" Researon ™

Geological Quarterly, 2025, 69, 45
DOI: https://doi.org/10.7306/gq.1818

The Tsakhiurtyn Hundi Lakeland — geological and geomorphological factors
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This study analyses the geological and geomorphological conditions in which palaeolakes developed in the southern margin
of the Arts Bogd Massif (Mongolia), identifying and documenting fifteen dry lakes in the Shereegiin Gashuun Basin, in the
area called the Tsakhiurtyn Hundi Lakeland. The lake basins were formed by a combination of tectonic and aeolian pro-
cesses. Their occurrence is closely related to regional fault structures and subsidence of the bedrock within a pull-apart ba-
sin. Aeolian processes, including deflation and sedimentation of silts, further influenced the palaeolakes’ morphology and
their evolution. Field study and remote data analysis have made it possible to determine the factors shaping the dynamics of
the alluvial-pluvial processes involved, and the structural conditions determining the formation of the basins. Nowadays, the
lakes are dry, and their bottoms are filled with clayey and clayey-sandy sediments with clearly marked palaeoshorelines.
Analyses have shown that geomorphological processes such as aeolian erosion and the accumulation of alluvial fan depos-
its significantly influenced the geometry of the former reservoirs.
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INTRODUCTION tions of the origin and development of lake basins can also pro-
vide a key to determining the dynamics of landscape develop-

ment in the surrounding areas (Owen et al., 1997). Studies on

Among the key factors determining the development of
lakes are the geological and geomorphological conditions. The
lithological and facies record of lake deposits allows interpreta-
tion of these conditions (Cheng-Bang et al., 2008; Lee et al.,
2013). Studies of lake deposits can provides information on
changes in the local environment, and can also document
global events (Sevastyanov et al., 1989; Sletten et al., 2003;
Smith et al., 2004; Capra et al., 2023; Witze, 2023). Interpreta-
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the genesis of lakes and their dynamics and extents over time
are of key importance for the economy and for functioning of hu-
man societies in regions characterized by a dry continental cli-
mate. There have been several such studies in Mongolia
(Sevastyanov et al.,, 1989; Naumann and Walther, 2000;
Komatsu et al., 2001; Stolz et al., 2012; Felauer et al., 2012;
Szuminska, 2016; Walther et al., 2016; Yu et al.,, 2017;
Orkhonselenge and Bulgan, 2021; Enkhbold et al., 2025). As a
result of these studies, it turned out that many Mongolian lakes
have a tectonic origin (Cunningham, 2005; Enkhbold et al.,
2022a, b).

Southern Mongolia has the second highest number of docu-
mented lakes in the country, comprising 24.7% of them
(Orkhonselenge et al., 2022). Previous publications have usu-


https://doi.org/10.1007/s10933-017-0007-7
https://doi.org/10.1038/d41586-023-02234-z
https://doi.org/10.1016/j.sedgeo.2016.03.002
https://doi.org/10.1126/science.1090553
https://doi.org/10.1191/0959683603hl673rp
https://doi.org/10.1002/(SICI)1099-1417(199705/06)12:3<239::AID-JQS293>3.0.CO;2-P
https://doi.org/10.1007/978-3-030-99120-3
https://doi.org/10.1002/jqs.2626
https://doi.org/10.1002/jqs.2626
https://doi.org/10.1016/S0169-555X(00)00095-7
https://doi.org/ 10.1016/j.jseaes.2011.12.002
https://doi:10.14746/quageo-2025-0002
https://doi.org/10.4461/GFDQ.2021.44.5
https:/doi.org/10.1080/02723646.2021.1899477
https:/doi.org/10.1080/02723646.2021.1899477
https://doi.org/10.1016/j.epsl.2005.09.013
https://doi.org/10.1016/j.gloplacha.2008.03.007
https://doi.org/10.1144/SP520-2021-6

2 Rafat Sikora et al. / Geological Quarterly, 2025, 69, 45

ally focused on the study of large lakes in this region that still ex-
ist today, including Biger Nuur, Orog Nuur, Shargiin Tsagaan
Nuur, Taatsiin Tsagaan Nuur and Ulaan Nuur (e.g., Tseren-
sodnom, 2000; Komatsu et al., 2001; Kang et al., 2015;
Orkhonselenge et al., 2018a, b), while small lakes have occa-
sionally been studied (Grunert et al., 2009). The latest classifi-
cation (Orkhonselenge et al., 2022) shows that, in Mongolia,
65.9% of lakes are prairie lakes, 74.6% are low-altitude lakes,
and 85% are very small lakes. In addition, 56% of lakes are
ephemeral, including playa lakes, of which 15.5% are found in
southern Mongolia. Shallow lakes dominate (96.6%), and
70.3% are closed lakes, mainly in the south of the country
(28.6%).

In this paper, we describe the results of geological and
geomorphological mapping, structural and landform analyses,
and the evolution of 15 palaeolakes south of the Arts Bogd
Massif on the border of Oviérkhangai and Omndgovi provinces
(Fig. 1). We term this area the Tsakhiurtyn Hundi Lakeland. The
lakeland neighbours the Tsakhiurtyn Hundi (Flint Valley), which
is one of the most extensive prehistoric sites of Central Asia,
owing its name to the presence of abundant flint-bearing out-
crops and the resulting innumerable flint artefacts (Derevianko
et al., 2002; Masoj¢ et al., 2017).

These lakes have not previously been the subject of geo-
logical research. We pay special attention to five of these:
Talingaryn Shal (Lake 1), Chavgantsyn Shal (Lake 2), Zuun
Khuree (Lake 3), Luulityn Toirom (Lake 4), and Baruun Khuree
(Lake 5; we derived the names of the lakes from the local popu-
lation), because there are archaeological sites located within
them realting to early hunter-gatherer communities. Archaeo-
logical research at Talingaryn Shal Lake has documented 138
kyr-old deposits at a depth of 5.15 m b.g.l., ~10.640 kyr at 1.45
m b.g.I and ~3.69 kyr at 0.6 m b.g.l. (dated by optically stimu-
lated luminescence — OSL; Masojc et al., 2024). In the Luulityn
Toirom lake the oldest deposits were dated at 88.1 kyr at 5 m
b.g.l, while some younger dates were also obtained: 86.6 kyr at
3mb.g.l, 72.9 kyr at 4.9 m b.g.l. and 8.13 kyr at 0.9 m b.g.l.
(OSL dates; Michalec et al., 2025). These results, together with
geological analyses, may provide new data on the factors shap-
ing the dynamics of alluvial-pluvial processes in the context of
the geological structure and geomorphology of food-providing
areas in the Quaternary period. Lake deposits are ideally suited
for such research because they are an extremely sensitive re-
cord of environmental changes. Our results directly contribute
to the understanding of the geomorphological setting, and em-
phasize the relationship of neotectonics to the occurrence of
conditions favourable to the development of human settle-
ments from the late Pleistocene to the present.

GEOLOGICAL AND GEOMORPHOLOGICAL
SETTING

The study area is located within the Mongolian Plateau (Fig.
1). Itis afoothill, and the extreme southern part of the Arts Bogd
Massif in the eastern part of the Gobi-Altai Range (Fig. 1A).
This area is drained by rivers flowing into two large endorheic
basins: the Shereegiin Gashuun Basin (Shereegeen Gashoon,
Shiregin Gashun) to the west and the Ulaan Nuur Basin (Ulan
Nur) to the east.

Tectonically, the study area is located within the Central
Asian Orogenic Belt (CAOB; Fig. 1B), which in Mongolia is di-
vided into a northern and southern domain by the Main Mongo-
lian Lineament (MML). The basement of the study area con-
sists of rocks of the Paleozoic Gobi-Altai Terrane located in the

southern domain, in close proximity to the Bogd Fault (part of
the MML (Badarch et al., 2002; Guy et al., 2014). The area on
which the study site is located extends from east to west and is
known as the Mongol Altai Accretionary Wedge (MAAW; Guy et
al., 2021). Itis bounded to the north by the Bogd Fault and to the
south by the Bulgan Fault (Fig. 1C), which are regional-scale
intracontinental strike-slip faults (Florensov and Solonen-
ko,1965; Cunningham et al., 1997; Valtr and Hanzl, 2008).

The modern relief of the study area is closely related to the
Cenozoic (from Miocene time) tectonic activity of the bedrock
resulting from the Indo-Eurasia collision, and the reactivation of
older structures related to Triassic-Jurassic compression (clo-
sure of the Mongol-Ochotsk Ocean), Jurassic-Early Creta-
ceous extension and continental rifting, and middle Cretaceous
compression and basin inversion (Molnar and Tapponier, 1975;
Hendrix et al., 1996; Cunningham, 1998; Burianek et al., 2008;
Roberts and Cunningham, 2008; van Hinsberger et al., 2015).
Arts Bogd is the eastern element of a complex structure, a re-
straining bend mountain range, developed along the
WNW-ESE trending Bogd Fault System. It is observed along
the entire Gobi-Altai Range over a distance of 250-300 km and
is characterized by the presence of asymmetrical flower struc-
tures and NW thrusts that developed along sinistral strike-slip
faults (Fig. 2; Florensov and Solonenko, 1965; Bayarsayhan et
al., 1996; Cunningham, 2007). They are accompanied by defor-
mation expressed as folds, thrusts and orographic fronts. Kine-
matic and geometrical relationships similar to the Bogd Fault
System occur in the Gurvan Saikhan Ranges, located directly
south of the study area, which are associated with the Gobi-
Tien Shan Fault System (E-W; Cunningham, 2007, Rippington,
2008). These areas are separated by the E-W extending
Shereegiin Gashuun Basin (Fig. 2).

The deformation results from Late Cenozoic regional tec-
tonic transpression (Cunningham et al., 1996, 1997; Cunnin-
gham, 2010, 2013) and large-scale anticlockwise rotation of the
crystalline basement (Bayasgalan et al., 1999). It has been re-
sponsible for numerous earthquakes, including the 1957 event
of M 7.8-8.3, which caused ground deformation over a distance
of 260 km and a width of 40 km (Florensov and Solonenko,
1965). Strike-slip displacements along the Bogd Fault Zone
during the Late Pleistocene and Holocene are estimated to
have been ~0.5 mm/yr (Ritz et al., 1995; Rizza et al., 2011). Dis-
placements as a result of the 1958 Bogd earthquake were
3-5.2 m in its western part and 2-3.5 in its eastern part
(Florensov and Solonenko, 1965; Kurtz et al., 2018). The Ceno-
zoic deformation is thus part of the ongoing post-Triassic re-
modelling of the Mongolian CAOB in the Gobi-Altai range,
which is classified as an intraplate, intracontinental transpres-
sional orogen (Cunningham, 2010).

The influence of tectonic remodelling on the Cenozoic relief
has resulted in the area possessing physiographic features
characteristic of a basin-and-range province (Cunningham,
2013). Despite the dominant E-W orientated structures, the
eastern end of the Arts Bogd Massif has a N-S orientation,
which is due to the existence of an orogenic front there devel-
oped along an eastwards verging thrust (Figs. 2 and 3). The
orogenic front on the northern side of the massif is associated
with N-NW verging thrusts. The uplift rate there is estimated to
have been 60 mm/yr during ~600 kyr (Lee et al., 2021), while
the strike-slip component along the southern margin of the Arts
Bogd reached ~5.8 mm/yr during the last 32 kyr (Lee et al,,
2021).

In the study area, Paleozoic rocks are represented by the
Silurian phyllites and marbles (crystalline limestones) of the
Khanankharsny Formation (Togtokh et al., 1985). They are part
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(after Liou et al., 2017); C — tectonic zonation of the Mongolian part of the Central Asian Orogenic Belt
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of the Upper Silurian-Devonian sedimentary succession (Guy
et al., 2021) and are exposed from beneath the andesites and
basalts (trachybasalts, Samoilov et al., 1998) belonging to the
lower part of the Lower Cretaceous Malnai Formation
(117.6—120.3 Ma, Sheldrick et al., 2018), of which the entire
Arts Bogd Massif is predominantly composed (Figs. 3 and 4).
The Cretaceous stratal succession, which forms the south-
ern edge of the mountain slopes, begins with the younger (up-
per) Malnai Formation, which is unconformably deposited on
top of volcanic rock (Figs. 3 and 4). It consists of conglomer-
ates, sandstones and red mudstones (Fig. 4). The subsequent
subdivisions of the sedimentary Cretaceous rock sequence lie
conformably, and the layers commonly dip monoclinally to the
south (Fig. 5). Consequently, successively younger lithostrati-
graphic subdivisions are observed there. The Lower Creta-
ceous Khokhshir Formation (Figs. 3 and 4; Togtokh et al,
1985) consists of claystones, mudstones, polymictic sandsto-
nes, limestones and marls. The Upper Cretaceous Bombokhoi
Formation and Baruungoyot Formation (Togtokh et al., 1985)
are represented by conglomerates, sandstones, red siltstones
and gypsum-bearing clays. The Baruungoyot Formation also
contains marls and variegated clays (Figs. 3 and 4; Gradzinski
and Jerzykiewicz, 1974; Jerzykiewicz and Russel, 1991).
There is a stratigraphic gap in the profile between the Meso-
zoic strata and the Quaternary cover (Togtokh et al., 1985). The
oldest Pleistocene deposits in the study area are found on the
slopes in the form of alluvial, alluvial-proluvial clays and debris,
and proluvial and alluvial sands and gravels. In the valleys and
at the foot of the slopes, there are Pleistocene and Holocene al-
luvial and proluvial deposits: gravel, sand, clayey sand, silty

sand, and clay, including lacustrine clay. Aeolian sands and silts
are also present, forming continuous covers and small dunes
(Figs. 3 and 4).

METHODS

REMOTE SENSING, GEOMORPHOLOGICAL ANALYSIS
AND FIELD SURVEY

The field survey was preceded by an analysis of the
1:200,000 geological map (Togtokh et al., 1985) and satellite
imagery. Remote analyses were carried out in a Geographic In-
formation System (GIS) environment using BlueMarble’s Glo-
bal Mapper and ESRI’'s ArcGIS software. High-resolution im-
ages from ESRI’s resources were used. These are images ob-
tained by Maxar satellites (Maxar Space Systems). They were
taken between 2015 and 2024. The images analysed have a
resolution of 1.20 m and are displayed with a maximum accu-
racy of 5 m. During the analysis, image magnifications from
1:50,000 to 1:5,000 in true colour imaging were used. A STRM
V3 (The Shuttle Radar Tomography Mission) digital elevation
model with 1 arc-second (30 m) resolution from NASA JPL
(Farretal., 2007) was also analysed. Additionally, in order to il-
lustrate and recognise the landforms around the lakes, photo-
graphs of the terrain surface taken with an unnamed aerial vehi-
cle (UAV) were used. Satellite and UAV images and terrain
models were analysed in terms of relief characteristics, recogni-
tion of geomorphological forms, determination of the type of
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river network and interpretation of the occurrence
and geometry of lakes or their remains (both
geomorphological forms and lacustrine deposits).
Attention was paid to the physiographic parame-
ters of the palaeolakes identified and documen-
ted, allowing them to be classified in terms of their
genesis, landscape type, area, stability, depth,
salinity, and presence of outlet (after Orkhonse-
lenge et al., 2022). Elements of the various land-
forms such as the interpretation of the palaeo-
shoreline, recent floodplain and sand cover, po-
tential sediment source areas, and the existence
of alluvial fans were also analysed and used to
determine the relationship between the geology
and tectonics of the bedrock and the relief.

An important element of the research was
fieldwork consisting of geomorphological and
geological mapping including the recognition of
the relationship between landforms and the tec-
tonic structure of the bedrock. The field research
consisted of confirming the presence of the for-
mer lakes interpreted remotely on satellite im-
ages and determining their boundaries. Geo-
morphological mapping was carried out, in addi-
tion to identifying drainage patterns and other
landforms such as mesas and cuestas. Attention
was paid to the geometry of recognized forms
such as topographic ridges, including their direc-
tion, asymmetry, tilt and orientation. During geo-
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places rock blocks (Fig. 6D). There are intramontane depres-
sions within the massif, the main river valleys are wide, and their
slopes are generally steep with a gradient of 25-50°. There are
also vertical rock walls reaching a height of 300-350 m above
the flat valley floors.

Based on the analysis of satellite images, a watershed line
was drawn for the Shereegiin Gashuun Basin and the Ulaan
Nuur Basin, which generally runs in an arc from north to
south-east (Fig. 3). The northeastern part of the area drains to-
wards the Ulaan Noor Basin, while the western and southern
parts drain towards the Shereegiin Gashuun Basin.

In this part of the study area, land with a bedrock composed
of horizontally or approximately horizontally layered volcanic
rocks forms a plateau-like landscape (Fig. 6D, E). Edge relief
occurs in the part made of folded metamorphic rocks, which are
characterized by a steeply inclined (up to 30°) foliation surface
towards the south. Vertical ridges can be found in the northern
part of their outcrop, where the inclination of the metamorphic
foliation exceeds 30° (Fig. 6F). Vertical relief is also evident
close to the faults and thrust zones, where the Mesozoic volca-
nic rocks are tilted at various angles.

The southern outskirts of the Arst Bogd Massif in the study
area are characterized by hilly terrain with heights between
1180 and 1400 m a.s.l., and local peaks reaching up to 1480 m
a.s.l. (Fig. 6E). The geological and geomorphological analysis
of the foothills of the study area, where the lakes are located,
showed that the horizontal and monoclinal arrangement of
Mesozoic sedimentary rocks dipping at low angles (up to 5°)
towards the south determines the development of a mixed re-
lief, of plateaus and its edges (Fig. 6E). The E-W direction of
the cuestas’ ridges corresponds to the strike of the Creta-
ceous strata, and the height of their steep slopes decreases
towards the south. The mesas and cuestas are at a mature
stage of development. Their ridges and slopes are cut by
transverse valleys of intermittent streams (Fig. 6G). For this
reason, in many cases, these ridges have become fragmented
and commonly form isolated plateau-like surfaces. Between
the cuestas’ ridges, depressions have been formed into which
water from the nearby hills flows. The valleys, which run along
and perpendicular to the cuestas’ ridges, cut deep into the
bedrock, locally by >20 metres. To the north, these form long
valleys draining the Arts Bogd Massif. In the foothills, their bot-
toms are flat and wide with many shallow channels, which is
typical of intermittent rivers in a dry climate. Intermittent water
inflow into the depressions also takes place from the south
through valleys located on steep, but low and poorly topo-
graphically defined, cuesta ridges. These valleys are much
shorter and do not cause extensive and deep erosion cuts.
Some depressions are reached by the drainage valleys of the
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Fig. 5. Schematic geological cross-section of the study area (for explanation see Fig. 3)
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Fig. 6. Landscapes of the study area

A — hamada landscape of the Arts Bogd Massif; B — bajada landscape on the southern edge of the Arts Bogd; C — Gobi pavement to the
south of study area; D — boulders at the foot of a flat mountain peak; E — panoramic view of the Arts Bogd Massif and its foothills; F — edge
type of terrain relief on an area of Paleozoic metamorphic rocks; G — mature stage of isolated mesa built by Cretaceous sedimentary rocks in
the southern foothills of the Arts Bogd
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northern slope of the Gurvan Saikhan Range. The drainage
system observed in the study area carries a variable structure.
It is predominantly dendritic in the mountainous area, parallel
and sub-parallel in the foothills, and centripetal araound the
lakes.

In addition to the clearly developing fluvial-denudational
relief, aeolian processes also affect the surface of the terrain.
Winds blow across the elevations, so the mesa surfaces and
the gentle slopes of the cuestas are covered with a deflation
pavement (Fig. 7A). The pavement pebbles comprise phyllite,
volcanic rock and crystalline limestone. In depressions, there
are also accumulations of silts and aeolian sands. These form
small dunes with characteristic ripples and phytogenic hills,
so-called nebkha (coppice dunes) around sparse shrub vege-
tation (Fig. 7B). On the surface of the dried-out bottoms of
ephemeral lakes there are thin sandy-silty covers. These fea-
ture low (up to 10 cm), asymmetrical aeolian ripple marks with
sinusoidal crests. The distances between the crests of the rip-
ples marks range from ~10 to ~40 cm (Fig. 7C). Trenches
within the lake areas revealed varied sedimentary facies,
showing a typical arid zone facies association that includes
lacustrine, fluvial and aeolian deposits (Fig. 7D).

The analysis of the depressions on the digital terrain model
in the southern part of the study area revealed the existence of
a latitudinally oriented zone where there is a regional (in the
sense of the study area) change in the orientation of the slopes
(Fig. 8). To the north of this zone, slopes that dip towards the
south dominate, while to the south, slopes oriented towards the
north are more common.

TECTONICS

The area has structures associated with disjunctive tecton-
ics. Within the Paleozoic rocks, faults have been identified and
documented based on satellite images showing shifts in rock
outcrops, mainly in a NE-SW direction (Fig. 9A). In the Creta-
ceous sedimentary rock outcrops, normal and reverse faults
with N-S and NW-SE orientations were recognized (Figs.
9B-F and 10). These are dislocations with small displacements
(from several tens of centimetres to several metres) and ex-
tents (commonly several tens of metres), so they are not of re-
gional significance.

GENERAL PALAEOLAKE CHARACTERISTICS

Fifteen lakes were identified and documented (Fig. 3) be-
longing to the Shereegiin Gashuun Basin catchment area. Lake
sedimentation occurred in depressions in front of the cuestas’
escarpments, where the waters of seasonal streams flowed.
Thes accumulated in wide, drainless deflation basins formed as
a result of intensive aeolian processes. The basins were formed
in the clastic Upper Cretaceous strata of the Baruungoyot
Formation and, less frequently, the Bombokhoi Formation (Fig.
3). Currently, the lakes are dry, and their palaeoshorelines (Fig.
11A-G) are visible around beds of clay and clayey sand. The
palaeolake slopes are covered by sands and gravels.

Within the clayey deposits, open polygonal desiccation frac-
tures have been observed. In places, these surfaces are over-

™

Fig. 7A — Cretaceous surface planation on the top of a mesa; B — aeolian sediments within an ephemeral stream
channel; C — asymmetrical aeolian ripples on the surface of a dried lake; D — sequence of playa lake deposits
(lacustrine, fluvial and aeolian facies) in an archaeological trench
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Fig. 8. Location of the palaeolakes studied on a slope aspect map of the study area based
on a STRM V3 digital elevation model

grown by sparse vegetation, which suggests that the surface
sediments are more humid than the surrounding area, due to
periodic flooding during rainfall (Fig. 11A—F). Despite continu-
ous deflation, the dry parts of the lake floors are covered by ae-
olian sands and silts (Fig. 11B, C). Remote sensing and field
surveys have confirmed the existence of alluvial fans that trans-
ported sediments to the palaeolakes. The most extensive fans
are associated with streams flowing in from the north or
north-east, which in several cases partially filled the lake basins
(Figs. 3 and 11A,C).

CHARACTERISTIC OF SELECTED PALAEOLAKES

TALINGARYN SHAL LAKE (LAKE 1)

Talingaryn Shal Lake is the most easterly of all the
palaeolakes studied (Fig. 12). The surface of its bed is elon-
gated E-W, is at an altitude of ~1280 m a.s.l. (Table 1), and the
boundaries of the basin, filled with lacustrine deposits, are irreg-
ular. The relief around the basin indicates that the lake was a
closed water body. A distinct narrowing in the middle part of the
lake is visible, caused by the presence of an alluvial fan, the
sediments of which filled the reservoir from the north-east (Fig.
12). Geomorphological analysis shows that the main source of
sediment filling the reservoir was located ~5 km to the north.
This was a ridge made of sedimentary rocks of the Khokhshir
Formation and Bombokhoi Formation. The intermediate source
area for the sediments was the more closely located outcrops of
the Baruungoyot Formation. Before the water reached the lake,
it accumulated in a smaller water body (Lake 9) located ~1 km
to the north between outcrops of the Baruungoyot Formation
(Figs. 3 and 12). Flowing water also supplied sedimentary ma-
terial to the reservoir from the east and south. In the former
case, these first accumulated in an intermediate basin (Lake 8)
fed by waters flowing down from the ridge present there, made
up of volcanic rocks of the Lower Malnai Formation and the

Bombokhoi Formation. The northwestern palaeoshoreline is
marked in the relief, and the southern one coincides with the
modern boundary limit of the range of periodic rain-fed floods
(Fig. 11A, B). Aeolian silts and sands migrate from the south
onto the deflation surface of the lake bed.

CHAVGANTSYN SHAL LAKE (LAKE 2)

Chavgantsyn Shal Lake was also a closed water body. It is
elongated ENE-WSW and is the smallest in terms of area of
the lakes analysed (Table 1). Its western part is covered by ae-
olian sands (Fig. 13). The present-day dry lake floor is at an alti-
tude of ~1300 m a.s.l. (Table 1). It was fed from the north-east,
where alluvial fan deposits can be found today. As in the case of
Talingaryn Shal Lake, the water flowed into the lake indirectly,
through two other lakes (Lake 10 and Lake 11) located to the
north and north-east. The sedimentary source areas were the
previously described hill ridges made of the Cretaceous
Khokhshir and Bombokhoi formations. In addition, the lake to
the north was also fed from the mountainous part of Arst Bogd,
from outcrops of the volcanic rocks of the Malnai Formation and
metamorphic rocks of the Khanankharsny Formation (Fig. 3).
The palaeoshoreline is subtly marked in the terrain relief. Its
northern and southern parts coincide with the modern boundary
of periodic flooding by rainwater (Fig. 11C, D).

ZUUN KHUREE LAKE (LAKE 3)

Zuun Khuree Lake is located on the western edge of the
southern foothills of the Arts Bogd and is the second largest of
the lakes analysed (Table 1). The present-day dry lake bottom
is located at an elevation of ~1270 m a.s.l. It originally had a
strongly elongated shape in a WNW-ESE direction, but its cen-
tral and eastern parts are largely buried by alluvial fan deposits
(Fig. 14). It was a closed water body supplied directly by river
water flowing from the upland part of the Arts Bogd and the
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Fig. 9. Faults recognized in the study area

A — faults within Paleozoic metamorphic rocks interpreted on satellite images (plane view); B — normal fault within sedimentary
rocks of the Khokhshir Formation; C — slickensides on the normal fault surface from picture B; D — reverse fault within sedimen-
tary rocks of the Khokhshir Formation; E — reverse fault within sedimentary rocks of the Baruungoyot Formation; F — normal fault
within the upper part of the Khokhshir Formation on the Flint Valley mesa slope

ridges of nearby cuestas. The alimentary areas for the lake sed- LUULITYN TOIROM LAKE (LAKE 4)
iments included the Khanankharsny, Khokhshir and Baruungo-
yot formations outcrops. On the northern side of the reservoir, Luulityn Toirom Lake is located outside the elevated area,

the palaeoshoreline is clearly marked, coinciding with the  within the Shereegiin Gashuun Basin (Fig. 3). In this area, the
boundary of periodic rainwater flooding in the southern part  relief is smoother with small height differences. This lake was
(Fig. 11E, F). the largest of those surveyed (Table 1). Its longer axis runs
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= === presumed faults related to the eastern mountain front
m— normal faults within the Upper Cretaceous sedimentary rocks
— reverse faults within the Upper Cretaceous sedimentary rocks
== === presumed fault within the Lower Cretaceous volcanics rocks

faults within Silurian metamorphic rocks

Fig. 10. Rose diagram of faults recognized within the study area

NE-SW (Fig. 15) and the present-day bottom surface is at an
altitude of 1260 m a.s.l. It has been exposed by deflation (Fig.
11G). This surface is covered in its western and partly in its
eastern part by aeolian sands, which form distinct dunes in the
eastern part. On the satellite image, river channels cutting the
present bottom of the lake are clearly visible. The lake was of
closed type and similar to Zuun Khuree Lake, supplied mainly
by waters draining the Malnai and Baruungoyot formations out-
crops, which are located to the north-east. In addition, alimen-
tary areas for sediment to the lake were also located in the cen-
tral part of the Arts Bogd Massif, set back to the north of the
study area, and on the escarpment of a poorly preserved
cuesta ridge on the southern side of the lake (Fig. 3). The
palaeoshoreline is well marked in the terrain relief, being well
away from the present-day floodplain in the southern part and
overlying it in the northern part. In the western part of the reser-
voir, the palaeoshoreline is covered by aeolian sediments.

BARUUN KHUREE LAKE (LAKE 5)

Itis the most westerly lake and is approximately aligned with
the Shereegiin Gashuun Basin (Fig. 3). A smaller lake (Lake
14) was identified to the north-east of it, which was an interme-

diate reservoir for water supplied from the north. Baruun Khuree
Lake was of closed type, elongated NE-SW, and may have
formed a single water body with Lake 15 in the past (Figs. 11H
and 16). The present-day bottom in the southwestern part of the
lake is at an elevation of ~1240 m a.s.l. (Table 1). Its central part
is covered by aeolian sand dunes.

DISCUSSION OF THE RESULTS

GEOMORPHOLOGICAL AND TECTONIC DETERMINANTS
OF LAKE BASIN FORMATION

Latitudinally oriented elements of the edge and plateau-
-cuesta landforms relate to fault zones and the course of
lithological boundaries. The southwards tilt of the Cretaceous
formations (including the Mesozoic planation surface) is caused
by the tectonic, asymmetrical uplift of the Arts Bogd Massif
(Cunningham, 2013). The lithological composition of the pave-
ment on the cuestas and mesas suggests that these surfaces
are older, Mesozoic, planation surfaces. Along the cuesta es-
carpments, which are parallel to the regional trend of longitudi-


https://doi.org/ 10.1016/j.jsg.2012.08.010

12

Rafat Sikora et al. / Geological Quarterly, 2025, 69, 45

Fig. 11A - interpreted landforms of Talingaryn Shal Lake (photo taken in June 2022 with UAV); B — view of the Talingaryn
Shal Lake area after a rainfall event (photo taken in June of 2023 with UAV); C — view and interpretation of landforms
around Chavgantsyn Shal Lake (photo taken in June 2022 with UAV); D — Chavgantsyn Shall Lake area after rainfall event
(photo taken in June 2022 with UAV); E — interpreted landforms of the Zuun Khuree Lake area (photo taken in June 2022
with UAV); F — Zuun Khuree Lake area after a rainfall event (in June 2023 on satellite images from Google Earth); G —in-
terpreted landforms of the dried Luulityn Toirom Lake (photo taken in June 2024 with UAV); H — similar view on Baruun
Khuree Lake (photo taken in June 2024 with UAV)
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Table 1

Morphometric components of the lakes studied

no | Name of the lake GC%%%?#;ESI Ef\:‘gﬁ_? Max[k:ﬁ?gth Ma)[(kr\a/]idth ﬁ\(rrﬁ?] Elongation Bedrock

1 Ta”’zgg{gg}fha' 23N | 1280 2.37 0.58 0.84 E-W Cr2 — Baruungoyot Fm.
2 | Chav fgﬁzyg)sr‘a' HEoBOEN | 1300 0.56 0.44 022 | ENESWSW |  Cr2 — Baruungoyot Fm.
3 Z“;‘[‘aﬁ";‘g)ee 145‘2"9484;529;,"‘,5 1270 3.50 0.68 1.77 | WNW-ESE |  Cr2 — Baruungoyot Fm.
4 L““{Eg’,‘(g gi)rom RN | 1260 3.40 0.93 1.83 | NE-SW Cr2 — Baruungoyot Fm.
5 Bar?fa”kghs‘;ree RN | 1240 0,15 0.44 057 | NE-SW Cr2 — Baruungoyot Fm.
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nal faults, the main valleys of the periodic rivers flow, changing
the direction of the water flow from the south to the west or east,
or form depressions that were filled with lake sediments. The
normal and reverse faults recognized, which are oriented diag-
onally or transversely (in a NW-SE direction) to the regional
structures, have a local extent, but can affect the location of
transverse incisions of the cuestas by valleys, which has been
shown in several places. In terms of their origin, faults with
NW-SE orientation are related to the NE-vergent thrust present
on the eastern margin of the Arts Bogd Massif. They also record
and provide evidence of post-Cretaceous neotectonic events
and may be related to the present-day seismic activity of the

area. The study area is located in the 1st seismic zone in Mon-
golia which is characterized by high seismic activity. Earth-
quake magnitudes in Arts Bogd do not exceed M 6 (Rizza et al.,
2011) and the relationship between recognized faults and con-
temporary tectonic activity of the Gobi-Altai and Khangai base-
ment requires further analysis. Identification of the regional
slope reorientation zone in which the palaeolakes are located
shows that it represents an axis with an approximate
WSW-ENE course that connects intramontane basins. From
west to east, these are the Nemegt, Shereegiin Gashuun and
Ulan Nuur basins. This zone is parallel to the regional strike-slip
faults, and it separates the Bogd Deforming Belt from the
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Fig. 17. Schematic model of the Shereegiin Gashuun Basin development as a pull-apart
basin (en-echelon) in the Quaternary (faults and thrusts of the Bogd and the Gobi-
Tien-Shan systems after Cunningham, 2007, 2010, 2013; Cunningham et al., 2009, mod-

ified)

large-scale, present-day active en-echelon structures that have
been developing since at least the late Cretaceous, and their

Bogd Fault Zone and the Gobi-Tien Shan Zone. In this context,  development led to the formation of a pull-apart basin (Fig. 17).
Such a long development of the basin is corroborated by the in-

the intramontane basins (including the Shereegiin Gashuun
crease in the thickness of Cretaceous strata in their centre and

Basin) that extend along the ridge appear to be the result of
lithospheric stretching between sinistral fault zones. These are  the development of depressions in the present-day topography,

Gobi-Tien Shan Deforming Belt to the south (Cunningham,
2007, 2010, 2013). Moreover, it is diagonally oriented to the
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Fig. 18. Schematic model of playa lake development in the Tsakhiurtyn Hondi Lakeland
(south of the Arts Bogd Massif)
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towards which the river network is directed. The centres of
these basins are subject to subsidence, which contrasts with
the uplifted neotectonic mountain areas where regional fault
zones are situated. The palaeolakes studied have a linear pat-
tern, stretching E-W along the axis of the depression separat-
ing the Bogd Deforming Belt from the Gobi-Tien Shan Deform-
ing Belt (Figs. 8 and 17). This situation suggests the existence,
in the basement of this depression, of faults parallel to the Bogd
Deforming Belt and the Gobi-Tien Shan Deforming Belt. The
dip-slip component of the displacement favours subsidence of
this basement and thus has a major impact on the location and
geometry of the lakes.

Another important factor influencing the development and
geometry of the palaeolakes is wind activity. The parallel course
of the surrounding elevated mountain massifs and depressions
between them favours the intensification of aeolian processes
caused by the influence of generally westerly winds (of a
WNW-ESE wind system; the so-called Westerlies), which can
cause the development of deflation basins in tectonic depres-
sions. The basins formed in this way collected water from
streams and rivers draining the mountainous areas, as well as
rainwater. The formation of deflation basins is a typical phe-
nomenon in arid (dry) desert climates (Hutchinson, 1957), es-
pecially on bedrock composed of poorly lithified sedimentary
rocks. From this perspective, the lakes under investigation
must be considered to have both tectonic and aeolian origins.
Tectonic lakes are documented in the surroundings of the

Gobi-Altai Range, and aeolian lakes are common in southern
Mongolia and the Gobi area (Orkhonselenge and Bulgan, 2021;
Orkhonselenge et al., 2022). An approximate model of the de-
velopment of deflation basins on a bedrock comprising Upper
Cretaceous sedimentary rocks deformed by faults is shown on
Figure 18. This model also illustrates the course of variable lac-
ustrine-aeolian-fluvial sedimentation within the palaeolakes
studied, as was previously described in relation to Luulityn
Toirom Lake (Michalec et al., 2025).

CLASSIFICATION OF THE LAKES STUDIED

Most (9) of the identified and documented lakes are shallow,
ephemeral, closed, freshwater, low-altitude, prairie lakes (Table
2). Of these, the Zuun Khuree, Luulityn Toirom and L12 lakes
are small, and the rest are very small. Eleven have a tec-
tonic-aeolian genesis, and four have a fluvial genesis.

The lakes of the Tsakhiurtyn Hundi Lakeland, including five
analysed in detail, are typical of those found in southern Mongo-
lia and the Gobi Desert (Orkhonselenge et al., 2022).

Surprisingly, the lakes studied may be classified as fresh-
water lakes, despite closed water bodies commonly being char-
acterised by highly mineralised water (Langbein, 1961; Zhang
et al., 2022). However, at the current stage of research, there
are no geochemical analyses of the deposits, and the classifica-

Table 2
Geomorphologial classification of lakes of the Tsakhiurtyn Hondi Lakeland
(after Hutchinson, 1957; Tserensodnom, 1971, 2000; Orkhonselenge et al., 2022)
no | Nameofthe Origin '-a”tc)‘,%‘gape Area | Alitude | Stability | Depth Salinity Presense
1 Tali?l?:krgn”Shal tectonic/aeolian | prairie ol | low-altitude | ephemeral | shallow dr|edfruepslp$ra|1<t3é:|r|cally closed
2 gﬁ:lv aanktgyzr; tectonic/aeolian prairie S‘ﬁgl low-altitude | ephemeral | shallow driedf#epsl V%g?g;cally closed
3 Zu(quéll((ggsee tectonic/aeolian prairie smaller | low-altitude | ephemeral | shallow drledfrueps/pvevg?grlcally closed
4 Luu(liﬁ)e/‘rllgzi)rom tectonic/aeolian prairie smaller | low-altitude | ephemeral | shallow drledf;.lepslrﬁ)v(?/g(t)g;cally closed
5 BarEJLuankeKr%L)Jree tectonic/aeolian prairie svrgzl low-altitude | ephemeral | shallow driedf#e‘;/ﬁ@g?grica”y closed
6 Lake 6 tectonic/aeolian prairie S";gﬁ low-altitude | ephemeral | shallow drledﬂ_uepslpvt?lg(t)grlcally open
7 Lake 7 tectonic/aeolian prairie svrﬁgil low-altitude | ephemeral | shallow drledf#er;/ﬁv?lgtt)grlcally closed
8 Lake 8 tectonic/aeolian |  prairie ol | low-altitude | ephemeral | shallow drledfruepslﬁv?lgct)edrlcally open
9 Lake 9 fluvial? prairie svrgzl low-altitude | ephemeral | shallow driedf;)epsl Ve\lg?g;cally open
10 Lake 10 fluvial? prairie svrﬁgl low-altitude | ephemeral | shallow drledfrueps/pvt?lg?grlcally open
11 Lake 11 fluvial? prairie svrﬁgil low-altitude | ephemeral | shallow drledﬂye%/pv(?/g?g;cally open
12 Lake 12 tectonic/aeolian prairie smaller | low-altitude | ephemeral | shallow drledf#e;;/ﬁ@g?g;cally closed
13 Lake 13 fluvial? prairie s‘ﬁzl low-altitude | ephemeral | shallow driedf#er;/ﬁvig?g;cally open
14 Lake 14 tectonic/aeolian prairie svrﬁgil low-altitude | ephemeral | shallow driedfrueps/ﬁv?lgct)grically closed
15 Lake 15 tectonic/aeolian prairie svrﬁram low-altitude | ephemeral | shallow drledfruepslpv?lg?éjgcally closed
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tion is based on observations of periodic flooding. Future re-
search may include to determination of the salinity of the lake
waters in the past. According to Orkhonselenge et al. (2022),
58.2% of lakes in Mongolia are saline and semi-saline, and in
southern Mongolia the number of freshwater lakes and sa-
line/brackish lakes is similar (11.4 and 12.2%, respectively).

The study area, thus, is a unique testing ground for re-
search into the relationships between intraplate tectonics and
the geomorphological evolution of intracontinental regions. This
also applies to the reactivation of older structures and the pro-
gression of deformation resulting from distant processes occur-
ring in continental collision zones. The changes in the topogra-
phy of the young orogen and their significant impact on climatic
factors are significant and could be further explored. This is es-
pecially true given that similar relationships between the devel-
opment of playa lakes and topography affected by orogenic de-
formation, the occurrence of strike-slip zones, and the pres-
ence of arid and semi-arid climate have been described, for in-
stance, in the Gaxun Nur Basin in north China (south of Gobi-
Altai Range; Hartmann at al., 2009), and Basin and Range
province (Peterson, 1981; Jansson et al., 1993) and the South-
ern High Plain (Casula, 1995) in North America, and in the
fold-and-thrust belt region in southern Spain (Jimenez-Bonilla,
2023; Rodriguez-Rodriguez, 2024). The most similar condi-
tions between topography and the development of playa lakes
are known from Death Valley (Blackwelder, 1931; Jansson et
al., 1993). Deflation processes deepening tectonic depressions
developed in pull-apart basins have also been described in
North Africa (Mohammad et al., 2025). This indicates that they
can occur in both foreland and intramontane basins. Studies on
the role of tectonics in shaping climate processes conclude that
tectonic deformation drives the development of long-term
endorheic intramontane and intracontinental basins (Gar-
cia-Castellanos, 2006). Tectonic reshaping of topography af-
fects the drainage system and, by extension, humidity and hy-
drological conditions, as demonstrated by research in the Rio
Grande Valley (Han and Wilson, 2024). Considering the above
examples and the results of our research, we believe that, in the
future, it will be possible to identify standard features of such ar-
eas and to gain a deeper understanding of the processes oc-
curring there. This is important because the presence of lakes
in an arid, marginal environment has a significant impact on the
migration of fauna and the functioning of human communities,
especially in north-west China, central and western Asia (Tan et
al., 2018). Therefore, research on the causes of lake develop-
ment and the conditions under which they occur is an important
aspect of supporting adaptation to climate change.

The unique environmental conditions that once existed in
the study region, along with their changes in response to local
and global climatic factors, provide a new perspective for future
sedimentological, mineralogical and geochemical studies of

sediments deposited within the palaeolakes. In turn, their dating
will allow us to establish the chronology of geological events
and relate them to the results of archaeological research. The
presence of prehistoric hunter-gatherer communities in the
study area has been confirmed by the findings of Masojc et al.
(2017, 2024), Bobrowski et al. (2025) and Michalec et al.
(2025).

CONCLUSIONS

South of the Arts Bogd Massif (Gobi area, S Mongolia), fif-
teen palaeolakes form the Tsakhiurtyn Hundi Lakeland. New
remote sensing and geomorphic analysis supported by field ob-
servations indicate that the genesis of the largest of these is
complex, involving both tectonic and aeolian processes. The
tectonic factor refers to large-scale structural elements in the
basement of the northern part of the Gobi. The palaeolakes
studied are situated along an E-W directed zone parallel to ac-
tive, regional-scale strike-slip faults. The largest lakes of the
Tsakhiurtyn Hundi Lakeland developed in the axis of the
endorheic Shereegiin Gashuun Basin, which is interpreted here
as pull-apart in origin, which favoured subsidence of the base-
ment. Within this zone, a regional change in slope orientation is
observed. In addition, the E-W alignment of valleys and ridges
favoured the intensification of aeolian processes associated
with the so-called Westerlies, the intensive erosional activity of
which caused the formation of deflation basins in the tectoni-
cally depressed parts of the terrain. Both processes led to the
development of lakes collecting waters drained mainly from
nearby hills and the Arst Bogd Massif.

The geomorphological classification indicates that they typi-
cally represent very small, shallow and ephemeral closed lake
bodies, as are also characteristic for the other areas of the Gobi
area. Our research shows that, under dry climatic conditions,
lakes can develop in areas with similar geological and
geomorphological features. These conditions were favourable
for early human habitation.

Acknowledgements. This project was funded by the Na-
tional Science Centre, Poland (NCN2019/33/B/HS3/01113) —
(P1) M. Masoj¢ and partly by statutory founds of the Polish Geo-
logical Institute — National Research Institure (project
62.2814.2300.00) — (PI) R. Sikora.. The research was sup-
ported by the Institute of Archaeology, Mongolian Academy of
Science and Mongolian National University of Education
(www.archeo.mongolia.uwr.edu.pl/en/). The authors are thank-
ful to S. Belzyt (University of Wroctaw) and M. Jastrzgbski (Pol-
ish Academy of Science) for comments and discussions during
manuscript preparation.

REFERENCES

Badarch, G., Cunningham, W.D., Windley, B.F., 2002. A new
terrane subdivision for Mongolia: implications for the Phanero-
zoic crustal growth of Central Asia. Journal of Asian Earth Sci-
ence, 21: 87-110.
https://doi.org/10.1016/S1367-9120(02)00017-2

Bayarsayhan, C., Bayasgalan, A., Enhtuvshin, B., Hudnut, K.W.,
Kurushin, R.A., Molnar, P., Olziybat, M., 1996. 1957 Gobi-
Altay, Mongolia, earthquake as a prototype for southern Califor-
nia’s most devastating earthquake. Geology, 24: 579-582;

https://doi.org/10.1130/0091-7613(1996)024<0579: GAMEAA>
2.3.C0O;2

Bayasgalan, A., Jackson, J., Ritz, J.F., Carretier, S., 1999. ‘Fore-
bergs’, flower structures, and the development of large intra-
continental strike-slip faults: the Gurvan Bogd fault system in
Mongolia. Journal of Structural Geology, 21: 1285-1302;
https://doi.org/10.1016/S0191-8141(99)00064-4



https://doi.org/10.3390/rs10040595
https://doi.org/10.1007/s12665-024-11894-7
https://doi.org/10.1016/j.geomorph.2025.110025
https://doi:10.1371/journal.pone.0330209
https://doi:10.1371/journal.pone.0330209
https://doi.org/10.1007/978-3-030-99120-3
https://doi.org/10.15184/aqy.2024.44
https://doi.org/10.1016/j.scitotenv.2023.167183
https://doi.org/10.1016/j.scitotenv.2023.167183
https://doi.org/10.1002/esp.3290180203
https://doi.org/10.1002/esp.3290180203
https://doi.org/10.1002/esp.3290180203
https://doi.org/10.3389/frwa.2024.1255883
https://doi.org/10.1130/2006.2398(17)
https://doi.org/10.1017/RDC.2025.4
https://doi.org/10.2475/ajs.s5-21.122.140
https://doi.org/10.1016/S0191-8141(99)00064-4
https://doi.org/10.1016/S1367-9120(02)00017-2
https://doi.org/10.1130/0091-7613(1996)024<0579:GAMEAA>2.3.CO;2

20 Rafat Sikora et al. / Geological Quarterly, 2025, 69, 45

Blackwelder, E., 1931. The lowering of playas by deflation. Ameri-
can Journal of Science, 5: 140-144;
https://doi.org/10.2475/ajs.s5-21.122.140

Bobrowski, P., Jérdecza, M., Masojé, M., Gunchinsuren, B.,
Goslar, T., Muntowski, P., Odsuren, D., Szmit, M., Bazangur,
D., Michalec, G., Szykulski, J., Gankhuyag, O., Sikora, R.,
2025. The earliest Holocene wanderers through the Gobi desert
evidenced by the radiocarbon chronology of the lakeshore set-
tlement near the Tsakhiurtyn Hondi, Mongolia. Radiocarbon, 67:
461-470; https://doi.org/10.1017/RDC.2025.4

Burianek, D., Hanzl, P., Erban, V., Gilikova, H., Bolormaa, K.,
2008. The Early Cretaceous volcanic activity in the western part
of the Gobi-Altay rift (Shiliin Nuruu, SW Mongolia). Journal of
Geosciences, 53: 167—-180; https://doi.org/10.3190/jgeosci.026

Capra, L., Roverato, M., Bernal, J.P., Cortés, A., 2023. Evidence
of the Early Holocene eruptive activity of Volcan de Colima and
the 8.2 kyr global climatic event in lacustrine sediments from a
debris avalanche-dammed lake. Geological Society Special
Publications, 520: 477-490;
https://doi.org/10.1144/SP520-2021-6

Casula, K., 1995. Classification of playa lakes based on origin, mor-
phology, and water quality parameters. Ph.D. Thesis, Texas
Tech University.

Cheng-Bang, A., Barton, L., 2008. Holocene environmental chan-
ges in Mongolia: a review. Global and Planetary Change, 63:
283-289; https://doi.org/10.1016/j.gloplacha.2008.03.007

Cunningham, W.D., 1998. Lithospheric controls on late Cenozoic
construction of the Mongolian Altai. Tectonics, 17: 891-902;
https://doi.org/10.1144/SP338.17

Cunningham, D., 2005. Active intracontinental transpressional
mountain building in the Mongolian Altai: defining a new class of
orogen. Earth and Planetary Science Letters, 240: 436-444;
https://doi.org/10.1016/j.epsl.2005.09.013

Cunningham, D., 2007. Structural and topographic characteristics
of restraining bend mountain ranges of the Altai, Gobi Altai and
easternmost Tien Shan. Geological Society Special Publica-
tions, 290: 219-237; https://doi.org/10.1144/SP290.7

Cunningham, D., 2010. Tectonic setting and structural evolution of
the late Cenozoic Gobi Altai orogen. Geological Society Special
Publications, 338: 361-387;
https://doi.org/10.1016/0195-6671(91)90015-5

Cunningham, D., 2013. Mountain building processes in intra-
continental oblique deformation belts: lessons from the Gobi
Corridor, Central Asia. Journal of Structural Geology, 46:
255-282; https://doi.org/ 10.1016/j.js9.2012.08.010

Cunningham, W.D., Windley, B.F., Dorjnamjaa, D., Badamgarov,
J., Saandar, M., 1996. Late Cenozoic transpression in south-
western Mongolia and the Gobi Altai Tien Shan connection.
Earth and Planetary Science Letters, 140: 67-82;
https://doi.org/ 10.1016/0012-821X(96)00048-9

Cunningham, W.D., Windley, B.F., Owen, L.A., Barry, T., Dorjna-
mjaa, D., Badamgarav, G., Saandar, M., 1997. Geometry and
style of partitioned deformation within a late Cenozoic trans-
pressional zone in the eastern Gobi Altai Mountains, Mongolia.
Tectonophysics, 277: 285-306;
https://doi.org/10.1016/S0040-1951(97)00034-6

Cunningham, D., Davies, S., McLean, D., 2009. Exhumation of a
Cretaceous rift complex within a Late Cenozoic restraining
bend, southern Mongolia: implications of the crustal evolution of
the Gobi Altai region. Journal of the Geological Society, 166:
1-13; https://doi.org/ 10.1144/0016-76492008-082

Derevianko, A.P., Zenin, A.N., Olsen, J.W., Petrin, V.T,
Tsevendorj, D., 2002. The Stone Age of Mongolia: Paleolithic
assemblages from Flint Valley (Gobi-Altai). Institute of Archae-
ology and Ethnography SBRAS, Novosibirsk.

Enkhbold, A., Khukhuudei, U., Kusky, T., Tsermaa, B., Doljin, D.,
2022a. Depression morphology of Bayan Lake, Zavkhan prov-
ince, Western Mongolia: implications for the origin of lake de-
pression in Mongolia. Physical Geography, 43: 727-752;
https:/doi.org/10.1080/02723646.2021.1899477

Enkhbold, A., Dorjsuren, B., Khukhuudei, U., Yadamsuren, G.,
Badarch, A., Dorjgochoo, S., Gonchigjav, Y., Nyamsuren, O.,

Ragchaa, G., Gedefaw, M., 2022b. Impact of faults on the ori-
gin of lake depressions: a case study of Bayan Nuur depression,
North-west Mongolia, Central Asia. Geografia Fisica Dinamica
Quaternaria, 44: 69-82;
https://doi.org/10.4461/GFDQ.2021.44.5

Enkhbold, A., Vandansambuu, B., Yadamsuren, G., Dorjsuren,
B., Dorligjav, S., GonchiGjav, Y., Dingjun, L., Narantsetseg,
Ch., Ganbold, B., Sumiya, E., 2025. Estimation of morpho-
metric parameters in lakes based on satellite imagery data: im-
plications of relationships between lakes in the arid region of
western Mongolia, central Asia. Quaestiones Geographicae,
44: 22-38; https://doi:10.14746/quageo-2025-0002

Farr, T.G., Rosen, P.A,, Caro, E., Crippen, R., Duren, R., Hensley,
S., Kobrick, M., Paller, M., Rodriguez, E., Roth, L., Seal, D.,
Shaffer, S., Shimada, J., Umland, J., Werner, M., Oskin, M.,
Burbank, D., Alsdorf, D., 2007. The Shuttle Radar Topography
Mission. Reviews of Geophysics, 45, RG2004;
https://doi.org/10.1029/2005RG00018

Felauer, T., Schliitz, F., Murad, W., Mischke, S., Lehmkuhl, F.,
2012. Late Quaternary climate and landscape evolution in arid
Central Asia: a multidisciplinary research of lake archive Bayan
Tohomin Nuur, Gobi desert, southern Mongolia. Journal of Asian
Earth Sciences, 48: 125-135;
https://doi.org/ 10.1016/j.jseaes.2011.12.002

Florensov, N.A., Solonenko, V.P. (eds), 1965. The Gobi-Altai
Earthquake. US Department of Commerce, Washington.

Garcia-Castellanos, D., 2006. Long-term evolution of tectonic
lakes: climatic controls on the development of internally drained
basins. GSA Special Paper, 398: 283-294;
https://doi.org/10.1130/2006.2398(17)

Gradzinski, R., Jerzykiewicz, T., 1974. Sedimentation of the Barun
Goyot Formation. Palaeontologia Polonica, 30: 11-46.

Grunert, J., Stolz, C., Hempelmann, N., Hilgers, A., Hiille, D.,
Lehmkuhl, F., Felauer, T., Dasch, D., 2009. The evolution of
small lake basins in the Gobi desert in Mongolia. Quaternary
Science, 29: 678-686;
https://doi.org/10.3969/j.issn.1001-7410.2009.04.03

Guy, A., Schulmann, K., Clauer, N., Hasalova, P., Seltmann, R.,
Armstrong, R., Lexa, O., Benedicto, A., 2014. Late Paleo-
zoic—Mesozoic tectonic evolution of the Trans-Altai and South
Gobi Zones in southern Mongolia based on structural and geo-
chronological data. Gondwana Research, 25: 309-337;
https://doi.org/10.1016/j.9r.2013.03.014

Guy, A., Schulmann, K., Soejono, l., Holzrichter, N., Lexa, O.,
Munschy, M., 2021. Structures and geodynamics of the Mongo-
lian tract of the Central Asian Orogenic Belt constrained by po-
tential field analyses. Gondwana Research, 92: 26-53;
https://doi.org/10.1016/j.9r.2020.11.016

Han, K., Wilson, J.L., 2024. Deciphering the interplay between tec-
tonic and climatic forces on hydrologic connectivity in the evolv-
ing landscapes. Frontiers in Water, 6, 1255883;
https://doi.org/10.3389/frwa.2024.1255883

Hartmann, K., Wiinnemann, B., Zhang, H., 2009. Evidence of
neotectonic impact on a large sedimentary basin between Ti-
betan Plateau and Gobi Altay (NW China). Quaternary Sci-
ences, 29: 687-695.

Hendrix, M.S., Graham, S.A., Amory, J.Y., Badarch, G., 1996.
Noyon Uul syncline, southern Mongolia: Lower Mesozoic sedi-
mentary record of the tectonic amalgamation of central Asia.
GSA Bulletin, 108: 1256-1274;
https://doi.org/10.1130/0016-7606(1996)108<1256:NUSSML>
2.3.C0O;2

Hutchinson, G.E., 1957. A Treatise on Limnology, 1. Geography,
Physics and Chemistry. Wiley.

Jansson, J., Jacobson, D., Hooke, R.L., 1993. Fan and playa ar-
eas in southern California and adjacent parts of Nevada. Earth
Surface Processes and Landforms, 18: 109-119;
https://doi.org/10.1002/esp.3290180203

Jerzykiewicz, T., Russel, D.A., 1991. Late Mesozoic stratigraphy
and vertebrates of the Gobi Basin. Cretaceous Research, 12:
345-377; https://doi.org/10.1016/0195-6671(91)90015-5



https://doi.org/10.1016/0195-6671(91)90015-5
https://doi.org/10.1002/esp.3290180203
https://doi.org/10.1130/0016-7606(1996)108<1256:NUSSML>2.3.CO;2
https://doi.org/10.3389/frwa.2024.1255883
https://doi.org/10.1016/j.gr.2020.11.016
https://doi.org/10.1016/j.gr.2013.03.014
https://doi.org/10.3969/j.issn.1001-7410.2009.04.03
https://doi.org/10.1130/2006.2398(17)
https://doi.org/ 10.1016/j.jseaes.2011.12.002
https://doi.org/10.1029/2005RG00018
https://doi:10.14746/quageo-2025-0002
https://doi.org/10.4461/GFDQ.2021.44.5
https:/doi.org/10.1080/02723646.2021.1899477
https://doi.org/ 10.1144/0016-76492008-082
https://doi.org/10.1016/S0040-1951(97)00034-6
https://doi.org/ 10.1016/0012-821X(96)00048-9
https://doi.org/ 10.1016/j.jsg.2012.08.010
https://doi.org/10.1144/SP290.7
https://doi.org/10.1144/SP338.17
https://doi.org/10.1016/0195-6671(91)90015-5
https://doi.org/10.1016/j.epsl.2005.09.013
https://doi.org/10.1016/j.gloplacha.2008.03.007
https://doi.org/10.1144/SP520-2021-6
https://doi.org/10.3190/jgeosci.026
https://doi.org/10.1017/RDC.2025.4
https://doi.org/10.2475/ajs.s5-21.122.140

Rafat Sikora et al. / Geological Quarterly, 2025, 69, 45 21

Jiménez-Bonilla, A., Rodriguez-Rodriguez, M., Yanes, J.L.,
Gazquez, F., 2023. Hydrological modelling and evolution of
lakes and playa-lakes in southern Spain constrained by geol-
ogy, human management and climate change. Science of The
Total Environment, 905, 167183;
https://doi.org/10.1016/j.scitotenv.2023.167183

Kang, S., Lee, G., Togtokh, C., Jang, K., 2015. Characterizing re-
gional precipitation-driven lake area change in Mongolia. Jour-
nal of Arid Land, 7: 146-158;
https://doi.org/10.1007/s40333-014-0081-x

Komatsu, G., Brantingham, P.J., Olsen, J.W., Baker, V.R., 2001.
Paleoshoreline geomorphology of Boon Tsagaan Nuur,
Tsagaan Nuur and Orog Nuur: the Valley of Lakes, Mongolia.
Geomorphology, 39: 83-98;
https://doi.org/10.1016/S0169-555X(00)00095-7

Kurtz, R., Klinger, Y., Ferry, M., Ritz, J.F., 2018. Horizontal sur-
face-slip distribution through several seismic cycles: the East-
ern Bogd fault, Gobi-Altai, Mongolia. Tectonophysics, 734-735:
167-182;_https://doi.org/10.1016/j.tecto.2018.03.011

Langbein, W., 1961. Salinity and hydrology of closed lakes. U.S.
Geological Survey Professional Paper, 412.

Lee, M.K,, Lee, Y.l, Lim, H.S., Lee, J.l., Yoon, H.l.,, 2013. Late
Pleistocene—Holocene records from Lake Ulaan, southern Mon-
golia: implications for east Asian palaeomonsoonal climate
changes. Journal of Quaternary Science, 28: 370-378;
https://doi.org/10.1002/jgs.2626

Lee, Ch., Seong, Y.B., Schoenbohm, L.M., Kim, D.E., Yuy, B.Y.,
2021. Geomorphic constraints on the development of a blind-
thrust induced landform, south-central Mongolia: Insights into
foreberg growth, Geomorphology, 378, 107613;
https://doi.org/10.1016/j.geomorph.2021.107613

Liu, Y.J., Li, W.M., Feng, Z.Q., Wen, Q.B., Neubauer, F., Liang,
C.Y., 2017. A review of the Paleozoic tectonics in the eastern
part of central Asian Orogenic Belt. Gondwana Research, 43,
123-148; https://doi:10.1016/j.9r.2016.03.013

Masoj¢, M., Szykulski, J., Gunchinsuren, B., Odsuren, D., Szmit,
M., Gankhuyag, O., Namjilmaa, E., 2017. Around the Flint Val-
ley: surveying the Stone Age of the borderland area between the
Altai Mountains and the Gobi Desert in Mongolia. Eurasian Pre-
history, 14: 3-22.

Masojé, M., Gunchinsuren, B., Szykulski, J., Sikora, R.,
Dashzeveg, B., Gatas, R., Odsuren, D., Wojcik, A., Michalec,
G., Szmit, M., Gankhuyag, O., Osypinska, M., Namjilmaa, E.,
2024. Palaeolakes and caves around Tsakhirutyn Hundi (Flint
Valley) — Pleistocene and Holocene settlement in the borderland
between the Gobi-Altai Mountains and the Gobi Desert, Mongo-
lia. Antiquity, 98, e15; https://doi.org/10.15184/aqy.2024.44

Michalec, G., Sikora, R., Winiarska-Kabacinska, M., Odsuren,
D., Wojcik, A., Moska, P., Szmit, M., Bazangur, D., Bobro-
wski, P., Jordeczka, M., Szykulski, J., Muntowski, P., Gatas,
A., Gunchinsuren, B., Masoj¢, M., 2025. Geoarchaeological
research on site formation process, paleoenvironment, and hu-
man behaviors in the Early Holocene of the Gobi Desert, Mon-
golia. Plos One, 20, e0330209;
https://doi:10.1371/journal.pone.0330209

Mohammad, A., Sultan, M., Abotalib, A.Z., Voice, P., Saleh, H.,
Karimi, H., Emil, M.K., Elhaddad, H., 2025. Coupled control of
tectonic and surface processes on the inception and evolution
of the East Saharan Mega-depressions. Geomorphology, 491,
110025; https://doi.org/10.1016/j.geomorph.2025.110025

Molnar, P., Tapponnier, P., 1975. Cenozoic tectonics of Asia: ef-
fects of a continental collision. Science, 189: 419-426;
https://doi.org/10.1126/science.189.4201.419

Naumann, S., Walther, M., 2000. Mid-Holocene lake-level fluctua-
tions of Bajan Nuur (North-west Mongolia). Marburger
Geographische Schriften, 135: 15-27.

Orkhonselenge, A., Komatsu, G., Uuganzaya, M., 2018a. Middle
to late Holocene sedimentation dynamics and paleoclimatic
conditions in the Lake Ulaan basin, southern Mongolia. Géo-
morphologie: Relief, Processus, Environnement, 24: 351-363.

Orkhonselenge, A., Komatsu, G, Uuganzaya, M., 2018b. Cli-
mate-driven changes in lake areas for the last half century in the

Valley of Lakes, Govi region, southern Mongolia. Natural Sci-
ence, 10: 263-277.

Orkhonselenge, A., Bulgan, O., 2021. Geochemical studies and
lacustrine geomorphology of Lake Yakhi basin in eastern Mon-
golia. Géomorphologie: Relief, Processus, Environnement, 27:
231-242.

Orkhonselenge, A., Uuganzaya, M., Davaagatan, T., 2022. Lakes
of Mongolia: Geomorphology, Geochemistry and Paleoclimato-
logy. Springer, Germany;
https://doi.org/10.1007/978-3-030-99120-3

Owen, L.A., Windley, B.F., Cunningham, W.D., Badamgarav, J.,
1997. Quaternary alluvial fans in the Gobi of southern Mongolia:
evidence for neotectonics and climate change. Journal of Qua-
ternary Science, 12: 239-252;
https://doi.org/10.1002/(SICI1)1099-1417(199705/06)12:3<239::
AID-JQS293>3.0.CO;2-P

Parfenov, L.M., Khanchuk, A.l, Badarch, G., Miller, R.J.,
Naumova, V.V., Nokleberg, W.J., Ogasawara, M., Prokopiev,
A.V,, Yan, H., 2003. Preliminary Northeast Asia geodynamics
map, sheet 2, scale 1:5,000,000. US Geological Survey
Open-File Report 03-205.

Peresty, V., Soejono, |., Schulmann, K., Ruffet, G., Kylander,
R.C.A,, Slama, J., étipské, P., Maierova, P., Aguilar, C.,
Hanzl, P., Kaspar, A., 2025. Late Cambrian syn-intrusive thick-
ening of the Ikh Mongol Arc domains in the Mongolian Collage.
Tectonics. https://doi:10.1029/2024TC008437

Peterson, F.F., 1981. Landforms of the Basin and Range Province:
Defined for Soil Survey. Technical Bulletin, 28.

Rippington, S., Cunningham, D., England, R., 2008. Structure
and petrology of the Altan Uul ophiolite: new evidence for a late
Carboniferous suture in the Gobi Altai, southern Mongolia. Jour-
nal of the Geological Society, 165: 711-723;
https://doi.org/10.1144/0016-76492007-091

Ritz, J.F., Brown, E.T., Bourles, D.L., Philip, H., Schlupp, A.,
Raisbeck, G.M., Yiou, F., Enkhtuvshin, B., 1995. Slip rates
along active faults estimated with cosmic-ray exposure dates:
application to the Bogd fault, Gobi-Altai, Mongolia. Geology, 23:
1019-1022;
https://doi.org/10.1130/0091-7613(1995)023<1019:SRAAFE>2
.3.C0O;2

Rizza, M., Ritz, J.Fr., Braucher R., Vassallo, R., Prentice, C.,
Mahan, S., McGill, S., Chauvet, A., Marco, S., Todbileg, M.,
Demberel, S., Bourlés, D., 2011. Slip rate and slip magnitudes
of past earthquakes along the Bogd left-lateral strike-slip fault
(Mongolia). Geophysical Journal International, 186: 897-927;
https://doi.org/10.1111/j.1365-246X.2011.05075.x

Roberts, N., Cunningham, D., 2008. Automated alluvial fan dis-
crimination, Quaternary fault identification, and the distribution
of tectonically reactivated crust in the Gobi Altai region, south-
ern Mongolia. International Journal Remote Sensing, 29:
6957-6969; https://doi.org/10.1080/01431160802220227

Rodriguez-Rodriguez, M., Jiménez-Bonilla, A., Diaz-Azpiroz, M.,
Gazquez, F., 2024. Decoupling anthropogenic, climatic, and
tectonic factors in the hydrology of playa-lakes in a semi-arid,
tectonically active region (Betic orogen, southern Spain). Envi-
ronmental Earth Science, 83, 589;
https://doi.org/10.1007/s12665-024-11894-7

Samoilov, V.S., Yarmolyuk, V.V., Kovalenko, V.l., lvanov, V.G.,
Pokhol’chenko, Y.A., 1998. Geochemical and Isotopic Charac-
teristics and Magma Sources of the Early Cretaceous Trachy-
basalts of the Gobi-Altai Rift Zone: An Example of Grabens in
the Arts-Bogdo Range. Geochemistry International, 36:
1087-1099.

Sheldrick, T.C., Barry, T.L., Van Hinsbergen, D.J., Kempton, P.D.,
2018. Constraining lithospheric removal and asthenospheric in-
put to melts in Central Asia: a geochemical study of Triassic to
Cretaceous magmatic rocks in the Gobi Altai (Mongolia). Lithos,
296-299: 297-315; https://doi.org/10.1016/j.lithos.2017.11.016

Sevastyanov, D.V., Dorofeyuk, N.I., Liiva, A.A., 1989. The origin
and evolution of the volcanic Terkhiin-Tsagan-Nur Lake in Cen-
tral Hangai MPR. lzvestiya Vsesoyuznogo Geograficheskogo
Obshchestva, 121: 137-223.



https://doi.org/10.1016/j.lithos.2017.11.016
https://doi.org/10.1007/s12665-024-11894-7
https://doi.org/10.1080/01431160802220227
https://doi.org/10.1111/j.1365-246X.2011.05075.x
https://doi.org/10.1130/0091-7613(1995)023<1019:SRAAFE>2.3.CO;2
https://doi.org/10.1144/0016-76492007-091
https://doi:10.1029/2024TC008437
https://doi.org/10.1002/(SICI)1099-1417(199705/06)12:3<239::AID-JQS293>3.0.CO;2-P
https://doi.org/10.1007/978-3-030-99120-3
https://doi.org/10.1126/science.189.4201.419
https://doi.org/10.1016/j.geomorph.2025.110025
https://doi:10.1371/journal.pone.0330209
https://doi.org/10.15184/aqy.2024.44
https://doi:10.1016/j.gr.2016.03.013
https://doi.org/10.1016/j.geomorph.2021.107613
https://doi.org/10.1016/j.scitotenv.2023.167183
https://doi.org/10.1007/s40333-014-0081-x
https://doi.org/10.1016/S0169-555X(00)00095-7
https://doi.org/10.1016/j.tecto.2018.03.011
https://doi.org/10.1002/jqs.2626

22 Rafat Sikora et al. / Geological Quarterly, 2025, 69, 45

Sletten, K., Blikra, L.H., Ballantyne, C.K., Nesje, A., Dahl, S.0.,
2003. Holocene debris flows recognized in a lacustrine sedi-
mentary succession: sedimentology, chronostratigraphy and
cause of triggering. The Holocene, 13: 907-920;
https://doi.org/10.1191/0959683603hI673rp

Smith, L.C., Borisova, O.K., Frey, K.E., Kremenetski, K.V.,
Sheng, Y., MacDonald, G.M., Velichko, A.A., Beilman, D.W.,
2004. Siberian peatlands a Net carbon sink and global methane
source since the Early Holocene. Science, 303: 353-356;
https://doi.org/10.1126/science.1090553

Stolz, C., Hiille, D., Hilgers, A., Grunert, J., Lehmkuhl, F., Dasch,
D., 2012. Reconstructing fluvial, lacustrine and aeolian process
dynamics in Western Mongolia. Zeitschrift fir Geomorphologie,
56: 267-300.

Szuminska, D., 2016. Changes in surface area of the Bdon
Tsagaan and Orog lakes (Mongolia, Valley of the Lakes,
1974-2013) compared to climate and permafrost changes. Sed-
imentary Geology, 340: 62-73;
https://doi.org/10.1016/j.sedgeo.2016.03.002

Tan, C., Guo, B., Kuang, H., Yang, H., Ma, M., 2018. Lake area
changes and their influence on factors in arid and semi-arid re-
gions along the Silk Road. Remote Sensing, 10, 595;
https://doi.org/10.3390/rs 10040595

Togtokh, D., Dhundeb, S., Baatar, C., Bomboroo, G., Tooruul, N.,
Byrentogs, Z., 1985. Geological Map of Ikh Bayan-uul (sheet
L-48-XXXI). Ulaanbaatar: Mongolian Ministry of Geology. Archive
of Mineral Resources and Petroleum Authority of Mongolia.

Tserensodnom, J., 1971. Lakes of Mongolia (in Mongolian). State
Publishing, Ulaanbaatar.

Tserensodnom, J., 2000. A catalog of lakes in Mongolia (in Mongo-
lian). Shuvuun Saaral Publishing: Ulaanbaatar.

Walther, M., Enkhjargal, V., Gegeensuvd, T., Odbaatar, E., 2016.
Environmental changes of Orog Nuur (Bayan Khongor Aimag,
South Mongolia) lake deposits, paleo-shorelines and vegetation
history. Erforschung Biologischer Ressourcen der Mongolei, 13,
37-57.

Witze, A., 2023. This quiet lake could mark the start of a new
Anthropocene epoch. Nature, 619: 441-442;
https://doi.org/10.1038/d41586-023-02234-z

Valtr, V., Hanzl, P., 2008. Geophysical cross-section through the
Bogd fault system in the area of the Chandman rupture, SW
Mongolia. Journal of Geoscience, 53: 193-200;
http://doi.org/10.3190/jgeosci.023

Van Hinsbergen, D.J., Cunningham, D., Straathof, G.B.,
Ganerod, M., Hendriks, B.W., Dijkstra, A.H., 2015. Triassic to
Cenozoic multi-stage intra-plate deformation focused near the
Bogd Fault system, Gobi Altai Mongolia. Geoscience Frontiers,
6: 723-740;_https://doi.org/10.1016/j.9sf.2014.12.002

Yu, K., Lehmkuhl, F., Diekmann, B., Zeeden, C., Nottebaum, V.,
Stauch, G., 2017. Geochemical imprints of coupled paleo-
environmental and provenance change in the lacustrine se-
quence of Orog Nuur, Gobi Desert of Mongolia. Journal of
Paleolimnology, 58: 511-532;
https://doi.org/10.1007/s10933-017-0007-7

Zhang, X., Jiao, J.J., Li, H., Zheng, Y., Yang, S., Lian, E., 2022.
Salinization process in a topographically closed saline lake esti-
mated by radium, barium, and chloride mass balances. Journal
of Hydrology, 615 (A), 128722;
https://doi.org/10.1016/j.jhydrol.2022.128722



https://doi.org/10.1016/j.jhydrol.2022.128722
https://doi.org/10.1007/s10933-017-0007-7
https://doi.org/10.1016/j.gsf.2014.12.002
http://doi.org/10.3190/jgeosci.023
https://doi.org/10.1038/d41586-023-02234-z
https://doi.org/10.3390/rs10040595
https://doi.org/10.1016/j.sedgeo.2016.03.002
https://doi.org/10.1126/science.1090553
https://doi.org/10.1191/0959683603hl673rp

