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The shrinking of mountain glaciers under the impact of climate warming is a global process. It leads to the 
formation of periglacial lakes in the areas of degrading glaciation. The lifetime of moraine-dammed lakes is 
ephemeral on the geological time scale. They are characterized by dynamic instability and are prone to cata-
strophic outbursts in the case of destruction of moraine dams. Often, catastrophic floods are accompanied by 
mudflows. Glacial outburst floods and mudflows cause significant damage to the infrastructure and populated 
localities in the mountain foothills. In this study, we present the stages of formation and evolution of a periglacial 
water body on the example of Lake Nurgan (Tsambagarav, northwestern Mongolia). Based on the results of the 
comprehensive field research, we have described the transgressive, regressive, and post-regressive phases of the 
periglacial reservoir evolution.

Key words: moraine-dammed lakes, periglacial lakes, formation of periglacial lakes, moraine-dammed lakes 
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INTRODUCTION 

Degradation of modern glaciation in many 
mountainous areas leads to the formation of moraine-
dammed lakes. Such water bodies are interpreted as 
short-lived lakes on the geological time scale. Cata-
strophic failure of dams in periglacial lakes often re-
sults in glacial lake outburst floods (GLOFs) with 
high discharge rates and flow velocities sufficient to 
trigger mudflows [Vinogradova et al., 2017; Cherno-
morets et al., 2018].

Much interest has recently been attracted to 
hazardous exogenous processes in the Altai Moun-
tains in the aftermath of the catastrophic outburst 
flood of moraine-dammed Maashey Lake. This event 
occurred on July 15, 2012 due to the erosional activ-
ity of torrents caused by heavy rains; they destroyed 
the rock glacier damming the lake. The ensuing lake 
outburst flood thus triggered a high-magnitude mud-
flow event [Dokukin, 2015].

Most scientific papers related to the study of 
moraine-dammed lake outbursts are aimed at study-
ing the process of formation of GLOFs and at recog-
nition of their mechanisms and controlling factors 
[Emmer, Cochachin, 2013; Kidyaeva et al., 2018; Neu-
pane et al., 2019]. Much fewer publications address 
the problems of the formation and evolution of peri-
glacial water bodies. The area of the Altai Mountains 
is relatively little studied in this respect, although, 
according to [Ganyushkin et al., 2016], the area of al-
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pine glaciation tends to reduce there, which suggests 
an increase in the number of moraine-dammed lakes.

The authors hope that this research will contrib-
ute to the understanding of the origin and evolution 
of moraine-dammed periglacial lakes. We consider 
these problems by the example of Nurgan Lake (Altai 
mountain system, Tsambagarav, Northwestern Mon-
golia), a typical representative of moraine-dammed 
lakes in the mountains. 

OBJECT OF STUDY

Nurgan Lake is located in the area of the Tsam-
bagarav Range of the Altai Mountains (Fig. 1) and 
belongs to the type of moraine-dammed alpine lakes. 
After the retreat of the Eregtiyn Glacier originated on 
the northeastern and northern slopes of the dome-
shaped Tsast-Ula peak (4208 m a.s.l.) with an area es-
timated at 4.94 km2 [Ganyushkin et al., 2016], the lake 
has lost its direct contact with this glacier. At present, 
their connection is maintained through two relatively 
large streams fed by the glacier and discharged into 
the lake. The major discharge of the glacier is through 
an outlet tunnel in the ice-cored moraine dating back 
to the Little Ice Age (LIA) with the inlet and outlet 
zones located at 3255 and 3185 m a.s.l., respectively. 
The northwestern part of the lake basin bears evi-
dence of the earlier failure of the lake-damming mo-
raine in the form of a V-shaped channel (Fig. 2, a). 
This is where an outlet stream from the lake is formed. 
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Fig. 1. Schematic map of the study area.
1 – gauging stations; 2 – stream velocity measuring points; 3 – tacheometric measurement points; 4 – bathymetric survey region; 
5 – GPR survey profiles; 6 – water sampling points. Blue line shows the only outlet stream from the lake. 

Fig. 2. View over Nurgan Lake and moraine dam from the glacier (а), northern slope of the moraine (b).
Photos by A.S. Boronina and S.V. Popov, August 2019. The dashed lines indicate moraine fragments that document possible past 
high water levels with the elevation relative to the WGS 84 ellipsoid. 
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 MATERIALS AND METHODS

In July–August 2019, comprehensive field stud-
ies of the Nurgan Lake area were performed within 
the framework of the expedition of the St. Petersburg 
State University. Figure 1 illustrates the scope of the 
fieldwork. 

Bathymetric surveys were conducted from a 
manned inflatable boat. The lake depths were mea-
sured using a electronic sonar Garmin ECHOMAP 
42cv chartplotter (Garmin Ltd., Taiwan). The lake 
boundary was mapped using a Garmin GPSmap 64st 
with GPS and GLONASS receiver, and the bathy-
metric scheme was compiled using the Surfer 16 spe-
cialized mapping software (Golden Software Inc., 
USA).

A tachometric survey of the lakeshore areas and 
the glacier surface topography was completed using a 
Trimble M3 DR 5″ total station (Trimble Navigation 
Ltd, USA). The data processing was largely based on 
previously developed algorithms [Popov, Boronina, 
2019]. The lake water level monitoring was conduct-
ed in the period from July 29 to August 5 with mea-
surements taken twice a day at a temporary gauging 
station. The gates for measuring stream flow velocity 
and water sampling for turbidity were located in 
streams fed from the Eregtiyn Glacier near their con-
fluence with the body of water and at the outlet 
stream from the lake.

The stream velocity was measured by a flow ve-
locity meter FVM-1 (Russian abbreviation: ИСП-1). 
The volume of water collected in the lake over a  
24-hour period was inferred from water level observa-
tions using the water volume curve. The ratio be-
tween the volumes of water entering the lake and 
discharged from it was judged from the water flow 
monitoring data on a daily basis for the two inlet 
streams and the outflowing watercourse. Turbidity of 
the water samples was determined in the Laboratory 
for Geoecology and Environmental Monitoring of the 
Institute of Earth Sciences of St. Petersburg State 
University in compliance with the methodology pro-
vided in [Potapova et al., 2006]. For d18O isotope 
analysis, the water was sampled in the central off-
shore area of the lake from different depths with a 5 m 
sampling interval, starting from the surface. The ob-
tained data were processed at the Climate and Envi-
ronmental Research Laboratory of the Arctic and 
Antarctic Research Institute (AARI, St. Petersburg) 
using a Picarro L2120-i gas analyzer. Distilled tap 
water with a d18O value of –9.79 ‰ relative to the 
IAEA VSMOW (Vienna Standard Mean Ocean Wa-
ter) standard was used as a reference sample.

The retreat rate of the slope brow with develop-
ing thermokarst were studied in 10 points at differ-
ent sites of the lakeshore on July 29, August 3, and 
 August 6, 2019 (Fig. 3).

Fig. 3. Bathymetric map of Nurgan Lake.
1 – depth measuring points; 2 – shoreline; 3 – water depth lines (5 m section); 4 – GPR survey lines and their numbering;  
5 – thermokarst monitoring points. 
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The geophysical studies of the Nurgan Lake area 
and its surrounding moraine deposits involved GPR 
(Ground Penetrating Radar) surveys using a do-
mestic GPR OKO-2 tool (Logistics Systems LLC, 
Russia) coupled with a shielded 400 MHz frequency 
antenna (AB-400). The GPR data were processed 
and depicted with the Geoscan32 software (Logistics 
Systems LLC, Russia).

RESULTS AND DISCUSSIONS 

Origin of the lake basin and transgressive phase  
of its evolution

The lake basin structure and its morphometric 
characteristics affect the hydrological regime of the 
lake (in particular, the water-level and the water tem-
perature) and also indirectly indicate the origin of 
the lake bowl.

Analysis of the Nurgan Lake bottom relief re-
vealed its complex pattern that includes depressions 
alternating with levelled areas. The area with greatest 
depths (up to 25 m) identified in the southern part of 
the lake immediately contacts the area with armored 
dead ice. In view of a greater steepness of the slopes 
on the eastern side of the lake, considerable water 
depths tend to be found immediately at the water’s 
edge. Another depression is located in the western 
part of the lake, where it is up to 10 m deep (Fig. 3). 
The bottom relief is more gentle in the northern and 
northeastern parts of the lake. According to [Zimnit-
skiy, 2005], alternation of depressions and uplifts 
within the offshore areas is inherent in the relief of 
periglacial lakes which are completely or partially 
carved in the ice.

The instrumental role played by ice in the forma-
tion of the lake basin is also evidenced by the geo-
physical studies conducted over the lake water area 
(Fig. 4). The wave pattern of the obtained GPR sec-
tions has revealed a layer of ice with inclusions of 
boulders of various sizes beneath the surface layers of 
bottom sediments made up by finely dispersed mate-
rial (fluvioglacial deposits) and coarse-grained mate-
rial (terrestrial material deposited as a result of debris 
transport from glacier moraine).

Results of the modeling also indicate the pres-
ence of bottom ice. The GPR time sections (Fig. 4, c) 
represent numerous diffracted waves produced by 
heterogeneous media. The travel time curve of one of 
them was modeled within the dipping layer medium 
model [Popov, 2017] and is shown in the time section. 
The layer-by-layer modeling has demonstrated that 
the best match between the real and modeled travel 
time curves is achieved when the medium’s relative 
permittivity is ~3.17 which is typical of ice [Macheret, 
2006].

It is thus highly possible that the lake began to 
form on the surface of ice which was already stagnant 
(in quiescent phase) and located below the glacier af-

ter the Little Ice Age (LIA) that culminated ca. AD 
1810–1820 [Ganyushkin et al., 2016]. This was suc-
ceeded by the transgressive phase of the evolution of 
Nurgan Lake. This phase featured the lake basin fill-
ing by melt water with a gradual rise in the water 
level and an enlargement of the basin’s extent and 
depth. Simultaneously, the layer of bottom sediments 
accumulated. The thickness of the upper layer of flu-
vioglacial deposits inferred from the GPR data in dif-
ferent parts of the lake bottom varies from 0  cm 
(steep sites) to 20 ± 2 cm (flat sites). These are under-
lain by the layer of terrigenic sediments from 0.5 to 
1 m (±2 cm) thick. With sedimentation rate assum-
ingly equal to 0.5 mm/year for ice-dammed glacial 
lakes [Anan’eva et al., 1996], a layer of finely dis-
persed material was likely to have formed over the 
past 200 years on the lake floor.

Regressive phase of the lake evolution
By the time of the field work, Nurgan Lake had 

shrunk (following the main phase of the regressive 
stage) both in area and water volume, which is evi-
denced by the preserved imprints in the relief mark-

Fig. 4. GPR time section along the GPR survey lines 
w7 (а), w9 (b) and w15 (c).
1 – direct wave; reflections: 2 – from the lake sub-bottom, 3 – 
from the terrace, 4 – from fluvioglacial deposits; 5 – diffracted 
wave. The calculated travel-time curve is shown by dashed line 
(c). For positions of the GPR survey lines see Fig. 3. 
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ing out changes in the volume of water and in the di-
rection of water discharge from the moraine-dammed 
lake. The geomorphological observations have re-
vealed two lake terraces remaining on the northern 
slope of the lake basin. Their elevations are 2988 and 
2991.5 m a.s.l., both being considerably higher than 
the present-day water level and marking the former 
levels (Fig. 2, b). Technically, this is a short V-shaped 
valley beginning from the level of the upper terrace 
and cutting through the lateral moraine ridge in the 
northeastern part of the lake basin. The incision mark 
reaches an elevation of 2994 m, which is about 11 m 
higher than the present-day water level in the lake. 
Presently, this valley is free from water flow. On the 
1:100,000 topographic map (M 46-110) of the study 
area (1969), based on the 1948–1949 aerial photogra-
phy data (Fig. 5, a), the Nurgan Lake outlet stream 
is located in the northeastern part of the moraine. 
The analysis of the Corona satellite image taken on 
 August 11, 1968 (Fig. 5, b) revealed that at that time 
there had already been a stream in the northwestern 
part of the moraine, and the lake area was 54,450 m2 

(i.e., it was smaller than its present extent). This im-
plies that the hydrological network represented on 
this fragment of the map most likely reflects the si-
tuation in 1948–1949. 

It can therefore be assumed that lake water lev-
els tended to be high within the interval between the 
end of the LIA and the mid-20th century. The moraine 
dam failure in the northwestern part in the period be-
tween 1948 and 1968 was accompanied by the forma-
tion of a new outflow from the lake and a drawdown 
of the lake water level. Dimensions of the formed wa-
ter passage were inferred from the tacheometric sur-
vey; they were as follows: the maximum width was 
165 m along the crest of the moraine dam 30 m across 
the bottom; the depth was ~17 m; the area and the 
average width were 1640 m2 and 96 m, respectively.

Since the outburst flood occurred against the 
background of the functioning outlet stream in the 
northwestern part of the moraine, the major control-
ling factors could be either an excess amount of water 
(compared to the streambed capacity) flowing into 
the lake or the accompanying destabilizing processes 
that weakened the moraine dam.

Post-regressive evolution of the lake 
The formation of the channel in the moraine did 

not result in the complete emptying of the lake basin; 
the surface runoff was maintained through the lake 
outlet stream in the northwest. We will reproduce the 
further development of the body of water and con-
sider the main factors affecting the state of moraine-
dammed lakes. Among them, the major role belongs 
to the lake filling pattern in the periods of maximum 
ablation. 

As the considered region is characterized by low 
precipitation (mean annual precipitation is 200–
300 mm) [Otgonbayar, 2012], the runoff of meltwater 
from the glacier is the main source of the lake re-
charge. This was confirmed by the stable-isotope 
analysis, which demonstrated that the d18O content 
in the water of Nurgan Lake is relatively stable at dif-
ferent depths and equals 16.2 ‰. This is a compelling 
evidence in favor of the assumption that the lake is 
mainly being fed from the glacier. The total volume of 
water collected in the lake during the 24-hour period 
was inferred from a relationship between the amounts 
of water entering the lake and discharged from it with 
due account for the change in the lake level. It aver-
aged 4,388 m3. At this, the total inflow was estimated 
at 10,436 m3, of which 8,208 m3 (79 %) accounted for 
the river channel inflow, and 2,160 m3 (21 %) for 
catchment-wide water inflow. The volume of dis-
charged water totaled 6,048 m3.

A comparative estimate of the extent of the body 
of water for the period between 1968 and 2019 (based 

Fig. 5. Topographic map of the Tsambagarav Range (а) and a fragment of the Corona image (b).
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on the satellite image taken in 1968 and the results of 
the bathymetric survey in 2019) indicated a 12 % in-
crease in the lake water area over 51 year, while the 
water level has decreased by 3 m. This attests to the 
fact that during the period of the greatest contribu-
tion of water from the glacier (both on daily and sea-
sonal scale), the lake inlet flow was greater than the 
outlet flow, i.e., the filling of the lake with water pro-
ceeded faster than the discharge of water from the 
lake. 

Note that the outlet water flow from the lake pro-
ceeds through a shallow channel, whose configuration 
vanishes at a distance of about 70 m from the stream 
head, prompting the water to filter into the moraine 
and thus decreasing the flow velocity. The stream car-
rying capacity explicably decreases with the increas-
ing glacier melt runoff, so the water mass starts col-
lecting in the relief depressions giving rise to small 
lakes and creating additional backwater (Fig. 6). Silt-
ing of these areas with fluvioglacial material carried by 
the lake outlet water flow may reduce their filtration 
capacity and eventually result in the flooding.

The second factor capable of triggering the pro-
cess of lake degradation that may end up in its disap-
pearance is intensive accumulation of solid material, 
which suggests the basin’s increasingly filling with al-
luvial, fluvioglacial, proluvial sediments [Zimnitskiy, 
2005]. Analysis of the samples indicated that the 
level of water turbidity in the outlet stream is almost 
15 times lower than in the glacier-melt runoff streams: 
5.7 vs 90.2 mg/L (in the left-hand stream), respec-
tively. For the entire period of ablation, the amount of 
solid material deposited in the lake is estimated at 
107 tons per year, which is 95 % of the overall solid 
material coming with the glacial runoff.

The third factor is the dam stability, which is 
largely controlled by the processes of filtration and 
thermal erosion in the body of the moraine dam.

The field studies revealed no filtration through 
the moraine, while it is known that the cores of dead 

ice or frozen ground may be contained inside the LIA 
moraines whose melting leads to fast disintegration of 
rocks [Korup, Tweed, 2007]. According to [Chistya-
kov, Ganyushkin, 2015], thermal erosion driven be the 
recent climate warming has intensified significantly 
in the Altai Mountains. Thus, the area affected by in-
tense thawing accompanied by ground failure was 
detected by the surveys in the northeastern part of 
the slope of the studied lake basin, which implies a 
substantial increase in thermal erosion during the pe-
riod of enhanced ablation. Within a week of the field 
work, the maximum edge displacement relative to the 
survey marks (stakes) reached 2.18 and 1.54 m for 
stakes 4 and 5, respectively (Fig. 3) with the average 
displacement of 0.65 m.

The geophysical investigation of the moraine 
dam (a 400 MHz GPR profiling) indicates that the 
boundary between the upper dry and the underlying 
water-saturated sediments (number 1 in Fig. 7, a) is 
traced throughout almost the entire studied section 
at a depth of ~2 m. Another boundary (number 2 in 
Fig. 7, a) is identified lower and is characterized by 
less contrasting reflections. This boundary is proba-
bly associated with a transition between wet and fro-
zen rocks with inclusions of ice lenses. The region of 
contrasting reflections (Fig. 7, b) is assumingly at-
tributed to the contact between patches of buried 
glacial ice and the surrounding rocks interpreted as 
water-saturated due to their seasonal thawing. The 
maximum GPR study depth (with AB-400 antenna) 
of moraine sediment was about 5 m, which is associ-
ated with the high content of a conductive clay com-
ponent in the sediment and, as a result, a high attenu-
ation of the electromagnetic wave with depth.

The presence of the dry/wet rock boundary is 
confirmed by the observations. Figure 8, a, b portrays 
the outcrop wall directly at the GPR survey site. The 
GPR profile ran parallel (~2 m apart) to the bluff edge 
(Fig. 8, c). The measuring tape position corresponded 
to the profile center. 

Fig. 6. Outlet stream from Nurgan Lake. 
The photos were taken by A.S. Boronina from one place on August 6, 2019 at 12:55 (а) and 14:55 (b).
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Thus, during the field work, no large ice lenses 
were detected in the moraine body (to a depth of 5 m 
from the surface), whose thawing could involve the 
formation of internal drainage channels. At a depth of 
2.5–2.8 m from the surface, the ground was perma-
nently frozen and possibly included separate ice lens-
es. While thawing, the latter produced the overlying 
water-saturated active layer. The portion of the mo-
raine dam located below the water level was very like-
ly in a stable state, given that the survey did not reveal 
the signs of submoraine ice ablation and erosion.

CONCLUSION

Analysis of the obtained results allows identify-
ing the stages of a periglacial lake evolution and ma-
jor factors controlling this process. As is the case with 
many lakes of this type, after its appearance, Lake 
Nurgan passed into a transgressive stage of evolution 
that lasted for about 150 years. During this period, 
the lake basin formation and its filling with glacial 
meltwater took place. Thus, after the inception of the 
lake on the surface of stagnant (“dead”) ice, it gradu-
ally transformed into a moraine-dammed lake. At this 
stage, the amount of the inflowing glacier-melt runoff 
was the major control. The authors believe that dur-
ing this period, all of the glacier-melt runoff was cap-
tured by the lake, which resulted in its filling to the 
maximum possible level. The moraine dam failure led 
to a partial discharge of the lake and its transition 

Fig. 8. Comparison of field observations (а, b) 
and GPR data (c) in the northeastern portion of 
the moraine in the coastal zone of Nurgan Lake.
b, c – the dashed line indicates objects (the lens and the 
boundary extended between dry and water-saturated rocks) 
documented both during visual observations and in the GPR 
data; c: 1 – boundary between dry and water-saturat-
ed  rocks, 2 – boundary between wet and frozen rocks, 
3 – lenses of water-saturated rocks.

Fig. 7. Results of the GPR surveys in the area of 
sediments deposited by moraine.
а – northern lakeshore: 1 – boundary between dry and wet 
deposits, 2 – boundary between wet and the underlying frozen 
deposits; b – northeastern lakeshore: bright reflections (high-
lighted with a dashed line) on the GPR images correspond to 
the position of ice lenses.
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into the regressive stage, which is also characteristic of 
many lakes of this type. As one can infer from the 
shape and size of the carved channel, the moraine dam 
failure occurred rapidly as a consequence of the lake 
water outflowing over the moraine ridge and eroding 
its body. The major controls of this process were: 
(i) the water pressure exerted on the dam body and 
(ii) stability of the dam which could be affected by 
both the external forces (seismic activity) and the in-
ternal moraine processes. The latter included water 
filtration and thawing of frozen soil. The absence of 
large glacial “ice cores” (inferred from the geophysical 
data) in the upper 5-meter layer of the undisturbed 
portion of the moraine and evidences of buried ice on 
the side slopes of the channel allowed dismissing this 
factor of the dam destabilization. The significant deep-
ening of the lake basin was primarily liable for the par-
tial rather than complete draining of the lake.

After partial destruction of the moraine dam, 
Nur gan Lake entered the stage of slow filling. Since 
then, the lake area has shown only a 12 % increase 
(~0.2 % per year). The lake filling rate has been affect-
ed by the existing lake discharge pattern and the fact 
that the glacier-melt runoff mostly escapes the lake be-
ing discharged from the basin through an ice grotto at 
3185 m a.s.l. and giving rise to the Eregtiyn-Gol River. 
At the present stage of its evolution, the la ke can be 
generally interpreted as a quasi-stable object.

Unfortunately, a short period of the water body 
regime monitoring precluded more reliable prediction 
of its further evolution. We should however pay at-
tention to some trends which, given a certain combi-
nation, may affect the evolution of the body of water 
to the extent that it returns to the active transgres-
sive phase. These include:

– presently poorly developed outflow channel 
from the lake and the associated water-level fluctua-
tions;

– the presence of areas with developed thermo-
karst processes in the moraine dam;

–  possible moraine failure with subsequent 
blocking the flow channel by moraine material, there-
by adding to the water level in the lake.

The intensive melting of the Eregtiyn Glacier 
under the impact of modern climate warming can re-
sult in the Eregtiyn-Gol River f low redirecting 
straight into the lake, which will significantly con-
tribute to its water level rise.
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