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On the basis of large-scale sampling of syngenetic ice wedges and texture ices at Laptev Sea coast the dif-
ferences of their isotopic composition (δ18O, δD) throughout the past 50 ka have been analyzed. The transforma-
tion of isotopic composition in the contact zone between ice wedges and texture ice has been considered. The 
analysis of 14С-dated samples demonstrated that the isotopic composition (δ18O, δD) both of ice wedges and 
texture ices reacts similarly to the well-pronounced paleoclimatic events. 
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INTRODUCTION

Until recently, the pool of data on the isotopic 
composition of ground ice was hugely dominated by 
the results of oxygen and hydrogen isotope (δ18O, 
δD) analysis of ice wedges as a possible source for in-
formation on winter paleotemperatures [Mackay, 
1983; Vaikmae, 1989; Vasil’chuk, 1992; Meyer et al., 
2002а]. The extensive database collected during the 
works of the Russian-German expedition over the pe-
riod of 1998–2012 in the Laptev Sea coastal region 
(Fig. 1) included data not only on the isotopic com-
position of ice wedges (IW) but on texture ices (TI) 

in the surrounding frozen sediments containing ice 
veins. The section of Late Pleistocene – Holocene de-
posits with ground ice of both types comprehended by 
the research has been studied to a depth of 30–40 m in 
the age range of 40–50 ka. The obtained data were 
used in the comparative analysis of the isotopic com-
position of two, the most widespread types of ground 
ice – ice wedges and texture ices – that form ice-rich 
permafrost strata of the Arctic lowlands at the Laptev 
Sea coast. The analysis expediency is substantiated by 
recent advancements in the permafrost isotopic geoc-
ryology and objectives of this study aiming to investi-
gate paleogeographic conditions for the formation of 
ground ices and to determine their genesis.

STUDY AREA 

The study area covers the coastal lowlands of the 
Laptev Sea from the Kondratieva Rv. (Oigossky Yar) 
in the east, extending as far as the Anabar Rv. in the 
west (Cape Mamontov Klyk area). We used the data 
on radiocarbon (14С) dating of organic residues in the 
surrounding sediments and ice wedges, the isotopic 
composition of ground ice in the outcrops on the fol-
lowing sites: Cape Mamontov Klyk Peninsula 
Bykovsky, Lena Delta, Oygossky Yar coast, Bolshoi 
Lyakhovsky (Fig. 1). The upper parts of the section 
within these sites are represented by deposits of Late 
Pleistocene (Karginsky and Sartan periods) and Ho-
locene age. The sections are composed mostly of Ice 
Complex deposits. Their cryogenic texture is dis-
cussed in detail in the previously published studies 
[Meyer et al., 2002a,b; Schirrmeister et al., 2008, 2011; 
Dereviagin et al., 2013]. 

Copyright © 2016 А.Yu. Dereviagin, А.B. Chizhov, H. Meyer, Т. Opel, All rights reserved.

Fig. 1. Location of sites.
1 – Cape Mamontov Klyk; 2 – Lena Delta; 3 – Bykovsky Peni-
nsula; 4 – Oygossky Yar Coast; 5 – Bolshoy Lyakhovsky Island.
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The severe Arctic climate of the study region is 
characterized by long cold winters and notably short 
rainy summers. The mean annual air temperature ac-
cording to the weather station records ranges from 
–13.0 to –15.7 °C. Region-wide averages of annual 
precipitation constitute 230–300 mm in the west and 
in the central part, decreasing to 140–180 mm in the 
east. Of these, up to 70 % fall mostly as rain during 
the summer. The snow cover is established by the end 
of September and degrades late in June. The snow 
cover depth generally is not more than 20–30 cm. 
The area is located in the zone of continuous perma-
frost, with thickness of 400–600 m [Yershov, 1989]. 
The mean annual temperature of sediments is about 
–12 °C. Thickness of the active layer (ALT) does not 
exceed 0.5 m.

RESULTS AND DESCUSSION

The isotopic analysis of 1553 ice cores from ice 
wedges and 222 texture ice samples was conducted at 
the Wegener Institute for Polar and Marine Research 
(Potsdam, Germany). The analysis results are ex-
pressed per mille (‰) relative to the standard mean 
ocean water (SMOW). The measurement error is 
<0.1 ‰ for δ18O and <0.8 ‰ for δD. The 14С dating 
of organic remains was carried out by AMS-Lab 
method at the Laboratory for Radiometric Dating 
and Stable Isotope Research, the Leibniz University 
of Kiel (Germany).

The results of the exposed ground ice sampling 
are usually represented in the form of the δ18O (δD)-
diagram refl ecting their variations with depth. Given 
that the sample of ices (TI and IW) from the same 
level may diff er in age by several thousand years, as 
well as climatic and landscape conditions of their iso-
topic composition formation, using a diagram for 
comparison of the isotopic composition of TI and IW 
would not therefore be quite appropriate. This is evi-
denced by numerous data from detailed sampling 
along horizontal profi les of syngenetic ice wedges 3–5 
meters in width, showing the δ18O amplitude oscilla-
tion reaching 3–4 ‰ [Meyer et al., 2002a,b; Derevia-
gin et al., 2010]. 

Approximate ages of TI and IW in the syncryo-
genic sequences were determined by the radiocarbon 
dating of organic microinclusions. However, there ex-
ists critical limitations in comparing samples of IW 
and TI with similar absolute ages, which is primarily 
associated with very rare finds of organic material 
sufficient for accelerator mass spectrometry AMS-
dating of ice cores from ice wedges. The error of the 
14С-method determined at the laboratory for each 
sample as a ±Δt years can also be signifi cant.

The available data (Table 1, a, b) allowed select-
ing nine pairs* of dated TI/IW samples with relative-

ly close radiocarbon ages: 1/1, 2/7, 3/8, 6/12, 7/13, 
8/14, 9/18, 24/20, 27/22, with difference in ages 
ranging between 100 and 300 years for the compared 
samples. Comparisons of TI and IW samples with 
close radiocarbon ages revealed that in seven out of 
nine cases, the isotopic composition of TI was heavier 
than that of IW, while diff erences between δ18O val-
ues for TI and ice wedges ranged from 0.5 to 7.3 ‰. 
Only in two cases, TI samples were isotopically light-
er than IW: by 0.8 ‰ (pair 9/18) and 0.5 ‰ (pair 
2/7). Analysis of the isotopic composition of TI and 
IW from mass sampling for basic stratigraphic hori-
zons (Table 2, 3) have proven most informative at this 
stage of the research. Statistical analysis of the isoto-
pic composition data shows that average δ18O (δD) 
values for TI in all stratigraphic subunits are gener-
ally isotopically heavier those for IW.

This can be explained by the dominance of isoto-
pically lighter snow meltwater in ice wedges, while 
isotopically heavier rain waters prevail in texture 
ices. In modern solid precipitation (analyzed loca-
tion: vicinities of Tiksi settlement), average concen-
tration of 18O has dramatically decreased to –31.5 ‰, 
and down to –17.1 ‰ in summer precipitation, with 
the annual value averaging –24.9 ‰. The diff erence 
(Δ) between averaged δ18O values for winter and 
summer precipitation constitutes 14.4 ‰.

The difference in isotope concentrations be-
tween TI and IW is greatly reduced due to the mixing 
melt- and rainwaters and at the expense of isotope 
fractionation. Our research has shown that Δδ18O for 
modern (younger than 100 years) TI and IW avera-
ges 2.8 ‰.

Diff erence (Δ) between average values of the iso-
topic composition (δ18O) for TI and for IW varies 
depending on their age (Table 2). Maximum Δδ18O 
values are inherent in ices of the Holocene and 
Karginsky age: 5.4 and 4.2 ‰, respectively. At the 
end of the Late Pleistocene (Sartan period), this dif-
ference tend to be reduced to 3.0 ‰. This is probably 
due to the change in balance between snowmelt and 
rain water in their feeding the ground ice. Small Δ 
values attributed to Sartan time could be due to the 
dry summers, when melting snow patches were the 
main source of moisture. High Δ values for Karginsky 
time may indicate a rapid melting of the snow cover 
and increased contribution from rainwater to the for-
mation of TI. At this, δ18O (δD) values for TI and IW 
(Table 2) indicate that ground ice formation both in 
Sartan and Karginsky time occurred under very cold 
climate with low winter air temperatures and mean 
annual air temperatures. 

The difference in average concentrations of 
(δ18O) isotopes between TI and IW reaches maxi-
mum values from the beginning of the Holocene war-

* The value of numerator indicate numbering of TI samples (Table 1, а), the denominator indicates numbering of IW samples 
(Table 1, b).
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Ta b l e  2. Isotopic composition (δ18O, δD) of ground ices (GI): texture ice (TI)
 and ice wedges (IW) of the Late Pleistocene (Karginsky and Sartan time), Holocene and contemporary time

Age
GI, ka

GI
type n

δ18O, ‰ δD, ‰
А, ‰ Δ, ‰

Ave. Min. Max. Ave. Min. Max.
55–25
(Karginsky)

TI 78 –26.2 –34.5 –19.2 –205.2 –254.1 –156.5 15.3 4.2
IW 598 –30.4 –34.9 –23.9 –237.9 –272.2 –180.6 11.0

25–10
(Sartan)

TI 61 –27.4 –31.6 –20.0 –208.0 –242.1 –151.5 11.6 3.0
IW 275 –30.4 –38.0 –25.3 –237.9 –296.0 –191.5 12.7

<10
(Holocene)

TI 61 –19.9 –28.2 –14.1 –151.6 –204.5 –118.4 14.1 5.4
IW 616 –25.3 –29.9 –19.2 –192.2 –223.2 –149.2 10.7

<0.1
(contemporary)

TI 22 –19.4 –23.4 –16.2 –147.1 –178.3 –124.2 7.4 2.8
IW 64 –22.2 –26.5 –17.9 –169.0 –202.0 –132.3 8.6

N o t e. А is range of δ18O (max.–min.); Δ is diff erence between average δ18O values of TI and δ18O WI; n is quantity of 
samples.

Ta b l e  1. Oxygen-isotope composition of 14С-dated samples from texture ice (а) and ice wedges (b)*

No. 14С age, years Error (±), years δ18O, ‰ No. 14С age, years Error (±), years δ18O, ‰

а. Dated texture ices b. Dated ice wedges

1 300 0 –21.4 1 <100 0  –21.9
2 2785 30 –25.8 2 416 31 –24.2
3 3325 35 –17.5 3 1100 25 –25.4
4 8230 50 –17.7 4 1870 35 –24.9
5 8335 45 –17.1 5 2201 44 –23.6
6 9480 40 –19.9 6 2425 30 –24.6
7 11 060 45 –19.5 7 2623 28 –25.3
8 12 525 50 –25.9 8 3630 84 –24.8
9 14 545 50 –25.9 9 4107 41 –26.0

10 16 350 90 –28.3 10 5178 33 –25.9
11 16 510 60 –28.2 11 6336 44 –25.8
12 17 700 70/40 –29.1 12 9390 60 –27.1
13 18 560 100 –27.5 13 11 180 100 –27.6
14 18 920 70 –28.0 14 12 520 70 –30.5
15 19 500 220/210 –29.2 15 13 060 70 –27.2
16 20 180 80 –28.5 16 13 150 50 –27.3
17 20 600 210/200 –28.0 17 14 200 70 –24.9
18 21 890 90 –29.5 18 14 535 60/55 –25.1
19 24 150 120 –29.3 19 26 050 190 –31.3
20 24 600 170/160 –27.7 20 34 210 740/680 –31.1
21 31 250 1080/950 –26.4 21 37 810 680/630 –23.4
22 33 450 260/250 –25.5 22 40 720 1710/1410 –30.5
23 33 580 240/230 –25.8 23 41 990 1050/930 –30.4
24 34 630 420/400 –29.8
25 36 020 450/420 –25.9
26 38 600 930/830 –26.9
27 40 850 1750/1440 –33.1
28 43 620 1700/1400 –26.5
29 45 300 1200/1050 –24.6
30 47 900 1630/1360 –28.3

* Radiocarbon dating data were used from [Andreev et al., 2002; Meyer et al., 2002a,b, 2015; Schirrmeister et al., 2008, 2011; 
Opel et al., 2011] supplemented with new data.
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ming and equals – 5.4 ‰. In the Holocene, average 
winter temperatures increased by approximately 5 °C 
[Dereviagin et al., 2010], while high Δ values suggest 
that once winters have become warmer, this echoed 
in the increased duration of summer period and its 
humidity.

The above data on the concentrations of (δ18O) 
isotopes and their diff erence between TI and IW (Δ) 
are averaged for notably long periods: from ten thou-
sand years to several tens of thousands of years. For 
shorter periods of time, these characteristics may 
vary under the influence of changing climate and 
landscape conditions, hydrological regime, geological 
processes. In this context, the comparison of the iso-
topic composition averages for Holocene ices versus 
modern TI and IW formed during the last 100 years 
provides spectacular evidence.

The diff erence in mean isotope concentrations 
between contemporary TI and IW (Δδ18O = 2.8 ‰) 
appears considerably lower than in Holocene ices 
(Δδ18O = 5.4 ‰), which is associated with increased 
concentration of heavy isotopes in modern ice wedges 
(Table 2) caused by the increased mean winter air 
temperature [Dereviagin et al., 2011].

The minimum and maximum concentrations of 
oxygen isotopes (δ18O) with their values as given in 
Table 2, allowed us to estimate the range of fl uctua-
tions in A (diff erence between maximal and minimal 
values) in IW and in TI. For Holocene and Late 
Pleistocene syngenetic permafrost sequences with 
thick ice wedges and well-pronounced schlieren cryo-
genic textures, the spread of δ18O values for TI is 
greater than in Holocene ice wedges (3.4 ‰) and 
Karginsky period (4.3 ‰). 

In Sartan period, the oscillation range of A in ice 
wedges is 1.1 ‰ higher than in texture ices. More 
uniform isotopic composition of IW compared to TI 
(during Karginsky time and the beginning of Holo-
cene) is attributed to the genesis and formation con-
ditions for ice, and by minor impact from the process-

es of isotope fractionation. In Sartan period, the range 
of δ18O values for ice wedges increased at the expense 
of extremely low values (to –38 ‰), indicating very 
cold winters featured as unparalleled during the 
Karginsky period, judging from the data available 
[Wetterich et al., 2011]. At the same time, a relatively 
low range of values for TI (11.6 ‰) probably indi-
cates dry and cool summer conditions under which 
the isotopic composition of TI was formed. 

In recent growth of ice wedges and in texture 
ices at the base of AL, the range of δ18O in TI (7.4 ‰) 
is to some extent less than in ice wedges (8.6 ‰). No-
tably, given that formation of modern ground ice is 
still proceeding, these data can not be considered as 
fi nal. Homogenization of the isotopic composition of 
modern TI is favored by the intensely ongoing mois-
ture exchange between the upper layer of permafrost 
(permafrost table) and active layer during seasonal 
thawing.

Hydrogen – oxygen isotopes relationship
(δD/δ18O) in texture ices and ice wedges 
In research reports, the isotopic composition 

(δ18O, δD) of natural water and ice test results are 
usually represented as δD–δ18O diagrams and com-
pared with the global meteoric water line (GMWL). 
This line is described by the regression equation for 
the mean δD and δ18O values of precipitation using 
the weather stations global network data: 
δD = 8δ18O + 10 [Dansgaard, 1964]. A deviation 
measure for the isotopic composition of sample from 
the GMWL line is determined by the deuteri um ex-
cess (dexc): dexc = δD – 8δ18O. For the GMWL points, 
dexc = 10 ‰. Samples with dexc greater than 10 ‰ are 
located on the δD–δ18O-diagram abo ve GMWL, and 
those with dexc less than 10 ‰ – below it.

Fig. 2 shows δD–δ18O-diagrams for Late Pleisto-
cene (Karginsky and Sartan time), Holocene and 
modern ice wedges and texture ice (Fig. 2, a–c and d, 
respectively). As can be seen from the diagrams, the 
points corresponding to the isotopic composition of 

Ta b l e  3. Parameters of isotopic composition of ground ices (GI) comprising: texture ices (TI)
 and ice wedges (IW) of the Late Pleistocene (Karginsky and Sartan time), Holocene and contemporary time

Age
GI, ka GI type n

dexc, ‰ a b R2

Ave. Min. Max.
55–25
(Karginsky)

TI 78 4.7 –10.8 25.8 6.2 –42.4 0.94
IW 598 5.5 –4.4 15.4 8.3 14.5 0.98

25–10
(Sartan)

TI 61 11.0 –4.4 24.2 7.7 1.8 0.92
IW 275 5.1 –0.8 10.8 8.2 10.1 0.99

<10
(Holocene)

TI 61 7.4 –5.9 21.4 6.2 –28.7 0.94
IW 616 10.1 2.9 18.0 7.0 –14.2 0.98

<0.1
(contemporary)

TI 22 8.4 1.0 16.3 7.3 –6.0 0.95
IW 64 8.5 3.3 13.7 7.3 –6.7 0.97

N o t e. Deuterium excess (dexc); regression equation coeffi  cients: a is slope coeffi  cient, b is intercept, R2 is correlation coef-
fi cient; n is quantity of samples.
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TI and IW samples form two “clouds”, the δD–δ18O 
ratio for which is described by linear regression equa-
tions δD = aδ18O + b (where a is slope (regression) 
coeffi  cient, b is linear intercept).

The values of a and b coeffi  cients for TI and for 
IW of the considered age groups diff er, and these va-
lues for Late Pleistocene and Holocene texture ices 
are lower than for the syngenetic ice wedges (Tab-
le 3). The low values of slope coefficient for Late 
Pleistocene and Holocene TI can be explained by the 
cryogenic and evaporation fractionation processes 
during their formation [Dereviagin et al., 2013]. 

A similar pattern is observed for modern precipi-
tation: the values of the δD–δ18O regression equation 
coeffi  cients are lower for rainfall than for solid pre-
cipitation. According to the results of multi-year fi eld 
observations in the region, the ratio а is equal to 7.0 
for the rain, and to 7.7 for solid precipitate, while lin-
ear intercept b is –12.9 ‰ (rain) and 3.8 ‰ (snow), 

respectively. Similar results (6.9 and –15.2 ‰ for 
rainfall, and 7.9 and 4.8 ‰ for solid precipitation, re-
spectively ) were obtained in the course of three-year 
observations of the isotopic composition of precipita-
tion at Tiksi.

Maximal diff erences in the slope coeffi  cient val-
ues (a) for TI and IW are demonstrated in Karginsky 
period due to the fact that the coeffi  cient for TI had 
reached a minimum value: 6.2 versus 8.3 for ice wedg-
es. In Sartan period that succeeded it, this coeffi  cient 
remained virtually unchanged for ice wedges (8.2), 
while for TI it grew up to 7.7 (Table 3). In the Holo-
cene, this TI-related parameter reaches 6.2, which is 
equal to its value in Karginsky period.

Differences in the slope coefficient values for 
Karginsky, Sartan times and in the Holocene proba-
bly refl ect the relationship between fractions of snow-
melt and rainwater involved in the formation of tex-
ture ices; intensity of cryogenic and evaporation frac-

Fig. 2. δ18О–δD-diagrams and regression equations for texture ice and ice wedge samples:
а – Karginsky age, b – Sartan age, c – Holocene, d – modern (younger than 100 years). R2 – correlation coeffi  cient, n – number of 
samples. 1 – texture ices; 2 – ice wedges.
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tionation, and are associated with highly contrasting 
climate in the fi nal stages of the Pleistocene and the 
Holocene. Periods with very cold winters and cold 
dry summers, unparalleled in the Holocene, alternat-
ed with drier environments during cool summers and 
moderately cold winters in the Late Pleistocene [Sher 
et al., 2005]. Holocene climate was characterized by a 
wet and relatively warm summer (the distribution of 
shrub-tundra and forest-tundra) and by the winter 
temperature rise [Dereviagin et al., 2010]. 

A signifi cant decrease in the regression slope co-
effi  cient for ice wedges from 8.2 to 7.0 and more than 
twofold increase in average dexc values from 5.1 to 
10.1 ‰ (Table 3) at the turn of the Late Pleistoce ne 
and Holocene may have been due to changed sources 
of winter precipitation [Meyer et al., 2002b].

Modern IW and TI are distinguished by identi-
cal slope coeffi  cient values in the regression equation 
(a = 7.3), being close to the local meteoric water line 
slope coeffi  cient for the region (7.6). The correspond-
ing curves in the δD–δ18O-diagram run parallel to 
each other. The line for IW samples characteristics is 
located slightly above the line for TI, which is refl ect-
ed in the coeffi  cient b values (Table 3). 

Determination of the deuterium excess in mas-
sive ground ice samples showed that the diff erence 
between maximum and minimum values of this pa-
rameter in texture ices significantly (1.5–2-fold) 
higher than that in ice wedges. For the entire collec-
tion of texture ice samples, dexc values range from 
–10.8 to 24.2 ‰, while for ice wedges – from –4.4 to 
18.0 ‰. These data underpin the inference about 
greater homogeneity of the isotopic composition of 
ice wedges compared to that of texture ices, which is 
associated with the peculiarities of their genesis and 
formation mechanism, specifi cally, with the infl uence 
of the isotope fractionation processes.

Variability of the isotopic composition
on contacts between ice wedges

and enclosing sediments 
A characteristic feature of the cryogenic struc-

ture of the Ice Complex sediments consists in paral-
lel-layered schlieren cryogenic texture, the so-called 
striae (“belts”), which underscore or sometimes crea-
te a layering eff ect on the host ice wedges [Roma nov-
sky and Kaplina, 1969]. Belts are located between the 
ice wedges throughout the section of Ice Complex, 
sticking without visible contact boundary directly to 
ice wedges, usually creating a characteristic vertical 
bend near ice wedges. The confi guration of segregat-
ed ice schlieren corresponds to the predated isother-
mal surface at the base of thaw layer in the polygons, 
while schlieren form as the freezing proceeds from 
bottom upward. The source of moisture contributing 
to segregated ice formation is the soil moisture within 
AL, which in turn is fed by meteoric waters. 

Schlieren ice (“belts”) thickness varies widely – 
from several millimeters to several centimeters. The 
distance between them varies from 10–20 to 30–
50 cm down the section. Ice belts are generally clear, 
transparent, with little inclusion of air bubbles. Cryo-
genic texture between ice belts is massive, fi ne-lens-
like, partly-reticulate thin-schlieren, layered thin-
schlieren. Average gravimetric ice content in silty 
clays and silts of Ice Complex reaches 40–60 %, in the 
peaty varieties – in excess of 70 %. 

Alas deposits are also characterized by a very 
high ice content (average gravimetric ice content 
>60–70 %) dictated by the striae and layered cryo-
texture. The thickness of ice schlieren reaches 
2–5 cm, with spacing of 10–20 cm between them. Ice 
schlieren of the ice-wedge body (as well as in the sed-
iments of Ice Complex) feature characteristic vertical 
bending.The side contact zones between wedge ice 
and the enclosing sediments often show a narrow 
stripe of pure and transparent ice, sometimes with a 
vertically oriented mineral micro-inclusions in the 
form of thin layers. This band termed “fringe”, is as-
sociated with the processes of segregated ice forma-
tion [Solomatin, 1965]. 

The transition from milky wedge ice to the cle-
aner ice fringe is fuzzy, gradual. Ice fringes merge with 
texture-forming ice with no visible transition, the 
boundary between them can be traced only in the po-
laroid by the crystals’ shape and size. The visible 
width of the fringe is not constant, varying from 1–3 
to 5 cm. Petrographic characteristics of the side con-
tacts of ice wedges are described in detail by V.I. Solo-
matin [1965, 1973]. 

The authors thoroughly examined and sampled 
(δ18O, δD) 82 ice wedges of the Late Pleistocene (Ice 
Complex) and Holocene (alas and alluvial complex-
es) in the Laptev Sea region during the period from 
1994 to 2007. The coring of ice wedges was carried 
out along horizontal profi les using a specially develo-
ped methodology [Meyer et аl., 2002b; Dere viagin et 
al., 2010]. 

Visually, the fringe which is actually a band 
(3–5 cm in width) of pure transparent ice on the con-
tact between ice wedges and enclosing sediments – 
was observed only in 16 out of the 82 ice wedges (less 
than 20 %). In the overwhelming number of cases the 
fringe was documented in Holocene sediments in the 
Lena Delta (12 ice wedges) and only 4 ice wedges of 
Karginsky age on the Bykovsky Peninsula and Bol-
shoi Lyakhovsky island. In ice wedges of Sartan age, 
the fringe was not observed, visually. However, out of 
the 82 ice wedges, 54 (66 %) showed dramatic chang-
es in the isotopic composition (δ18O, δD, dexc) in the 
contact zone between ice wedges and enclosing sedi-
ments. The changes in the isotopic composition infl u-
ences both ice wedges, and texture ices. In the por-
tion of ice-wedge body nearby the side contact, a sud-
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den heavying of the isotopic composition of δ18O 
(δD) is documented.

An increase in 18О concentrations ranges from 
2–3 to 5–7  ‰, with dexc values thus reduced by 
3–7 ‰, and in some cases by 10–12 ‰, reaching 
negative values. These changes are evidenced in ice 
wedges with width from 3–5 to 10 cm, and tend to 
attenuate with growing distance from the contact. 
Interestingly, the δ18O variability may in some cases 
aff ect only one side of ice wedges, leaving the oppo-
site side virtually unchanged. Sometimes the changes 
are recorded only in dexc values, while δ18O (δD) pa-
rameter varies insignificantly. As a result of the 
heavying, the isotopic composition of ice wedges are 
close to the isotopic composition of TI of the enclos-
ing sediment. The opposite phenomenon is observed 
in ice schlieren (“belts”), welded to ice wedges: the 
isotopic composition becomes lighter (by 0.5–30 ‰ 
for δ18O) as it approaches ice wedges [Dereviagin et 
al., 2005] with dexc values thus increasing by 0.5–
2.0 ‰. These changes are documented at a distance 
of 0.3–0.5 m from the ice wedges.

Evidence of climate changes in the isotope
composition of texture ices and ice wedges
The most spectacular changes in the isotopic 

composition of TI and of IW are evidenced in relation 
with Holocene climate warming, which is refl ected 
similarly in the characteristics of the isotopic compo-
sition of both texture ices, and ice wedges (Tables 2, 
3): Holocene ices became generally heavier (δ18O va-
lues) by 7.5 ‰ for texture ices and by 5.1 ‰ for ice 
wedges. At the same time, average values of deuteri-
um excess in TI decreased by 3.6 ‰, and by 5 ‰ in 
ice wedges. While parameters of the δD–δ18O regres-
sion equation demonstrated signifi cant transforma-
tions: for both types of ice, the value of regression 
slope and intercept have decreased.

In the course of research, radiocarbon dating was 
applied to 30 TI samples and 23 IW samples to deter-
mine their ages (Table 1). 14С-dating of oldest sam-
ples were found to be 47.9 ka (TI) and 42.0 ka (IW). 
Fig. 3 showing plots derived from the data on isotopic 
composition (δ18О) of dated TI and IW samples al-
lows to observe changes in isotopic oxygen composi-
tion of Late Pleistocene (50–10 ka) and Holocene 
ground ices.The oldest stage (older than 34 ka) is 
characterized by violent saw-tooth-like oscillations 
of δ18O values for TI with peaks at –33.1  ‰ 
(40.8 kya) and –24.6 ‰ (45.3 kya). At this, δ18O va-
lues for ice wedges largely replicate the diagram tra-
jectory for TI, remaining slightly heavier (by 1–2 ‰) 
at some sites. The presence of “warm” anomaly in 
δ18O of ice wedges from –23.4 ‰ (ca. 38 kya) are cor-
roborated by increased δ18O of TI from –33.1 ‰ 
(40.8  kya) to –25.9  ‰ (38.6  kya) and –25.1  ‰ 
(36.0 kya). The featuring geological section of depos-
its formed in the period of 45–35 kya, which include 
numerous lenses and layers of peat is of particular in-
terest [Schirrmeister et al., 2011]. This suggests more 
dynamic actions of climate and landscapes.

In the interval of 34–25 kya the δ18O values for 
IW and TI are stable and range from –30 to –31 and 
from –25.5 to –27.7 ‰, respectively. In the period to 
follow (24–16 kya), these indicators for δ18O persist 
with small oscillations at a very low level and are sta-
ble (–28.0…–29.5 ‰) in texture ices. In the interval 
of 34–15 kya there are only three dated ice cores from 
ice wedges, though, which means that any correct in-
terpretation of the available data would be proble-
matic. 

Late Sartan–Early Holocene period is marked 
by a rapid growth of δ18O in TI from –29.1 to 
–28.2 ‰ (17.7–16.5 kya) to –19.5 ‰ (11.1 kya). 
The  increasing trend towards extremely high 
δ18O values remained until as late as 8.3–8.2  ka 
(–17.7…–17.1 ‰). Most likely, the marked increase 
in δ18O of TI was associated with global warming, 
 responsible for changes (weighting) in the isotopic 
composition of precipitation.

Fig. 3. Changes in oxygen-isotopic composition 
(δ18О) in Late Pleistocene (age: 50–10 ka) and 
Holocene ground ices according to dated (14С) 
samples.
1 – texture ices; 2 – ice wedges.
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The fi rst dated samples of ice wedges associated 
with early Holocene warming (14.2; 14.5 kya), with 
δ18O values equal –24.9 and –25.1 ‰, which is about 
5 ‰ heavier than the average for Sartan period. Cli-
mate cooling, corresponding to different stages of 
Dryas, is clearly documented in IW samples (13.1–
11.2 kya) with the minimum at –30.5 ‰ (12.5 kya), 
indicating a signifi cant decrease in the mean winter 
air temperature during this period. The reliability of 
these data is corroborated by detailed studies of the 
isotopic composition of ice wedges, dated as Younger 
Dryas in the Canadian Arctic [Meyer et al., 2010]. It 
should be emphasized that the available data show no 
decrease in δ18O of TI during Young Dryas. Unfortu-
nately, the amount of ice cores is not suffi  cient for any 
valid conclusions [Meyer et al., 2015].

The isotopic composition of Holocene ice wed-
ges is represented by a series of 12 samples with ages 
dated in the range from 9.3 kya to contemporary time 
(<100 years). The samples from this range exhibit a 
 stable trend for the isotopic composition weighting 
(δ18O) from –27.1 to –21.9 ‰. It is 3–8 ‰ higher 
than those for the preceding cold period, correlated 
with Dryas (–30.5 ‰). Fluctuations of δ18O in ice 
wedges refl ect the general trend for climate warming 
during winter in the region, with its progression into 
the present time [Meyer et al., 2015]. 

Beginning from late Sartan time (11.1 kya) and 
until late Holocene, the δ18O values for texture ices 
increased from –19.9  ‰ (9.5  kya) to –17.5  ‰ 
(3.3 kya). During the following period (3.3–2.8 kya), 
the isotopic composition suddenly became lighter (to 
–25.8 ‰), which was succeeded by its heavying to 
–21.4  ‰. Contemporary average δ18O values for 
 texture ices and ice wedges amount to –19.9 and 
–22.2 ‰, respectively. The δ18O value (–21.9 ‰) for 
one of the youngest dated sample from ice wedges 
(<100 years) is close to the youngest dated sample 
from texture ices (300 years) and equals –21.4 ‰.

The isotopic record derived from dated samples 
of ground ices has huge gaps for thus far missing data. 
In addition, climatic signal can be largely distorted 
by the infl uences from other factors. This essentially 
complicates the interpretation of paleoclimatic data 
on changes in the isotopic composition of ground ices. 
A further development of this promising research line 
is associated with obtaining new data, to fi ll in the 
existing gaps.

 CONCLUSIONS

1. The research results demonstrated signifi cant 
diff erences in the characteristics of the isotopic com-
position of texture ices and ice wedges at the Laptev 
Sea coast:

– TI have proven isotopically heavier than ice 
wedges on average by 4.2 ‰ for Karginsky, by 3.0 ‰ 
for Sartan, and by 5.4 ‰ for Holocene ices;

– variability (range of values) of the isotopic 
composition (δ18O, δD and dexc) characteristics is 
greater for texture ices versus ice wedges;

 – the value of the slope coefficient (a) in the 
δD–δ18O regression equation for the Late Pleisto-
cene texture ices is lower than for ice wedges of the 
same age; in the Holocene, this diff erence reduces, 
while slope coeffi  cients are equal for modern texture 
ices and ice wedges.

2. The revealed diff erences in the isotopic char-
acteristics of texture ices and ice wedges are deter-
mined by the peculiarities of their genesis and mecha-
nisms of formation. One of the main genetic factor is 
the relationship between snowmelt and rainwater in 
the formation of ice. In addition, the isotopic charac-
teristics of texture ices may have a signifi cant impact 
on isotopic fractionation processes and the composi-
tion of the enclosing sediments (presence of peat).

3. In the contact zone between ice wedges and 
texture ices, there was observed a change in their iso-
topic composition, indicating the mass transfer be-
tween them during their formation. The width of this 
zone in ice wedges is up to 10 cm, up to 50 cm in the 
enclosing sediment (TI), and it includes fragments of 
ice wedges on the side contacts with a modifi ed struc-
ture (“fringe”) and parts of ice schlieren (“belts”) in 
the enclosing sediments containing ice wedges.

4. Global warming at the end of the Late Pleisto-
cene resulted in the increases average δ18O values by 
7.5 ‰ for texture ices and by 5.1 ‰ for ice wedges. 
The isotope shift being that large in texture ices, it 
probably is responsible for an increase in summer tem-
peratures and rainfall. Recent warming (in the past 
100 years) generally featured by warmer winters has 
aff ected only the isotopic composition of ice wedges, 
while average δ18O and δD values for texture ices tend 
to diff er little from the oldest Holocene formations.

5.  Time series analysis for δ18O values by 
14С-dated samples of texture ices and ice wedges 
shows that, while reflecting large-scale climate 
changes over the past 40–45 thousand years they re-
act in a similar way to them. At the same time, the 
response of the isotopic composition of texture ices 
and ice wedges to the paleoclimatic events may vary, 
which is associated with the nature of their genesis. 
The contribution of isotopic analysis of the dated 
samples from ice wedges and texture ices to the 
wealth of data will benefi t reconstructions of climate 
change and its prediction.
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