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Abstract

The paper presents the results of a microfossil study of Holocene sediments in the Yana
River flow zone in the southeastern part of the Laptev Sea. A rich diatom flora (242 species
and intraspecific taxa, of which 177 species are freshwater) was revealed; additionally,
five species of marine tintinnids (planktonic ciliates) and 15 species of freshwater testate
amoebae (testacean) were discovered for the first time in the sea sediments. Three assem-
blages of microfossils reflecting the phases of environmental changes during the Holocene
transgression are distinguished in the studied sediments of core LV83-32. Assemblage 1
was formed under terrestrial conditions (assemblage of diatoms Eunotia-Pinnularia and
testacean Difflugia-Cylindrifflugia-Centropyxis), assemblage 2 in the zone of mixing of sea and
fresh waters (assemblages of diatoms Cyclotella striata-Aulacoseira, Thalassiosira hyperborea-
Chaetoceros and T. hyperborea-Aulacoseira, testacean Cyclopyxis kahli, tintinnids Tintinnopsis
fimbriata), and assemblage 3 reflects modern conditions in the inner shelf of the Laptev Sea
under the strong influence of river runoff (assemblage of diatoms T. hyperborea-Aulacoseira-
M. arctica and tintinnids Tintinnopsis ventricosoides). Changes in the natural environment
in the coastal part of the Laptev Sea shelf during the Holocene, established by microfossil
assemblages, are confirmed by geochemical data.

Keywords: diatoms; tintinnids; testate amoebae; sediments; Holocene; Yana Delta;
Laptev Sea

1. Introduction
The coastal shelf of the southeastern Laptev Sea (LS) is characterized by strong fresh-

ening of sea waters, determined by the runoff of the Yana and Lena rivers, the presence
of a polynya, an open water area in sea ice [1], and intense ice impact on the bottom [2,3].
This determines the specific habitat conditions for marine microorganisms, the study of
which is widely used for paleogeographic and biostratigraphic reconstructions.
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The best characterized is the diatom flora, which is used as a source of information
on changes in marine environmental conditions and in the river–sea system [4–7]. Diatom
assemblages in surface sediments are natural recorders of the physical characteristics of
the environment and its changes and have been successfully used to reconstruct paleoenvi-
ronments in the geological past [8–18]. The impact of the Lena and Yana River runoffs on
the environment in the past was assessed based on a study of diatoms in the LS bottom
sediment cores [4,19–22].

The study of testate amoebae (testacean) in the high Arctic began on Spitsbergen Island
(Greenland Sea) [23] and continues to the present day on the coasts of the Barents and Kara
Seas [24], on the Chukchi Peninsula [25], etc. On the coast of the Laptev Sea, testaceans
were studied in Pleistocene–Holocene deposits of the Bykovsky Peninsula [26,27] and
Cape Mamontov Klyk (near the Lena River delta) [28]. Reconstructions of the changes in
environmental conditions in these areas over the past 53,000 and 44,000 years, respectively,
have been presented based on the differences in the testate amoebae assemblages. In
addition, a rich fauna of testate amoebae, including 91 taxa, has been identified near the
town of Tiksi [29].

Tintinnids are members of planktonic ciliates and have been studied in the Arctic for
over 120 years [30]: in the Barents and Kara Seas [30–32], the Baltic Sea [33,34], the Chukchi
and Bering Seas, the Beaufort Sea [35–37], the North Sea [38,39], Norwegian Sea [40], and
Greenland Sea [41]. In the Laptev Sea, four species were found in plankton samples [33]
and six species in surface sediments [42]. The listed works were mainly devoted to the
biology of tintinnids and their distribution in the water column.

Analyzing core LV83-32-1, located in the zone of influence of the Yana River runoff,
revealed assemblages of microfossils (diatoms, testate amoebae, and tintinids), reflecting
various environmental conditions. The core also contains well-represented sediments
and microfossils that have accumulated in the mixing zone of sea and river waters, the
study of which in the Arctic seas is associated with certain difficulties. These water areas
are covered by fast ice for most of the year, including periods of intensive development
of phytoplankton; consequently, the use of large research vessels in shallow water is
impossible, and the infrastructure for studying shallow water from land on small vessels
is lacking.

The aim of this work is to analyze species composition, typical assemblages of mi-
croflora and microfauna, and geochemical data, revealing changes in the natural environ-
ment at the land–sea transition zone under the strong influence of river runoff during
the Holocene.

2. Physical and Geographical Characteristics of the Region
The LS features a broad continental shelf with an average depth of 53 m. Its seabed

slopes gently northward and is intersected by underwater river valleys [43], facilitating
significant water exchange between the LS and the Arctic Ocean [44]. For most of the year,
the sea is covered by ice. Due to low winter temperatures and northward ice drift, the LS is
a major source of sea ice in the Eurasian sector of the Arctic Ocean [45]. In recent decades,
Arctic climate warming has led to a sharp decline in ice cover in the LS [46,47]. Fast ice
extends over thousands of kilometers in the eastern part of the sea, and polynyas form
nearly continuous strips of varying widths along the Eurasian coast, known as the Great
Siberian Polynya [1]. These polynyas significantly influence the hydrological regime of the
surrounding waters [48] and are crucial for ice formation and biological activity [49].

The water circulation in the LS is notably affected by the discharge of the Lena and
Yana rivers, which alters the cyclonic circulation pattern to the northeast, where most of the
flow moves along the New Siberian Islands to the north [49,50]. A smaller portion of this
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flow, with salinity reduced to 20 psu, spreads along the southeastern part of the sea and
passes between the islands into the East Siberian Sea. Surface salinity in the LS’s shelf zone
is primarily influenced by Siberian River discharge, ice-related processes, and interactions
with the Arctic Ocean and adjacent seas [51,52]. Salinity in the LS ranges from 1 to 31 psu,
with the surface layer ranging from 20 to 30 psu due to the substantial influx of freshwater.

The Siberian River system controls the supply of clastic material to the shelf and the
freshening of seawater [53]. Rivers annually supply approximately 27 million tons of clastic
material [54], with the Lena River alone contributing about 21 million tons per year [55].

Large areas of the Laptev Sea shelf floor consist of underwater permafrost, which
has undergone intense degradation over the past decades and centuries [56]. In addition,
temperature anomalies have been observed in the coastal areas of the Laptev Sea, caused
by groundwater, the release of which produces more water than during the spring flood
of the Yana River into the sea near the coast [57]. Furrows of varying widths and lengths
have been recorded in the coastal part of the sea, formed by the impact of floating ice
formations on the bottom [2,3], complicating the bottom relief and disrupting the integrity
of sediments.

3. Materials and Methods
Core LV83-32 (LV83-32-1), analyzed in this study, was obtained by the gravity corer

during the Russian–Chinese expedition on board the R/V Akademik M.A. Lavrentyev
in 2018 from the inner shelf of the LS, in the avandelta of the Yana River (135◦19′58.56′′,
72◦23′40.98′′) (Figure 1), from a depth of 24 m. The core length is 258 cm.

Figure 1. Locations of core LV83-32 and previously studied surface sediment stations [17,42]. Symbols
indicate 1—core LV83-32, 2—sediment stations with diatoms and tintinnid loricae, 3—sediment
stations with diatoms without tintinnid loricae, 4—surface currents [49], 5—river outflow.

The colors of the sediments were determined onboard immediately after sampling
using an original colorimetric setup based on a Canon EOS 6d Mark digital camera (Canon,
Tokyo, Japan) using a proven technique [58]. The analysis step used 1 mm of sediment.
Color information was recorded in the coordinates of the CIE L*a*b* color model. The
particle size distribution of the sediments was determined in a stationary laboratory using
a Fritsch Analysette 22 NanoTec laser particle analyzer (Fritsch GmbH, Idar-Oberstein,
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Germany). The following particle size fractions were distinguished in the sediment [59]:
sand (>62 µm), silt (4–62 µm), and clay (<4 µm). The analysis step used 1 cm of sediment.

Core LV83-32 was sampled every 4 cm for micropaleontological analysis, and a total
of 64 samples were studied. For diatom analysis, the treatment of sediments, preparation
of slides, and estimation of the diatom concentration (mln. valves per 1 g of the air-
dry sediment) were performed using a standard technique [60]. The heavy potassium–
cadmium liquid with a specific gravity of 2.6 g/cm3 was used to isolate diatoms from
sediments. MOUNTEX synthetic medium (refractive index = 1.67) (Histolab Products AB,
Gothenburg, Sweden) was used to prepare permanent slides. The diatoms were identified
and enumerated with a LOMO Mikmed 6 light microscope (magnification = ×1000; LOMO,
St. Petersburg, Russia) and imaged with an AxioCamMrC digital video camera (Zeiss,
München, Germany).

Diatoms were identified mainly from the sources cited in our works [14,16,17,61–64].
Ecological and biogeographic characteristics are primarily sourced from [65–67] and the
above-mentioned sources. Taxonomic references and photographs of most of the species
mentioned here can be found in [14].

For tintinnid and testate amoebae, each bulk sediment sample was disaggregated by
boiling in 0.002 M sodium pyrophosphate solution for 15–20 min. After boiling, the samples
were washed using a sieve with a 40 µm mesh. The fraction with a diameter > 40 µm
was dried, and an aliquot of approximately 3–5 mg was separated from this fraction.
Canadian Balsam DC (refractive index = 1.520−1.523) was used to prepare permanent
mounts. Taxonomic determinations were performed using a LOMO Mikmed 6 Microscope
(300× magnification, LOMO, St. Petersburg, Russia). The fossils were photographed
under transmitted light using a Touptek photonics FMA050 digital camera (Hangzhou
ToupTek Photonics Co., Ltd., Hangzhou, China). The morphological features of the tintinnid
loricae and shells of testate amoebae were studied using a dual-beam scanning electron
microscope TESCAN Lyra 3 XMH (TESCAN, Brno, Czech) in the laboratory of micro-
and nano-research of the Analytical Center of the Far Eastern Geological Institute FEB
RAS (Vladivostok, Russia). For this, tintinnid loricae and shells of testate amoebae were
placed on special metal holders (10 mm × 10 mm) and coated with carbon. The tintinnid
species were identified from the following main sources: [32,38,39,68]. The testate amoebae
species were identified from the following main sources: [69–71] and an Internet resource:
https://arcella.nl/lobose-testate-amoebae/ (accessed on 5 April 2025).

The chemical composition of the sediments was determined from samples collected
with a spacing of 1 cm in the core interval 0–150 cm, and 2 cm in the interval 150–255 cm. An
ARL Quant’X energy-dispersive X-ray fluorescence spectrometer (Thermo Fisher Scientific
(Ecublens) SARL, Ecublens, Switzerland) was used; it was calibrated using the standard
samples SGH5, MAN, and JH-1 (for more details, see [72]). Grain-size analysis was also
performed in these samples, and the content of CaCO3 and total organic carbon (TOC) was
determined. These results were used to substantiate various proxy paleoenvironments
(Figure 2). Additionally, continuous scanning of the chemical composition of sediments
was performed with a 3 mm step using a core scanner based on a Delta Dpo-2000 X-ray
fluorescence spectrometer (Olympus Scientific Solutions Americas, Waltham, MA, USA).
The results obtained are presented as rubidium-normalized contents (Figure 2) and were
used to refine the position of sediment layer boundaries and demonstrate the presence of
fine layering (Figure 2 Fe/Rb, As/Rb).

Carbon-stable isotope (δ13C) analyses were carried out on acidified samples (HCl,
1.5 M) to remove the carbonate fraction [73]. Analyses were performed using the Picarro
G2121-i Isotopic Carbon Analyzer. The instrument was calibrated after analysis of every

https://arcella.nl/lobose-testate-amoebae/
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10 samples using IAEA-601 standards (−28.81 δ13C) and IAEA-CH-3 (−24.724 δ13C). Each
sample was measured 2–3 times. The analytical error for δ13C was lower than ±0.2‰.

Figure 2. Features of the sediment composition, organic carbon and isotopes content, Br/TOC index,
chemical elements content, diatom content (106 valves/g), and the ratio of ecological groups in
diatom assemblages (fw—freshwater, m—marine, bw—brackish water), presence of tintinnids (T)
and amoebas (A) in core LV83-32. The dashed pink line is the location of the sedimentary layer
removed by ice erosion of the seafloor. Arrows show the locations of radiocarbon dating. The
postglacial sea level position (PSL) is obtained from [74].
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AMS 14C radiocarbon dating of mollusk shells was carried out according to standard
procedures (Table 1).

Table 1. Radiocarbon (AMS 14C) dating of mollusk shells from core LV83-32.

Core Interval, cm Lab. ID Material Uncorrected AMS14C Age (y) Calibrated Age BP (y)
Two Sigma Ranges

5 RICH-30576 Mollusk shell, fragments 113 ± 21 post AD 1950
22 RICH-30577 Mollusk shell, fragments 970 ± 22 412–645

93–94 Beta-588953 Mollusk shell, fragments 7150 ± 30 7419–7687
112–113 Beta-522027 Mollusk shell, fragments 7440 ± 30 7683–7973
116–117 RICH-30578 Mollusk shell, fragments 7510 ± 32 7740–8048

4. Results
4.1. Chronology

The age–depth model of core LV83-32 (Appendix A, Figure A1) is based on the AMS
radiocarbon dates obtained from mollusk shells (Table 1). The radiocarbon date was
converted into calendar years before the present (cal. year BP) using the Marine 20 dataset.
A mean value of −122 ± 24 years was adopted for the Laptev Sea reservoir age anomaly
value (δR), which is based on three points of the Laptev Sea in the CALIB Marine Reservoir
Correction Database ([74,75]). The age–depth model was generated in Bacon 2.2 [76,77].

To refine the chronology, data on the age of the surface sediment layer obtained by
the multicorer [47] were used. Comparing the data for the density of this core and the
one under study showed that when core LV83-32 penetrated the sediment, the upper 2.5 cm
of unconsolidated watered sediments, which had accumulated over the past 20 years, had
been lost.

Unfortunately, the large core interval (22–93 cm) does not contain shell remains and
has not been dated. It is also impossible to date the organic matter in sediments due to the
large admixture of ancient terrigenous carbon [50]. When compared with the age model
of core LV83-32-3 obtained at the same station [75], large differences in the sedimentation
rates for this interval were established in the two cores: 0.1 and 0.5 mm/year, respectively.
This suggests the presence of a hiatus in sedimentation in core LV83-32 caused by the
removal of a sedimentary layer by ice, which is typical for the East Siberian shelf as a
whole [78,79], as well as for this region of the Laptev Sea [3,80]. A detailed analysis of the
variations in the material composition of sediments in the 22–93 cm interval of core LV83-32,
and high-resolution scanning data for the chemical composition and color characteristics
(Appendix A, Figures A2 and A3) showed that the fallen ice gouge layer could have been
located in the 78–85 cm interval of the core (Appendix A, Figure A4). Based on the age
models of our core (Appendix A, Figure A1) and core LV83-32-3 [75], it can be assumed that
it included sediments with an estimated age of 3.2–7.2 thousand years, and the thickness
was approximately 50–70 cm.

4.2. Features of the Sediment Composition

The Holocene sediments in core LV83-32 are similar in composition and variations in
grain size distribution, geochemical features, carbon isotopes, reconstructed salinity, and
other parameters to the postglacial transgression sediment complex, which has been well
studied on the Laptev Sea shelf [19,81–83]. Their correlation allows us to conclude that the
studied sediments were formed during the post-glacial transgression and accumulated
during a gradual rise in sea level near the delta of the Yana River.

The sediment core is divided into different layers based on sediment composition,
geochemistry, and diatom distribution (Figure 2).
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Layer 1 (258–188 cm) contains clayey silt with a minor admixture of sand (Appendix A,
Figure A3). It should be noted that the content of the clay fraction gradually increases
from top to bottom along the horizon, while the content of the silt fraction decreases
(Appendix A, Figures A2 and A3). The Layer horizon is distinguished most contrast-
ingly by its color characteristics: in comparison with the others, it is the lightest gray,
with the presence of reddish and bluish hues that are elusive to the eye (Appendix A,
Figures A2 and A3). Layering is noted in the 196–228 cm interval (shown in darker shading
in Figure 2), determined by the presence of coarser-grained sandy–silty layers that are
5–15 mm thick and enriched with ferruginous plant detritus. They are clearly distinguished
by the distribution of iron (Fe/Rb) and arsenic (As/Rb), obtained by XRF scanning with a
step of 3 mm. In general, this horizon is distinguished by increased contents of TOC, Fe,
and fraction > 63 µm (Figure 2).

Layer 2 (188–88 cm) is most clearly distinguished by a sharp decrease in the
clay fraction against the background of maximum contents of sand and silt (Figure 2,
Appendix A, Figure A3). It is composed of dark gray sediments with sharply variable
geochemical characteristics, but with consistently high contents of Sr (Figure 2) and Ca
(Appendix A, Figure A4).

Layer 3 (88–0 cm) is composed of light gray, unclearly stratified sediments with an
increased content of clay fraction. Its content, as well as TOC, Br, Br/TOC, and δ13CTOC,
gradually increases toward the core surface (SM1). The lower boundary of layer 3, coincid-
ing with the hiatus due to ice erosion (Appendix A, Figures A1 and A4), is distinguished by
a sharp gradient in the contents of Fe, Ca, Sr, Zn, Zr, Mo/Mn, clay granulometric fraction,
as well as color characteristics (Figure 2, Appendix A, Figure A4).

4.3. Microfossil Data

The microfossils found in core LV83-32 belong to different groups of the protozoa
phylum: diatoms, testate amoebae, and tintinnids. The characteristics of these group
assemblages are given below.

4.3.1. Diatom Assemblages

Diatoms (Class Bacillariophyceae) are unicellular algae living in any aquatic envi-
ronment, predominantly inhabiting fresh and salt waters, and playing a key role in the
food chain. Diatoms have siliceous valves that are well preserved in the fossil state and
are the main suppliers of biogenic silica to bottom sediments. Most diatoms are sensi-
tive to the salt content in water and are used as indicators of the salinity of a basin in
the study of bottom sediments [67,84]. Diatoms react very sensitively to the slightest
changes in their environment; therefore, changes in their abundances and ratios between
freshwater and marine species can be used as a source of information on changes in
environmental conditions.

The diatom content in the sediments is quite low (on average about 0.07 × 106 valves/g)
throughout almost the entire core, with the exception of the 168–137 cm interval, where the
diatom concentration reaches its maximum value (0.68 × 106 valves/g) (Figure 2).

The core sediments contain 242 species and intraspecific taxa in 80 genera
(Supplementary Material S2). The following genera contain the most species: Eunotia
(19 taxa), Pinnularia (18), Gomphonema (13), Navicula (10), Cymbella (9), Diploneis (9), Aulaco-
seira (8). The ecological structure of the diatom flora is distinguished by a sharp predomi-
nance of freshwater species (177 species), with marine diatoms represented by 30 species,
and brackish water and euryhaline by 25 species. Also noted are three extinct species and
seven species of unknown ecology. Sixty-one species are cosmopolitan. Freshwater and
brackish water species are characterized by high abundance.
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Five assemblages were identified, named according to the dominant species and
genera, based on the taxonomic composition, quantitative ratio of species, ecological
structure, and concentration of diatoms in the core from bottom to top.

Assemblage Eunotia-Pinnularia (interval 252–188 cm) is characterized by the lowest
diatom content (0.004–0.032 × 106 valves/g) in the core (Figure 2), but significant species
diversity (125 species and intraspecific taxa). Diatoms are represented by freshwater species
(108 taxa), which dominate (83.3–99.1%), and brackish water species (14 species), whose
abundance ranges from 0.9 to 16.7% (Figures 2 and 3A). The greatest species richness is
characterized by the genus Eunotia (16 species), whose species are epiphytes for a wide
range of bryophytes and aquatic plants [85,86] and are diverse in sphagnum bogs [87].
The most numerous species are Eunotia praerupta (12.1–31.7%) (Figure 3B), E. bidens (up
to 12.9%), and E. bilunaris (up to 6.9%). This assemblage contains a significant amount
(2.9–20.8%) of aerophilic and soil species, including Hantzschia amphioxys, Reimeria sinuata,
Pinnularia borealis, and Luticola mutica, which can live with slight moisture and tolerate
temporary drying of the substrate [65,66,88]. The permanent components of the assemblage
are Stauroneis phoenicenteron, Staurosirella pinnata, Meridion circulare, Placoneis amphibola,
Encyonema elginense, and Caloneis silicula, most of which are typical of low-streaming
waters [66]. Among the freshwater species, benthic species are distinguished by their
species richness (68 species) and abundance (20–44.6%). In contrast, planktonic–benthic
species are less diverse (25 species), but numerically they dominate (40.6–63.3%). Diatoms
predominate (43.6–65.3%) in low-streaming waters, the number of species inhabiting
standing waters is significant (6.9–21.8%), and species preferring streaming waters make up
3.6–18.6%. The brackish water species Diploneis smithii, Anomoeoneis costata, and Thalassiosira
hyperborea occur sporadically, but their content becomes noticeable in the upper part (up to
13.3% in the range of 194–193 cm), which presumably indicates the beginning of an increase
in the influence of sea water.

Assemblage Cyclotella striata-Aulacoseira (interval 188–168 cm) is characterized by
an increase in the concentration of diatoms in sediments (0.01–0.2 × 106 valves/g), a
change in the dominant species, and a change in the ecological composition of the di-
atom assemblage. In the diatom assemblage, which includes 111 species, the number of
freshwater species decreases (92 species), there are 10 brackish water species, and 8 single
marine species. The brackish water planktonic species Cyclotella striata (13–40.3%) and
the freshwater planktonic arctic-boreal species Aulacoseira subarctica (6.6–32.9%) dominate
(Figure 4). Freshwater species still predominate in the assemblage (41.2–81%), including
planktonic (15.9–46.5%) and planktonic–benthic (10–36.9%) species, while the proportion
of benthic species is sharply decreased (3.2–14.3%). These are mainly species typical of
low-streaming waters (38–61%), and the number of species in standing waters is sharply re-
duced (1.6–4.7%). Brackish water species become a subdominant group (19–49.2%), among
them the planktonic Thalassiosira hyperborea and Th. baltica, which have similar ecological
characteristics, are constant. The characteristic of this assemblage is the appearance of
single marine species, represented by benthic (Tryblionella debilis, T. littoralis, T. levidensis,
etc.) and planktonic (Porosira glacialis, Actinocyclus sp., Chaetoceros spp.) species.
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A 

B 

Figure 3. (A) The ecological groups in diatom assemblages. m—marine; bw—brackish water (includes
euryhaline, living in both marine and fresh waters); fw—freshwater; unk—unknown ecology and
biogeography; ex—extinct. (B) The dominant and subdominant diatom species.

Assemblage Thalassiosira hyperborea-Chaetoceros (interval 168–140 cm) is characterized
by the highest concentration of diatoms in the core (0.1–0.68 × 106 valves/g), an increase
in species richness (10 species), and a sharp increase in the abundance (11.3–51.1%) of
marine species. The species richness (66 species) and abundance (9.1–22.6%) of freshwater
species are significantly decreased (Figure 3A). Brackish water species (11 taxa) become the
dominant group (26.9–64%). The dominant species is Thalassiosira hyperborea (21.6–52%).
The subdominant species are spores of marine planktonic species of the genus Chaetoceros
(10.7–51.1%), including Ch. diadema and Ch. mitra, which are indicators of highly productive
shelf waters (Figure 3B). These species predominate in modern sediments of the southeast-
ern LS [5,6,17]. Among the marine species, the presence of ice-neritic species Craspedopleura
kryophila, endemic to the circumpolar Arctic [89], Pauliella taeniata and Porosira glacialis, a
bipolar species inhabiting cold coastal waters adjacent to sea ice [90], and the arcto-boreal
species Bacterosira bathyomphala should be noted. The brackish water planktonic–benthic
species Thalassiosira baltica, Melosira arctica, and M. lineata are also characteristic species
of this assemblage (Figure 5). In general, brackish water species predominate in the as-
semblage (26.9–64%), while marine species are subdominant (11.3–51.1%); the number of
freshwater species drops sharply (9.1–22.6%), with the exception of the 160–159 cm interval,
where their number remains significant (41.3%). Among freshwater species, planktonic
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and planktonic–benthic species are distinguished by high numbers (4.9–25.7%); benthic
diatoms, distinguished by species diversity (38 species), make up 1.6–15.7%.

 
Figure 4. Diatoms of Assemblages 1 (1–13) and 2 (14–27). 1—Eunotia praerupta; 2, 4—E. valida;
3—E. bidens; 5—Cymbella neocistula; 6,7—Staurosirella pinnata; 8—Tetracyclus strumosus; 9—Luticola
arctica; 10—L. mutica; 11—Pinnularia borealis; 12—Tabellaria fenestrata; 13—Placoneis amphibola; 14,
15—Cyclotella striata; 16—Amphora ovalis; 17—Navicula cryptocephala; 18—Eunotia curtagrunowii;
19—Encyonema ventricosum; 20—E. silesiacum; 21—Diploneis littoralis var. arctica; 22—Diatoma tenuis;
23—D. moniliformis; 24—Aulacoseira subarctica; 25—A. granulata; 26—A. islandica; 27—Tryblionella
levidensis. Scale bar is 10 µm.
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Figure 5. Diatoms of Assemblages 3 (1–11, 13, 14), 4 (12, 15), and 5 (16). 1—Thalassiosira hyper-
borea; 2—Th. baltica; 3—Melosira lineata; 4—M. arctica; 5, 6—Bacterosira bathyomphala; 7—Chaetoceros
diadema; 8—Ch. mitra; 9, 10—Chaetoceros spp.; 11—Gomphonema ventricosum; 12—Amphora proteus;
13—Craspedopleura kryophila; 14—Stauroneis siberica; 15—Amphora copulata; 16—Melosira moniliformis
var. octogona. Scale bar is 10 µm.

Assemblage Thalassiosira hyperborea-Aulacoseira (interval 140–88 cm) differs from the
previous one by a decrease in the concentration of diatoms in sediments
(0.004–0.27 × 106 valves/g) and a sharp expansion of the species composition (133 species),
mainly due to freshwater species (106 species), which become subdominant (14.7–50.3%).
Based on habitat, freshwater species are represented by an approximately equal number
of benthic, planktonic, and planktonic–benthic species. Brackish water species dominate
(32.2–76.7%), represented by 15 species; the abundance of marine species (8 species) de-
creases (2.6–19.7%) (Figure 3A). As in the previous assemblage, the species Thalassiosira
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hyperborea dominates (20–72.5%), but the number of Aulacoseira species increases (2.9–26.6%).
This assemblage is characterized by the brackish water planktonic–benthic species Thalas-
siosira baltica (0.3–11.5%), Melosira lineata (1–5.3%), and M. arctica (0–7.3%). A permanent
element of the assemblage is the extinct Miocene species Alveolophora robusta, previously
noted in the Holocene sediments of the LS in Buor-Khaya Bay [22]. Marine diatoms are
represented by the species Porosira glacialis, Pinnularia quadratarea var. bicontracta, Navicula
valida, and Nitzschia polaris, which are common in recent and Holocene sediments of the
eastern Arctic Seas [14,17]. The oceanic species Thalassiosira eccentrica is noted in this in-
terval. Assemblage 4 is similar in taxonomic composition and ecological structure to the
diatom assemblages from the surface sediments of Buor-Khaya Bay, including the presence
of the extinct species Alveolophora robusta.

Assemblage Thalassiosira hyperborea-Aulacoseira-Melosira arctica (interval 88–0 cm) is
characterized by a low diatom content in sediments (0.01–0.072 × 106 valves/g) and the
highest species richness (150 species) of diatoms, most of which are freshwater (105 species).
The species Thalassiosira hyperborea still dominates (27.9–74.7%); species of the freshwater
genus Aulacoseira subdominate (4.6–27.9%); while the abundance of the ice-neritic species
Melosira arctica increases (up to 18%), accumulating on the upper and lower surfaces of drift
ice in the Arctic Basin [91–93]. A permanent component of assemblage 5 is the freshwater
planktonic species Lindavia costata, common in the water bodies of the Lena Delta Natural
Reserve [66] and recorded in the surface sediments of the LS in the zone of influence of
the Lena River runoff [17]. The characteristic of this assemblage is the presence of marine
endemic arctic-boreal ice-neritic species Bacterosira bathyomphala, Detonula confervacea, and
Porosira glacialis, and the oceanic species Rhizosolenia hebetata, typical of the Pacific diatom
flora. Brackish water and euryhaline diatoms (18 species) dominate (39.4–81.3%), while
freshwater species subdominate (12.2–51%), among which planktonic and planktonic–
benthic species prevail (up to 38%). The number of freshwater species sharply increases in
the intervals of 36–37 cm and 80–81 cm to 50% and 51%, respectively, potentially indicating
short-term increases in the influence of river waters at these intervals. Marine diatoms,
the species composition of which is significantly expanded (20 species) in this interval,
make up 0.9–13.1%. The assemblage is characterized by a significant amount (up to 7.7%)
of the freshwater species Alveolophora robusta, which became extinct in the Miocene, and
the marine species Porosira punctata, which is mainly typical of the Upper Miocene marine
sediments of the Arctic coast of Chukotka, Northern Siberia [4].

4.3.2. Testate Amoebae Assemblages

Testate amoebae (Protozoa: Testacea; testaceans) are single-celled organisms in which
the cell is enclosed within an external shell (testa). Some taxa in this group are covered by
exogenous mineral particles (xenosomes), plant detritus, or endogenous inputs (idiosomes),
such as silica platelets or, less commonly, phosphates [27]. They live in a wide variety of
terrestrial and aquatic environments, including wetlands, lakes, salt marshes [94], and,
less commonly, desalinated marine basins [95]. The ecological preferences of this group of
assemblages and the good security of natural resources in peat and lake sediments allow
them to be used for the reconstruction of environmental changes [96,97].

Testacean communities were found in the lower part of core LV83-32 in nine intervals
from 245 to 143 cm (Supplementary Material S3). Preservation of the amoebae testes in
the sediments is variable, mostly good, which allows for their taxonomic identification.
The content in the studied sediments is extremely low. The most representative species
diversity is noted in the intervals 245–244 cm (5 species) and 221–220 cm (8 species).

The testacean assemblage is represented by eurybiont, hydrophilic, calciophilic,
sphagnophilic, and hydromorphic-soil species. The general taxonomic composition in-
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cludes 15 species: Cyclopyxis kahli, Cyclopyxis cf. eurystoma, Cyclopyxis sp. 1, Cyclopyxis sp.
2, Cyclopyxis sp. 3, Cyclopyxis sp. 4, Difflugia cf. globulus var. cashii, Difflugia cf. micros-
toma, Difflugia bryophila, Difflugia cf. globularis, Difflugia oblonga, Cylindrifflugia hiraethogii,
Centropyxis cf. plagiostoma, Centropyxis sylvatica, Centropyxis (?, the question mark refers
to the preservation of the shells does not allow for a full identification of the species. It is
accepted micropaleontological practice to put a ? sign if the species is in question) sp.
(Figures 6 and 7). The most common are hydrophilic species of the genera Difflu-
gia and Cylindrifflugia, which are active planktonic forms in freshwater basins, as well
as sphagnophilic hydromorphic soil and calciphilic species of the genera Centropyxis
and Cyclopyxis.

 
Figure 6. Hydrophilic testate amoebae in core LV83-32. 1—Cylindrifflugia hiraethogii; 2, 3—
Cylindrifflugia cf. hiraethogii; 4, 5—Difflugia oblonga; 6—Difflugia cf. microstoma; 7—Difflugia cf. globulus
var. cashii; 8—Difflugia cf. globularis; 9–12—Difflugia bryophila. 1, 7, 11 (244–245 cm); 2–5, 8, 10
(220–221 cm); 6, 12 (164–165 cm); 9 (148–149 cm). Scale bar is 100 µm.
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Figure 7. Calceophilic, sphagnophilic, and hydromorphic soil testate amoebae in core LV83-32.
1–4—Cyclopyxis kahli; 5—Cyclopyxis cf. eurystoma; 6, 7—Centropyxis sylvatica; 8—Centropyxis (?) sp.; 9,
10—Centropyxis cf. plagiostoma; 11—Cyclopyxis (?) sp. 1; 12—Cyclopyxis (?) sp. 2; 13—Cyclopyxis (?) sp.
3; 14—Cyclopyxis (?) sp. 4. 7, 13 (244–245 cm); 1, 6, 9, 10, 12 (220–221 cm); 2, 5, 14 (172–173 cm); 3, 11
(159–160 cm); 8 (148–149 cm); 4 (143–144 cm). Scale bar is 100 µm.

Analysis of the testacean assemblage revealed some peculiarities in their distribution
in the core sediments. Species of the genera Difflugia, Cylindrifflugia, and Centropyxis were
found in the lower part of the core in three intervals from 245 to 220 cm. The exception
is the species Difflugia cf. microstoma, one specimen of which was found in the interval
165–164 cm, and the species Centropyxis (?) sp., found in the interval 149–148 cm. Species
of the genus Cyclopyxis are mainly distributed in four intervals from 189 to 143 cm, and
were also found singly in the interval 221–220 cm. Among them, the most common is the
calciphilic soil species Cyclopyxis kahli. Species of the genus Cyclopyxis are typical of wet
soils, mosses, and sphagnums, and also indicate mesotrophic nutrient supply [70,98]. Thus,
based on the differences in the taxonomic composition of the testacean in the lower part of
core LV83-32, two assemblages can be distinguished (Supplementary Material S3):

Difflugia-Cylindrifflugia-Centropyxis assemblage (interval 245–220 cm) includes
hydrophilic–sphagnophilic species; Cyclopyxis kahli assemblage (interval 189–143 cm) in-
cludes hydrophilic soil species.

It should be noted that the species Cyclopyxis kahli, Cyclopyxis sp. 2, and Cyclopyxis sp.
3 are found singly in the intervals 245–244 cm and 221–220 cm. Considering the significant
differences in the taxonomic composition of these assemblages, as well as their separation
by an “empty” interval of 25 cm, we assume that sediments including these assemblages
were formed in different environments.

4.3.3. Tintinnid Assemblages

The order Tintinnida (Protozoa: Ciliates) is a group of solitary planktonic ciliates
characterized by the presence of hyaline or agglutinated loricae (shells) [99]. Most of
the species in this group live in sea waters. Some species may occur in inland benthic



Quaternary 2025, 8, 40 15 of 30

habitats but are not benthic [100–102]. Tintinnid loricae are highly visible after fossilization,
allowing their use as indicators of environmental and hydrographic changes [103].

Loricae of two species of tintinnids, Tintinnopsis ventricosoides and Stenosemella nivalis,
were previously found in the upper part of core LV83-32 at intervals 61–60 cm, 37–36 cm,
29–28 cm, and 5–0 cm [42]. Additional study of the core yielded new information.

The most diverse taxonomic composition of tintinnids (5 species) is contained mainly
in the middle part of the core in the interval 185–128 cm (Supplementary Material S3).
The taxonomic composition includes Tintinnopsis fimbriata, T. ventricosoides, Tintinnopsis
turbo, Tintinnopsis cf. parvula, and S. nivalis (Figure 8). The highest number of tintinnids
(19 loricae per sample) was found in the interval 149–148 cm, while in other intervals, their
number did not exceed 1–7 loricae per sample. The listed species, except T. cf. parvula,
were previously identified in surface sediments of the LS and the East Siberian Sea [42].

 
Figure 8. Agglutinated tintinnid loricae in core LV83-32. 1–8—Tintinnopsis fimbriata; 9–12—
Tintinnopsis ventricosoides; 13—Stenosemella cf. nivalis; 14—Tintinnopsis cf. parvula; 15–18—Tintinnopsis
turbo. 6, 7 (172–173 cm); 14 (159–160 cm); 16 (156–157 cm); 1–5, 8, 9, 12, 18 (148–149 cm); 17
(143–144 cm); 15 (140–141 cm); 11, 13 (36–37 cm); 10 (4–5 cm). Scale bar is 100 µm.

All identified tintinnid species live in brackish water and inhabit coastal, mainly
mesohaline waters and estuaries [31,39,104–108]. Tintinnopsis fimbriata was found in the
185–128 cm interval, with the highest number of specimens (11 loricae) in the 149–148 cm
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interval. After a long “empty” interval, one specimen was found in the surface layer at
1–0 cm. Burkovsky [33] also found this species in plankton samples from the LS. Tintinnop-
sis ventricosoides occurs singly in the intervals 149–128 cm, 61–60 cm, 29–28 cm, and 5–0 cm.
Tintinnopsis turbo was found in the intervals 173–168 cm and 157–143 cm. Tintinnopsis
cf. parvula was encountered singly in the intervals 173–172 cm and 160–159 cm. This
species was identified in the sediments of the studied core for the first time and has not
been previously found in the LS. Stenosemella nivalis was found singly in the intervals
177–176 cm, 144–143 cm, and 5–0 cm. Thus, two assemblages can be distinguished (Supple-
mentary Material S3) based on the presence of tintinnid ciliate loricae in the sediments of
core LV83-32.

Tintinnopsis fimbriata assemblage (interval 185–128 cm) is characterized by small
numbers and low species diversity (5 species) of tintinnids. There are brackish water
species that inhabit coastal waters and estuaries, tolerating a wide range of water salinities
and temperatures. Tintinnopsis ventricosoides assemblage (interval 61–0 cm) is characterized
by extremely small numbers and poor species diversity (3 species) of tintinnids. There are
species that inhabit the coastal brackish waters of the Arctic and subarctic regions, as well
as in temperate latitudes.

The extremely low content of tintinnids and the large number of “empty” intervals
were probably due to the destruction of their loricae under the influence of active hydrody-
namic processes.

5. Discussion
5.1. Sedimentary Environments

The data obtained for sediment composition and diatom assemblages allow us to pro-
vide a more substantiated description of the conditions of the studied sediment formation.
In addition to the diatom assemblages, the main proxies were the grain-sizecomposition of
sediments, carbon isotope, and the distribution of biogenic and redox-sensitive elements.

In our case, the most important indicator of changes in paleoconditions is variations in
the salinity of the waters in which sedimentation occurred. For this purpose, the Br/TOC
index was used, reflecting changes in the content of marine planktogenic organic matter
in sediments, which accumulates bromine from seawater [109,110]. This index accurately
reflects the different salinities of the aquatic environment during the accumulation of layers
1, 2, and 3 (Figure 2). In addition, the data for the isotopic composition of carbon in the
organic matter of sediments (δ13CTOC) indicate significant differences in water salinity
during the accumulation of layers 2 and 3 (Figure 2). The δ13CTOC values established
for layer 3 are less than −28‰, which corresponds to the upper soil layer on permafrost
(−28.2 ± 1.96‰) and are significantly lower than that of the carbon from the ice complex
(yedoma) (−26.3‰) [111,112].

Accordingly, the organic matter of the sediments of layer 3 is exclusively terrigenous.
Based on the variations in Br/TOC and the isotopic composition of carbon, and taking
into account the almost exclusively freshwater species composition of diatoms and testate
amoebae (Figure 2), it can be concluded that the lower part of the core (below 190 cm) was
formed in freshwater basins. In the upper part of the core, the δ13CTOC values are close to
−24‰, which is close to the values for marine planktogenic carbon (−24 ± 3.0%) used in
the calculations for the East Siberian Sea [78,111]. The sharp variability in Br/TOC at the
boundary of layers 1 and 2 (Figure 2) is probably determined by the relative increase in the
accumulation of marine planktogenic carbon that occurred during the period (3.2–7.2 ka)
when the ice-eroded sediment layer was accumulating. The boundary between layers 1 and
2 is also clearly distinguished by the parameters used in the grain-size distribution. The
decrease in the content of clay (<4 µm) fractions of sediment and the increase in the content
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of sand (>63 µm) may be a consequence of the change from the low-dynamic conditions of
the coastal lowland to the highly dynamic settings of shallow marine waters. The same
contrasting change in the grain-size distribution of sediments, but with a transition to
less dynamic conditions, is manifested at the boundary between layers 2 and 3 (Figure 2).
The contrast in this transition is due to the loss of the sedimentary layer that had been
accumulating for four thousand years, during which there was a gradual decrease in sea
depth (Figure 2), the coastline moved away, and the influence of river runoff decreased [75].
The boundary between layers 2 and 3 is also clearly expressed by variations in Zr/Rb
(Figure 2). This indicator reflects the content of sand fractions that accumulate zirconium
minerals [18,55].

Redox-sensitive elements have been increasingly used in recent years to reconstruct the
redoxconditions of sedimentation environments. In this work, the molybdenum modulus
Mo/Mn (Figure 2) is used to assess variations in the redox conditions of bottom waters;
values greater than 0.02 indicate anoxic conditions in bottom waters during sediment
accumulation [113]. According to this indicator, oxide conditions prevailed, and anoxic
conditions could exist in certain periods of the accumulation of layer 2. High iron and
arsenic contents (Figure 2) also indicate oxide conditions in bottom waters.

The contents of biogenic elements (Ca, Sr, TOC, Br) are often used as indicators of the
bioproductivity of aquatic ecosystems [21,50,78,114]. In our case, Ca, Sr, and Br can, to some
extent, serve as indicators of the productivity of marine phyto- and zooplankton. The total
organic carbon of sediments includes a certain amount of ancient carbon entering the sea
with river runoff and during the abrasion of yedoma on the coast [50,78,109]. Nevertheless,
the distribution of TOC in marine sediments of core LV83-32 shows a correlation with the
bromine content (Figure 2), which indicates a relatively low content of terrigenous TOC. Its
comparatively high contents in continental sediments of layer 1 cannot be an indicator of
high bioproductivity.

Using the presented sedimentological proxies and the results of microfossil analysis
(Chapter 4.3), it is possible to substantiate the conditions at different stages of sediment
accumulation in core LV83-32.

Layer 1 differs sharply in the sediment composition and microfossil assemblages from
the overlying sediments and was not exposed by core LV83-32-3 (Appendix A, Figure A1),
obtained at the same station. It lacks carbonate biogenic remains but has an increased
content of organic carbon with minimal δ13CTOC (terrigenous) values, as well as minimal
Br/TOC values. Based on the above characteristics and taking into account the age (Figure 2,
Appendix A, Figure A1), these deposits can be classified as freshwater, formed in relatively
stagnant conditions within a coastal lake. The exception is the layered sediments of the
196–228 cm horizon (Figure 2), which were probably formed by the episodic introduction
of coarser sediment into the lake by the river.

Layer 2 is characterized by very high variability in the sediment composition and
microfossil assemblages. According to the Br/TOC, δ13CTOC values, taking into account the
age, the sediments can be classified as marine, formed in the mixing zone of sea and river
waters. According to geochemical features, this layer can be divided into three sublayers.

Sublayer 2a is characterized by relatively low contents of diatoms, TOC, Mn, and
Fe, with increased δ13CTOC and Mo/Mn ratio, which may indicate anoxic sedimentation
conditions [113]. It can be assumed that sediment formation occurred in estuarine or
lagoonal conditions.

Sublayer 2b differs by sharply increased and anomalous high contents of TOC, Br, Mn,
Fe, and diatoms (Figures 2 and 9), with low Mo/Mn values. Values of δ13CTOC are relatively
low and variable. This indicates that sedimentation occurred in the mixing zone of river
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and sea waters under oxidizing conditions, with the supply of biogens and elements (Fe)
by river waters activating bioproductivity [82,115].

 

Figure 9. A model of the distribution of various diatom, tintinnid, and testate amoebae assemblages
in bottom sediments of the estuarine shallow shelf of the LS.

Sublayer 2c is characterized by increased sand, strontium, Zr/Rb, and Mo/Mn values
(Figure 2). The TOC, Br, Fe, Mn, and diatom contents are relatively low and gradually de-
crease toward the upper layer, while the δ13CTOC value gradually increases. This indicates
that sediments accumulated on the outer part of the mixing zone of sea and river waters
with a gradual increase in sea depth.

Layer 3 accumulated on the ice- or iceberg-eroded surface of Sublayer 2c. Its sediments
are distinguished by a gradual increase in marine biogenic proxies (TOC, Br, Br/TOC,
δ13CTOC) toward the surface. This, as well as the microfossil assemblages, indicates that
the sediments accumulated under conditions similar to those of the present day (inner
shelf), with a gradual decrease in the role of river runoff. Its contact with the underlying
sediments of sublayer 2c is sharply contrasting, clearly expressed in the contents of Sr,
Fe, Zr, Br, Zn, gran-size fractions (Figure 2), as well as in color parameters (Appendix A,
Figure A2, Supplementary Material S1), which is determined by the removal of the lower
part of the layer as a result of ice erosion.

5.2. Microfossil Assemblages as a Proxy for Paleoenvironments

Three main environmental assemblages of microfossils are distinguished in the studied
sediments of core LV83-32, reflecting the phases of the natural environment changes during
the Holocene transgression in the land–sea transition zone with a significant influence of
river runoff. The limits of their distribution are generally determined by the spatial and
temporal boundaries of the previously identified sediment layers (Figure 2). The chrono-
logical boundaries of these layers, unfortunately, are rather arbitrary due to insufficient
dating frequency, but the sequence of their replacement is obvious.

Assemblage 1 (Layer 1, interval 252–188 cm) accumulated at the beginning of the
Holocene or earlier under lacustrine or deltaic conditions (Figure 9). This is indicated by
the diatom assemblage that formed in freshwater, low-streaming water bodies overgrown
with bryophytes and aquatic plants and surrounded by sphagnum bogs. Such water
bodies were widespread in the Quaternary on the continental shelf of the Yana-Indigirka
Lowland [116]. In addition, this assemblage includes sphagnophilic and hydrophilic
species of testate amoebae (Difflugia-Cylindrifflugia-Centropyxis), living in shallow freshwater
bodies of water with stagnant or slowly flowing water, mainly in an acidic environment
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surrounded by sphagnum bogs (Figure 9). They indicate conditions typical of the lake
phases of the Holocene evolution and modern bog ecosystems [28,117]. Almost all the
species we discovered were found in the Pleistocene–Holocene deposits of the Bykovsky
Peninsula [26,27], Cape Mamontov Klyk (near the Lena River delta) [28], and near the town
of Tiksi [29]. One specimen of the species C. kahli was found in the interval 221–220 m.
According to Bobrov et al. [27], the species C. kahli, first discovered in the high-latitude
Arctic sediments of the Bykovsky Peninsula, is an indirect indication of a soil environment
that is warmer than it is currently. In the area of Cape Mamontov Klyk [28] at the beginning
of the Holocene (9480 ± 40 years), the testacean population was typical of meso-oligotrophic
bogs, and the environmental conditions were humid and warm. The joint presence of
the calciphilic species C. plagiostoma and C. kahli in the interval 221–220 m may indicate a
slightly alkaline and neutral soil environment [28].

Assemblage 2 (Layer 2, interval 188–88 cm), presumably formed 9.2–7.2 thousand
years ago, includes microfossil assemblages 2a and 2b.

Assemblage 2a is characterized by diatoms, testate amoebae, and the appearance of
tintinnids. Diatoms are represented by the Cyclotella striata-Aulacoseira and Thalassiosira
hyperborea-Chaetoceros assemblages (Figure 9). Assemblage 2a is subdominated by the
freshwater species Aulacoseira subarctica and other species of this genus, which is typical
of modern waters [118] and surface and Holocene sediments in the LS in the influence
zone of the Lena River runoff [5,6,22]. The increase in the number of Aulacoseira species in
continental waters is associated with warming, which leads to a reduction in the duration
of freeze-up and an increase in the duration of open water [119]. The appearance of marine
species and the subdominance of brackish water diatom species indicate an increased
influence of marine waters. Assemblage 2b is characterized by the maximum concentration
of diatoms in sediments and a high number of spores of the genus Chaetoceros and indicates
high water productivity, typical of the estuaries of large Siberian rivers [82]. A high content
of Chaetoceros is usually observed in waters enriched in iron and biogenic elements [115].
Sediments probably accumulated under more marine conditions than currently prevail in
this area. This is evidenced by the richness and dominance of brackish water and marine
species. In terms of taxonomic composition and ecological structure, it is close to the diatom
complexes from the surface sediments of the Buor-Khaya Bay [17,22].

The microfauna is represented by brackish water species of tintinnids (from the genera
Tintinnopsis and Stenosemella) and freshwater testate amoebae. Among tintinnids, cos-
mopolitan species (T. fimbriata and T. turbo) predominate, inhabiting coastal brackish waters
(mainly in estuaries, sometimes in upwelling zones) and withstanding a wide range of
water salinity and temperature [31,39,104,106,120]. Among testate amoebae, species of
the genus Cyclopyxis are common, typical of wet soils, mosses, and sphagnum, indicating
mesotrophic nutrient supply [70,98]. The community is dominated by C. kahli, which
prefers coarse-grained sediments and warm soil environments [27]. Finds of freshwater
testate amoebae in estuarine and deltaic sediments can be explained by their removal with
riverine suspended matter and abrasion of coastal sediments. However, it is possible that
these amoebae, found together with marine and brackish water diatoms and tintinnids, are
more tolerant of salinity and may inhabit freshened marine waters [95]. Geochemical data
also indicate estuarine or lagoonal sedimentation conditions.

Microfossil assemblage 2b is characterized by the disappearance of microfauna and
includes the brackish water diatom assemblage Thalassiosira hyperborea-Aulacoseira, which
is characterized by a decrease in diatom concentrations in the sediments and an expansion
in the species composition and abundance of freshwater diatoms. Thus, the microfossil
assemblages show that the accumulation of layer 2 sediments occurred first in estuarine
or lagoonal conditions, and then in more seaward, relatively highly productive waters,
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with a change in the influence of river runoff. Judging by the sharp fluctuations in δ13CTOC

(Figure 2), during the period of accumulation of these sediments, periods of almost complete
desalination occurred due to the movement of the river mouth or an increase in its runoff.

Assemblage 3 (Layer 3, interval 88–0 cm) characterizes sediments presumably formed
over the period from 3.2 thousand years ago to the present on the inner shelf with depths
close to modern ones (Figure 2) and under the significant influence of the fresh water of
the Yana and Lena rivers. Similar conditions were probably characteristic of the greater
part of the sedimentary layer accumulated 3.2–7.2 thousand years ago, but removed from
the section as a result of ice erosion. These sediments are characterized by a low content
of diatoms and a mixed assemblage with a predominance of planktonic brackish water
(Thalassiosira hyperborea), freshwater (Aulacoseira spp.), and marine (Melosira arctica) species,
which are common in surface sediments of the southern LS [5,6,10,17]. The presence of a
significant amount of the extinct freshwater species Alveolophora robusta in this assemblage,
the source of which is Miocene continental sediments [17,22], probably indicates an increase
in the Lena River runoff during the period under consideration. Another extinct marine
species, Porosira punctata, noted in this assemblage is typical of the Upper Miocene marine
sediments of the Arctic coast of Chukotka and Northern Siberia [4], likely resulting from
erosion, which was probably redeposited in LS sediments. The low content of diatoms in
this assemblage is probably associated with a long-term ice cover, which is confirmed by
the predominance of fine-grained sediments in this interval (0–88 cm). The microfauna is
characterized by low numbers and poor species diversity of tintinnids, with T. ventricosoides
dominating. The distribution and ecology of this species are poorly studied. It was found
in marine and brackish waters and estuaries of the Barents, Baltic, Yellow Seas [30,106–108],
and Narragansett Bay (Rhode Island, Atlantic) [105]. A successive change in microfossil
assemblages from estuarine to modern, caused by rising sea levels and shelf flooding, was
also observed in the middle and outer shelf areas of the Laptev Sea for other microfossil
groups [20,121–124]

In the studied sediments of the Laptev Sea shelf off the Yana River mouth, near the
modern sea/land boundary, a sequence of changes in paleoenvironments was established
during the Holocene, occurring in three stages.

The first stage (early Holocene and earlier) was characterized by a terrestrial,
periglacial environment. Sedimentation occurred in freshwater, slow-flowing reservoirs
(lakes) overgrown with bryophytes and aquatic plants and surrounded by sphagnum bogs.
A postglacial transgression began at this time, leading to widespread flooding of the outer
Arctic shelf [125,126]. During this period, the climate in the Laptev Sea region was warmer
and more humid [127]. In areas further north of the mouth of the Yana River, the conditions
were estuarine and transitional, with an inner shelf [121,122]. The coastline was located
further north and ran approximately along the 51 m isobath [20].

In the second stage (late early–middle Holocene, about 9.2–7.2 thousand years ago),
terrestrial conditions were replaced by estuarine and/or lagoonal conditions, and then by
more marine conditions, accompanied by a significant change in river runoff. The influence
and productivity of marine waters increased, associated with the mixing of sea and fresh
waters. Marine middle shelf conditions were established further north [121,122]. During
this period, relatively warm conditions persisted in the Laptev Sea and the coast [127,128].
The progressive transgression of the sea continued, the coastline disappeared, and river
runoff weakened [125,126].

During the last stage (the end of the late Holocene, the last 3.2 thousand years),
sedimentation occurred on the inner shelf, with depths similar to modern ones, with
a significant influence of fresh water from the Yana and Lena rivers and long-term ice
cover. In the Laptev Sea, the climate became colder and close to that observed in modern
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times [128], the ice cover area increased, and the boundary of drifting ice shifted to the
south [129]. The change in conditions from estuarine to modern, caused by rising sea levels
and shelf flooding, was also observed in the middle and outer shelf areas of the Laptev Sea,
but occurred earlier [20,121–124]. The terrestrial conditions of the earliest Holocene on the
Laptev Sea shelf have been established for the first time.

6. Conclusions
In the Holocene sediments of the LS shelf in the zone of influence of the Yana River

runoff, a rich diatom flora, ciliates-tintinnids, and freshwater testate amoebae, discovered
for the first time in shelf sediments, have been established. A sequence of changes in
paleoenvironments in the Holocene was reconstructed based on the identified assemblages
of microfossils, sediment composition and geochemical data.

Assemblage 1 (Layer 1), including freshwater assemblages of diatoms Eunotia-
Pinnularia and testate amoebae Difflugia-Cylindrifflugia-Centropyxis, was formed at the
beginning of the Holocene under terrestrial conditions in a freshwater lake basin, sur-
rounded by sphagnum bogs. It is also confirmed by the presence of exclusively terrigenous
organic matter (δ13C < −28‰) and low Br/TOC values

Assemblage 2 (Layer 2), characterized by the abundance and species diversity of
microfossils, including diatoms (assemblages C. striata-Aulacoseira, T. hyperborea-Chaetoceros),
testate amoebae (assemblage C. kahli), and tintinnids (assemblage T. fimbriata), was formed
first in estuarine or lagoonal conditions, and then in more seaward, relatively highly
productive waters, in the mixing zone of sea and fresh waters, with a change in the
influence of river runoff. This is indicated by high TOC, Fe, Br, and Mn values, as well as
the increase in diatom productivity, where the crucial value belongs to Chaetoceros spp.,
which is associated with the intensive supply of iron. The upper part of the sediments of
layer 2 (the diatom assemblage T. hyperborea-Aulacoseira) probably accumulated in the outer
part of the mixing zone of sea and river waters.

Assemblage 3 (Layer 3), including diatoms (assemblage T. hyperborea-Aulacoseira-M.
arctica) and tintinnids (assemblage T. ventricosoides), was formed at a sea level position
close to the modern one (inner shelf), with a gradual decrease in the role of river runoff
and long-term ice cover. Key geochemical indicators, including TOC, Br, δ13C, Zr/Rb, and
redox-sensitive elements, reveal a dynamic environment shaped by sea-level stabilization.

Thus, we have established a succession of microfossil assemblages reflecting the
change in paleoenvironments from terrestrial to estuarine and then to modern ones, caused
by a rise in sea level and shelf flooding. The data obtained confirm the existing models
of the Holocene evolution of the Laptev Sea shelf [20,81–83], including transgression,
salinity changes, and the role of river runoff, and complement them with new details, such
as specific microfossil associations and geochemical markers. The identified microfossil
assemblages may be useful for interpreting paleoenvironments in other Arctic seas. This
emphasizes the value of an integrated approach for reconstructing paleoenvironments in
the Arctic.

Supplementary Materials: The following supporting information (Supplementary Material S1.
Organic carbon content and isotopes in the Core LV83-32 sediments, Supplementary Material S2. List
of diatoms from Core LV83-32, their ecological and biogeographic characteristics, and abundances (%),
Supplementary Material S3. Agglutinated tintinnid loricae and testate amoebae in the Core LV83-32
sediments) can be downloaded at: https://docs.google.com/spreadsheets/d/1HHvtlOc_wi2TzFW2
gDo-1-TgjTIAdguS/edit?usp=sharing&ouid=116334870618270057069&rtpof=true&sd=true or by
request (accessed on 19 June 2025).
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Appendix A

Figure A1. Comparison of age–environment models of core LV83-32 (LV83-32-1) and core LV83-32-
3 [75]. The red asterisk on model LV83-32-1 shows the age marker determined by the change from
continental to marine sediments.
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Figure A2. Photograph and distribution curves of color coordinates and granulometric fractions
in core LV83-32 sediments. The colors in the distribution curves indicate elevated (red), slightly
elevated (yellow), neutral (green), slightly lowered (blue), and lowered (blue) values relative to the
average core value of the corresponding characteristic. Triangles indicate sampling locations for
radiocarbon dating.

 

Figure A3. Main statistical indicators for the identified lithological horizons in core LV83-32 sediments.
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Figure A4. Reflection of hiatus by high-resolution variations in the chemical composition and color of
sediments in core LV83-32 based on X-ray fluorescence scanning with a step of 3 mm and colorimetric
analysis with a step of 1 mm. The pink dashed line shows the contact of the underlying and overlying
sediments, the yellow fill shows the layer of underlying sediments that changed their properties,
color, content of redox-sensitive elements (Zn) upon contact with sea water; the blue fill shows the
layer of overlying sediments that accumulated with additional supply of material from the lateral
ploughing furrow.
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