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The comparative analysis of the hydrochemical and trace element composition has been undertaken for 
ground ice occurring in the coastal zone of the Western Yamal. The study of ice had been performed from 2009 
to 2014. Variations in the distribution of chemical elements has been identifi ed for polygonal ice wedges, massive 
ice bodies, injection wedge-shaped ice, structure-forming ice and deposits, seasonal sea and lake ice, and surface 
waters in the area of Marre-Sale Cape. Variability of this factor is caused by the diff erent origin of ice and condi-
tions of the ice-forming. The geochemical background of ice has been determined. It has been revealed, that, due 
to cryogenic concentrating, ice is characterized by an increased content of B, Na, Cl, Sc, V, Mn, Fe, Co, Br, Nb, 
Mo, Sn, I, lanthanides in relation to Clarkes of river water. The segregated massive ice is enriched in B, Na, P, 
Cl, Sc, Ti, V, Mn, Fe, Co, Ni, As, Se, Br, Nb, Mo, Sn, I, lanthanides and W from the enclosing deposits. Unlike 
the massive ice bodies, the polygonal-wedge ice is enriched in Na, B, Sc, Mn, Fe, Co, Br, Nb, Sn, I, lanthanides. 
On the basis of the trace element composition, it has been determined that atmospheric waters participated in 
the formation of the polygonal-wedge ice; infi ltration waters of lake taliks, free and weakly bound waters of 
coastal-marine deposits participated in the formation of the massive ice bodies.

Ground ice, trace element composition of ice, lanthanides, cryogenic concentration, Clarkes of hydrosphere

INTRODUCTION

The origin and the formation futures of ground 
ice is the fundamental issue in geocryology and Qua-
ternary geology, which is still controversial. To deter-
mine the origin of ground ice, its hydrochemical com-
position is used. Variations in the chemical composi-
tion of massive ice bodies are caused by different 
formation mechanisms, conditions of ice segregation, 
water composition, and inter-ground or surface origin 
[Geocryology USSR, 1989]. To determine the origin of 
ice, the ion composition of ground and structure-
forming ice is compared with the composition of sur-
face, suprapermafrost, subpermafrost, interperma-
frost waters, cryopegs, atmospheric precipitation and 
the composition of water-soluble salts and pore solu-
tions of the enclosing rocks.

Conceptions about transformation of the initial 
water composition in the ice-forming were developed 
by Z.A. Nersesova [1961], V.P. Volkova and N.N. Ro-
manovskii [1974], B.A. Savel’ev [1980], N.P. Anisi-
mova [1981], N.N. Romanovskii [1983], A.V. Ivanov 
[1987]. Using the data of K.E. Gitterman [1937], 
S.M. Fotiev [1999, 2009] established, that when a so-

lution was concentrated at the freezing front, the 
cryogenic hydrochemical zoning of ice was formed. 
S.M. Fotiev proposed the method for determining the 
ion composition of saline waters and three stages of 
their cryogenic metamorphism: the cooling of the 
brine without change in mineralization and chemical 
composition at a temperature from 0 to –1.8 °C; the 
concentrating of the brine due to the ice crystalliza-
tion at a temperature from –1.8 to –7.4 °C; the desul-
fation resulting from mirabilite deposition at a tem-
perature from –7.4 to –25 °C. 

A composition and ratio of basic ions in ground 
ice vary signifi cantly; therefore, the concentrations 
and ratios of trace elements can serve as the addition-
al indicators of the water origin. The lack of data on 
the trace element distribution depending on mecha-
nisms of ice segregation makes the interpretation of 
the ground ice origin challenging. The distributions 
of trace elements have only been studied for massive 
ice bodies [Ivanova, 2012] and structure-forming ice 
of Yakutia [Alexeev et al., 2016] and polygonal-wedge 
ice of Yamal [Budantseva, Vasil’chuk, 2017; Vasil’chuk 
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et al., 2017; Vasil’chuk, Vasil’chuk, 2018; Butakov et al., 
2020]. No recent data on trace elements in the mas-
sive ice bodies of Yamal have been published. 

Field and laboratory methods
The paper reports on the fi eld study of the per-

mafrost structure in the area of Marre-Sale Cape over 
the period of 2009–2014. The fi eld studies have in-
volved the drilling-in, stripping, taking photos, and 
sampling of frozen deposits and ice monoliths. The 
monoliths, which had been sampled in 2009, were 
melted in fi eld, fi ltered into the plastic containers, 
and frozen until the analysis was carried out. From 
2010 to 2014, for geochemical studies, ice monoliths 
were preserved in frozen state before analysis. For the 
chemical analysis in laboratory conditions, the mono-
liths were cleaned out, cut into the parts depending 
on a number of mineral particles (Fig. 1), melted. The 
fresh melts were additionally fi ltered through poly-
carbonate fi lters with a pore diameter of 0.45 μm.

In terms of morphology, ground ice was divided 
into four types: massive ice bodies, structure-forming 
ice, polygonal-wedge ice, wedge-shaped ice (wedge-
shaped bodies with a vertical-wave layering and dikes 
with a complex form of the injection-segregation ori-
gin, supposedly, an ice core of frost heave mound, 
which is partially melted-out) [Slagoda et al., 2012].

The hydrochemical and trace element analysis of 
the samples was carried out in the Laboratory of Hy-
drochemistry and Atmosphere Chemistry, Limnolog-
ical Institute SB RAS. Basic cations in ice melts and 
an aqueous extract from rocks were measured by the 
atomic absorption method, anions - by the liquid 
chromatography method, hydrocarbonates – by po-
tentiometric titration. The trace element (58 ele-
ments) analysis of waters, ice melts, and an ammoni-
um acetate extract from rocks was performed on the 
Agilent 7500ce quadrupole mass-spectrometer.

Methods of interpretation
of the chemical composition of ice 

and enclosing rocks 
The mathematical processing of the chemical 

composition involved the collection of data on the 
ion and trace element composition of diff erent types 
of ice, enclosing rocks, and surface waters. The data-
base was processed by the method of the correlation 
analysis [Davis, 1986] in the “Geochem Anomaly” 
program. 

To estimate ice mineralization, the classifi cation 
of Yu.K. Vasil’chuk [2016] was used. To designate a 
water type, anions and cations (with the content of 
more than 20 % of total millimolar concentrations) 
were taking into consideration. The anions and cat-

Fig. 1. Structure of the frozen strata of the 1-09 section and the sampled ice monolith.
A – an exposure of the massive ice body, injection of the wedge-shaped ice into the lower ice occurrence (section 1-09); I – ice 
schlieren, II – wedge-shaped ice, III – massive ice body, lower occurrence; B – separation of the ice monolith into the parts for 
chemical analyses depending on the content of mineral particles (similar section 2-12); 1 – pure glassy ice; 2 – layered ice with 
inclusions of loams; 3 – vertically-layered ice with inclusions of sands and sandy loams. 
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ions were arranged in an ascendant order. A marine 
type of initial waters for inter-ground ice was deter-
mined on the basis of ratios of basic ions Cl–  > 

−2
4SO  >  −

3HCO  and Na+  >> Mg2+  > Ca2+; Na/Са; 
Cl/Br, I/Cl, Br/Cl ratios; and B, Sr, I contents [Da-
vis, De Wiest, 1966; Khimenkov, Brushkov, 2003]. In 
some cases, Fe/Ni, Fe/Co ratios can be considered as 
an indicator of the extraterrestrial matter input of 
[Kolesnikov, Kolesnikova, 2010]. 

The polygonal-wedge ices, formed due to the 
winter atmospheric precipitation, are characterized 
by the ultra-fresh chloride-hydrocarbonate and hy-
drocarbonate-chloride, magnesium-calcium-sodium, 
and calcium-sodium composition, which, generally, 
does not depend on the enclosing rocks [Trofimov, 
Vasil’chuk, 1983; Dubikov, 2002]. For refrozen depos-
its of taliks, an increase in −2

4SO  in the composition 
of salts has been revealed due to freezing of water in 
closed system [Kritsuk, 2010]. 

The composition of the structure-forming segre-
gated ice and ice-cement is closely related to water-
soluble components of deposits, which occur in weak-
ly-bond and pellicular water participating in the ice-
formation [Ershov, 1989]. 

To reveal the geochemical diff erences, the con-
centrations of trace elements in ground ice were com-
pared and normalized with the Clarkes of these ele-
ments in river waters [Solovov et al., 1990], because 
the mineralization of ground ice is insignifi cant and 
comparable to the mineralization of river waters. For 
saline sea ice, the comparison was made with the 
Clarkes of sea waters. The regional increased geo-
chemical background was determined for the West-
ern Yamal on the basis of the average concentrations. 
The geochemical composition was characterized by 
the increased content of B, Na, Cl, Sc, V, Mn, Fe, Co, 
Br, Nb, Mo, Sn, I, and of lanthanides in the ground 
and lake ices in relation to Clarkes of river waters (Sc 
exceeds Clarke 5 times; Mn, Nb, Sn 10–13 times; B, 
Cl, Br, I, La, Eu 5–8 times). 

The distribution of lanthanides refl ects the con-
ditions of sedimentation. To analyze the composition 
of lanthanides, the method of normalization to the 
composition in shale NASC (North American Shale 
Composite) has been applied [Gromet et al., 1984]. 
The compositions of lanthanides have been estimated 
on the values of cerium (Cean) and europium (Euan) 
anomalies, expressed as [Kato et al., 1998; Dubinin, 
2004]: 

Cean =
= Ce/CeNASC/((2/3)La/LaNASC + (1/3)Nd/NdNASC);

Euan = 2⋅Eu/EuNASC/(Sm/SmNASC + Gd/GdNASC).

 The negative cerium (0.47) and positive euro-
pium (1.57) anomalies have been calculated on the 
average contents in ground and lake ice. In facial re-

constructions, La/Sm ratio refl ects the changes in the 
distribution of lanthanides in the sea basins. The ratio 
increases in the coastal zones and decreases in the re-
moted, deep zones [Shatrov et al., 2004]. 

The impact of the freezing on the distribution of 
lanthanides and other trace elements in ground ice 
has not been studied. 

 The region and the study objects
The reference geocryological section in the area 

of the Marre-Sale Polar Research Station is located 
within the III marine terrace of the Western Yamal 
plain (Fig. 2). The section has a long story of the 
study, which is accompanied by the discussion about 
the origin of massive ice bodies [Kanevskiy et al., 
2005; Kritsuk, 2010; Slagoda et al., 2010; Chizhova, 
Vasil’chuk, 2019]. 

The lower part of the section is composed of the 
Marre-Sale suite, the top of which varies in depth. 
The coastal-marine and deltaic deposits occur at a 
depth of 0 to 20 m [Kanevskiy et al., 2005; Romanenko 
et al., 2009] in the form of folds. These deposits are 
represented by clayey sediments with interlayers 
of sandy loams and sands and scattered fragments 
of  country rocks. The radiocarbon dating gives 
42.2 ± 1.7 (MPI-49) ka ago in the center of the sec-
tion in sands with interlayers of “felt” formed from 
moss, grass roots, and detritus. This allow referring 
these deposits to the Karga thermochrone of the Late 
Neopleistocene. The deposits with an initial epicryo-
genic structure, and the thawed and refrozen deposits 
of the taberal complex are distinguished in the suite 
[Streletskaya et al., 2013].

The upper part of the section is composed of the 
syncryogenic Baidara and Olen’i lacustrine, lacus-
trine-swamp, alluvial, aeolian sands, sandy loams, 
loams with autochthonous plant remains from 2 to 
15 m in thickness and from 23.8 to 5.2 ka ago in age. 
A top of these deposits is eroded, which is identifi ed 
by lenses of allochthonous plant remains with the age 
from 13.0 to 7.3 ka ago. The covering horizon includes 
slope and aeolian sands, lacustrine sandy loams, auto-
chthonous peat with the age from 3.5 to 0.9 ka ago 
(Fig. 3) [Opokina et al., 2015]. 

Varieties of ground ices are unevenly distributed 
in vertical and lateral directions of the section. The 
Marre-Sale suite involves the lower ice occurrence 
and fragments of the upper ice occurrence. 

The Sartan–Holocene deposits include the up-
per ice occurrence with horizontal zones, laccolites 
and stocks, polygonal-wedge ice, wedge-shaped bod-
ies, and ring dikes of ice. The lower parts of ice wedg-
es and dikes dissect the taberal complex of the Marre-
Sale suite, the upper ice occurrence. The covering 
deposits include small polygonal-wedge ice and ele-
mentary veins in khasyreys, thermoerosional hollows, 
and on peaty slopes [Opokina et al., 2015].
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In the northern part of the reference section, in 
the Holocene deposits, the ring dikes of vertical-
banded ice with soil veins and the vertical-banded 
polygonal-wedge ice with air bubbles lie jointly. In 
the center of the section, in the syncryogenic Sartan-
Holocene deposits, the joint bedding of polygonal-
wedge ice, wage-shaped bodies of vertical-banded ice, 
the upper ice occurrence with laccolites, stocks, and 
horizontal, inclined and folded zones of ice has been 
revealed [Slagoda et al., 2012]. In the southern part of 
the section, the lower ice occurrence 2–9 m thick oc-
curs under the taberal complex in the epicryogenic 
clayey strata with lens-like cryogenic structures, 
which are parallel to sedimentary layering and con-
fi guration of the occurrence (Fig. 4). 

The hydrochemical and trace element composi-
tion have been analyzed for 67 ice samples, among 
them: 5  samples from the polygonal-wedge ice, 
11 samples from the wedge-shaped ice, 31 samples 
from the massive ice bodies, 5 samples from the struc-

ture-forming ice, 15 samples from the marine and lake 
ice; aqueous and ammonium acetate extracts from 
12 samples of the enclosing rocks (Fig. 4) and samples 
of lake and river water. 

Results of the geochemical study 
of the Marre-Sale section

The deposits of the Marre-Sale suite with the 
initial epicryogenic structure (layer 1) have the chlo-
ride-sodium composition of water-soluble com-
pounds. The deposits are characterized by a marine 
type of salinity of 0.10 %. The refrozen taberal com-
plex (layer 2) has the sulfate-hydrocarbonate-chlo-
ride, sulfate-chloride and chloride, calcium-sodium 
and sodium composition of water-soluble compounds. 
The deposits are characterized by a mostly desalinat-
ed marine type of salinity of 0.04–0.07 %. The Baida-
ra syncryogenic deposits (layer 3) have the sulfate-
hydrocarbonate and sulfate-chloride, sodium and 
calcium-sodium composition of water-soluble com-

Fig. 2. The location scheme of the Marre-Sale reference section (A) and the ground ice cuts with the studied 
chemical composition (B).
1 – number and year of the cut with ground ice samples; 2 – number and year of seasonal ice samples; 3 – absolute elevations of the 
surface; 4 – hypsographic lines; 5 – coastal scarps.
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pounds. The deposits are characterized by a continen-
tal type of salinity of 0.01–0.21 %. The composition 
of water-soluble compounds of Holocene covering 
deposits (layer 4) is chloride-sulfate and sulfate-hyd-
rocarbonate-chloride, magnesium-sodium-calcium 
and calcium-sodium, magnesium-sodium. Salinity of 
deposits is 0.01–0.05 % (Fig. 3).

Labile forms of elements of the deposits are char-
acterized by the following distributions (Table 1). In 
the Marre-Sale deposits with the initial epicryogenic 
structure, I/Cl ratio is decreased (1.5×10–5); Ni, Co is 
increased in relation to Fe; the negative anomaly of 
Cean (0.17) and positive anomaly of Euan (9.8) are de-
fi ned. In the deposits of the taberal complex, an in-

crease in I/Cl, La ratios in relation to the sum of lan-
thanides, Fe/Ni, Fe/Co, La/Sm; the Cean (≈0) nega-
tive and the Euan (≥1) positive anomalies, and 
correlation of P, Sn contents with the sum of lan-
thanides (hereinafter R2 more than 0.7) are noted. In 
the syncryogenic lacustrine deposits, the values of 
I/Cl, I/Br, Cean increase in comparison with the un-
derlying taberal complex; Fe/Ni, Fe/Co ratios sig-
nifi cantly vary; Be, Co, Y contents correlate with the 
sum of lanthanides. 

In segregated ices, forming the lenticular, ata-
xitic, and massive cryostructures in the entire fro-
zen  strata, the mineralization varies from 13 to 
472 mg/dm3 at average value of 159 mg/dm3.

Fig. 3. The schematic Marre-Sale section and the composition of the water-soluble compounds of deposits.
1 – clays, loams with wave-folded layering owing to interlayers of light sands and silts; 2 – thin silty sands with interlayers of “felt” 
from mosses and with a frilled layering; 3 – the taberal complex: clays, loams, sandy loams; 4 – sands, layered sandy loams with 
interlayers and lenses of grass roots, mosses; 5 – horizontally-layered sandy loams with ataxitic cryotexture; 6 – the massive ice 
body of the lower occurrence; 7 – the massive ice body of the upper occurrence; 8 – recent polygonal-wedge ices; 9 – polygonal-
wedge ices; 10 – wedge-shaped ice.
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In the taberal complex of the Marre-Sale suite 
(layer 2), an ice-soil interlayer between loam and 
sand is characterized by mineralization of 472 mg/
dm3 and the chloride-sodium composition; schlieren 
in clays have mineralization of 166 mg/dm3 and hy-
drocarbonate chloride sodium composition. The 
structure-forming ices have the increased contents of 
B, P, Na, Cl, Li, Cr, Mn, Fe, Se, Br, Mo, Cd, Sn, I, La, 
Eu. The highest excesses over Clarkes of river waters 
have been revealed for Br and Sn – 40 times; for I 
32 times, for Cl and Mn – 20 times; for Na, B, La, 
Eu – 13–17 times. In these ices, the share of La to the 
sum of lanthanides is increased; the anomalies (nega-
tive Cean ≈ 0, positive Euan) and the increased La/Sm 
ratio, which is close to the distribution in the enclos-
ing deposits, have been revealed. 

In syncryogenic sands and sandy loams (layer 3), 
the structure-forming ice is ultra-fresh and fresh with 
mineralization ranging from 59 to 85 mg/dm3, on 
ave rage of 72 mg/dm3, the composition is chloride-
hydrocarbonate potassium-sodium with the increa-

sed content of Al, Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Se, Br, 
Nb, Mo, Sn, I, all 14 lanthanides. The excesses over 
Clarkes of river waters for Sc is 141  times, Nb – 
88 times, Sn, Fe, Mo – 10–12 times; lanthanides – 
8–30 times, Co, Ti – 6–8 times. Ice is characterized 
by Cean ≈ 1, Euan ≈ 1, low ratio of La/Sm in compari-
son with enclosing rocks. Total mineralization corre-
lates to the content of almost all trace elements of the 
melt with the exception of Fe, Se, As, Th. The ratios 
of Fe/Ni ranging from 22 to 80 and Fe/Co ranging 
from 94 to 278 point to accumulation of Fe in the 
structure-forming ice (Table 1).

The massive ice bodies are characterized by min-
eralization, which varies from ultra-fresh to poorly-
saline. Ice with high mineralization of 455 mg/dm3 is 
represented by ice-soil – loam with thin (1 cm) layers 
of pure ice with hydrocarbonate-chloride and calci-
um-sodium composition. The massive ice bodies of 
the lower occurrence are characterized by mineraliza-
tion from 23 to 455 mg/dm3 at an average value of 
155 mg/dm3 and the hydrocarbonate-chloride and 

Ta b l e  1. Ratios of trace elements in the deposits and ground ice

Type of deposits, 
ice and waters Value I/Cl Br/Cl Fe/Ni Fe/Co La, % Cean Euan La/Sm

Clarke of continental 
[Solovov et al., 1990]

avg. 3.8⋅10–3 1.9⋅10–2 751 2252 20 0.91 0.93 5.0

Lacustrine bottom deposits 
of Yamal [Kremleva, 2015]

avg. – – 609 1799 20 1.04 1.34 6.1

Initial epicryogenic depos-
its (layer 1)

avg. 1.5⋅10–5 4.1⋅10–3 31 65 50 0.17 9.8 16

Structure-forming ice 
(layer 2)

3.4⋅10–4 4.4⋅10–3 14 55 94 0.01 15 319

Epicryogenic taberal de-
posits (layer 2)

min
max
avg.

1.1⋅10–7

1.8⋅10–4

6.5⋅10–5

3.7⋅10–3

6.6⋅10–3

5.0⋅10–3

31
57
41

74
112
94

61
94
78

0.01
0.13
0.01

2.6
6.4
4.5

22
273
99

Symcryogenic deposits 
(layer 3)

min
max
avg.

2.1⋅10–5

1.2⋅10–4

5.9⋅10–5

3.6⋅10–3

8.4⋅10–3

5.3⋅10–3

8.8
64
43

10
127
86

37
71
57

0.08
0.31
0.17

1.3
6.1
3.1

8.0
34
22

Structure-forming ice 
(layer 3)

min
max
avg.

3.8⋅10–4

4.4⋅10–4

4.1⋅10–4

5.1⋅10–3

5.4⋅10–3

5.3⋅10–3

22
80
51

94
278
186

15
19
17

0.95
1.09
1.02

1.1
1.1
1.1

3.8
4.7
4.2

Syncryogenic lacustrine-
swamp (layer 4)

min
mmx
avg.

1.2⋅10–4

2.4⋅10–4

1.8⋅10–4

7.3⋅10–3

1.0⋅10–2

8,6⋅10–3

63
85
76

147
243
203

35
70
50

0.09
0.34
0.23

1.6
5.0
3.2

8.0
37
5.4

Lower occurrence of mas-
sive ice body

min
max
avg.

2.1⋅10–4

1.4⋅10–3

5.4⋅10–4

3.3⋅10–3

4.7⋅10–3

4.2⋅10–3

14
173
57

34
1000
306

18
85
42

0.03
0.85
0.52

0.8
3.5
1.5

4.1
113
31

Upper occurrence of mas-
sive ice body

min
max
avg.

7.7⋅10–5

2.7⋅10–3

6.8⋅10–4

2.2⋅10–3

6.7⋅10–3

4.4⋅10–3

15
186
51

77
900
297

17
51
27

0.24
0,98
0.70

0.7
2.5
1.1

3.9
19
7.8

Polygonal-wedge min
max
avg.

2.2⋅10–4

7.6⋅10–4

4.4⋅10–4

2.6⋅10–3

4.3⋅10–3

3.3⋅10–3

29
86
65

133
414
266

18
33
25

0.41
1.01
0.71

0.9
1.5
1.1

4.2
7.9
6.3

Wedge-shaped ice min
max
avg.

1.0⋅10–4

8.1⋅10–4

4.4⋅10–4

2.0⋅10–3

5.2⋅10–3

3.9⋅10–3

10
94
26

23
1115
279

15
80
42

0.07
1.04
0.38

0.8
4.1
1.7

3
70
19
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chloride, calcium-magnesium-sodium, calcium-sodi-
um and sodium composition (Fig. 5, A and Fig. 4). 
This ice is enriched by all elements, which are typical 
for the regional background (B, Na, Cl, Sc, V, Mn, Fe, 
Co, Br, Nb, Mo, Sn, I, lanthanides) and, additionally, 
P, Ti, Se, W relating to Clarkes of river waters (Tab-
le 2). Signifi cant excesses over Clarkes are recorded 
for Sc (67 times); Cl, Nb, I, La (14–15 times), Mn 
and Br (12 times), Eu (8 times), Sn (6 times). The 
sum of lanthanides correlates with the contents of P, 
Sc, V, Co, Ge, Rb, Y, Mo, Cd, Sn, Sb, Tl, Bi, Th. The 
negative Cean (0.52) and positive положительная 
Euan (1.54) anomalies are revealed for the ice 
(Fig. 5, B, Table 2). In the ice bed from top to bottom 
observed are: 1)  an increase in mineralization, in 
shares of Cl– (from 17 to 38 %) and of Na+ (from 19 to 
40 %), in the Br content (from 0.15 to 0.32 mg/dm3) 
and 2) a decrease in the share of −

3HCO  (from 28 to 
9 %), of −2

4SO  (from 7 to 2 %) and of Mg2+ (from 16 
to 3 %), in the Mn (from 0.12 to 0.02 mg/dm3) and Fe 
(from 0.27 to 0.06 mg/dm3) contents.

The massive ice bodies of the upper occurrence, 
lying in the taberal complex and syncryogenic lacus-
trine-alluvial deposits, are characterized by mineral-
ization ranging from 33 to 274 mg/dm3 at an average 
value of 94 mg/dm3, hydrocarbonate-chloride, hydro-

carbonate, calcium-magnesium-sodium, and sodium 
composition. The ice is enriched by background ele-
ments and P, Ti, Ni, As, W; the negative Cean (0.70) 
and positive Euan (1.08) anomalies exceeding the val-
ues of the anomalies of the lower occurrence are re-
vealed. Extremely high excesses of Clarkes of river 
waters have been recorded for Sc (70  times), Sn 
(53 times), Nb (13 times), B, Cl, Mn, Br, I, Pr, Eu, 
Gd, Tb, Dy, Ho (5–9 times).

The sum of lanthanides correlates with the con-
tent of Be, Fe, Ga, Y, Cs, Bi. In the upper ice occur-
rence, from top to bottom, there is: 1) an increase in 
mineralization, in share of Cl– (from 11 to 31 %) and 
Na+ (from 17 to 34  %), in Br (from 0.02 to 
0.07 mg/dm3), Nb (from 6.5 to 26 ng/dm3) and I 
(from 1.8 до 25 μg/dm3) contents; 2) a decrease in a 
share of −

3HCO  (from 32 to 16 %), of −2
4SO  (from 7 

to 2 %), of Ca+2 (from 12 to 1 %) and of Mg2+ (from 
17 to 7 %), in Mn content (from 0.11 to 0.02 mg/L).

Polygonal-wedge ice is ultra-fresh and fresh 
(21–88 mg/dm3). The ice is characterized by the 
hyd rocarbonate-chloride, chloride, and sodium com-
position, the increased values of background elements 
with the exception of Cl, V, Mo. The ice has the ne-
gative Cean (0.71) and positive Euan (1.12) anomalies. 
The highest excesses have been revealed for Sc 

Fig. 5. The hydrochemical composition (A), cerium and europium anomalies (B) of ground ice of the Marre-
Sale reference section and Novaya Sibir Island. 
1 – the lower occurrence of the massive ice bodies; 2 – the upper occurrence of the massive ice bodies; 3 – the polygonal-wedge ice; 
4 – the wedge-shaped ice; 5 – the marine seasonal ice; 6 – the lake seasonal ice; 7 – the structure-forming ice; 8 – the massive ice 
bodies of the lower occurrence of Novaya Sibir Island [Ivanova, 2012]; 9 – the massive ice bodies of the upper occurrence of No-
vaya Sibir Island [Ivanova, 2012]; 10 – Clarke of river waters; 11 – Clarke of sea waters.
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Ta b l e  2. Trace element composition of ground ice in the area of Cape Marre-Sale

Ele-
ment

Massive ice body 
of the lower occurrence

Massive ice body 
of the upper  occurrence Polygonal-wedge ice Wedge-shaped ice Structure-forming ice

min max avg. min max avg. min max avg. min max avg. min max avg.
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
P 0.03 0.16 0.08 0.04 0.32 0.11 – – – 0.05 0.09 0.07 – – 0.08
S 0.57 4.20 1.72 1.10 7.50 2.64 – – – 0.43 6.20 1.75 – – 4.30
Cl 14 230 81 9.60 130 40 – – – 3.80 120 24.2 – – 170
Li 0.44 6.40 2.12 0.85 7.30 2.79 0.15 2.20 0.79 0.66 7.30 2.21 1.90 7.60 5.34
Be 0.003 0.023 0.007 0.003 0.019 0.008 0.005 0.023 0.012 0.003 0.018 0.008 0.018 0.024 0.011
B 8.71 450 97 16 740 132 8.10 110 34.8 15.0 400 81.1 12.0 420 183
Al 1.40 840 119 37 290 106 33.0 300 137 1.50 130 42.3 66.5 790 359
Sc 0.07 0.49 0.27 0.16 0.52 0.28 0.16 0.27 0.22 0.15 0.32 0.22 0.56 0.57 0.57
Ti 0.57 38.0 5.66 1.60 12.0 4.73 0.66 9.50 4.04 0.20 4.50 1.67 0.70 32.0 15.2
V 0.23 9.80 2.72 0.81 10.0 3.57 0.49 1.40 0.90 0.36 4.90 1.54 1.37 8.20 4.14
Cr 0.19 2.40 0.90 0.24 2.10 0.70 0.39 2.30 1.01 0.07 1.10 0.33 1.12 2.20 1.81
Mn 20 774 118 17 130 73 41.0 85.0 61.8 6.00 590 219 69.0 260 156
Fe 33 828 169 80 260 139 89.0 250 167.8 29.0 290 79.7 42.0 640 313
Co 0.11 3.48 0.78 0.29 1.60 0.69 0.53 0.76 0.64 0.03 1.40 0.61 0.11 4.90 2.02
Ni 0.95 5.10 2.62 1.40 8.80 4.56 1.60 3.10 2.62 1.20 6.10 3.33 1.98 21.0 8.52
Cu 0.72 7.30 3.19 1.10 23 8.52 1.20 9.80 3.62 0.86 12.0 3.84 3.34 7.50 5.46
Zn 0.69 18.6 4.06 0.84 9.10 3.19 2.00 9.60 3.76 0.69 11.0 3.00 0.67 4.80 3.38
Ga 0.01 0.20 0.04 0.02 0.07 0.04 0.01 0.08 0.04 0.004 0.053 0.030 0.02 0.22 0.14
Ge 0.003 0.034 0.013 0.004 0.029 0.011 0.007 0.010 0.008 0.004 0.014 0.009 0.012 0.028 0.022
As 0.32 6.10 2.45 0.83 14 3.32 0.26 0.75 0.41 0.23 3.70 0.97 0.83 1.60 1.20
Se 0.086 1.500 0.448 0.12 0.56 0.30 0.18 0.29 0.23 0.07 0.35 0.17 0.28 1.30 0.66
Br 32 890 244 19 530 114 22.0 130 55.2 16.0 460 95.2 50 740 287
Rb 0.13 1.10 0.52 0.18 0.89 0.49 0.50 1.10 0.67 0.25 0.56 0.39 0.85 1.60 1.35
Sr 3.60 190 30 3.10 74 21 7.70 18.0 10.7 7.10 44.0 23.4 18 64 34
Y 0.01 0.49 0.12 0.05 0.32 0.15 0.08 0.28 0.20 0.01 0.19 0.07 0.02 0.65 0.43
Zr 0.01 0.95 0.21 0.03 0.96 0.25 0.12 0.38 0.27 0.01 0.21 0.07 0.02 1.80 0.92
Nb 0.0004 0.09 0.01 0.004 0.031 0.013 0.003 0.022 0.010 0.0004 0.012 0.004 0.0012 0.0920 0.0587
Mo 0.06 19.0 3.11 0.43 5.60 1.92 0.04 0.31 0.15 0.06 5.80 1.04 0.54 28.0 8.77
Cd 0.003 0.360 0.061 0.003 0.051 0.018 0.007 0.530 0.208 0.010 0.990 0.255 0.023 0.390 0.161
Sn 0.02 0.80 0.23 0.07 9.50 2.12 0.06 2.90 0.75 0.02 0.31 0.11 0.36 1.60 0.84
Sb 0.04 1.80 0.36 0.05 1.10 0.27 0.03 0.11 0.08 0.07 0.45 0.18 0.06 0.95 0.42
I 3.00 110 30 1.60 36 9.74 2.10 27.0 8.26 2.80 20.0 7.95 3.70 64.0 24.5

Cs 0.003 0.055 0.012 0.004 0.022 0.010 0.002 0.019 0.008 0.001 0.056 0.014 0.010 0.047 0.030
Ba 1.30 58.0 9.22 1.90 24 6.29 3.70 14.0 8.34 1.50 13.0 6.91 8.15 39.0 17.3
La 0.05 3.20 0.72 0.06 0.35 0.16 0.12 0.59 0.32 0.02 3.00 0.44 0.42 0.67 0.55
Ce 0.008 1.00 0.241 0.07 0.75 0.27 0.19 0.46 0.38 0.02 0.40 0.13 0.01 1.20 0.77
Pr 0.003 0.120 0.029 0.01 0.09 0.03 0.02 0.07 0.05 0.00 0.05 0.02 0.001 0.140 0.090
Nd 0.010 0.530 0.121 0.04 0.35 0.14 0.08 0.30 0.21 0.01 0.22 0.08 3.70 64.0 24.5
Sm 2.40 130 27 9.70 82 30 16.0 75.0 49.6 2.30 43.0 16.7 2.10 120 77.4
Eu 1.80 32 7.94 3.30 16 7.92 6.10 18.0 13.3 1.90 11.0 5.2 10.0 33.0 24.7
Gd 4.10 170 36 12.0 130 44.8 20.0 95.0 62.6 3.20 72.0 24.4 3.60 140 94.5
Tb 0.34 22 4.42 1.40 11.0 4.63 2.50 11.0 7.46 0.40 7.30 2.65 0.42 19.0 12.5
Dy 1.90 130 24.4 9.70 53.0 25.3 13.0 62.0 40.4 2.10 34.0 13.6 2.20 110 74.1
Ho 0.50 25 4.9 1.90 12.0 5.53 2.90 13.0 7.96 0.58 6.7 2.65 0.70 23.0 14.6
Er 1.00 69 13.9 6.30 35.0 15.9 6.90 39.0 22.8 1.70 24.0 8.60 1.80 63.0 40.9
Tm 0.16 10 2.2 1.10 5.60 2.54 1.00 5.90 3.52 0.23 2.6 1.06 0.27 9.00 6.06
Yb 1.10 65 11.8 4.50 38.0 14.8 5.40 41.0 21.5 2.10 17.0 7.46 2.30 57.0 36.1
Lu 0.21 10 2.2 0.73 5.70 2.52 1.20 6.70 3.66 0.36 3.7 1.34 0.52 10.0 6.2
Hf 0.21 22 4.9 0.82 13.0 5.89 1.20 8.90 6.26 0.12 8.7 3.16 0.37 28.0 16.1
Ta <0.02 4.4 1.1 0.36 2.90 1.04 0.22 1.70 0.80 0.03 0.8 0.31 0.03 4.20 2.54
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(54  times), Sn (19  times), Nb (10  times), Mn 
(6 times), lanthanides (5–13 times). 

The sum of lanthanides correlates with the con-
tent of Be, Cl, Sc, Y, Cd, Te, Th, U. In the ice wedges 
from top to bottom, observed are:1) the insignifi cant 
increase in the shares of Cl– (from 35 to 47%) and 

−2
4SO  (from 1 to 4 %), in the content of Mn (from 45 

до 85 μg/dm3), Br (from 33 to 66 μg/dm3), Nb (from 
0.08 до 0.22 μg/dm3), I (from 2 to 5 μg/dm3) and Fe 
(from 89 to 250 μg/dm3) and 2) the insignifi cant de-
crease in the shares of −

3HCO  (from 14 to 0 %), Ca2+ 
(from 10 to 2 %) and Mg2+ (from 10 to 5 %).

The wedge-shaped ices, fresh and desalinated 
(classification name) from 23 to 239 mg/dm3, are 
characterized by hydrocarbonate, hydrocarbonate-
chloride, chloride-hydrocarbonate, magnesium-calci-
um-sodium, magnesium- sodium-calcium and sodium 
composition. The composition is characterized by the 
increased concentrations of P, W and background ele-
ments with the exception of Mo, the negative Cean 
(0.38) and positive Euan (1.74) anomalies. The high-
est excesses have been revealed for Sc (56 times), Mn 
(22 times), La (9 times). The sum of lanthanides cor-
relates with the content of Al, Cr, Fe, Cs, Bi (Table 2). 
With depth in the ice wedges, a share of Mg2+ de-
creases from 12 to 4 %, I mineralization and I content 
increase from 3 to 14 μg/dm3.

The sea ice is medium salted (from 1.1 to 
3.5 g/dm3) in terms of mineralization, it has the chlo-
ride, magnesium-sodium composition. In relation to 
Clarkes of sea waters, the ice is enriched by P, Al, Ti, 
V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Se, Zr, Cd, Sn, Sb, lan-
thanides, Pb, Th. The most signifi cant excesses have 
been revealed for La (3000 times), Mn (400 times), 
Th (169 times), Cr (120 times), Ce (100 times), Se 
(70 times), Cu (60 times), Fe (40 times). The compo-
sition of basic ions in the sea ice does not change in 
depth, the content of trace elements (Br from 4.8 to 
7.2 mg/dm3, Nb from 4 to 7 mg/dm3, I from 4 to 
8 μμg/dm3, Se from 6 to 9 μg/dm3, Fe from 0.18 to 
0.23 mg/dm3) grows with depth. The positive Euan 
(1.75) and extremely negative Cean (0.002) anomalies 
have been revealed for this ice (Fig. 5, B). The sum of 
lanthanides correlates with Cs content. 

The lake ice is ultra-fresh (4–23 mg/dm3), sul-
fate-chloride and hydrocarbonate-chloride, sodium 
and calcium-sodium-magnesium. The ice is enriched 
by Sc by 29 times (on the ice surface), La by 14 times, 
Nb and Sn by two times. The negative Cean (0.04) 
and the close to 1 Euan (0.95) anomalies are revealed. 
With depth, mineralization decreases, a share of Cl– 
decreases from 41 to 23 %, −2

4SO – from 6 to 3 %, 
Na+ – from 35 to 14 %, Mn concentrations decrease 
from 8 to 4 μg/dm3, Br – from 32 to 3 μg/dm3, Nb – 
from 4 to 1 ng/dm3, I – from 3 to 1 μg/dm3, Fe – 
from 67 to 20 μg/dm3; a share of −

3HCO  increases 
from 4 to 25 %, Ca2+ – from 3 to 12 %, the contents of 
Mo increase from 0.3 to 0.7 μg/dm3, Cd – from 0.04 
to 0.15 μg/dm3. The sum of lanthanides correlates 
with the content of Be, Se, Zr.

The waters of lakes and a creek are ultra-fresh 
and fresh (27–54 mg/dm3), hydrocarbonate-chloride 
and magnesium-sodium with the increased content of 
Sc, Mn, Fe, I in relation to Clarkes of river waters. 

DISCUSSION 

In terms of the content of water-soluble salts, pe-
rennial frozen deposits of the Marre-Sale reference 
section diff er in the conditions of accumulation and 
freezing. 

Deposits of the Marre-Sale suite with the initial 
epicryogenic structure are close to waters of uncon-
solidated bottom coastal-marine sediments according 
to their salinity (0.1 %) and chloride content (74 %). 
They are characterized by a synchronous type of salt-
ing (salting occurred simultaneously with sedimenta-
tion) [Brushkov, 2007; Rivkin et al., 2007]. 

Deposits of the taberal complex of the suite, ac-
cording to salinity (0.05 %) and the chloride (55 %) 
and sulfates (26 %) content, were formed in coastal 
conditions. In the process of thawing and infi ltration 
of surface waters into taliks, these deposits were de-
salinated [Kritsuk, 2010]. A decrease in a share of Ni, 
Co, I down the section, the invariance of the negative 
marine Cean anomaly and an increase in Euan anomaly 
may indicate the redistribution of elements in the 
talic. Sharp variations in the ion composition and 
Fe/Ni, Fe/Co, La/Sm ratios may be related to migra-

Ta b l e  2  (continued)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
W 5.20 260 65.1 8.00 380 79.6 1.30 7.20 4.14 5.70 200 61.7 7.00 92.0 39.3
Tl 0.47 5.0 1.9 0.67 3.80 1.62 1.70 3.00 2.36 0.69 18.0 4.99 1.40 2.90 2.33
Pb <30 430 165 60.0 540 161 <50 260 150 51.0 380 160 200 290 245
Bi 0.64 5.5 2.3 1.50 6.70 3.56 0.26 14.0 3.76 0.21 4.50 1.34 0.24 5.30 3.41
Th 0.90 94 25 6.70 70.0 28.1 8.00 54.0 34.4 0.64 42.0 10.7 0.91 180 97.0
U 17 340 73 34.0 110 65.5 8.20 40.0 23.8 4.40 140 44.9 180 540 313

N o t e. Единицы измерения: mg/dm3 (P, S, Cl), μm/dm3 (Li, Be, B, Al, Sc, Ti, V, Mn, Fe, Co, Ni, Cu, Zn, Ga, Ge, As, Se, 
Br, Ob, Sr, Y, Zr, Nb, Mo, Cd, Sn, Sb, I, Cs, Ba, La, Ce, Pr, Nd), ng/dm3 (Sm, Eu, Gd, Tb, Dy, Ho, Tm, Yb, Lu, Hf, Ta, W, Tl, Pb, 
Bi. Th, U).
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tion of elements from surface waters and conditions 
of freezing in the closed talik. The high relative con-
tents of Br, Fe, the values of lanthanide anomalies, 
and the high contents of B, Mn, Br, I (Fig. 6) in the 
structure-forming highly-mineralized ices, which oc-
cur in the taberal complex, indicate that a source of 
trace elements are the enclosing rocks of the coastal-
marine origin (Table 1). Therefore, during the freez-
ing of taliks, the information about the initial compo-
sition of deposits is saved in the structure-forming 
ices.

It was revealed that in syncryogenic lacustrine 
and lacustrine-swamp deposits the value of Cean 
anomaly increases and the value of Euan anomaly and 
La/Sm ratio decrease in comparison with underlying 
deposits. This may be related to a high content of or-
ganic remains in the continental conditions of sedi-
mentation. These ratios of elements in perennial fro-
zen deposits have diff ered from the ratios of bottom 
lacustrine deposits of the Central Yamal, which had 
not been aff ected by freezing [Kremleva, 2015]. Struc-
ture-forming segregated ice have inherited the com-
position of trace elements, values of lanthanide anom-
alies, high contents of Fe, Ti, V, Nb from enclosing 

subaerial and lacustrine deposits (Fig. 6). The ice had 
been formed due to fresh and intersoil waters, en-
riched by trace elements from the deposits. 

The massive ice bodies of the lower occurrence 
in marine deposits, are characterized by a wide range 
of basic ion contents (Fig. 5, A and Fig. 6) as con-
trasted with the fresh massive ice bodies with chlo-
ride-sodium composition of the lower occurrence in 
Novaya Sibir Island [Ivanova, 2012]. Such variations 
in the concentrations of massive ice bodies of Yamal, 
which are related to a marine type of salinity, are typ-
ical for segregation mechanism of the ice-forming in 
the epigenetic freezing of bottom sediments [Khime-
nkov, 1991; Dubikov, 2002; Streletskaya, Leibman, 
2002; Kritsuk, 2010; Vasil’chuk, 2010]. A Piper dia-
gram (Fig. 5, A) demontrates that the ice samples do 
not create the separate fi elds according to the con-
tents of basic ions, so it is unable to distinguish types 
of ice without additional indicators. Contrast varia-
tions of the trace element contents make the massive 
ice bodies of the lower occurrence stand out. In terms 
of the lanthanide distribution, the interlayers of 
weakly-saline ice are similar to sea waters, and the 
interlayers of ultra-fresh ice are similar to surface wa-

Fig. 6. Excesses over Clarkes of river waters according to median values in ground ices:
1, 2 – the massive ice bodies of the lower occurrence and of the upper occurrence, respectively; 3 – the polygonal-wedge ice; 4 – the 
wedge-shaped ice; 5 – the structure-forming ice in the taberal complex; 6 – the structure-forming ice in the syncryogenic strata; 
7 – water of lakes of West Siberia [Kremleva, 2015]; 8 – surface waters; 9, 10 – massive ice bodies of Novaya Sibir Island of the 
lower occurrence and of the upper occurrence, respectively [Ivanova, 2012].
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ters. At a bottom of the section, the distribution of 
elements is the most similar to the composition of 
trace elements of the enclosing marine clayey depos-
its. At the top of the section, there are ice layers with 
both marine trace elements and trace elements of 
fresh waters. Therefore, when segregated ice was 
forming in the lower occurrence, the trace elements 
were redistributed in the freezing bottom mud. High 
contents of rare-earth elements may be related to de-
composition of organic matter [Manasypov et al., 
2012]; the high contents of Fe and P are probably re-
lated to newformed vivianite. 

The massive ice bodies of the upper occurrence, 
is, generally, fresher than the ice of the lower occur-
rence, with a wider range of the ion and trace element 
contents. At the bottom of the occurrence, the com-
position is close to the composition of solutions from 
thawed marine deposits, at the top of the occurrence 
it is close to the water composition of talik. The in-
jected water fl ow, which formed the upper parts of 
stocks and laccolites, was fresher because the freezing 
of the water-bearing talik was accompanied by the 
vertical redistribution of ions and trace elements and 
cryogenic metamorphization of a solution. 

The lower and upper occurrences of massive ice 
bodies, composed of injection-segregated and segre-
gated ice, were characterized by pulsating segrega-
tion of ice and redistribution of components in freez-
ing [Kritsuk, 2010; Slagoda et al., 2012]. This implies 
the variation of ratios of ions and trace elements in 
the massive ice bodies. The diff erences in values of 
the lanthanide anomalies of the lower and upper oc-
currences of the massive ice bodies are due to diff er-
ent water sources. The massive ice bodies of the lower 
occurrence are characterized by lower values of the 
cerium anomaly and higher values of the europium 
anomaly. This ice is enriched by lighter rare-earth ele-
ments than the massive ice of the upper occurrence. 
The massive ice bodies inherit the composition of 
water-soluble compounds of talik waters and pore so-
lutions because of the cryogenic concentration and 
migration of trace elements in talik. This ice is similar 
to the wedge-shaped ice and structure-forming ice of 
the syncryogenic deposits. The massive ice bodies of 
Marre-Sale diff er from the ices of Novaya Sibir Island 
in the uneven distribution of lanthanides (Fig. 5, B), 
low concentrations of Ti, V, Fe, but higher concentra-
tions of Mn, Nb, I (Fig. 6) [Ivanova, 2012]. This is 
likely due to the more signifi cant impact of the sea on 
the Quaternary deposits, surface waters and atmo-
spheric precipitation of the Kara region. Subsoil gases 
may be considered as a source of the increased con-
centrations of Ni, V, and mineral particles may serve 
as a source for the Fe, Ti concentrations [Pekedova, 
2007]. No similarities of trace elements, typical for 
deep waters coming along the faults [Kritsuk, 2010], 
have been revealed, because the mineralized waters 
(from 3 g/dm3 and more) with much higher contents 

of Ni, Co, Ti are common for the Mesozoic hydrogeo-
logical basin of West Siberia [Matusevich, Kovyatki-
na, 2010]. 

Concentrations of ions and trace elements de-
pend on the velocity and temperature of the ice-form-
ing. With growing ice crystals, components are dis-
placed into pore solutions, and further, the trace ele-
ments are adsorbed on the rock surface or jammed 
between the ice crystals [Komarov, Volkov, 2007].

The highest concentrations of Sc have been re-
vealed in the massive ice bodies and structure-form-
ing ices of syncryogenic deposits. No Sc excesses have 
been revealed in suspended matter from ice. This 
means that Sc remains in the soluble form during the 
segregation ice-forming. The concentration of P cor-
relates with pH, its mobility is the most signifi cant in 
alkaline medium [Tret’yakova et al., 2010]. The high 
concentrations of Cd and Sb (Clarke of river water is 
exceeded by 1.8 times) and Mo (19 times) have been 
revealed in some layeres of the massive ice bodies. 
Such saturation by the elements might occur under 
the desalinating of the enclosing loams [Kremleva, 
2015]. 

The polygonal-wedge ice with the ultra-fresh 
composition and a narrow range of variations in min-
eralization and trace element concentration were 
formed in the syncryogenic Upper Sartan-Holocene 
strata due to atmospheric precipitation during rapid 
segregation of ice in thermal-contraction cracks. Ac-
cumulation of trace elements in these ices is related to 
excesses of background concentrations of Na, Mn, Fe 
in the atmosphere [Pekedova, 2007] and lanthanides 
[Ivanova, 2012] in the winter precipitation of the 
Arctic zone of Siberia. The low concentrations of V, 
Sr, Mo, W in the polygonal-wedge ice of Marre-Sale 
are, probably, due to their content in aerosols of the 
Arctic atmosphere. This is confi rmed by the fact that 
the low contents of V in the polygonal-wedge ice and 
Sr content in snow have been revealed at Novaya Si-
bir Island [Ivanova, 2012]. The increased contents of 
heavy metals in the polygonal-wedge ice of the West-
ern Yamal, in relation to Clarkes of river waters, may 
be attributed to the participation of lake and swamp 
waters, similar to wedges of the Northern Yakutia 
[Budantseva, Vasil’chuk, 2017]. An increase in the 
content of ions and trace elements in the lower parts 
of wedges may be attributed to the participation of 
suprapermafrost waters and the impact of the enclos-
ing deposits in forming wedges [Butakov et al., 2020]. 

The wedge-shaped ices, in terms of morphology, 
are similar to the polygonal-wedge ice; however, they 
are characterized by the increased mineralization and 
the wide range of contents of trace elements and ions. 
According to the lanthanide distribution the trace el-
ement composition of this ice, occurring in lacustrine 
deposits, is close to the composition of waters of the 
sublake talik (the forming of the composition takes 
place during the freezing of talik). The composition of 
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the wedge-shaped ice, which lies in the taberal com-
plex of the Marre-Sale suite, is close to the composi-
tion of the waters of the deeper talik in the coastal 
marine deposits. In terms of the distribution of trace 
elements, the wedge-shaped ice is similar to the mas-
sive ice bodies. 

The marine ice is characterized by the high con-
tents of trace elements in relation to Clarkes of sea 
waters. The high concentrations may be attributed to 
the fast formation of ice and capture of salts from sus-
pended matter in the coastal zone [Butakov, 2019]. 
The lake ice, is ultra-fresh; however, it is enriched by 
a narrow set of trace elements (La, Nb, Sn) typical for 
the regional background. This is related to high rates 
of the ice-forming and selective capture of ions by 
growing crystals of ice [Komarov, Volkov, 2007]. The 
upper part of the lake ice, formed due to snow accu-
mulation, is enriched by Sc. In the surface waters, Sc, 
Mn, Fe, and I are accumulated, that is typical for the 
subarctic lakes of West Siberia [Manasypov et al., 
2012]. 

The key factor of the formation of the ionic and 
trace element composition of ground ice was the 
cryogenic concentrating during segregation and in-
jection mechanism of ice-forming. 

The analysis of the distribution of trace elements 
in diff erent types of ground ice allows to assume that, 
in the conditions of cryogenesis, the migration capac-
ities of elements are diff erent. In the segregation ice-
forming, Na, P, Cl, B, Sc, V, Mn, Fe, Co, Ni, Se, Br, 
Nb, Mo, Sn, I are characterized by a high mobility in 
deposits. These elements are transferred and accumu-
lated in the soluble form. High mobility in the atmo-
sphere is characteristic for Na, B, Sc, Mn, Fe, Co, Br, 
Nb, Sn, I and lanthanides; V, Mo, Sr, W are character-
ized by low mobility. La, Sn can be accumulated in 
the lake ice because, they may be captured from a so-
lution with growing crystals during fast freezing.

The revealed variations in the contents of trace 
elements and basic ions allow us to distinguish the 
segregated massive ice bodies, injection-segregated 
ices from the polygonal-wedge ices of the Western 
Yamal. 

CONCLUSIONS

1. Variations in the contents of trace elements 
and basic ions in diff erent types of ground ice in the 
Marre-Sale reference section of the Western Yamal 
have been revealed. The variations are due to diff er-
ent sources of waters and cryogenic concentrating 
during freezing.

2. It has been established that the polygonal-
wedge ice signifi cantly diff ers from the massive ice 
bodies and wedge-shaped ice by the set of trace ele-
ments, the quantitative ratio of iron to cobalt, the 
anomalies of lanthanides. Their composition depends 
on the composition of the winter atmospheric pre-
cipitation and marine aerosols. 

3. The trace element composition of the horizon-
tal parts of the lower occurrence of the segregated 
massive ice body, was generally formed due to the mi-
gration of free and weakly bond water to the freezing 
front during the epigenetical freezing of the bottom 
sediments. This is proved by the wide range of varia-
tions in the content of components, the negative ce-
rium and positive europium anomalies, and high con-
tents of bromine and iodine. 

4. The diff erentiation of the ionic and trace ele-
ment composition of the upper occurrence of the in-
jection-segregated massive ice body took place dur-
ing freezing of taliks, mixed infi ltration lake waters 
and saline solutions from thawed marine deposits. 
This is proved by the fresher composition in compari-
son with the lower occurrence of ice, the signifi cant 
redistribution of trace elements and ions in vertical 
direction, and anomalies of lanthanides. 

5. It has been revealed that, in comparison with 
the massive ice bodies, the wedge-shaped ice is char-
acterized by the maximal variations of the trace ele-
ment contents, the ratio of iron to cobalt, the nega-
tive and positive anomalies of lanthanides. This is 
probably due to diversity of waters in insulate frozen 
taliks. 
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