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Mineral permafrost mounds (lithalsas) have been studied in the Sentsa River valley (East Sayan Mountains, 
western Buryatia). This is the first detailed study of permafrost in the area based on analysis of cryostructures 
and distribution of stable isotopes in lithalsa intrusive-segregation ice. The lithalsas predominantly have reticulate 
or lenticular cryostructures and ice contents over 50–60 %. The lateral and vertical δ18O and δD patterns suggest 
cascade growth with the large lithalsa formed before the small one. Lithalsas can nucleate and grow during 
progressive lake shallowing. They feed mainly from ground water during freezing of wet frost-susceptible fine-
grained soil, or less often, from meteoric or lake water. Lithalsas grow quite rapidly, at tens of centimeters per 
year, and can reach more than 5 meters high in 50–100 years.

Lithalsa, perennial frost mound, frost heave, segregated ice, intrusive ice, internal structure, reticulate 
cryostructure, thick ice lens, East Sayan

INTRODUCTION

Frost heaving creates diverse raised soil land-
forms: hydrolaccoliths or pingos fed by an upwelling 
of ground water (called bulgunnyakh), palsas in soils 
that are rich in organic matter, such as peat [Wash-
burn, 1979; Vasil’chuk et al., 2008], or mineral perma-
frost mounds. The latter have been named in different 
ways: minerogenic palsa [Åhman, 1976], mineral palsa 
[Dionne, 1978], palsa-like mound [Harris, 1993], 
cryogenic mound [Lagarec, 1982], perennial frost 
mound [Allard et al., 1986], or lithalsa as equivalent of 
palsa but devoid of a peat cover [Pissart, 2002]. 

The first study of lithalsa-type mounds within 
Russian permafrost was undertaken by G. Iwahana 
and K. Fukui from Japan together with N. Mikhailov 
and O. Ostanin from Altai (Russia) [Iwahana et al., 
2012]. They investigated the internal structure of an 
erosively exposed lithalsa in the Akkol valley, in the 
vicinity of Tebeler village located among Holocene 
mounds in the central Chuya basin, Altai. Such 
mounds, with cores of segregated ice under a layer of 
sediments, are locally called tebeler (Turk for hill, 
mountain, or summit) and are known from many high-
land lakes in Southern Siberia, being especially well 
documented in drained damlakes within the Chuya 

and Kurai basins. A large field of bulgunnyakh-te-
beler mounds, with cores extremely rich in ice or of-
ten being pure thick ice, exists in the Kurai basin 
(Jangyskol locality). 

Lithalsa permafrost mounds were reported from 
an area near Umiujaq, in Nunavik, northern Québec 
(Canada), eastern shore of Hudson Bay (56°36′ N; 
76°12′ W; 185 m a.s.l.) [Allard and Rousseau, 1999; 
Delisle et al., 2003; Calmels et al., 2008a,b]. The area is 
remarkable by coexistence of palsas and lithalsas 
within a valley floored by post-glacial Holocene ma-
rine silts and peatlands located in discontinuous per-
mafrost terrain. The average mean annual air tem-
perature at the Sheldrake weather station, 6 km away 
from the study site, was about –5.1 °C from 1990 to 
2003. The height of the lithalsas is up to 8 m, the di-
ameter varies from 50 to 100 m [Delisle et al., 2003; 
Calmels et al., 2008a,b]. As a rule, they consist of silty 
clay and silt, sometimes with layers of silty sand. Sa-
linity of the sediments and organic matter contents 
are negligible. Volumetric ice content varies between 
50 and 71 %, even over 95 % (lenses of pure ice below 
4 m). The gas content is from 0.4 to 2–3 %. Computer 
tomography scanning of lithalsa ice cores [Calmels 
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and Allard, 2008] shows predominant reticulate cryo-
structures, the frozen sediment is broken into poly-
hedrons of irregular shapes that have great variability 
in dimensions.

The Great Slave Lowland, Northwest Territories 
of Canada, is an especially large lithalsa province, 
with about 1800 mapped mounds, up to 8 m high and 
hundreds of meters in diameter. Most of them are lo-
cated at elevations above 205 m a.s.l., in discontinu-
ous permafrost terrains with clay and silt soils and 
abundant ground waters [Wolfe et al., 2014].

Six to ten meters high Late Holocene lithalsas 
growing rapidly for the past 60 years were also found 
in the Tso Kar lake basin (Ladakh, Indian Tibetan 
Plateau), at 33°18′ N, 78°00′ E and at 4527–4528 m 
a.s.l. [Wünnemann et al., 2008, 2010].

Periglacial landforms of this type were discov-
ered in shallow (less than 30 cm), saline (60–292 g/L) 
lakes in the Andes of southwestern Bolivia and north-
eastern Chile, between 21 and 24° S [Hurlbert and 
Chang, 1984, 1988]. Paleo-shorelines found 10 m 
above the present water level show that the lakes 
were deeper in the past. The lithalsas appear as ice 
islands standing up to 7 meters above the water sur-
face, reaching 1.5 kilometers long, and extending tens 
of meters or more beneath unfrozen lake sediments. 
The area lies at elevations 4100–4700 m a.s.l., where 
mean annual precipitation is from 50 to 200 mm/yr 
and mean annual air temperatures are within 0 to 3–
6 °С. The large massive islands of ice-rich frozen sedi-
ments with up to 1 m thick lenses of freshwater ice 
(volumetric ice contents 10 to 87 %) may have formed 
by freezing of the fresh pore water of lake sediments 
[Hurlbert and Chang, 1984, 1988]. The islands have 
their upper surfaces covered with dry white sedi-
ments, mostly aragonite or calcite. The oxygen iso-
tope composition of ice (δ18О about –11 ‰) corre-

sponds to the mean meteoric water but differs from 
that of present lake water (0 to +13.5 ‰ δ18О).

This is the first report of two lithalsa-type frost 
mounds from the Sentsa River valley in western 
Buryatia (southeastern Russia) investigated during 
field trips of 2011 and 2014. The lithalsa internal 
structure was studied in natural outcrops and in a 
borehole. Analysis of stable isotope patterns (δ18О 
and δD) in the ice core and age constraints from 14C 
dates of organic matter from sediments provide clues 
to the origin and development of the lithalsas. 

LITHALSAS FROM THE SENTSA VALLEY

We studied two lithalsa mounds, 7 m and 3.5 m 
high, on the surface of the first terrace of the Sentsa 
river (Fig. 1). The river is a tributary of the Oka, in-

Fig. 1. Location map of lithalsas with frozen cores 
in the Sentsa River valley, East Sayan.

Fig. 2. Large lithalsa (7 m high), site Se 14-1.
a: outcrop; b: borehole.
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cised to 800 m into the western Oka plateau in the 
Buryatian East Sayan mountains. Most of the valley 
is covered with light larch forests with minor spruce 
and birch. 

The large 7 m high lithalsa (site Se 14-1) located 
at 1387 m a.s.l. (Fig. 2) was documented in a natural 
outcrop in the left side of the valley at 52°39,827′ N, 

99°29,858′ E (Fig. 3, Table 1) and in a borehole 
(Fig. 4) in 2014. The borehole was drilled from the 
lithalsa surface 15 m east of the outcrop. The cored 
section consists of reticulate sediments with horizon-
tally (Fig. 4, a–c, e) or vertically (Fig. 4, d) oriented 
ice lenses 5–7 cm to 10–12 cm thick, in the 2.25–
3.1 m interval. The sediments at depths 2.8–2.9 m 

Fig. 3. Structure of large lithalsa, site Se 14-1.
a: trench, general view; b: ice lens, upper part of outcrop; c: ice lens, lower part of outcrop; d: cryostructures in lower section.
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enclose branches and leaves of bog plants similar to 
those growing in the Sentsa valley. The interval of 3.1 
to 3.6 m consists of inclined lenticuar and irregular 
reticulate sediments with ice veins and lenses 0.5 to 
2.0 cm thick and 0.3–2.0 cm soil bands; the visual 
volumetric ice content is 50–60 %. 

The small lithalsa, 3.0–3.5 m high (Fig. 5), 
 located 250 m southeast of the large mound at 1382 m 
a.s.l. (site Se 14-2), was studied in an outcrop 
(Fig. 6, Table 1) during the field seasons of 2011 and 
2014.

Ta b l e  1. Lithology and cryostructure of lithalsas in the Sentsa River valley (East Sayan) 

Depth, m Lithology Cryostructure Specificity

Large lithalsa, 7 m high (site Se 14-1)

0–0.8 Active layer of unfrozen dry light-gray silt: 
soil and plants in upper 5–10 cm and ho-
mogeneous sediments with sporadic verti-
cal and oblique iron bands to 60 cm depth

0.8–2.0 Frozen dark-gray silt with uneven ice con-
tents

Layered, lenticular Ice lenses up to 10 mm thick in upper part 
and up to 15 mm at depth about 2 m 

2.0–2.3 Pure white ice Lens ice with up to 2–3 mm air bubbles 
and sporadic 2–3 cm soil inclusions 

2.3–2.8 Frozen dark-gray heavy-textured silt or 
clay silt 

Soil with blocks (to 10 mm) and lenses 
(to 5–8 mm) of ice

2.8–3.35 Pure transparent gray ice Layered and reticulate Ice with numerous round or oval gas bub-
bles; ice milky white with gas bubbles in 
trench left side; large pieces of soil visible 
through ice 

3.35–6.3 Ice-soil material Thick layered and suspended, 
locally basal; visible ice content 
60–70 %; soil looks like a lay-
ered cake after thawing of ice 
layers 

Ice with suspended soil blocks (dark gray 
silt); ice lenses 5–7 cm or locally up to 
10 cm; soil layers 3–7 cm or locally up to 
10 cm 

6.3–7.7 Frozen yellowish-gray and bluish-gray 
clay silt 

Massive or lenticular Sporadic oblique or horizontal 1–2 mm 
ice lenses 

7.7–9 m – 
lake level

Talus 

Small lithalsa, 3.0–3.5 m (site Se 14-2)

0.0–0.1 Dark-brown sod and peat 

0.2–0.6 Heavy-textured yellowish-gray silt (yel-
lowish-whitish when dry) 

0.6–1.5 Brownish-gray clay silt Medium cross-laminated within 
1.0–1.8 m; lenticular-layered 
within 1.8–2.4 m; fine and medi-
um lenticular within 2.1–2.4 m 

Ice lenses, 0.3–0.5 cm; soil layers, 0.5–
1.0 cm

1.5–2.4 Brownish-gray clay silt Reticulate Ice lenses, 1–2 cm; soil layers, 1–3 cm; 
oblique ice lens about 5 cm thick between 
2.6–2.7 m; thick horizontal ice lens with-
in depths 3.47–3.52 m; tree trunks found 
in clay silt in 2011; bedrock clasts

2.4–2.6 Frozen dark-gray and brownish gray fine 
and medium-grained plane-bedded sand; 
thin layers and nests of peat at the con-
tact with clay silt; same sand underlying 
modern yellow alluvial sand, where top of 
dark-gray sand lies 1.8 m below (possibly, 
as a result of sand heaving in lithalsas)

Reticulate and thin lenticular at 
sand contact 
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RESULTS: 14C AGES AND δ18О, δD
STABLE ISOTOPES

Radiocarbon ages of organic matter from ter-
race deposits and plant remains from ice (Table 2) 
constrain the deposition of lacustrine clay silt be-
tween 4700 and 7000 yr BP. The middle Holocene 
age of the lake sediments was supported by 14C dates 
of char coal and peat sampled from the nearby out-
crop at the contact with underlying sediments and in 
the peat cover [Arzhannikov et al., 2014].

Stable isotope compositions (δ18О and δD) of 
ice were analyzed in the cores of both lithalsas, sam-

pled at every 5 cm in the outcrop (in 2011) and at 
every 10–20 cm in the borehole (in 2014). Analyses 
were made at the isotope laboratory of the Geogra-
phical Department of Moscow University on a Finni-
gan Delta-V mass spectrometer with the standard 
gas-bench option. The δ18О and δD values were ex-
pressed per mill (‰) as the deviation of the respec-
tive isotope ratios of the measured samples from 
the Vienna standard mean ocean water  VSMOW 
(δ18О = 0 ‰, δD = 0 ‰) and Greenland Ice Sheet 
Precipitation GISP (δ18О = –24.76 ‰, δD = 
= –189.5 ‰), as well as IAEA laboratory standards 
(IAEA 12,  δ18О = –12.10 ‰, δD = –85.9 ‰; 
IAEA 13, δ18О = –33.35 ‰, δD = –257.2 ‰) and the 
domestic Moscow University standard of fresh snow 
from the Garabashi glacier in the Cuacasus (δ18О = 
= –15.60 ‰, δD = –110.0 ‰). The precision of the 
measurements was 0.1 ‰ for δ18О and 0.6 ‰ for δD. 
The ranges obtained for outcrop samples of the large 
lithalsa are: –136.9 to –153.6 ‰ δD; –18.44 to 
–20.15 ‰ δ18О, and 15.44 to 4.12 ‰ dexc (Table 3). 

Fig. 4. Core samples from large lithalsa, site Se 14-1, from different borehole depths:
a: 2 m; b: 3 m; c: 3.2 m; d: 4.4 m; e: 4.5 m.

Fig. 5. Small lithalsa (3.5 m high), site Se 14-2.
a: outcrop. 

Ta b l e  2. 14C ages of organic matter from Sentsa River
  floodplain outcrop and a small lithalsa
 [Arzhannikov et al., 2014]

Depth, m Material 14C age, yr Calendar 
age, yr BP

Laboratory 
number

0.3 Coal 835 ± 65 788 ± 77 SOAN-8875
0.8 Coal 4200 ± 90 4716 ± 117 SOAN-8874
0.8 Coal 4610 ± 120 5279 ± 187 SOAN-5236
1.4 Wood 5865 ± 80 6679 ± 100 SOAN-8876
4.5 Wood 6095 ± 85 6989 ± 129 SOAN-8877
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The maximum values exceeding –19 ‰ δ18О 
and –146 ‰ δD were measured in all samples from 
the ice lens at the depth 2.80–3.35 m. The thick ice 
lens of segregated ice most likely formed in water-
saturated sediments early in the lithalsa history. Pore 
water pressed out from frost-susceptible fine-grained 
soil was shown experimentally [Konishchev et al., 
2014] to be isotopically enriched (by 3.0–3.5 ‰ in 
δ18О and 10–27 ‰ in δD) relative to original water. 
Later freezing propagated upwards producing ice 
lenses with depleted isotopic compositions, till the 
one on the top that formed in the end of the freezing 
event. 

The vertical isotope variations in core samples 
are slightly smaller. In the large lithalsa the ranges are 
from –157.9 to –142.7 ‰ δD, –20.27 to –18.61 ‰ 
δ18О, and 11.78 to 2.58 ‰ dexc (Fig. 7, Table 3); the 
δ18О value as high as –18.6 ‰ was measured only at 
the depth 2.8 m (Fig. 8, Table 3). The borehole appar-

ently stripped the lithalsa core closer to its periphery, 
with depleted isotopic ratios. 

Samples collected in 2014 from the small lithalsa 
outcrop show ranges of –150.6 to –148.2 ‰ δD, 
–20.20 to –19.67 ‰ δ18О, and 11.36 to 7.08 ‰ dexc. 
The respective ranges in the samples of 2011 are: from 
–159.8 to –141.9 ‰ δD, –21.0 to –19.38 ‰ δ18О, 
and 15.78 to 4.10 ‰ dexc (Table 4). In the vertical 
profile of the small lithalsa, there is a prominent min-
imum in the lower part with mostly reticulate-blocky 
and lenticular cryostructures, containing small lenses 
of pure ice (Fig. 9).

Local δD and δ18О curves of both outcrop and 
borehole data (Fig. 10, a, b), with the slope of the 
δD/δ18О line about 6.2–6.8, show quite good correla-
tion with Craig’s global meteoric water line (GMWL, 
δD/δ18О ≈ 8.0). 

The samples from the small lithalsa, with the 
slope of the δD/δ18О line as low as 4.6, depart mark-

Fig. 6. Structure of small lithalsa (3.5 m high), site Se 14-2.
a: trench, general view; b: cryostructures in lower section; c: ice lens, lower part of outcrop; d: contact of frozen soil with underlying 
sand. 
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edly from the Craig line (Fig. 10, c, d). Therefore, the 
wet fine-grained sediments were isotopically depleted 
to different degrees during the formation of the large 
and small lithalsas. The parts where the isotope ratios 
in ice are less variable apparently formed in an open 
system with water recharge from outside. Corre-
spondingly, greater δD and δ18О variations record ice 
segregation in a closed (or half-closed) system, with-
out external recharge. 

Ta b l e  3. Oxygen and hydrogen isotope compositions
 of ice in core of large lithalsa in Sentsa River valley

Sample Sampling 
depth, m δ18O, ‰ δD, ‰ dexc, ‰

Outcrop in large lithalsa
Se 14-1/44 1.8 –19.54 –147.4 8.92
Se 14-1/41 2.1 –19.50 –146.1 9.90
Se 14-1/39 2.1 –19.23 –147.3 6.54
Se 14-1/38 2.1 –19.96 –148.5 11.18
Se 14-1/37 2.1 –19.50 –146.1 9.90
Se 14-1/40 2.2 –19.64 –150.0 7.12
Se 14-1/36 2.3 –19.44 –146.1 9.42
Se 14-1/43 2.5 –19.93 –144.0 15.44
Se 14-1/42 2.6 –19.82 –146.8 11.76
Se 14-1/35 3.0 –18.60 –138.6 10.20
Se 14-1/34 3.0 –18.60 –136.9 11.90
Se 14-1/33 3.0 –18.44 –143.4 4.12
Se 14-1/29 3.0 –18.65 –141.7 7.50
Se 14-1/32 3.0 –18.80 –145.1 5.30
Se 14-1/30 3.1 –18.83 –137.5 13.14
Se 14-1/31 3.2 –18.56 –143.9 4.58
Se 14-1/28 3.3 –18.80 –138.9 11.50
Se 14-1/26 4.1 –19.56 –155.8 0.68
Se 14-1/25 4.3 –19.43 –148.9 6.54
Se 14-1/24 4.4 –19.76 –147.6 10.48
Se 14-1/23 4.45 –19.53 –147.6 8.64
Se 14-1/22 4.5 –19.51 –149.1 6.98
Se 14-1/21 4.55 –20.14 –151.9 9.22
Se 14-1/20 4.6 –20.15 –150.8 10.40
Se 14-1/19 4.7 –19.95 –151.5 8.10
Se 14-1/18 4.8 –20.09 –153.6 7.12
Se 14-1/17 4.9 –19.87 –152.1 6.86
Se 14-1/16 5.0 –19.64 –146.6 10.52
Se 14-1/15 5.1 –19.68 –149.3 8.14
Se 14-1/13 5.2 –19.64 –151.7 5.42
Se 14-1/12 5.25 –19.71 –148.7 8.98
Se 14-1/11 5.35 –19.62 –150.7 6.26
Se 14-1/10 5.5 –19.53 –148.3 7.94
Se 14-1/9 5.7 –19.64 –149.0 8.12
Se 14-1/8 5.8 –19.88 –145.1 13.94
Se 14-1/7 5.85 –19.74 –152.4 5.52
Se 14-1/6 5.9 –20.00 –151.7 8.30
Se 14-1/4 6.0 –20.12 –150.2 10.76
Se 14-1/3 6.1 –19.18 –148.3 5.14
Se 14-1/2 6.3 –19.08 –145.6 7.04

Borehole in large lithalsa
Se 14-1/27 2.5 –18.94 –147.6 3.92
Se 14-1/45 2.6 –18.83 –142.2 8.44
Se 14-1/46 2.8 –18.61 –144.9 3.98
Se 14-1/47 2.9 –20.27 –150.4 11.76
Se 14-1/48 3.0 –19.92 –149.7 9.66
Se 14-1/49 3.2 –19.98 –149.3 10.54
Se 14-1/51 3.4 –20.06 –157.9 2.58
Se 14-1/52 4.0 –19.41 –150.4 4.88
Se 14-1/53 4.2 –19.48 –150.0 5.84
Se 14-1/54 4.4 –18.99 –142.7 9.22
Se 14-1/57 4.5 –19.31 –142.7 11.78
Se 14-1/58 4.7 –19.66 –151.3 5.98

Fig. 7. Variations in δ18O (a) and δD (b) in ice of 
the lithalsa frozen core (up to 6 m high), outcrop of 
large lithalsa, site Se 14-1.

Fig. 8. Variations in δ18O (a) and δD (b) values in ice 
of the lithalsa frozen core (up to 6 m high), borehole 
in large lithalsa, site Se 14-1.
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The δD and δ18О values of lithalsa ice markedly 
differ from those of icing from the Oka River (Fig. 1) 
sampled in 2014. Namely, the ranges were –92.5 to 
–108.0 ‰ δD, –14.35 to –14.75 ‰ δ18О, and 10 to 
22.3 ‰ dexc in the Sentsa lithalsa samples and –124.1 
to –129.3 ‰ δD, –16.80 to –17.33 ‰ δ18О, and 9.34 
to 10.3 ‰ dexc in the Oka icing samples. These data 
indicate different mechanisms of ice formation lead-
ing to different types of isotope fractionation in the 
two cases. 

LITHALSA GROWTH

The observed deposition style of frost-suscepti-
ble lacustrine clay silt appears nowhere else along the 
Sentsa valley being unique to the studied part. The 
sediments were likely deposited in a damlake formed 
when the material of rapidly eroded Late Pleistocene 
moraines, which is found today in the valley sides, 
dammed the river a few kilometers downstream of the 
lithalsa site [Arzhannikov et al., 2012]. The dam began 
to form about 7000 yr BP and was eroded about 
4700 yr BP; the Sentsa lithalsa originated after the 
end of deposition, no earlier than 4700 yr ago. 

Ta b l e  4. Oxygen and hydrogen isotope compositions
 of ice in core of small lithalsa in Sentsa River valley 

Sample Sampling 
depth, m δ18O, ‰ δD, ‰ dexc, ‰

1 2 3 4 5
Sampling in 2014 

Se 14-2/10 1.0 –19.76 –149.6 8.48
Se 14-2/9 1.2 –19.94 –149.2 10.32
Se 14-2/8 1.4 –19.71 –150.6 7.08
Se 14-2/7 1.5 –19.67 –148.9 8.46
Se 14-2/6 1.7 –19.76 –150.6 7.48
Se 14-2/5 1.9 –19.83 –148.2 10.44
Se 14-2/4 2.0 –19.89 –148.5 10.62
Se 14-2/3 2.2 –20.02 –148.8 11.36
Se 14-2/2 2.3 –20.20 –149.2 12.40
Se 14-2/1 2.5 –20.00 –149.6 10.40

Sampling in 2011
Se 11-1 1.85 –19.98 –148.4 11.44
Se 11-2 1.90 –20.41 –150.8 12.48
Se 11-3 1.95 –19.69 –149.1 8.42
Se 11-4 2.05 –20.41 –150.1 13.18
Se 11-6 2.10 –20.41 –149.7 13.58
Se 11-7 2.15 –19.73 –145.0 12.84
Se 11-8 2.20 –20.27 –149.4 12.76
Se 11-9 2.25 –20.48 –149.7 14.14

Se 11-10 2.30 –20.37 –150.1 12.86
Se 11-11 2.35 –20.09 –151.4 9.32
Se 11-12 2.40 –20.07 –153.5 7.06
Se 11-13 2.45 –20.46 –152.8 10.88
Se 11-14 2.50 –20.41 –148.4 14.88
Se 11-15 2.55 –20.24 –155.5 6.42
Se 11-16 2.60 –20.18 –147.7 13.74
Se 11-17 2.65 –19.91 –152.1 7.18
Se 11-18 2.70 –20.46 –150.8 12.88
Se 11-19 2.75 –20.18 –151.1 10.34
Se 11-20 2.80 –19.71 –141.9 15.78
Se 11-21 2.85 –20.32 –151.1 11.46
Se 11-22 2.90 –19.96 –153.5 6.18
Se 11-23 2.95 –20.66 –158.9 6.38
Se 11-24 3.00 –20.31 –152.5 9.98
Se 11-25 3.05 –20.20 –150.8 10.80
Se 11-26 3.10 –20.22 –148.7 13.06
Se 11-27 3.15 –19.88 –150.1 8.94
Se 11-28 3.20 –19.85 –147.0 11.80
Se 11-29 3.25 –19.96 –151.0 8.70
Se 11-30 3.30 –19.38 –149.7 5.40
Se 11-31 3.35 –20.11 –150.7 10.20
Se 11-32 3.40 –20.11 –150.4 10.50
Se 11-33 3.45 –19.60 –148.3 8.50
Se 11-34 3.50 –19.58 –150.0 6.60
Se 11-35 3.55 –20.03 –150.0 10.20
Se 11-36 3.60 –20.26 –154.0 8.00
Se 11-37 3.65 –20.24 –151.4 10.60
Se 11-38 3.70 –20.41 –153.4 9.90
Se 11-39 3.75 –20.32 –149.7 12.90
Se 11-40 3.80 –20.45 –149.3 14.30
Se 11-41 3.85 –20.95 –149.7 17.90

Continued Table 4
1 2 3 4 5

Se 11-42 3.90 –20.99 –159.8 8.20
Se 11-43 3.95 –19.52 –152.0 4.10
Se 11-44 4.00 –20.81 –158.4 8.10
Se 11-45 4.05 –21.00 –151.7 16.30
Se 11-46 4.10 –20.46 –154.0 9.60

Fig. 9. Variations in δ18O (a) and δD (b) in ice of 
the lithalsa frozen core (up to 3 m high), outcrop of 
small lithalsa, site Se 14-2. 
1 – detailed sampling in 2011; 2 – control sampling in 2014. 
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Fig. 10. δ18O and δD in ice of the lithalsa frozen cores.
a, b: large lithalsa: outcrop (a) and borehole (b); c, d: small lithalsa: sampled in 
2014 (c) and 2011 (d); 1 – local meteoric water line of sampled lithalsas; 2 – 
Global meteoric water line (GMWL).

Fig. 11. Frozen core of small lithalsa from Akkol valley, Altai mountains. 
a: general site view; b: sampled lithalsa; c: section of lithalsa core; d: cryostructures. Photograph by G. Iwahana.
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The process of freezing and heaving was quite 
rapid: it took a few hundreds or even tens of years for 
the lithalsas to acquire the present size and shape [Ar-
zhannikov et al., 2012]. It is not very clear yet wheth-
er it was originally a single lithalsa, 8–10 m in height 
and 200–300 m in diameter, which then split as a re-
sult of thermal erosion, or there were several mounds 
of different heights (greater in the center and smaller 
on the periphery). The former hypothesis agrees with 
the existence of a circular chain of mounds along the 
outer contours of the large lithalsa (Fig. 11) and with 
δ18O and δD patterns. The isotope patterns for the 
two lithalsas are similar in curve shapes but the large 
one shows heavier isotopic signatures (average 
δ18О = –19.5 ‰ and δD = –148 ‰ against δ18О = 
= –20.3 ‰ and δD = –152 ‰ in the large and small 
mounds, respectively). Minor variations in δ18О and 
δD indicate the absence of isotope fractionation at 
intensive water recharge during sediment freezing 
and lithalsa growth, despite continuous withdrawal 
of isotopically enriched water for ice segregation 
[Vasil’chuk, 2011].

On the other hand, the idea of originally multiple 
lithalsas is consistent with well-defined contours of 
the peripheral mounds, as well as with the absence of 
vertical walls thermal erosion would produce. In this 
case, the isotope trends may record successive forma-
tion of the large and small lithalsas: first the former 
emerged in the center and then smaller mounds grew 
on the periphery from isotopically depleted wet clay 
silt. To solve the problem, more 14C dates of all lithal-
sa units are required.

The initial growth of lithalsas was possible in a 
progressively shallowing lake. One or several frost 
mounds rose over the surface of a very shallow (to 
1 m) but large lake, while additional water input from 
the lake provided their high ice contents. 

The lower part of the Sentsa large lithalsa, with 
50–70 mm thick (up to 100 mm) ice lenses alternated 
with 30–70 mm sediment layers, and 60–70 % ice 
content, is similar to the Akkol lithalsa [Iwahana et 
al., 2012]. Indeed, the Akkol lithalsa in the Altai 
mountains reaches a height of 6 m and a length of 
50 m. Its frozen core consists of soil segments sus-
pended in thick (11 to 48 mm, up to 160 mm) reticu-
late ice lenses and a radial structure of ice-rich and 
sediment-rich frozen bands. Its other parts are similar 
to the small Sentsa lithalsa: 11–24 mm ice lenses and 
10–20 mm soil bands (Fig. 11). In addition to the 
cryostructure similarity, the Sentsa and Akkol lithal-
sas [Iwahana et al., 2012] share similarity in the pat-
terns of isotope shifts (Fig. 12).

The oxygen and hydrogen isotope compositions 
of the Sentsa ice samples were also compared with 
those in samples of the Nunavik lithalsa in Canada 
[Calmels, 2005], as the two share similarity in sedi-
mentology and cryostratigraphy (Fig. 13). That of 
Nunavik is a typical permafrost mound, 50 m in diam-

eter, without peat on the surface, standing ~3 m on 
average above the surrounding peatland and wetland. 
Its stratigraphic record studied in boreholes consists 
of 1.5 m thick silty clay (active layer), an ice-rich ho-
mogenous clayey silt with alternating ice and soil lay-
ers down to 10 m, and a sand unit coarsening down-
ward to small gravel at the depth of 10 to 11 m, which 
lies over gneiss bedrock.

The δ18О, δD and tritium values for the Nunavik 
lithalsa were measured in ground ice and in surface 
waters to determine the origin of frozen water and to 
reconstruct the segregation process. The boreholes 
were sampled at every 20 cm between 1.6 and 6.6 m 
depths and at every 1 cm within 4.61 to 4.86 m. The 
δ18О/δD ratios in water and ice matched the mete-
oric water line, except a single spike δD value about 
–50 ‰ at the depth 6 m. The obtained ranges were 
from –14.33 to –16.19 ‰ δ18О (average –15.20 ‰) 
and –100.64 to –123.25 ‰ δD (–111.70 ‰ on aver-
age) [Calmels, 2005]. 

The δ18О and δD values are the most negative in 
the upper part of the Sentsa lithalsa but at base of the 
ice core in the Nunavik mound. Therefore, ice forma-
tion in the cores of the two lithalsas apparently start-
ed from different levels: freezing progressed upward 
and downward from about upper one third of the core 
in the Sentsa lithalsa but upward from the core base 
in the case of Nunavik (Fig. 13, a, c). The Nunavik 
lithalsa apparently formed in the 20th century in a cli-
mate colder than at present, with 0.5–3.0 °С lower 
mean annual air temperatures [Calmels, 2005].

Averaging the data collected at every 20 cm 
highlights a clear positive downward isotope trend 
(Fig. 13, b, d). According to Calmels [2005], the rea-

Fig. 12. δ18O curves for small lithalsa from Sentsa 
River valley (a) and lithalsa from Akkol valley (b).
Legend in (a) is same as in Fig. 9.
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son is that the sub-surface ice originated in colder 
conditions than the deeper ice. In our view, this is 
rather the result of cryogenic fractionation: the for-
mation of ice with higher 18O contents in the lower 
core part preceded that of “lighter” ice in the upper 
part, as it happened in the Sentsa large lithalsa. 

The growth of lithalsas can be better understood 
by comparing the histories of different permafrost 
mounds worldwide. For instance, lithalsas in the 
Great Slave Lowlands [Wolfe et al., 2014] reach 8 m 
high and several hundred meters in length and width, 
and are composed of glaciolacustrine, lacustrine and 
alluvial fine-grained sediments (mainly clay silt). The 
cryostratigraphy of one lithalsa shows a frozen core 
with ice lenses to a depth of 5 m; the lithalsa was esti-
mated to have formed by ice segregation within the 
past 700 years [Wolfe et al., 2014].

Details of two lithalsas in the Tso Kar lake basin 
(Ladakh, India) are reported by Wünnemann et al. 
[2008, 2010]. One, located at 4528 m a.s.l., has a con-
vex shape with steep slopes, and is 6 m of maximum 
height and over 50 m in diameter. Ruptures parallel 
to the slopes near the top indicate its recent and rapid 
growth. The lower part exposed by slumping in the 
southern side is composed of black frozen lake mud 
(over 3 m thick) containing lenticular and massive 
ice of more than 50 % volumetric content. The mud is 
cut by vertically oriented fissures indicating cracking 
during the formation of segregation ice and uplift. 

Fig. 13. δ18O and δD curves for small lithalsa from Sentsa River (a, c) and lithalsa from Nunavik, northern 
Québec, Canada (b, d) [Calmels, 2005].

The black mud is overlain by a 2–6 cm thick hard 
layer of an algae crust mixed with chitin and plant 
remains. The other lithalsa, at 4527 m a.s.l., forms a 
flat-topped ridge about 180 m long, 100 m wide, and 
7–10 m high. Its core consists of frozen fine reticulate 
lake mud with numerous lenses of pure ice, which 
were deposited in latest Pleistocene and early to mid-
dle Holocene time. The lithalsa is free from vegeta-
tion due to a thick powdery salt layer on the surface. 
The section comprises black lake mud at 380–330 cm 
depth (about 4.2 m above the lake level) overlain by 
light gray clay to 285 cm. There are numerous cm-
thick ice lenses producing a network of frozen sedi-
ment and ice. Lake mud bears organic matter as old as 
34,580 14C yr BP, most likely redeposited. The young-
est calendar age of lake mud from the mound top is 
6109 ± 106 yr BP (7360 14C yr BP of in situ organic 
matter). Ground ice enclosed in grayish clay grading 
to black lake mud in the bottom part of the lithasa has 
a strong reticulate cryostructure with suspended 
15 cm blocks of frozen clay. The reticulate cryostruc-
ture becomes finer down the section, while the or-
ganic content variations increase [Wünnemann et al., 
2008]. Note that the coarse cryostructure in the bot-
tom of the Tso Kar large lithalsa is very similar to that 
in the lower part of the Sentsa large lithalsa. 

Generally, cryostructures in the trenched 4 m 
section of the 10 m high permafrost mound are mostly 
fine reticulate and lenticular in the upper part and re-



57

OXYGEN AND HYDROGEN ISOTOPE COMPOSITIONS OF LITHALSA FROZEN CORE

ticulate-blocky in the lower part. About 4000 yr BP, 
the Tso Kar saline lakes markedly reduced in area; the 
most recent lake shrinking occurred 60 yr ago, and 
that was the time of most rapid lithalsa growth. From 
their results, Wünnemann et al. [2008, 2010] infer 
that the sediments of the 10 m high lithalsa uplifted 
by at least 8–9 m as a result of heaving.

Most of the Akkol lithalsa sediments accumu-
lated for 1230 years after the last retreat of the So-
fiysky glacier between 7650 and 5700 yr BP [Iwahana 
et al., 2012]. The Nunavik lithalsa likewise formed af-
ter a glacier retreat, between 8200 and 3500 yr BP, 
and grew rapidly during cold episodes (possibly, ei-
ther 1550–1000 or 500–100 yr BP) [Calmels et al., 
2008a]. Very low tritium contents in segregation ice 
of the lithalsa (values from below 0.8 TU to 2 TU in 
the lower and upper parts, respectively) [Calmels et 
al., 2008b] indicate that surface waters did not main-
tain the lithalsa growth after the early 1960-s, or their 
contribution was a minor component in low-tritium 
older waters. In his comments on these observations, 
Pissart [2010] invoked an almost forgotten idea by 
Eakin [1916] that lithalsa can grow by lateral frost 
thrusting (side growth) and not only by vertical 
heave associated with ice segregation. 

Lithalsas studied at the south end of Fox Lake, 
south-western Yukon Territory [Harris, 1993] devel-
oped in five stages from low grassy mounds to high 
(up to 3 m) mounds covered by shrubs and trees. It 
takes about 380 years to reach the last stage. Studies 
of lichens and plant species have shown that from 
about 1600 AD to 1987 AD conditions had been suit-
able for lithalsa growth and survival [Harris, 1993]. 

CONCLUSIONS

• Permafrost mounds of the type of lithalsa most 
often consist of frost-susceptible fine grained sedi-
ments of highland lake basins with reticulate cryo-
structures. They are commonly 5 to 10 m high and 
tens to a few hundreds of metes in diameter. Lithalsas 
are known worldwide from East Sayan, Altai moun-
tains (Russia), northern and southern Tibet (India), 
Altiplano Plateau in the Andes (South America), 
northern Québec (Canada), etc. 

• Lithalsas may nucleate and begin to grow in 
progressively shallowing lakes. They recharge with 
pore water from freezing frost-susceptible sediments 
or occasionally feed from meteoric or lake water. 
Lithalsas grow quite rapidly, tens of centimeters per 
year and reach 5 m or higher in 50–100 yr.

• As a rule, δ18О range in lithalsa ice is 3–4 ‰ 
and δD values reach 20 ‰; more positive isotope val-
ues commonly mark the level of freezing onset. 

• Ice-rich sediments studied in the Sentsa River 
valley are the ice cores of lithalsas.

• Vertical and lateral patterns of oxygen and hyd-
rogen stable isotope ratios indicate a successive 

growth of the Sentsa lithalsas, with the large and 
small mounds formed at the first and second stages, 
respectively.

• More positive isotope values in the ice core of 
the large Sentsa lithalsa relative to those in the small 
one (δ18О from –18.4 to –20.3 ‰ against –19.7 to 
–21.0 ‰), may record gradual release of isotopically 
more depleted water from the center of the lithalsa to 
its periphery during freezing of wet fine-grained sedi-
ments.

• Minor variations in δ18О and δD indicate the 
absence of isotope fractionation at intensive water 
recharge during sediment freezing and lithalsa 
growth, despite continuous withdrawal of isotopi-
cally enriched water for ice segregation.

• Ice nucleation may occur at different levels of 
lithalsas (on the top, at the bottom or in the middle) 
depending on geocryological conditions.
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