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Long-term and seasonal variations in major- and trace-element compositions of groundwaters in anthro-
pogenic cryopegs stripped by boreholes in unconsolidated alluvial sediments have been monitored for thirty 
years at a site within Yakutsk city. Suprapermafrost cryopegs became less saline for the past fi ve to seven years 
as a result of climate change in many previous years. The obtained data on chemistry and fl ow dynamics of 
groundwaters indicate enhanced hydraulic connectivity of cryopegs in the active layer. The ongoing ground 
temperature warming will lead to general decrease in the contents of highly soluble salts in suprapermafrost 
cryopegs and to increase in trace element abundances in pore waters.
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INTRODUCTION 

Urban territories in Central Yakutia are incur-
ring environmental risks from salinization of perma-
frost, water-logging, and formation of cryopegs 
caused by anthropogenic loads. The situation is espe-
cially urgent in Yakutsk city where ever more build-
ings experience uneven basement settling and become 
dangerous [Garagula and Ershov, 2000; Stepanov et 
al., 2014]. The contents of total dissolved solids 
(TDS) in pore waters within the city is the highest in 
the oldest neighborhoods which have been exposed to 
the anthropogenic impact for more than 300 years 
[Torgovkin and Makarov, 2015]. TDS reach 1 % in the 
active layer [Makarov, 2011] and vary from 1 to 4 g/L 
in suprapermafrost groundwaters that form in the ac-
tive layer in warm seasons, or even from 6 to 9 g/L 
in the case of impeded drainage [Sannikova, 2005; 
Shepelev, 2011; Danzanova, 2016]. The major-ion 
com  position of these waters consists mainly of 

−
3HCO  and Cl– anions, abundant Na2+, less abundant 

Mg2+, and relatively low Ca (within 20 %). Supraper-
mafrost waters laden in Mg and Na chlorides, which 
have low crystallization temperatures, remain unfro-
zen in winter and form cryopegs [Anisimova, 1981; 
Fotiev, 2009]. Taliks and cryopegs of diff erent sizes 
and shapes are often stripped by drilling at redevelop-
ment sites of old wooden houses in Yakutsk city, in 
closed basins or lakes, as well as near roadways and 
buried ducts [Anisimova, 1981; Konosavskiy, 1983; 
Anisimova and Kurchatova, 2000]. The water chemis-
try of cryopegs depends on the type and magnitude 
of load, as well as on the temperature and freezing 
conditions of the host ground. Most cryopegs have 
salinity about 20 g/L but may reach 35 to 200 g/L 

in old city parts. Such waters crystallize at –0.5 to 
–8.0 °С.

Long-term monitoring of negative-temperature 
saline groundwaters at diff erent depths in unconsoli-
dated alluvium within Yakutsk city has been set up in 
order to reveal space-time water chemistry variations 
of permafrost cryopegs in urban areas under the on-
going climate change.

OBJECT AND METHODS

Yakutsk city is located on a low above-fl oodplain 
terrace in the middle reaches of the Lena River. The 
terrace has a smooth surface, with elevations from 94 
to 102 m asl [Spektor et al., 2008]. More than 300 m 
thick permafrost spreads continuously over the study 
area. The active layer thickness within the city is 
from 0.5 to 4.5 m, depending on permafrost lithology 
and salinity, and on surface illumination. Ground 
temperature and active layer thickness have shown 
increasing trends for the recent decades, under the ef-
fect of natural and manmade factors. The natural 
causes are increasing winter air temperatures and 
precipitation since the 1990s (Fig. 1) [Iĳ ima et al., 
2010; Varlamov et al., 2010], while the anthropogenic 
factors include laying underground utility lines, 
emergency leakage from aqueducts, and disturbance 
to natural drainage of suprapermafrost groundwaters 
[Syromyatnikov and Dorofeev, 2014; Zabolotnik, 
2015].

The geocryological and hydrogeological settings 
have been monitored at a test site in the southwest-
ern outskirts of Yakutsk, under a low-angle slope of a 
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small erosional gully. The territory has been deve-
loped since the 1960s. There was a birch wood prior 
to the construction, and now the gully is grown with 
bulrush. Quaternary alluvium, 20–25  m thick, is 
composed of outsize sand lying under 2.0–2.5 m of 
clay silt and silt. The active layer at the site is 1.8–
2.0 m thick, and seasonal temperature variations af-
fect the ground to depths of 16–17 m. 

Suprapermafrost cryopegs over an area of 
0.06 km2 were discovered in 1981–1983 when 0.4 to 
2.0 m thick moistened sediments were stripped at 
depths from 1.8 to 3.4 m (interval 1) during explor-
atory drilling [Andreev, 1985]. The groundwater sa-
linity was 4.1 to 12.6 g/L, while the ground tempera-
ture was within –0.5 to –0.8 °С. Saline waters found 
at the active layer base are percolating contaminated 
waters that drain the surrounding territory and expe-
rience cryometamorphism in the conditions of im-
peded water exchange. Systematic observations of 
permafrost and chemistry of suprapermafrost waters 
have been run since 1985. First the monitoring was 
performed in four holes which were drilled to at least 
1 m deep and equipped with fi lters within the aquifer. 
In winter 2016, another hole was drilled 1 m far from 
borehole No. 3. The fi lters were placed at the depths 
1–3 m in borehole 3 and at 4–6 m in the new one. 
Currently hydrogeological observations are run in 
both holes.

Intrapermafrost cryopegs stripped within the 
7–8 m and 17–19 m depth intervals (intervals 2 and 
3, respectively) have been studied since 1988 [Nim 
and Fedorov, 1989]. At the time of drilling, they had a 
salinity of 26–30 g/L and a temperature of –0.8 to 
–1.2 °С. The cryopegs of the 7–8 m interval owe their 
origin to annual and long-term variations in climate 
parameters [Anisimova et al., 2001; Anisimova and 
Pavlova, 2002, 2014], while those at 10–15 m may re-

sult from freezing of relict fl oodplain and sublake ta-
liks in which non-fl owing water becomes highly sa-
line while the ambient rocks are cooling slowly [Ani-
simova, 1971]. Cryopegs at greater depths in alluvial 
sand within Yakutsk city often form in response to 
anthropogenic warming of ground containing dis-
solved salts that migrate from shallower depths. For 
instance, the ground temperature at the depths 2–7 m 
became 0.2–0.4 °С higher next to the area where an 
underground wastewater pipe was laid in 1983. Dif-
fusion redistribution of ions at a high negative tem-
perature led to salinization of alluvial sediments and 
maintained the formation of a cryopeg at the active 
layer base (Fig. 2). 

The deepest cryopegs have been monitored till 
present, while observations of the 7–8 m interval 
stopped in 2004 because the cryopeg had moved 
[Pavlova et al., 2009]. Water level in hydrogeological 
boreholes was measured every ten days during the 
fi rst year of observations, and then every month till 
2001. However, the sampling strategy changed after 
main seasonal patterns of the flow regime became 
clear: water from boreholes was sampled monthly 
from March to December in the annual cycles of 2015 
and 2016 to study variations in the trace-element 
composition of cryopegs. Temperature-depth profi les 
were measured in specially drilled geothermal bore-
holes, 5 to 20 m deep, where the temperature was 
logged by movable thermistor strings at every 0.5 m 
above 5 m and at every 1 m below this depth. The 
ground temperature and water parameters were sam-
pled synchronously. 

Additional 5–20 m deep boreholes were drilled 
and cored in diff erent years to monitor the permafrost 
and groundwater conditions and to study depth-de-
pendent salinity variations. Water samples and super-
natants were analyzed in laboratory by titration and 

Fig. 1. Variations in total winter (1) and summer (2) atmospheric precipitation and mean monthly air tem-
peratures (3) from October through April in Yakutsk, 1986–2016.
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capillary electrophoresis at the Institute of Perma-
frost (Yakutsk). In 2015–2016, water chemistry was 
analyzed by atomic mass spectrometry (AMS) and 
atomic emission spectrometry with inductively cou-
pled plasma (ICP–AES) at the Analytical Certifi ca-
tion and Testing Center of the Institute of Microelec-
tronics Technology and High Purity Materials 
(IMTHPM, Chernogolovka). REE abundances in 
cryopegs were normalized to the standard composi-
tions of North American Shale Composite (NASC) 
and clay from the Russian Platform [Gromet et al., 
1984; Dubinin, 2006].

RESULTS

Suprapermafrost cryopegs widespread over the 
territory (Fig. 2) show prominent seasonal and long-
term variations in fl uid dynamics and water chemis-
try due to their shallow depths. The aquifer is the 
thickest (3–5 m) in fall, when its top lies at a depth of 
1.8–2.5 m, the waters have the lowest salinity and рН 
from 7.4 to 9.1 in diff erent parts of the site. The level 
and salinity of these cryopegs decrease slightly as a 
result of moisture and salt transport to the region of 

Fig. 2. Generalized cross section of the test site.
1 – alternating silt and clay silt; 2 – outsize sand; 3 – pebble; 
4 – water-saturated soil; 5 – active layer and its boundary; 
6 – permafrost and its boundary in May 2016; 7 – base of supra-
permafrost cryopegs in May 1992; 8 – cryopeg interval; 9, 10 – 
hydraulic head of cryopegs in May 1992 (9) and May 2016 (10), 
numerals above are cryopeg interval numbers; 11 – hydrogeo-
logical borehole: numerals above and below are borehole number 
and depth (m), respectively.

lower negative temperatures in October, at the onset 
of silt and clay silt freezing.

The fi ne-grained sediments over cryopegs freeze 
up completely in February–March. Since that time, 
the residual pore water becomes progressively more 
saline, mainly at the account of Na chlorides and sul-
fates which have low freezing temperatures, while pH 
decreases to 6.0–7.3 during pore ice formation in sand. 
Cryogenic pressure in saline taliks reaches its maxi-
mum in May and June (Fig. 3). Thawing of subaerial 
clay silt begins in the latest May and lasts till mid-July 
or sometimes as long as September. The water le vel in 
the boreholes that strip suprapermafrost cryo pegs 
gradually becomes lower and the salinity decre ases 
due to dilution with molten ground ice. As the ground 
is thawing, groundwaters gain more hydrocarbonate 
salts. The water level in the boreholes rises in fall time 
when cryopegs mix up with percolating meteoric wa-
ters; the seasonal water level diff erence re a ches 1.2–
2.2 m. The water regime is similar in  cryo pegs from 
interval 2, which are thus in close hydraulic connec-
tivity with shallower suprapermafrost groundwaters. 

The level and chemistry variations of groundwa-
ter depend on weather conditions in specifi c years, 
ambient ground salinity, and on the thickness and sa-
linity of cryopegs. The observation period of 1985 to 
2016 can be divided into three subperiods according 
to climate and water chemistry.

1985–1992: lower air temperatures and smaller 
annual precipitation than in the following years 
(Fig. 1). In October 1985, suprapermafrost cryopegs 
with a salinity of 12–14 g/L and a temperature of 
–0.9 °С were located within a depth interval of 2.2–
4.5 m. In the following winter, frost depth reached 
3.5 m. In the summer seasons of 1986–1989, sedi-
ments above cryopegs locally remained frozen, which 
favored rapid depthward propagation of the cold 
front in winter. As the aquifer cooled down to –1.2 °С 
and the pore water salinity increased to 16–18 g/L, a 
more saline cryopeg (25–28 g/L) formed at a depth of 
7–8 m (interval 2). The relative percentages of salts 
at that time were: 60 to 66 % Na chlorides, 8 to 15 % 
Mg chlorides, and 20 to 27 % Mg sulfates (Fig. 4).

1993–2006: slightly warmer winter air tempera-
tures [Skachkov, 2012]. During seasonal thawing, the 
top of the upper aquifer moved deeper (2.5–3.0 m). 
The ground temperatures around and below cryopegs 
were –0.8 to –1.1 and –1.2 to –1.4 °С, respectively. 
Salinity was 15–18 g/L in winter and 10–12 g/L in 
fall and varied generally from 16 to 22 g/L during the 
year. Groundwater chemistry in the shallow aquifers 
consisted mainly of Na chlorides (62–66 %) and Mg 
sulfates (20–30 %), while Mg chlorides (7–13 %) ap-
peared only in winter; hydrocarbonates and sulfates 
were within 4–9 % in total. 

2006–2016: marked warming of air temperatures 
and higher precipitation in the beginning of the time 
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span. Cryopegs did not penetrate deeper and their sa-
linity did not increase in winter because the winters 
were relatively mild, with large snow depth and a 
frost depth no more than 2–3 m. Ground temperature 
was within –0.5 °С at the cryopeg depths and –0.7 to 
–0.9 °С underneath. 

Groundwaters at the test site have become less 
saline for the past decade. The salinity of supraperma-
frost cryopegs was 7–10 g/L in winter and 3–5 g/L in 
summer and fall. Although the general salinity de-
creased, the water composition was still dominated 
by Na chlorides (53–66 %) and Mg sulfates (20–
31 %). Note the presence of Na sulfates (10–13 %) 

but the absence of Mg chlorides which are indictors 
of water metamorphism. Similar dilution of supraper-
mafrost waters was also reported from another site in 
Yakutsk [Danzanova, 2014]. 

Intrapermafrost cryopegs occur below the ac-
tive layer (interval 3), and are of local occurrence, ac-
cording to geophysical and drilling data of diff erent 
years [Nim and Fedorov, 1989; Pavlova et al., 2009]. 
Compared to suprapermafrost groundwaters, they 
have similar chemistry but a higher salinity, with its 
peaks shifted in time. 

In the end of the warm season (August–Septem-
ber), intrapermafrost cryopegs are the most saline 

Fig. 3. Long-term variations in water level measured in boreholes at diff erent cryopeg depths. 
1 – interval 1 (borehole 3); 2 – interval 2 (borehole 7); 3 – interval 3 (borehole 20).

Fig. 4. Long-term variations in salt composition of suprapermafrost cryopegs (borehole 3).
Numerals above the columns are total values, in g/L.
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(25–30 g/L) and their hydraulic head approaches the 
ground surface (Fig. 5). From November to March, 
the hydraulic head becomes deeper and the salinity 
decreases to 22–26 g/L. Between March and August, 
the head rises and the salinity increases. The relative 
percentages of diff erent salts remain invariable for the 
whole observation period: 55–67 % Na chlorides, 
28–35 % Mg sulfates, and 10–14 % Mg chlorides; рН 
within 6.3–7.3. The ground temperature is stable at 
–1.1 to –1.2 °С.

The long-term cycle comprises two subperiods 
that diff er in fl uid dynamics and do not coincide with 
the subperiods distinguished for suprapermafrost 
groundwaters. 

1988–2009: lower water level than in the overly-
ing aquifer (Fig. 2), the diff erence being the greatest 
in May–July (1.2–1.6 m) and the smallest in Novem-
ber–December (0.2–0.6 m). 

2009–2016: progressive leveling of supraperma-
frost and intrapermafrost cryopegs between 2009 and 
2011 when the water level became almost the same in 
all boreholes, which indicates improved hydraulic 
connectivity of groundwaters circulating at diff erent 
depths (Fig. 3). The fl uid dynamic settings may have 
changed in response to weather changes of 2006–
2008. In those years, precipitation increased all over 
Central Yakutia and provided signifi cant inputs to 
both suprapermafrost and intrapermafrost groundwa-
ters. The enhanced connectivity among aquifers is 

Fig. 5. Long-term variations in salt composition of intrapermafrost cryopegs (borehole 20).
Legend same as in Fig. 4.

confi rmed by salinity decrease (to 18–25 g/L) in the 
deepest cryopegs in 2015–2016. 

In 2015–2016, fi rst data were obtained on the 
contents and variations of trace elements (including 
REE) in cryopegs from the test site (Table 1). The 
suprapermafrost cryopegs have 3–5 times lower 
abundances but more diverse and variable composi-
tions of trace elements than the intrapermafrost cryo-
pegs. The suprapermafrost groundwaters contain Al, 
Si, Ba, Mo, Sn, Sb, Ce, Hf, Th, and U, while the intra-
permafrost cryopegs have greater enrichment in mo-
bile elements (F, Li, Sr, Br). This depth-dependent 
diff erentiation may be due to high clay contents in 
shallower sediments, as well as to lower ground tem-
peratures at 17–19 m which limit the leaching capa-
city of cryopegs. 

The contents of most trace elements in cryopegs 
do not show notable seasonal variability, with some 
exceptions. Namely, Li, Sr, and Zn are the highest in 
the end of the freezing season when the water be-
comes more saline and has a lower pH, while Mo, Sn, 
and Sb are slightly higher in fall. 

REE contents in the sampled cryopegs vary no-
tably over the year. They are commonly low in sum-
mer but higher in winter when the ground is frozen. 
They are mostly (82–96 %) La to Sm LREE. The 
REE profi les of cryopegs normalized to the contents 
in the NASC and Russian Platform clay standards are 
similar and relatively smooth. 
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Ta b l e  1. Element contents in cryopegs

 Element 

Borehole number and cryopeg depth

Borehole 3 (1.8–6.0 m) Borehole 5/5 (1.5–3.0 m) Borehole 13 (1.8–4.2 m) Borehole 20 (16.0–18.0 m)

min max
average

− min max
average

− min max
average

− min max
average

−

pH −6.6 8.5
7.6

−6.8 9.8
8.0

−6.0 9.7
7.7

−6.1 7.9
7.1

F mg/L −0.5 3.1
1.6

−0.4 2.3
1.1

−0.3 3.9
1.2

−0.2 12.7
3.4

Br mg/L −1.8 5.7
3.3

−1.5 4.8
3.1

−2.2 7.1
4.4

−13.2 19.2
15.9

Ba mg/L −0.02 0.2
0.1

−0.007 0.1
0.07

−0.01 0.4
0.2

−0.02 0.05
0.04

Sr mg/L −0.6 2.6
1.5

−0.4 4.0
1.8

−1.1 3.9
2.5

−11.4 15.1
12.8

Al mg/L −0.04 4.8
2.3

−0.07 4.7
1.5

−0.07 67.2
8.3

−0.07 0.9
0.3

Fe mg/L −0.6 115.6
40

−0.3 126.0
52

−0.9 374.0
134

−17.0 174.0
67

Mn mg/L −0.3 4.0
1.3

−0.01 2.7
1.2

−1.0 13.9
2.5

−1.4 2.7
2.0

Si mg/L −0.6 5.9
3.4

−0.4 5.9
3.2

−0.3 25.2
6.8

−0.3 1.4
0.7

Zn mg/L −0.007 0.2
0.07

−0.008 0.5
0.2

−0.07 2.6
0.7

−0.02 0.3
0.1

Li μg/L −2.1 11.1
6.4

−1.1 9.3
5.3

−2.8 16.7
13.9

−15.6 18.9
17.5

Cs μg/L −0.01 0.2
0.12

−0.01 0.1
0.08

−0.02 0.7
0.2

−0.05 1.0
0.07

Mo μg/L −1.5 20.7
12.5

−0.8 28.7
9.2

−0.5 17.2
6.8

−1.2 6.8
3.7

Sn μg/L −0.3 24.7
10.7

−0.3 18.8
7.0

−0.4 5.4
2.0

−1.5 5.3
2.8

Sb μg/L −0.3 1.0
0.6

−0.2 1.0
0.6

−0.3 1.6
0.9

−0.3 1.0
0.6

Hf μg/L −0.03 0.4
0.2

−0.02 0.3
0.2

−0.07 1.4
0.4

−0.07 0.2
0.1

Th μg/L −0.03 9.0
3.7

−0.07 7.5
2.4

−0.09 41.9
7.6

−0.08 1.3
0.4

U μg/L −4.5 90.2
49.6

−11.6 150.1
47.9

−6.5 224.1
92.5

−0.3 1.7
0.9

Σ REE % −0.8 242
91

−0.7 145
53

−1.2 2198
334

−1.5 97
8.0

Σ LHREE % −82 92
86

−84 94
86

−84 87
85

−85 96
89

Lan

Ybn

−2.2 3.5
2.9

−2.2 3.6
2.9

−2.6 3.2
2.9

−0.8 6.0
2.5

N o t e: numerator and denominator show, respectively, variation ranges and average values. Lan/Ybn ratios are normali-
zed to NASC standard [Gromet et al., 1984]. F contents and рН were determined by potentiometry at the Institute of Permafrost 
 (Yakutsk); other elements were analyzed by AMS and ICP-AES at the Analytical Certifi cation and Testing Center of the Institute 
of Microelectronics Technology and High Purity Materials (Chernogolovka).
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REE are the lowest in intrapermafrost cryopegs 
which occur in almost clay-free sediments. Judging 
by REE contents compared in fi ltered and non-fi l-
tered waters, the elements are carried on particulate 
matter. REE in suprapermafrost waters become 
4–6 times lower upon fi ltration (0.45 μm cellulose fi l-
ter), though the reduction for intrapermafrost waters 
is by a factor of 0.5–0.8 only. 

The contents of REE in cryopegs poorly correlate 
with most of major elements and with pH. However, 
there is some correlation with Fe and Ca, to r = 0.6 
and 0.7, respectively, and a high correlation with Al, 
Si, and Mn (r = 0.98, 0.95 and 0.96, respectively). The 
REE correlation with Al, Si, and Mn may result from 
REE inputs during weathering and leaching of alumi-
nosilicate host rocks and active involvement of the 
elements into formation of secondary phases. 

CONCLUSIONS

Years of observations at the test site within Ya-
kutsk city have demonstrated that the fl uid dynamics 
and water chemistry of suprapermafrost cryopegs are 
controlled jointly by air temperatures and atmo-
spheric precipitation. Several successive cold and 
low-snow winters can lead to rapid depthward propa-
gation of the freezing front while cryopegs move to 
greater depths and residual unfrozen pore waters be-
come more saline. On the other hand, aquifers be-
come thicker while the salinity of suprapermafrost 
groundwaters decreases after relatively mild winters 
with large snow depth.

Cryopegs that occur at different depths share 
similarity in water chemistry and show synchronicity 
in water level variations, which indicates hydraulic 
connectivity within the active layer. Improved con-
nectivity under the recent climate warming can be 
inferred from water level similarity in all boreholes 
and moderate dilution of deeper cryopegs following 
that of suprapermafrost waters.

Suprapermafrost groundwaters show greater di-
versity of trace-element compositions, but intraper-
mafrost cryopegs have higher enrichment in more 
mobile F, Li, Sr, and Br, which can accumulate in the 
conditions of impeded water exchange. 

If the current ground warming continues, the 
concentrations of trace elements, including toxic 
components, can be expected to increase in pore wa-
ters of shallow aquifers, where the physicochemical 
water-rock interaction is especially active. 

The study was supported by the Russian Founda-
tion for Basic Research (Project 15-45-05050).
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