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The results of sedimentological analysis of bottom sediments of the Ivashkina Lagoon on the southern 
coast of Bykovsky Peninsula (southeast of the Laptev Sea) are presented. Core samples from boreholes drilled 
in the ancient thermokarst depression now occupied by the lagoon have been analyzed. The use of grain-size 
distribution data and Passega C–Md diagrams makes it possible to refine the genetic interpretation of the sedi-
ments obtained from field descriptions. The Holocene lacustrine–lagoon and taberal sediments and the underly-
ing Middle and Late Pleistocene alluvial sediments have been identified, and their grain-size characteristics have 
been determined. We have further reconstructed the sequence of sedimentation events in the course of transfor-
mation of a thermokarst lake into a marine lagoon.
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INTRODUCTION

According to modern knowledge, vast areas of 
the East Arctic shelf (up to several hundred kilome-
ters to the north from the modern shoreline) were 
dried and existed in subaerial conditions during the 
Late Pleistocene glaciation [Holmes, Creager, 1974; 
Romanovskii et al., 1999; Bauch et al., 2001]. In that 
time, predominantly syngenetic ice-rich sediments of 
the Ice Complex (IC) of up to 60 m in thickness ac-
cumulated in this area. Climate warming at the end of 
the Late Pleistocene led to the IC thawing and for-
mation of numerous thermokarst lakes with taliks of 
100–150  m in thickness developing under them 
[Kaplina, Lozhkin, 1979; Kaplina, 1981, 2009; Ro-
manovskii et al., 1999; Tumskoy et al., 2001]. Complete 
or partial drainage of these lakes promoted emergence 
of alases and freezing of sediments from the surface. 
Considerable territory of the shelf was inundated be-
cause of transgression in the Middle Holocene [De-
gtyarenko et al., 1982; Bauch et al., 2001]. Inundated 
thermokarst basins were transformed into specific 
cryogenic formations named as thermokarst lagoons 
(TL) [Romanovskii et al., 1999]. While inundating, 
they partially preserved their alas sedimentology 

characteristic of thermokarst basins [Romanovskii, 
1961; Kaplina, 2009]. The penetration of seawater 
into them led to an increase in water salinity, a de-
crease in its temperature in the bottom layers, a 
change in the cryogenic state of sediments, and the 
accumulation of lake-lagoon sediments.

Study of TL development is important for un-
derstanding cryogenic structure of the East-Arctic 
shelf with an expected wide distribution of relict 
forms of such lagoons [Rekant et al., 2009; Kasyms-
kaya, 2012]. Nowadays, the main TL study region is 
the Bykovsky Peninsula located in the southeastern 
part of the Laptev Sea (Fig. 1a). Several TL of differ-
ent development stages have been identified there. 
One of the most studied is the Ivashkina Lagoon in 
the south of the peninsula. In 1999, borehole IV99 
(Fig. 1b) was drilled in the middle of Ivashkina La-
goon within the framework of the Russian–German 
expedition “Laptev Sea System”. Five sediment lay-
ers were identified and dated within the upper 6.1 m 
depth of the section [Schirrmeister et al., 2018]. In 
2004, six boreholes of up to 15  m deep (IV4-1 – 
IV4-6) located in shallow water and on the surface of 
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the alas terrace were been established within the 
framework of joint expedition of the Faculty of Geo
logy of Lomonosov Moscow State University and the 
Institute of Physicochemical and Biological Prob-
lems of Soil Sciences led by V.E. Tumskoy [Cheverev 
et al., 2007]. In 2013–2014, the Russian–American 
expedition of the Il’ichev Pacific Oceanological Insti-
tute, Far Eastern Branch of the Russian Academy of 
Sciences (POI FEB RAS) led by I.P.  Semiletov 
drilled two 40-m-deep boreholes (5D-13 and 1D-14) 
and obtained data on ground temperatures and on the 
grain size distribution and chemical composition of 
core samples [Suhoverkov et al., 2014; Ulyantsev et al., 
2016, 2020; Pogodaeva et al., 2017; Ruban et al., 2017; 
Gershelis et al., 2019].

However, sediment structure and the history of 
Ivashkina Lagoon development raise many questions 
until today. The main problems are the time span of 
the thermokarst onset and the spatial extent of initial 
lake (or lakes), the degree of drainage of the thermo-
karst basin before inundation by the sea, and the 
cryogenic structure of its sediments in the modern 
conditions.

The aim of this work is to determine the main 
sediment facies related to different formation stages 
on the basis of geological and sedimentological fea-
tures of sediment cores obtained in Ivashkina Lagoon.

ENVIRONMENTAL SETTINGS 
OF IVASHKINA LAGOON

The Bykovsky Peninsula is found in the north-
western part of Buor-Khaya Bay in the Laptev Sea 
(Fig. 1a). It is a Yedoma upland of up to 40 m a.s.l. 
dissected by completely or partially drained thermo-
karst lake basins (alases), thermoerosional valleys, 
and ravines. Three sea-connected thermokarst basins 
can be found in the southern part of the peninsula 
facing Tiksi Bay. Harsh climatic conditions (mean 
annual air temperature is –12.7°С [Weather and cli-
mate…, 2021]) determine continuous permafrost with 
thickness of up to 500 m and even more. Mean annual 
ground temperature within Yedoma uplands is around 
–11°С; within alases, –9°С. Closed taliks of up to 
30 m are expected under the thermokarst lakes and 
lagoons [Kunitskiy, 1989].

Yedoma uplands of the Bykovsky Peninsula are 
composed of the Ice Complex – Late Pleistocene al-
luvial-colluvial and lacustrine-paludal silty and san-
dy sediments, often with peaty loams [Siegert et al., 
2002; Slagoda, 2004]. In general, geological section of 
the Yedoma consists of five horizons (from the top to 
the bottom) defined by E.A. Slagoda: horizon I – Ho-
locene sediments; horizon II IC – rhythmically inter-
bedded gravelly, sandy and loamy sediments of the 
Ice Complex (IC) in the south of the peninsula and 

Fig. 1. (a) Location of thermokarst lagoons in the Bykovsky Peninsula (Google Earth satellite image (frag-
ment)) and (b) geomorphological map of the Ivashkina Lagoon. 
1 – I alas terrace, 2 – II alas terrace, 3 – water, 4 – spit, 5 – beach, 6 – Yedoma slopes, 7 – Yedoma surface, 8 – contour lines,  
9 – thermal abrasion shore, 10 –borehole location and ID, and 11 – directions of material transport.
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loamy sediments of the IC in the east; horizon III 
IC – peat layers and lenses in the north and the east 
of the peninsula, or lacustrine loams (III) in the form 
of inclusions in the south of the peninsula; horizon IV 
IC – predominantly loamy with interlayers of sand 
and gravel in the lower part, or its taberal facies (IV). 
The IC is underlain by rhythmically layered sorted 
alluvial sands of horizon V of the Middle/Late Pleis-
tocene age according to [Jenrich et al., 2021]. The ba-
sin of Ivashkina Lagoon is framed from the west by 
the Yedoma with coarse-textured sandy sediments of 
horizon  II IC (analogous to geological section of 
Razdel’ny Cape) and by fine-grained Yedoma sedi-
ments of horizons II, III, IV IC from (analogous to 
Mamantovy-Khayata geological section) from the 
north and east [Slagoda, 2004].

Holocene lacustrine loamy sands and loams, as 
well as polygonal peatlands with ice wedges, are 
widespread within alas sediments. The following sed-
iment horizons occur within lagoons of the peninsula 
(from the top to the bottom): Middle and Late Pleis-
tocene alluvial sands, taberal formations (thawed and 
subsided sediments of the IC), and Holocene sedi-
ments of thermokarst lakes and TL. Lacustrine sedi-
ments of the Uomullyakh Lagoon are dated back at 
10.5 ka; and proper lagoon sediments, at 7.4 ka [Jen-
rich et al., 2021]. The age of the initial thermokarst 
lake sediments within the Ivashkina Lagoon is 13 ka 
[Schirrmeister et al., 2018] and of the lacustrine-la-
goon sediments, 286–540 years. 

Ivashkina Lagoon is the largest TL of 
2.0 × 2.5 km in area; it is separated from the Tiksi Bay 
by the spit. The average depth of the lagoon is 2.0–
2.5 m, and its water level varies within 0.5 to 1.0 m 
depending on wind-driven effects. Bottom depression 
adjacent to the shore with a depth of 4–5 m is found 
in the northwestern part of the lagoon.

From the west, the lagoon is bordered by the first 
1.5-m-high terrace of the alas, which is inundated by 
the sea during surges; above it, there is the second 
4-m-high terrace (Fig. 1b). The surface of terrace I is 
dissected by basins of numerous lakes up to 1 m deep 
and connecting streams. Almost all these lakes are sa-
line because of the impact of wind-induced surges as 
indicated by the driftwood within the entire basin. In 
the eastern side of the lagoon, the mentioned alas ter-
races are narrow; the width of terrace II does not ex-
ceed 25 m, and terrace I is almost completely eroded.

The described geomorphic conditions of the 
Ivashkina Lagoon determine the more intense sedi-
ment flow from the Yedoma slopes into the north-
western part of the lagoon adjacent to the bottom 
depression than from the eastern side. Slope processes 
on the western side of the basin deliver the material 
to the surface of terraces II and I, while the lagoon 
receives material eroded from the ledge of terrace I 
that retreats with a rate of 0.4–0.5 m/yr [Schirrmeis-
ter et al., 2018].

The Ivashkina Lagoon sediment section includes 
alas and lacustrine sediments and taberal sediments; 
thus, it represents a typical section of thermokarst 
lake basin [Cheverev et al., 2007]. Sediments in the 
center of the lagoon represent a combination of cryo
tic, thawed, and frozen layers that differ significantly 
from sediments in the northwestern part of the la-
goon [Gershelis et al., 2019].

The boundaries of the horizons identified within 
the Ivashkina Lagoon were previously determined 
based on geological data and the analysis of organic 
matter sampled at different depths by different au-
thors. A generalized analysis of the results of drilling 
in the Ivashkina Lagoon has not yet been carried out.

METHODS FOR STUDYING 
SEDIMENT CORES

In this study, we use data from borehole 5D-13 
(14 samples) drilled in the lagoon’s center and bore-
hole 1D-14 drilled in the northern part of the lagoon 
(Fig. 1b). In case of 5D-13, sediment core was sam-
pled to a depth of 16 m; further down to 41.1 m, this 
borehole was only used for temperature measure-
ments. Borehole 5D-13 mouth is found at a depth of 
2 m. Borehole 1D-14 was drilled down to 38 m; sedi-
ment core was sampled to a depth of 36 m; the bore-
hole mouth is at a depth of 1.8 m. In this study, we 
analyze grain-size data to a depth of 25.5 m (31 sam-
ples). 

We have additionally used grain-size data on the 
Ivashkina Lagoon sediments retrieved from 12.4-m-
deep borehole IV4-4 (Fig. 1b) (11 samples) and pub-
lished in [Cheverev et al., 2007]. In 2004, the drilling 
point was close to the shore, where the water depth 
was only 0.2 m. Currently, this point is about 16 m 
from the shore.

A comparison of the data from these boreholes is 
hampered by different methodologies for grain-size 
distribution determination and different classifica-
tions. Grain-size distribution of sediments >0.1 mm 
from boreholes 5D-14 and 1D-14 was determined by 
sieving method; for grain sizes <0.1 mm laser diffrac-
tometry (Mastersizer 2000 analyzer) was applied in 
the Laboratory of Arctic Studies at the POI FEB 
RAS. While preparing samples, no dispersion was 
carried out; organic matter was removed, whereas 
carbonates were not removed. Grain-size distribution 
analysis of sediments from borehole IV4-4 was per-
formed at the Geological Faculty of Moscow State 
University using sieve and pipette methods in accor-
dance with [GOST 12536-79, 1980].

Layers differing in texture and composition of 
sediments were determined in the field; field data 
were further supplemented with the results of grain-
size distribution analysis and calculated statistical 
characteristics reflecting the sedimentation dynamics 
regime. 



23

SEDIMENTOLOGICAL ANALYSIS OF BOTTOM SEDIMENTS OF THE IVASHKINA LAGOON (BYKOVSKY PENINSULA) 

For the initial separation of lithodynamic types 
of sediments, logarithmic and cumulative curves were 
constructed, and the values of quartiles Q1 (75%), Q2 
(50%), and Q3 (25%) were determined; we also calcu-
lated median grain size, sorting coefficient, and asym-
metry of distribution [Reinek, Singh, 1981].

Median grain size (Md) is informative for well-
sorted sediments with unimodal grain-size distribu-
tion, whereas its value may have a distorted meaning 
for multimodal and heterogenic distribution patterns 
[Frolov, 1993]. Sorting coefficient (So) characterizes 
sediments’ degree of homogeneity: well-sorted. 
So < 2; moderately sorted, So 2–3; and poorly sorted, 
So > 3 [Frolov, 1993]. Arctic sediments of any genesis 
have large So values due to the influence of cryogen-
esis [Danilov, 1983]. Asymmetry (skewness) Sk al-
lows assessing mechanical differentiation of clastic 
particles and the degree of heterogeneity and granu-
lometric maturity of sediments [Grossgejm et al., 
1984]. Positive Sk values suggest predominance of 
the fine particles, whereas negative Sk values attest to 
the predominance of coarse fractions.

To analyze sedimentation conditions, we have 
used dynamic C–Md diagram suggested by R. Passe-
ga [Passega, Byramjee, 1969], where C is the first 
quartile (%), an approximate value of the maximum 
grain size, and Md is the median grain size. Based on 
the ratio of C and Md, this diagram allows determin-
ing the mechanism of material transport: in suspen-
sion, via riffling, or via saltation.

S.I. Romanovskii [1977] believed that dynamic 
diagrams should have a regional justification and cal-
ibration based on sediments with a known genesis. 
For Bykovsky Peninsula, this work was done by 
E.A. Slagoda [2004]. In our work, the analysis of 
taberal formations is particularly difficult, since they 
partially inherit the features of the grain-size distri-
bution of the IC sediments, and the composition of 
the latter in the Bykovsky Peninsula is highly vari-
able. Nevertheless, Ivashkina Lagoon sediments are 
mostly modern, and their origin and sources are 
mainly obvious. 

RESULTS OF SEDIMENT STUDIES

Grain-size distribution  
in sediments from borehole 5D-13

Layer I (0–4.6 m). The sediments are represent-
ed by black mud and by dark gray loam in the lower 
part (Fig. 2a). At a depth of 3.4–3.5 m, an interlayer 
of fine sand is present. The sediments are in a cryotic 
state; from a depth of 3.5 m, in a thawed state. The 
Md is 0.012 mm. Distribution of fractions in samples 
(Fig. 2b) coincides and has a three-peak character 
with a predominance of the fraction of 0.01 mm. The 
degree of sorting is moderate. 

Layer II (4.6–9.0 m). Upper 1.2 m – coarse-
grained sand, black, thawed. Below, there is a stratum 
of thawed interlayering loamy sands and loams; from 

a depth of 7.8 m, frozen. Cryogenic structure (CS) is 
of the lens type. The Md value for loamy sands and 
loams is 0.054 mm. The distribution curves for sedi-
ments of layer II have a similar three-peak character; 
fractions of 0.01 and 0.1 mm predominate. Sands in 
the upper part of the layer have a flat-topped size dis-
tribution curve; there is no dominant fraction. The 
sorting in the layer is moderate; the sand is poorly 
sorted.

Layer III (9.0–10.8 m). Frozen loams, homoge-
nous. CS of lens type. Grain-size distribution curve 
has two peaks and a flattened tail due to the admix-
ture of coarse fractions and is close to the curves from 
layer I. The sediments of this layer are distinguished 
by a pronounced predominance of the 0.01 mm frac-
tion. Md is 0.021 mm; the degree of sorting is mo
derate.

Layer IV (10.8–11.7 m). Gravelly frozen sand 
with massive CS; Md is 0.794 mm; sand and gravel 
fractions predominate. The graphs of statistical indi-
ces (Fig. 2a) do not contain data on this layer, as they 
distort readability of the graphs. The So index (4.1) 
attests to poor sorting; the Sk index has a sharply 
negative value and is not considered, because this in-
dex is more applicable for sand and silt fractions. 

Layer V (11.7–16.2 m). Alternation of coarse- 
and fine-grained frozen and cryotic (from a depth of 
13.2 m) sands; frozen sands have a massive CS. Md is 
0.295 mm. The sediments are moderately sorted, the 
size distribution curve is unimodal, with a predomi-
nance of the sand fraction (70–90%). The size of sand 
grains gradually increases with depth.

Figure 2c shows the C–Md diagram for the bore-
hole sediments; it consists of nine segments. Seg-
ments I, II, III, and IX mainly correspond to riffled 
sediments that were either deposited close to their 
source or transported in conditions where suspension 
deposition was insufficient. Segments IV, V, VI, and 
VII correspond to suspended sediments and, to a less-
er extent, riffled sediments. The line Md = 0.1 mm 
separates homogeneous and gradation suspensions. 
Segments IV, V, and VI predominantly correspond 
to  the sediments of gradational suspension, seg-
ment VIII corresponds to homogeneous fine and pe-
lagic suspensions [Passega, Byramjee, 1969; Reineck, 
Singh, 1981]. Sediments of layer I are in the upper 
part of sector  VIII and correspond to sediments 
formed mainly in suspension and partly by riffling. 
Due to high C values, such situation may indicate a 
large amount of material delivered from outside. Thin 
lacustrine sediment corresponds to the lower part of 
sector VIII. The sediments of layer I were formed 
largely due to coastal erosion and, perhaps, in a shal-
low reservoir, where bottom sediments were subject-
ed to wave mixing. The point located in sector IX 
corresponds to sediments from a depth of 2.4 m. This 
position on the diagram indicates that sediments at 
this depth were formed mainly due to the riffling of 
particles.
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The sediments of layer II are located mainly in 
segment VII and are characterized as suspended sedi-
ments and partially riffling sediments. The sediments 
of layer III correspond to riffling ones. Segment I con-
tains sands from layers IV and V.

Grain-size distribution in sediments  
from borehole 1D-14

Layer I (0–0.3 m). Modern black cryotic mud 
(Fig. 3a); Md is 0.011 mm. Grain-size distribution 

Fig. 2. Results of grain-size distribution analysis of sediment cores from the Ivashkina Lagoon, borehole 
5D-13.
a – grain-size distribution and its characteristics (Md, median diameter; Sk, asymmetry (skewness); So, sorting coefficient; dashed 
lines are the boundaries of identified layers I–V (see text); 1 – mud, 2 – loam, 3 – loamy sand, 4 – fine sand, 5 – coarse sand, 6 – 
gravelly sand; 7 – permafrost boundary); b – logarithmic distribution curves for layers I–IV; c – dynamic C–Md diagram of sedi-
ments (Roman numbers designate segments I–IX of the types of sedimentation; CS is the maximum size of grains transported in 
suspension, CU is the maximum size of grains transported in homogenous sediment suspension).

curve (Fig. 3b) coincides with that in the upper mud 
horizon in the central part of the lagoon.

Layer II (0.3–5.0 m). Interbedded sand and san-
dy clay with diagonal lamination, dark gray to black 
color, cryotic state; inclusions of gravel and plant de-
bris are present. Md varies from 0.024  mm to 
0.282 mm. The sorting varies from moderate to poor, 
declining from the top to a depth of 2.55 m; further 
down the section, the degree of sorting improves to 
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Fig. 3. Results of grain-size distribution analysis of sediment cores from the Ivashkina Lagoon, borehole 
1D-14. 
a – grain-size distribution and its characteristics (1 – mud, 2 – diagonal lamination of sand and clay, 3 – fine-grained sand,  
4 – gravelly sand, 5 – detritus, 6 – gravel; 7 – permafrost boundary); b – logarithmic distribution curves; c – dynamic C–Md dia-
gram of sediments. Other designations are the same as in Fig. 2. 

So = 1.86. The grain-size distribution curves display 
three peaks with a predominance of fine sand fraction. 

Layer III (5.0–12.0 m). Fine-grained dark gray 
cryotic sand. The lower 0.4-m-thick layer consists of 

plant detritus. The Md is 0.232 mm. The degree of 
sorting varies from good to poor; the asymmetry val-
ue changes insignificantly. At a depth of 9.5 m, Md 
decreases to 0.079 mm due to an increase in the con-
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tent of clay and silt fractions; Md increases from a 
depth of 11 m down the section. The grain-size distri-
bution curves display three peaks with a predomi-
nance of fine sand fraction. 

Layer  IV (12.0–12.2  m). Frozen coarse sand 
with gravel and detritus inclusions. CS is massive. 
Md is 1.479 mm; So is 3.16, sand and gravel fractions 
predominate. Sk is negative and is not considered due 
to the predominance of coarse-grained material. The 
distribution curve is unimodal with a flattened tail 
towards fine fractions; coarse sand and gravel frac-
tions predominate.

Layer V (12.2–25.5 m). Interbedding of frozen 
coarse- and medium-grained sands with layers of 

loamy sand, gravel, and plant detritus. CS is massive. 
Down to a depth of 17 m, the color changes layer by 
layer from ocherous gray to gray’ lower, it is light 
gray. Layers of plant detritus are compacted, dark 
brown in color, with the inclusion of thin (<5 mm) 
branches. Detritus layers range in thickness from 1 to 
10 cm and often lie obliquely. Md varies from 0.025 to 
0.380 mm. Particle sorting is moderate. The grain-size 
distribution curves have three peaks with a predomi-
nance of sand fraction. 

The C–Md diagram of 1D-14 sediments (Fig. 3c) 
shows that clay from layer I is located in sector VIII 
corresponding to sediments of homogeneous suspen-
sion. Mixed sediments of layer II are concentrated 

Fig. 4. Results of grain-size distribution analysis of sediment cores from the Ivashkina Lagoon, borehole 
IV4-4 [Cheverev et al., 2007]. 
a – grain-size distribution and its characteristics (1 – loam, 2 – loamy sand, 3 – fine-grained sand, 4 – gravelly sand); b – logarith-
mic distribution curves; c – dynamic C–Md diagram of sediments. Other designations are the same as in Fig. 2. 
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mainly in segment VII. The sediments of layers III 
and V are situated equally on the diagram; most of 
the points correspond to zones of mixing of suspend-
ed and riffling sediments. Layer IV is located in sec-
tor I – the zone of riffling, drawing, and saltation 
sediments.

Grain-size distribution in sediments  
from borehole IV4-4

Layer I (0–3 m). Frozen loam with a predomi-
nance of clay and silt fractions (Fig. 4a). The CS in 
the upper 0.15 m is massive; in the layer of 0.15–
0.3 m, it is lens-type to layered. In the layer of 0.3–
0.8 m, the CS changes from top to bottom from retic-
ular-layered through reticular to lens type-layered. 
Down the section, the CS changes from reticulate-
layered to reticulate. In the range of 1.3 to 3 m, the 
CS is coarse reticulate. The average Md value is 
0.006 mm, the sorting is poor, the asymmetry is con-
stant within the layer. The grain-size distribution 
curve has two peaks (Fig. 4b) and it generally similar 
to the curves obtained for the upper mud layer in the 
central part of the lagoon (Fig. 2b).

Layer II (3–9 m). Loamy sand predominates; in 
the upper part, there is a 0.1-m-thick layer of sand, 
and at a depth of 4 to 5 m there is a layer of loam. The 
sediments are in the frozen state. In the upper part, 
there are many inclined layers of plant detritus. At a 
depth of about 6 m, there are mottles enriched in viv-
ianite. CS is lens type-layered and lens type, with 
many oblique ice lenses. The average value of Md is 
0.046  mm, at a depth of 4.7  m it decreases to 
0.007 mm, the character of the grain-size distribution 
curve from this depth coincides with that in sedi-
ments of layer I. From the bottom up the section, the 
composition of sediments changes towards finer frac-
tions, and the sorting improves. The sediments of this 
layer are poorly sorted.

Layer III (9.0–10.2 m). Frozen silty sand loam. 
CS is lens type-layered and lens type, oblique ice 
lenses can be traced. Md is 0.025 mm, sorting is mod-
erate. The grain-size distribution curve is unimodal 

with a “tail” extended towards the fine fractions; the 
silt fraction predominates.

Layer IV (10.2–11.5 m). Heterogeneous frozen 
gravelly sand. CS is massive. Md is 0.355 mm (which 
in this case is not significant due to the high heteroge-
neity of the composition), the grain-size distribution 
curve has several peaks with a predominance of sand 
and gravel fractions. Sorting is poor.

Layer V (11.5–13.3 m). Well-sorted fine-grained 
frozen sand. CS is massive. Md is 0.135 mm. The 
grain-size distribution curve has one pronounced 
peak.

On the C–Md diagram (Fig. 4c), bottom sedi-
ments of layer I in borehole IV4-4 are located in the 
zone of homogeneous suspension sediments. The sed-
iments of layers II, III, and V are classified as predom-
inantly suspended and partially riffled sediments. The 
sediments of layer IV belong to the zone of riffling 
and saltation (segment I).

RECONSTRUCTION OF SEDIMENTOGENESIS 
WITHIN THE IVASHKINA LAGOON

We have identified three horizons reflecting dif-
ferent sedimentation environments (Table 1, Fig. 5) 
based on our grain-size distribution analysis in three 
sediment cores from the Ivashkina Lagoon.

The lower horizon (III) is represented by allu-
vial rhythmically layered sands, which can be traced 
throughout the entire territory of the Bykovsky Pen-
insula and underlie the sediments of the IC. In the 
borehole 1D-14, they were penetrated to a depth of 
35 m. Layers of gravel, thin layers of loam and plant 
detritus can be traced. The average Md of particles is 
0.214 mm, the degree of sorting varies from well to 
poor, with an average So of 2.5. According to the 
C–Md diagram, the sediments of horizon III corre-
spond to the area of permanent streams (Fig. 6). All 
these characteristics allow them to be correlated with 
alluvial sands of horizon V in the reference sections 
Razdel’ny and Mamontovy identified by E.A. Slagoda. 
The same sediments are identified in the section of 

Ta b l e  1.	 Sediment composition in the Ivashkina Lagoon from boreholes 5D-13, 1D-14, IV4-4

Horizon Type Borehole ID Layer Depth*, m Thickness, m Composition
I I 5D-13 I 0–4.6 4.6 Mud, loams

IV4-4 I, II 0–6.0 6.0
1D-14 I 0–0.3 0.3

II 1D-14 II 0.3–5.0 4.7 Sand, mud
II I 5D-13 II, III, IV 4.6–11.7 7.1 Sands, loamy sands, loams, gravelly sands

IV4-4 II, III, IV 6.0–11.5 5.5
II 1D-14 III, IV 5.0–12.2 7.2 Sands, gravelly sands

III 5D-13 V 11.7–16.2 >4.5 Sands with interbedded gravel, loams
IV4-4 V 11.5–13.3 >1.8
1D-14 V 12.2–25.5 >13.3

* Depth from the bottom of the lagoon.
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the Uomullyakhskaya Lagoon and Pestsovoye Lake 
according to [Jenrich et al., 2021].

Horizon II is represented by thawed IC sedi-
ments (taberal Holocene formations) of two types 
and predominantly retains its original composition. 
Its thickness is 6–7 m.

Type I is represented by sands, loamy sands, and 
loams with vivianite inclusions, underlain by gravelly 
sands, found in boreholes 5D-13 and IV4-4. On the 
C–Md diagram, they are situated in the zone of mix-
ing of particles transported mainly in suspension and 
by particle riffling, as well as in the zone of particle 
riffling corresponding to the region of temporary 
flows. Compositionally, these sediments correspond 
to horizon IV IC of the Razdel’ny section.

Type II covers sediments at depths from 5 to 
12.2 m along the core of 1D-14 and is represented by 
fine-grained sands underlain by gravelly sands with 
inclusions of detritus. Sorting in the upper part of the 
section varies from good to poor; Md is 0.189 mm. The 
position on the C–Md diagram shows the formation 
of sediments under conditions of temporary flows of 
varying intensity. Together with the underlying grav-
elly sands, they in general correspond to sediments 
identified by E.A. Slagoda as part of type IV IC of the 
Razdel’ny section. Similar to type I, type II sediments 
correspond to the compositional characteristics of IC 
sediments and reflect their original deposition condi-
tions. From the previously described IC sediments, 
they are distinguished by higher So values, and their 
CS – lens type-layered or lens type, with obliquely ly-
ing ice lenses [Cheverev et al., 2007] – allows them to 
be characterized as taberal formations.

The upper horizon (I) reflects the development 
history of the Ivashkina Lagoon itself; two sediment 
types are identified within its boundaries. Type I is 
represented by lacustrine-lagoonal silts and loams 

Fig. 6. Generalized C–Md diagram of Ivashkina 
Lagoon sediments.
1 – IC sediment zone, 2 – zone of alluvial sands underlaying IC 
(after [Slagoda, 2004]. Roman numbers I–III of the horizons 
correspond to their numbers in Table 1. 

Fig. 5. Schematic section of the western part of 
Ivashkina Lagoon.
1 – loamy sand, 2 – loam, 3 – sand, 4 – gravelly sand, 5 – alas 
sediments, 6 – horizon I, 7 – horizon II, 8 – horizon III, 9 – IC, 
10 – permafrost boundary. 

and occurs to depths of 5–6 m in the central and west-
ern parts of the lagoon and to a depth of 0.3 m in its 
northwestern part. The average Md is 0.014 mm. On 
the C–Md diagram, sediments are located in the area 
of calm waters. The predominantly lacustrine-lagoon-
al origin of the identified sediment types is also con-
firmed by data on the organic matter content [Che
verev et al., 2007; Suhoverkov et al., 2014; Pogodaeva et 
al., 2017; Gershelis et al., 2019], which show that its 
increase bottom-up occurs from a depth of 6–8 m.

Type II occurs in the northwest of the lagoon in 
the section of borehole 1D-14 and represents inter-
bedded sand and silt with diagonal lamination. The 
Md value changes layer by layer from 0.024 in silts to 
0.282 mm in sands. The sediments could have appar-
ently been formed both as a result of (1) thermal abra-
sion of the shore and the removal of material from the 
ravine, within the debris fan of which the borehole is 
located, and (2) as a result of subsidence of IC sedi-
ments and its mixing with bottom sediments.

The analysis of grain-size distribution data on 
sediments from the Ivashkina Lagoon allows us to de-
termine three stages of its development.

Stage 1. Formation of the initial thermokarst 
lake accompanied by thawing and subsidence of the 
IC sediments. The sediments of horizon II preserve its 
lithological composition and represent a set of collu-
vial–alluvial fan sediments that accumulated at the 
foothills of the Kharaulakh Ridge and were later re-
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worked in the sub-lake talik. In the northwestern part 
of the lagoon (borehole 1D-14), the sediments of this 
horizon are dominated by coarser fractions (type I) 
than in the central and southwestern parts (type II).

Stage 2. Thermokarst lake expansion resulting 
in the accumulation of lake sediments themselves. 
The morphology (Fig. 1b) of the basin indicates that 
the western part of the modern lagoon was the central 
part of a thermokarst lake in the past, and the bulk of 
coarse fractions of impurities were delivered from the 
eroded shores [Tumskoy, Levochkina, 2020]. This con-
clusion is confirmed by the sediment composition – 
initial thermokarst lake sediments in the borehole 
IV4-4 are of finer texture than in other areas. Under 
conditions of active lake expansion, sediments were 
probably deposited in the northwestern part of the 
lake. The rate of IC sediments’ thawing and their sub-
sidence at the bottom could outpace the deposition 
rate to some extent, which resulted in the formation 
of a layer of mixed sediments in lacustrine conditions; 
this layer included a significant part of the introduced 
material as well as subsiding underlying sediments. 
At this stage, the sub-lake talik was developed; its 
relic was discovered in the central part of the lagoon 
at a depth of 13.2–19.7 m.

Stage 3. Thermokarst lake drainage. Given the 
coastal erosion rate near borehole IV4-4, the upper 
horizon of sediments was in the subaerial conditions 
several years before drilling. The modern alas sedi-
ments common in this area were probably rewashed 
and redeposited. An earlier stage of drainage can be 
traced in all boreholes at a depth of 2.4 to 4.0 m in the 
form of a layer of sands and loamy sands of up to 1 m 
in thickness. These sediments were formed by riffling 
particles; in the western part of the lagoon, they are 
also characterized by the presence of interbedded 
plant detritus lying obliquely. The same layer of loamy 
sand and silty sand in the depth range of 3–4 m is 
identified in boreholes IV4-2 [Cheverev et al., 2007] 
and IV-99 [Schirrmeister et al., 2018]. The composition 
of sediments in the Uomullyakh Lagoon located west 
of the Ivashkina Lagoon also indicates the likelihood 
of two stages of its drainage [Jenrich et al., 2021].

It was initially assumed that the Ivashkina La-
goon was a lake with a preserved sub-lake talik before 
being inundated by the sea [Cheverev et al., 2007], 
but two permafrost horizons were exposed while 
drilling and thermometry in 2013–2014 in its central 
part. The upper horizon (7.8–13.2 m) in the central 
part of the lagoon indicates that the basin was sub-
jected to freezing from the surface after it had been 
drained and turned into alas [Tumskoy, Levochkina, 
2020]. In the northern part of the lagoon, the perma-
frost table lies at a depth of 12 m. It is assumed that a 
residual thermokarst lake remained there before in-
undation by the sea.

As a result of the inundation of the basin by the 
sea, the lake was transformed into a modern lagoon. 
The conventional boundary between lacustrine and 

lagoonal sediments is drawn by the authors at a depth 
of about 2.5–3.0 m. It is poorly expressed in the sedi-
ment texture, but is distinguished by the presence of 
marine foraminifera (defined by E.Yu. Taldenkova) in 
the upper 2.5 m of the sediments. 

Modern lagoon sediments largely represent rede-
posited alas and lacustrine sediments entering the 
lagoon because of the erosion of the alas terrace. 
Changes in the modern composition of sediments 
may also be largely determined by the supply of sedi-
ment through the channel within the spit separating 
the lagoon from the sea.

Inundation of the basin by the sea has led to the 
thawing of the upper horizon of sediments, but as the 
lagoon has been shallowing, they transitioned to a 
cryotic state. In the northwestern part of the lagoon, 
it is currently expanding and deepening the bottom, 
but most of the lagoon is shallowing under conditions 
of stable sea level and a large amount of entering ma-
terial.

CONCLUSIONS

We have statistically compared drilling data on 
sediments in the Ivashkina Lagoon from different 
years and have determined and described three hori-
zons of sediments: alluvial sediments, taberal forma-
tions, and lacustrine-lagoonal sediments. We have 
identified changes in the sediment grain-size distribu-
tion reflecting different depositional conditions in the 
horizon of lacustrine-lagoonal sediments, considered 
earlier as and single homogeneous layer. It is assumed 
that the lake had been drained twice before being in-
undated by the sea. For a more detailed reconstruc-
tion of the Ivashkina Lagoon development condi-
tions, drilling with more frequent sampling is neces-
sary.

The analysis of the grain-size distribution of sed-
iments in the Ivashkina Lagoon allows us to conclude 
the following:

– The composition of sediments in the lagoon is 
largely determined by the amount and composition of 
material coming from the eroded shores and the posi-
tion of the shoreline.

– Deposition in shallow lagoon conditions differs 
from deposition in deep-water lacustrine conditions 
by a higher hydrodynamic activity and sedimentation 
rates.

– Alas sediments are not preserved intact in the 
section of the bottom sediments of the lagoon; as the 
water area expands, they are subjected to erosion and 
redeposition. 
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