al. 2017, among others). Fe—Mn reduction leads to a Fe(IlI)-
Fe(Il) transition and/or a Mn(IV)}-Mn(Il) transition during the redox reactions
(Liu et al. 2022). Both reduction processes result in production of CO,
(during oxidation of organic matter and/or methane) and high pH (alkaline
environment) promoting authigenic carbonate precipitation. Thus, it is likely
that common chemical reactions led to precipitation of different authigenic
carbonates (ikaite versus HMC in concretion). Nevertheless, at low
temperatures there are some kinetics preventing high-magnesium calcite
precipitation (Purgstaller et al. 2017), while low temperatures favor ikaite

230Th/232Th

y = 0.2899x + 1.4370
"1 §=1.4370+0.1899
R =0.986

234/232Th

precipitation (Hu et al. 2014; Zhou et al. 2015; Purgstaller et al. 2017). The
differences in chemical composition of the distinct types of authigenic
carbonates can be explained by differences in the crystalline structure of
low- and high-magnesium calcite.

Thus, organoclastic sulfate reduction and Fe—Mn reduction are probably
the main processes affecting both ikaite and HMC precipitation. However,
there can be some factors (e.g., temperature, level of sulfate reduction, presence
of specific microbial communities) that require additional research.

CONCLUSION

This study represents the first multiproxy study of the Pleistocene
glendonites from the outcrops of the Bol’shaya Balakhnya River, northern
Taimyr. U-Th dating shows that the glendonites have an age of 37 * 7 ka,
which correlates well with the ages of the Karginsky horizon (MIS 3) of the

5
4,
o 3
|_
AN
&
)
S 2
« y = 1.1624x + 0.1911
g=0.1911 + 0.6762
1 R =0.983
0 T T T T

238(J/232Th

FiG. 10.—Isochron linear relationships showing the activity ratios: [>*°Th/>*?Th] versus [>**U/**2Th] (left) and [>**U/***Th] versus [>**U/***Th] (right). The intercept on
the y axis in the plots of *°Th/**?Th vs ***U/**?Th and ***U/***Th vs 2**U/***Th isotope activity gives the values correction indices f and g required for defining the
20Th/?4U and 2**U/**8U ratios in the clastic-free carbonate fraction. One subsample (orange square) was excluded from consideration as inconsistent with the linear regression.

The isochronous age calculated from these activity ratios is 37 = 7 ka.
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late Pleistocene of Taimyr and have proven the data obtained earlier by other
methods ('*C dating of plant remnants (Kind and Leonov 1982) and
foraminifera tests (Gusskov et al. 2008)). Based on reconstructions of
climate and environmental changes in the Pleistocene for the Taimyr
region, it is supposed that extensive warming during Karginsky time
led to transgression and the formation of a wide shallow basin with
terrigenous sedimentation, when sands, silts, and clays accumulated.
Foraminifera tests (E. clavatum, E. albiumbilicatum, B. frigida, H. orbiculare)
and ostracod valves (S. complanata, S. bradii, R. macchesneyi) from the
studied section confirm that sedimentation occurred in the shallow basin that
was highly influenced by inflow of riverine water. In the studied section,
glendonites are found in a layer of dark-colored clay in the upper part of the
Karginsky Formation.We propose that ikaite crystallization was triggered by
two main factors. First, the anaerobic decomposition of organic matter in fine
clayey sediments; the anaerobic oxidation provided an alkaline environment
nessesary for carbonate precipitation. Most likley, decomposition of organic
matter in the light sands was aerobic, and this inhibited ikaite precipitation.
Second, shallowness of the sedimentary environment could lead to seasonal
temperature fluctuations, reaching near-freezing temperatures at least during
winter months. Isotope studies indicate that the source of carbon for ikaite
crystallization and transformation was decomposing organic matter, dissolved
inorganic carbon, and probably anaerobic oxidized methane (3'*C in the
studied samples vary from —33.9 to —6.2%o V-PDB). 5'%0 isotope ratios, and
PAAS-normalaized patterns of REE reveal that ikaite crystallization and
transformation was influenced by seawater. After crystallization of ikaite and,
possibly, its transformation into glendonite, the area around the pseudomorph
was gradually cemented by calcite, leading to the formation of a host
concretion. Close ratios of 8'*C in host nodules and glendonites shows a
similar carbon source, and the main process leading to the crystallization of
ikaite and calcite was sulfate reduction coupled with decomposition of
organic matter. Nevertheless, the geochemical characteristics (Mg/Ca ratio,
concentrations of Fe, Mn, Zn, Cd, and U) differ in host concretions and
glendonites. This may reflect differences in the crystalline structure of ikaite
and high-magnesium calcite.

SUPPLEMENTAL MATERIALS

Supplemental materials are available from the SEPM Data Archive: https://
www.sepm.org/supplemental-materials.
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