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Article history: This study reconstructs paleo-drainage basins in Eastern Mongolia using
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and forming extensive networks of shallow valleys and interconnected lacustrine
basins. Morphometric analysis indicates that these paleo-basins exhibit lower
slopes, reduced local relief, and more planar surfaces than active basins,
suggesting reduced hydrological efficiency and potentially limited capacity
to sustain perennial flow under present climatic conditions. Environmental
indicators, including precipitation, Normalized Difference Vegetation Index,
Land Surface Temperature, and Evapotranspiration, show that paleo-basins are
largely located in low-precipitation, low-relief areas, reinforcing the inference of
limited water supply. Comparison with regional paleoclimate records indicates
that humid conditions during the mid-late MIS 3 period (~43,800-29,500 cal
BP) likely supported more extensive hydrological networks, whereas increasing
aridity during MIS 2 and the Holocene contributed to reduced flows and system
fragmentation. The results demonstrate that paleo-drainage evolution in semi-
arid Eastern Mongolia is governed by climate-driven hydrological thresholds
interacting with topographic constraints. The findings highlight the importance
of non-linear hydrological responses to climatic variability, particularly in low-
relief semi-arid systems. This study provides a process-based framework for
understanding hydrological disconnection and offers broader implications for
paleo-drainage reconstruction across Central and Eastern Asian regions.

Keywords: Paleo-drainage, Quantitative geomorphology, Morphometric

analysis, Fluvial system change, River basin

INTRODUCTION
Paleohydrological systems in the arid regions
of Central and Eastern Asia have experienced
significant changes throughout the Holocene,
largely influenced by climatic fluctuations,
as indicated by multiple paleoclimate records
(Herzschuh, 2006; Chen et al., 2008). Moreover,
evidence from aeolian deposits and lacustrine

deposits suggests that many of the region’s
currently dry valleys likely developed under
relatively more humid conditions during the
early-mid Holocene (Ding et al., 2021).

Eastern Mongolia has experienced alternating
phases of hydrological activity and aridity
during the Quaternary, largely influenced by
climatic variability (Murzaev, 1952; Marinov
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and Khasin, 1954). During the Early Quaternary,
relatively humid climatic conditions facilitated
the development of well-defined paleo-drainage
networks. However, this phase was not sustained,
and relict valleys from these earlier hydrologically
active periods remain well preserved in the
present landscape (Murzaev, 1952; Marinov and
Khasin, 1954). According to Chen et al. (2008),
Mongolia experienced humid conditions during
the Early Holocene, followed by progressive
aridification beginning in the mid-Holocene.
Previous studies by Murzaev (1952) and Tsegmid
(1969) indicate that many valleys in Eastern
Mongolia are predominantly oriented from
southwest to northeast and were previously likely
drained toward the Buir Lake and Hulun Lake
basins. Murzaev (1952) identified widespread
paleo dry channels across the Menen and Buir
Lake plains and distinguished two major paleo-
fluvial systems originating from the Dariganga
Volcanic Plateau and the southwestern Nukht
Davaa area. He also noted well-preserved
fluvial terraces within these valleys and, based
on their geomorphic relationship with the
modern drainage network and the accumulative
surfaces surrounding Buir Lake, suggested
that prolonged hydrological activity may have
persisted throughout the early Holocene. These
observations indicate that Eastern Mongolia once
supported a more extensive and interconnected
drainage network than that observed today.
Such dry valleys are generally interpreted as
remnants of former active hydrological systems
that became inactive due to climatic changes,
tectonic movements, or variations in hydrological
conditions (Schumm, 1977; Bridge, 2003).

The Orshuun River connects Buir Lake and Hulun
Lake and was likely part of a single hydrological
basininthe past, sharing similar geomorphological
origins (Tsegmid, 1969; Enkhbold et al., 2021;
Altanbold and Ulambadrakh, 2022).

Key morphometric parameters of drainage
basins, including area, length, elevation range,
total relief, slope distribution, and longitudinal
profiles, are essential for understanding basin
evolution, erosion intensity, and equilibrium
states (Strahler, 1952; Hack, 1973). Furthermore,
the hypsometric integral provides a quantitative
measure of landscape development (Strahler,
1957; Willgoose and Hancock, 1998). In recent

years, the use of Digital Elevation Models
(DEMs) and remote sensing data has significantly
advanced geomorphological studies, enabling
more accurate extraction of drainage networks
and morphometric characteristics (Tarboton,
1997; Farr et al., 2007).

DEM -based morphometric analyses allow for
the calculation of parameters such as slope, local
relief, and flow accumulation, facilitating a more
comprehensive evaluation of basin morphology
and hydrological characteristics (Evans, 2012;
Pike et al., 2009; Enkhbold et al., 2025a).
Additionally, remote sensing-derived datasets-
including Normalized Difference Vegetation
Index (NDVI), Land Surface Temperature (LST),
Evapotranspiration (ET), and precipitation-enable
the assessment of contemporary environmental
and climatic conditions within drainage basins
(Tucker, 1979; Mu et al., 2011; Wan et al., 2015;
Fick and Hijmans, 2017). In Mongolia, satellite
data and Geographic Information Systems (GIS)
are increasingly being applied in hydrological
and geomorphological studies (Dorjsuren et al.,
2024; Enkhbold et al., 2025a, b; Batzorig et al.,
2025).

Previous studies in the study area have largely
focused on regional-scale geological and
geomorphological mapping (Tomurtogoo et al.,
1998; National Atlas of Mongolia, 1990; National
Atlas of Mongolia, 2009, 2022; Bayanjargal
and Nyamkhuu, 2017). These mapping efforts
have identified major tectonic structures, the
distribution of Quaternary sediments, and
the general characteristics of landforms in
Eastern Mongolia. For instance, geological and
geomorphological maps at scales ranging from
1:500,000 to 1:3,000,000 have delineated major
valleys, depressions, and their geomorphic
features within the study area.

However, these studies have not focused in
sufficient detail on the origin, evolution, and
paleo-drainage connections of individual basins
and valley systems at a detailed morphometric
scale. Therefore, more comprehensive and
spatially explicit investigations are required to
better constrain the origin, internal structure, and
hydrological connectivity of these landforms. In
particular, while previous work has recognized
the presence of paleo-drainage remnants in
Eastern Mongolia, their basin-scale organization,
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boundary conditions, and connectivity thresholds
remain insufficiently resolved. Moreover, the
interactions between morphometric controls and
climate-driven hydrological connectivity have
rarely been quantified in semi-arid continental
basin systems.

Despite previous geomorphological mapping
efforts, a process-based and basin-scale
understanding of how paleo-drainage networks
respond to coupled climatic and topographic
controls remains limited. In particular, the role
of threshold-driven hydrological connectivity
and fragmentation processes in low-relief semi-
arid basins has not been systematically evaluated
using detailed morphometric approaches.
Accordingly, the main objective of this study is
to conduct a detailed basin-scale morphometric
analysis of paleo- and modern drainage systems
in Eastern Mongolia, to identify previously
unrecognized paleo-basins and characterize
their internal geomorphic structure, drainage
organization, and connectivity conditions. This
study further compares these paleo-basins with
adjacent active drainage basins in terms of
morphometric parameters and contemporary
climatic variables. Beyond regional implications,
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the study contributes to a broader understanding
of how semi-arid continental basins evolve
under coupled climatic forcing and topographic
constraints. The findings provide new insights
into threshold-controlled hydrological
connectivity and basin fragmentation processes
widely observed across Central and Eastern
Asian dryland environments.

This study, therefore, focuses on the detailed
morphometric characterization of dry valleys
and drainage basins in Eastern Mongolia and
evaluates their hydrological evolution at the
basin scale. In addition, it aims to reconstruct and
refine the spatial organization of paleo-drainage
networks and associated lake systems through

high-resolution geomorphological and GIS
-based analyses.
REGIONAL SETTINGS

The study area is located in Eastern Mongolia
and extends across the Khentii Mountains, the
Greater Khingan Mountains-which spans both
Mongolia and China-and the intervening plains
(Fig. 1).

The Quaternary tectonic evolution of the Khentii
Mountains remains insufficiently studied to date
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Fig. 1. Location of the study area in eastern Mongolia, showing the distribution of present lakes, reconstructed paleolakes,

and major rivers. Elevation is derived from a DEM
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(Khukhuudei et al., 2024). Florensov (1978)
proposed that the Khentii Mountains formed
through differential block uplift and noted relict
planation surfaces at various elevations. The
broad, arcuate uplift of the Khentii Mountains
developed after the Middle Mesozoic and after
the closure of the Mongol-Okhotsk Ocean
(Tomurtogoo et al., 2005; Jolivet et al., 2017,
Arzhannikova et al., 2020; Wang et al., 2022). The
range is characterized by flat summits preserving
ancient planation surfaces and widespread
glacial landforms (Khukhuudei et al., 2024). The
mean annual air temperature is below -4°C, and
annual precipitation ranges from 300 to 400 mm
(Natsagdorj and Gomboluudev, 2017; Yembuu,
2021).

The relatively flat to gently undulating terrain
extending from the Khentii Mountains to the
foothills of the Greater Khingan Mountains
constitute the Eastern Mongolian Plain (Yembuu,
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2021). This region is bordered by low to
medium-elevation mountains to the west, south,
and east, while the northern part is generally flat
with occasional low hills and ridges, exhibiting
minimal relative relief (Tsegmid, 1969; Jigj,
1975; Khukhuudei et al., 2024). The mean
annual air temperature ranges from 0 to 4°C, and
annual precipitation ranges from 180 to 280 mm
(Natsagdorj and Gomboluudev, 2017; Yembuu,
2021).

The Eastern Mongolian Plain comprises diverse
geomorphological units, including accumulative,
erosional, structural, and gently undulating hilly
terrains (Syrnev, 1982). At the regional scale,
erosional plains developed on Paleozoic volcanic
and metamorphic rocks, as well as on Early
Mesozoic sedimentary and volcanic formations,
are distinguished from structural plains formed

on Late Cretaceous and Neogene deposits
(Ulambadrakh, 2014; Khukhuudei et al., 2024).
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Fig. 2.Geological setting of the study area. Geological map compiled from Tomurtogoo et al. (1998) and Petrov et al.

(2016), with fault data after Byamba (2012)
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In addition, Quaternary depositional plains,
comprising Neogene, alluvial, and lacustrine
sediments, are also widely distributed across the
region.

The Dariganga Volcanic Plateau occupies the
southern part of the plain (Khukhuudei
et al., 2024). This volcanic province covers
approximately 10,000 km? and thickens
southeastward, reaching a maximum thickness
of 1,400 m (Gerel, 2012). Approximately 222
volcanic edifices have been identified in this
region, and volcanic activity in the Dariganga
Volcanic Plateau is interpreted to have commenced
during the Middle Miocene (Vlodavets, 1950;
Kepezhinskas, 1979; Gerel, 2012).

Building upon the regional landscape evolution
described above, the present-day drainage
systems represent a relict fluvial network that is
no longer active, with no observable surface flow.
However, the widespread occurrence of Middle
Pleistocene and Upper Pleistocene-Holocene
sedimentary deposits along these paleo valleys
provides direct geological evidence that these
rivers were actively flowing and perennial during
these periods (Fig. 2).

The map highlights the distribution of Pleistocene
to Holocene fluvial depositional units, Mesozoic-
Cenozoic sedimentary and volcanic formations,
and various Paleozoic rock units (including
Permian,  Carboniferous, and Devonian
strata), thereby clearly illustrating their spatial
arrangement across the study area.

Within the Wulagai River basin, the mean
annual air temperature is -0.9°C, with annual
precipitation ranging from 250 to 400 mm,

whereas in the Xilin River basin, the mean annual
air temperature is 1.7°C and annual precipitation
is approximately 266 mm (Pang, 2011; Zhou et
al., 2024).

The Greater Khingan Mountains represent a
Mesozoic-Cenozoic orogenic belt developed
upon earlier Caledonian and Hercynian (early
and late phases) folded basement structures
(Tomurtogoo, 2012). Volcanic activity in this
region began during the Jurassic, resulting in
the widespread distribution of intermediate to
felsic volcanic rocks of Jurassic age, as well
as Yanshanian intermediate to felsic intrusive
bodies (Petrov et al., 2016; Deru et al., 2017).
The basement is predominantly composed of
Paleozoic-Mesozoic intrusive rocks.

DATA

This study utilizes multiple global-scale remote
sensing and climatic datasets to characterize the
geomorphology and environmental conditions
of paleo-drainage basins in Eastern Mongolia.
Paleo-drainage basins were identified based on
a combination of geomorphological indicators,
including longitudinal profile  continuity,
alignment of dry valleys, and spatial association
with lacustrine depressions. These criteria were
manually validated using satellite imagery.
These criteria were manually validated using
high-resolution satellite imagery (e.g., Google
Earth Pro), focusing on valley continuity,
channel morphology, and alignment of lacustrine
depressions.

The SRTM DEM (30 m and 90 m resolution)
was used as the primary topographic dataset to

Table 1. Data sources used in the study

Dataset Source Spatlgll Temporal Data access Purpose of this study
resolution coverage
SRTM DEM USGS 30 m/90 m 2000 Google Earth Basin delineation, slope,
Engine and relief analysis
MODIS NDVI Google Earth Vegetation cover
(MOD13) NASA MODIS 250-500 m 2000-present Engine analysis
MODIS LST Google Earth Land surface
(MODI1) NASA MODIS ~1 km 2000-present Engine temperature
MODIS ET - Google Earth Evapotranspiration
(MOD16) NASA MODIS 500 m 2000-present Engine stimation
WorldClim | woyqclimv2 | ~1 km 19702000 |  WorldClim _ Mean annual
precipitation database precipitation distribution
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derive morphometric parameters such as slope
and local relief (Farr et al., 2007). DEM-derived
drainage networks are subject to uncertainties
related to spatial resolution and preprocessing
steps, particularly in low-relief terrains. The
uncertainty in basin delineation and morphometric
parameters is estimated at £3-5%, mainly due to
DEM resolution and flow-routing sensitivity.

To characterize the geomorphology and
environmental conditions of paleo-drainage
basins in Eastern Mongolia, this study integrates
remote sensing data and global climate datasets.
In addition, remotely sensed and climate datasets-
including precipitation, LST, ET, and NDVI
-were used to compare environmental conditions
between paleo and active drainage basins. All
environmental variables were spatially aggregated
to the basin scale, and consistent thresholds were
applied for comparative analysis.

Precipitation data were obtained from the
WorldClim v2 global climate database,
representing interpolated meteorological
observations for 1970-2000 at ~1 km spatial
resolution (Fick and Hijmans, 2017). MODIS
satellite products processed in Google Earth
Engine (GEE) (Gorelick et al., 2017) were used to
derive NDVI (MOD13; Didan et al., 2015), LST
(MOD11; Wanetal.,2015),and ET (MOD16; Mu
et al., 2011). These datasets provide continuous
observations since 2000 and are widely applied
in environmental and hydrological studies (Wan
et al., 2015; Didan et al., 2015).

METHODS

Topographic analysis was conducted using SRTM
DEMs at 30 m and 90 m spatial resolutions. Before
analysis, the DEMs were preprocessed in QGIS.
Spurious depressions were removed using the Fill
Sinks tool to ensure hydrological consistency.
Flow direction and flow accumulation were then
derived using the D8 algorithm, enabling the
extraction of a hydrologically consistent drainage
network. Drainage basins were delineated based
on DEM-derived hydrological parameters
combined with geomorphological interpretation.
Key morphometric variables, including slope and
local relief, were calculated from the DEM.

To evaluate hydrological and ecological
differences between paleo and active drainage
basins, NDVI, LST, and ET were analyzed at the

basin scale. NDVI reflects vegetation density and
biological activity (Tucker, 1979; Huete et al.,
2002), LST represents surface thermal conditions
and aridity (Wan et al., 2015; Coll et al., 2005),
and ET describes water flux dynamics within
the hydrological cycle (Oki and Kanae, 2006;
Jasechko et al., 2013).

Paleo-drainage identification criteria
Paleo-river channels were identified based
on a combination of geomorphological and
topographic criteria. These include (i) continuity
of longitudinal profiles, (ii)) downstream
alignment of connected depressions, (iii)
presence of linear valley-like features observable
in DEM-derived hillshade and satellite imagery,
and (iv) systematic spatial linkage of lacustrine
basins suggesting overflow connections between
adjacent depressions. Isolated closed depressions
lacking downstream connectivity were excluded
from the reconstruction.

Hypsometric Curve (HC)

The HC illustrates the relationship between area
and elevation within a drainage basin (Eq. I;
Strahler, 1952; Schumm, 1956):

f={fm} (1)
In this equation, x -corresponds to the normalized
cumulative area (a/A) and y -denotes the
normalized cumulative elevation (4/H), where:
* a -represents the surface area enclosed by a
given contour,
* A -is the total area of the drainage basin,
* & -indicates the elevation within that contour,
and
* H -is the maximum elevation of the basin.
Both axes are scaled from 0 to 1. The form
of the curve reflects the degree of landscape
dissection and provides insight into the basin’s
developmental stage (Strahler, 1952). In this
study, hypsometric curves for four drainage
basins were generated using QGIS.

Hypsometric Integral (HI)

The HI is a quantitative measure used to describe
the elevation distribution within a drainage
basin (Strahler, 1952). It corresponds to the area
under the hypsometric curve and represents the
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proportion of the original landmass that remains
uneroded (Keller and Pinter, 2002; Hassen et al.,
2014).
H‘y — Hmean—Hmin (2)
Hpmax—Hmin
where, H  -mean elevation, H  -minimum
elevation, H _-maximum elevation

Higher HI values indicate less-eroded landscapes
and may suggest tectonic influence on basin
morphology. In contrast, lower HI values reflect
more advanced stages of erosion and relatively
stable tectonic conditions. HI values greater
than 0.5 indicate a youthful stage of landscape
development, whereas values lower than
0.4 suggest mature to old-stage geomorphic
conditions.

Basin Shape Index (B)

The B_ is defined as the ratio of basin length (B)
to basin width (B ) (Cannon, 1976; Larson et al.,
2020; Enkhbold et al., 2025a, b; Batzorig et al.,
2025).

Drainage basins in tectonically active regions
tend to exhibit elongated shapes aligned with the
main river course (Larson et al., 2020; Makrari
et al., 2022). In contrast, under conditions of
reduced tectonic activity and prolonged erosion,
basin shapes gradually evolve toward a more
circular form (Kumar et al., 2022).

B, =L 3)

In this study, B, -was measured from the basin
outlet to the most distant point along the main
drainage axis, whereas B -was defined as the
basin’s maximum width.

RESULTS
Reconstruction of Paleo-Hydrological
Networks:  Based on GIS-based

geomorphological analysis and longitudinal
profile continuity, two major paleo-hydrological
systems were identified between the currently
active Khalkh and Kherlen River basins in
Eastern Mongolia. These reconstructed paleo-
rivers originated from the Nukht Davaa and the
Khingan Mountains, forming extensive drainage
networks across the Eastern Mongolian Plain.
The first paleo-hydrological system was
located adjacent to the Khalkh River basin. The
reconstructed flow path extends through the
valleys of the Azarga and Shine Rivers within
Khalkhgol soum. It continues through a series of
depressions, including Uvur Khooloi, Orokhyn
Khooloi, Tamsagiin Khooloi, and Adag Doloonii
Khooloi. The system then passes through Baruun,
Dund and Zuun Shavar Lake before reaching the
southwestern part of Buir Lake (Fig. 3).

The second paleo-hydrological system was
situated along the boundary of the Kherlen
River basin. This Paleo River originated from
the headwaters of the Wulagai and Xilin Rivers
on the western slope of the Khingan Range in
present-day China. It flowed northwestward
through Bichigtiin Zuun Khooloi, Targanii Tal,
Khaltaryn Gobi, Erenii Eregtseg, and Uneet
Eregtseg, reaching the vicinity of Baga Khuree.
From there, it turned northeastward and joined the
Orshuun River via Menengiin Tsagaan Khooloi
and Muu Khudgiin Khooloi (Fig. 4).
Longitudinal profiles extracted along the
reconstructed paleo-channels reveal well-defined
valley morphology, characterized by broad,
shallow, channelized depressions (Table 2; Fig.

Table 2. Morphometric parameters used in the study

No Parameters Khalkh River Kherlen River Paleo River 1 Paleo River 2
1 Area (km?) 16584.7 98145.3 20706.6 140804.5
2 River length (km) 334 1156 261 896
3 Basin length (km) 241 729 214.3 562.9
4 Basin width (km) 151 276 194.2 470.7
5 | Maximum elevation (m) 1740 2477 1198 1946
6 Mean elevation (m) 953 1124 775.9 980.3
7 | Minimum elevation (m) 575 537 572 558
8 Hi 0.32 0.3 0.33 0.3
9 Bs 1.6 2.64 1.1 1.2
10 Basin relief (m) 1165 1940 626 1388
11 Basin slope (°) 4.62 3.28 1.36 2.27

30



Batbold et al., 2026. Mongolian Geoscientist 31 (62)

[ Paleo drainage area
L) Paleo lake
[ Lake

—— Paleo river system
— Flow direction

47.5

47.0

118.0

Fig. 3. Paleo Basin-1: Paleo-drainage and paleo-lake features. (A) Shaded relief maps showing the paleo-drainage
areas (red outlines), paleo lakes (pink outlines), and reconstructed paleo-river systems (blue dashed lines with flow
direction indicated by arrows). Arrows indicate inferred paleo-flow directions. (B) High-resolution satellite images of
the boxed area in panel A show geomorphic features of paleo-lake shorelines, salt flats, and paleo-river valleys and
channels. Insets (B.1, B.2, B.3) highlight detailed morphologies of paleo-lake remnants and fluvial systems
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Fig. 4. Paleo Basin-2: Paleo-drainage and paleo-lake features. (A, C, E) Shaded relief maps showing the paleo-
drainage areas (red outlines), paleo lakes (pink outlines), and reconstructed paleo-river systems (blue dashed lines
with flow direction indicated by arrows) for three sub-regions of the basin. Arrows indicate inferred paleo-flow
directions. (B, D, F) High-resolution satellite images of the boxed areas in panels A, C, and E, respectively, show
geomorphic features of paleo-lake shorelines, salt flats, and paleo-river valleys and channels. Insets (B.1, B.2; D.1,
D.2; F.1, F.2) highlight detailed morphologies of paleo-lake remnants and fluvial systems. B, B.1, B.2: Paleo-lake
shoreline remnants and paleo-river valleys near Ikh Khuree and Baga Khuree. D, D.1, D.2: Paleo-river valleys and
channels along the Ereeniin paleo channel and adjacent systems. F, F.1, F.2: Paleo-lake shorelines, salt flats, and
paleo-river valleys near Wulagai Lake and the surrounding drainage system

5). Compared with modern active river systems,
the paleo-rivers exhibit lower relief and gentler
longitudinal gradients, suggesting reduced fluvial
energy and discharge capacity.

These morphometric characteristics indicate
that hydraulic gradients were likely insufficient
to sustain persistent channelized flow under
the present climatic regime. In low-relief

environments, reduced slope gradients lead to
lower flow velocities and enhanced water loss
through infiltration and evaporation, thereby
limiting effective runoff generation (Pike et al.,
2009; Evans, 2012).

Importantly, the spatial arrangement of these
valleys suggests that the paleo-drainage systems
functioned as a series of interconnected lacustrine
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and fluvial depressions, where overflow between
adjacent basins contributed to downstream

connectivity along reconstructed flow paths (Fig.
6).
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Fig. 6. Longitudinal profiles along paleo-rivers and the

location of lakes. Green dots indicate lakes located along

river valleys

Morphometric Characteristics of the Basins:
Morphometric analysis of SRTM data indicates
that Paleo River 1 had an area of 20,706.6 km?
and a length of 261 km. In contrast, Paleo River 2
was considerably larger, with an area of 140,804.5
km? and a length of 896 km. Both systems were
northward flowing with gentle gradients (2.39 and
1.55 m/km, respectively), comparable to those of
the present-day Khalkh and Kherlen Rivers.

The widths of paleo-valleys exceed 10 km in
some sections. These paleo-basins extended
across both Mongolia and China, collecting
runoff from the Khingan Range, Nukht Davaa,
the Dariganga Volcanic Plateau, and the Middle
Khalkh uplands. Paleo Basin 1 consists of two
main sub-basins sourced from elevated terrains
to the west and southeast, whereas Paleo Basin
2 comprises four major sub-basins originating
from similar elevated terrains.
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Fig. 7. Hypsometric curves of paleo and active drainage
basins

The HI values range between 0.30 and 0.33,
indicating that these basins are at comparable
stages of geomorphic development (Fig. 7). Total
relief varies from 626 m (Paleo River 1) to 1940
m (Kherlen River basin) (Table 2). These values
suggest that both paleo and active basins are at
comparable stages of geomorphic evolution,
indicating that differences in hydrological
behavior are more likely driven by climatic and
topographic factors than by tectonic stage.

The Bs show a clear distinction between active
and paleo basins. Active drainage basins are
more elongated (Bs = 1.6-2.64), whereas paleo
basins exhibit more rounded forms (Bs = 1.1-
1.2), reflecting differences in basin geometry and
drainage organization.

The relatively low basin shape index (Bs) values
of paleo-basins indicate a tendency toward
more circular geometries, which are commonly
associated with reduced tectonic forcing and
prolonged geomorphic stabilization. This
suggests that tectonic activity may have played
a secondary role compared to climatic controls in
shaping the paleo-drainage systems.

Topographic Characteristics: The spatial
distribution of local relief and slope reveals
clear contrasts within the study area. The highest
values are observed in the mountainous regions
of the Khentii and Greater Khingan Mountains,
whereas the Eastern Mongolian Plain shows
relatively low values (Figs. 8-10).

The cross-sections indicate that paleo-river
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Fig. 8. Locations of cross-sections performed across the paleo-basins

valleys are generally wide and shallow, with
relatively gentle and uniform slopes (Fig. 9).
This suggests that they formed under conditions
of low flow energy and prolonged erosion. Such
morphology reflects a geomorphologically stable
environment, where strong tectonic uplift was
not the dominant controlling factor.

The A-J transect shows a clear spatial variation in
relief from west to east. In the A-D segment, the
terrain is low and smooth, dominated by broad
and shallow paleo-valleys, indicating relatively
stable surface conditions. In the E-G segment,
the relief gradually increases, and the influence
of the Dariganga Volcanic Plateau becomes
apparent, leading to slight changes in valley
morphology. Toward the J segment, the transect
approaches the Greater Khingan Mountains,
where elevation differences and slope gradients
increase significantly, and variations in surface
morphology become more pronounced (Fig. 9).
The comparative analysis of local relief, slope

gradient, and mean annual precipitation across
the four river systems reveals distinct differences
between active and paleo-river basins (Fig. 11).
In terms of local relief (Fig. 11A), both active
river systems (Khalkh and Kherlen) show a
relatively broader distribution across low to
moderate relief classes. In contrast, paleo-river
systems are strongly concentrated in the lowest
relief classes (~100-200 m). In particular, Paleo
River 1 exhibits a pronounced peak in the lowest
relief category, indicating highly restricted low-
relief geomorphic conditions, while Paleo River
2 shows a slightly broader but still low-relief-
dominated distribution.

Slope gradient patterns (Fig. 11B) further
highlight this contrast. Active river basins
are characterized by a wider range of slope
values, including a noticeable proportion of
moderate slopes (5-15°), reflecting more diverse
topographic settings. In contrast, both paleo-river
systems are strongly concentrated in very gentle

34



Batbold et al., 2026. Mongolian Geoscientist 31 (62)

2004
o Greater
E | 500 X <
= Paleo river Khingan
- 1000 valley
5 500+ : '
- A Khalkh river valley A
{ T T T T T
0 100 200 300 400 500
2000
E 1500 . Greater Khingan
= 1900 Paleo river  Menen alluvial
210004 valley plain
=1
;j 500 &
B Khalkh River valley B'
0 T T T T T
0 100 200 300 400 S00
2000
- Greater Khingan
E 15004 Paleo river
£ “N]“-w M
B 5004 Paleo river
'
=i C valley C
o T T T T T
0 100y 200 300 400 500
2000
. . Greater
E 15004 Paleo river Paleo river Khingan
= valley
8 ][H]“-W
2 5004 Paleo river
1
= D valley D
L T T T T T
0 100 200 300 400 00
2000
E 1500 Paleo river Greater Khingan
= valley
2 Jth]u-w‘/‘\
bl
_: — Paleo river '
e E valley E
0 1 1 1 1 1
0 100 200 300 400 300
20000
= 1t Dariganga Volcanic Plateau Paleo river
= 1500
o valley
:':: HH][I-%M
5 5004
B T F F!
0 1 1 | 1 1
0 100 200 300 400 500
2000 - -
E 1500 A g Paleo river Greater Khingan
-E_ valley
= 1K=
5 500+ G G'
0 T T T T T
0 100 200 300 400 00
2000
E 140 Paleo river Greater Khingan
el valley
E
.‘é S0 H H
0 1 1 ] 1 1
0 100 200 300 400 500
2000 -
= Paleo river Greater Khingan
£ 1500 valley
= 3
= 1000
3 5004 I P
" T T T T T
L] 100 200 300 i 500
2000 -
— Paleo river Greater Khingan
E 15004 valley
;_ 1000+
=
= 500+ J
0

T T T T T
) 100 200 300 400 500
Distance [km|

Fig. 9. Surface cross-sections were carried out in paleo-basins

35




Batbold et al., 2026. Mongolian Geoscientist 31 (62)

108 120

‘ Q%MQ.’,_

Local relief [m]

e
|

Precipitation [mm/yr]

| 538
ll 87

112
[_] Study area

116
[ ] River basin

108

112

48

46

Slope [°]
45

0

120 108
Bl Lake

48

46

7
LST [°C]
212 §

48

46

44

116
— Perennial river

112

120
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slope values (<5°), with minimal representation
in higher gradient categories, indicating highly
subdued and uniform terrain conditions.

For mean annual precipitation (Fig. 11C), all river
systems fall within broadly comparable climatic
ranges; however, active rivers show a slightly
wider distribution toward higher precipitation
classes (~300-500 mm/yr). Paleo-river systems,
particularly Paleo River 1, are more concentrated
within intermediate precipitation ranges, with
reduced variability compared to active basins.
Overall, the results demonstrate that paleo-
river systems are consistently associated with
lower relief, gentler slopes, and more restricted

environmental variability compared to active
river systems, while precipitation differences
remain relatively minor and overlapping (Table
3).

Climatic and Vegetation Indicators: The
spatial distributions of precipitation, ET, NDVI,
and LST exhibit distinct patterns across the study
area (Figs. 10 and 12).

Precipitation is relatively high in the mountainous
regions of the Khentii and Greater Khingan
Mountains and decreases toward the Eastern
Mongolian Plain. In paleo-basins, areas receiving
less than 250 mm of annual precipitation account
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Table 2. Descriptive statistics of local relief, slope gradient, and mean annual precipitation for two active river
systems (Khalkh and Kherlen) and two paleo-river systems (Paleo River 1 and Paleo River 2). Values are presented
as mean =+ standard deviation and minimum-maximum ranges

River / Local relief (m) | Local relief (m) | Slope (°) Slope (°) Prf;ligli/t;lt.;on Pr(eI;iI[:li/t;gon
Basin Mean £+ SD Min-Max Mean + SD | Min-Max Mean + SD Min-Max
Khalkh 165.65 + 118.25 0-658 4.62 +4.90 0-40.69 370.30 + 66.90 242-516
Kherlen 143.04 £ 105.53 0-881 3.28+3.71 0-45.23 268.85 +44.25 187-486
Paleo River 1 58.04 +40.71 0-307 1.36 +£1.37 0-23.20 257.20 £ 31.13 208-374
Paleo River2 | 95.95+67.32 0-681 2274250 0-36.84 262.79 £ 52.82 185-449
108 B Khalkh river A
E= Kherlen river
80w Paleo river 1
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for more than half of the total basin area, whereas
this proportion is less than 40% in active basins.
These observations indicate that precipitation
thresholds exert a primary control on hydrological
connectivity. In semi-arid regions, annual
precipitation below approximately 250 mm
is generally insufficient to maintain perennial
flow, particularly in low-gradient basins where
evapotranspiration losses are high (Fig. 11).
NDVI values are higher in mountainous regions,
indicating denser vegetation, while lower values
predominate in the plains. ET shows a similar
spatial pattern, with higher values in active river
basins than in paleo-basins.

LST exhibits an inverse relationship with
elevation and vegetation cover, with lower
values in mountainous areas and higher values
in lowland plains. Paleo-basins generally show
higher LST values than active basins.

Previous studies have demonstrated that
topographic,  climatic, and  biophysical
factors-such as relief, slope, precipitation,

evapotranspiration, and vegetation cover-play
a critical role in controlling surface runoff and
water yield (Feng et al., 2023; Gan et al., 2021;
Liu et al., 2018). The spatial patterns observed in
this study suggest that these factors significantly
influence the hydrological characteristics of the
investigated basins (Figs. 11-12).

DISCUSSION

This study presents the first reconstruction of
paleo-drainage basins in Eastern Mongolia
using GIS-based geomorphological analysis.
The results indicate that paleo-basins differ
markedly from currently active basins in terms
of morphometry, topography, and environmental
conditions (local relief, slope, precipitation, ET,
NDVI, and LST).

Specifically, more than 90% of paleo-basin areas
exhibit slopes below 5° and local relief below
200 m, suggesting low-energy, unstable flow
conditions with limited water accumulation.
Contemporary climatic conditions, characterized
by low precipitation, sparse vegetation (NDVI),
and relatively high LST, further indicate that
these regions are currently dominated by arid
and warm environments that are unfavorable for
sustaining stable surface flow.

Activity and Hydrological Evolution of Paleo-
Basins:

Although both paleo and active drainage
basins fall within a similar stage of landscape
development (HI = 0.30-0.32), the paleo-basins
are predominantly located in low-relief terrains,
where more than 90% of their area is characterized
by relative relief below 200 m. Furthermore,
regions receiving less than 250 mm of annual
precipitation occupy the majority of the paleo-
basin area, indicating a limited water supply.

In contrast, the active Khalkh and Kherlen River
basins are situated in regions with steeper slopes,
higherlocal relief, and greater precipitation (>250-
300 mm), providing more favorable hydrological
conditions for sustaining perennial flow. These
morphometric differences likely reflect weaker
hydrological activity in paleo-basins, associated
with less favorable environmental conditions for
maintaining stable runoff.

GIS-based reconstruction, supported by satellite
imagery and cross-sectional analyses, indicates
that the paleo-rivers were connected through
a series of lakes. Excess water from one lake
likely overflowed into adjacent basins, forming
a continuous hydrological network. The spatial
alignment of lacustrine depressions along
reconstructed flow paths, together with the
continuity of longitudinal profiles, supports
the interpretation that these features represent
remnants of integrated paleo-drainage systems
rather than isolated geomorphic depressions.
Importantly, geomorphological evidence from
Eastern Mongolia further supports the existence
of former fluvial systems. Murzaev (1952)
documented well-preserved fluvial terraces and
ancient dry channels across the Menen and Buir
Lake plains, indicating the presence of extensive
paleo-drainage networks in the region. These
terraces are situated approximately 1.5 m and
3.5-4.0 m above valley floors and are spatially

associated with broad valley systems and
lacustrine depositional surfaces.
Previous studies in northern, western, and

southern Mongolia (e.g., the Khuvsgul, Darkhad
Depression, Great Lakes Depression, and
Valley of Lakes) have demonstrated that glacial
processes played a significant role in increasing
lake levels (Grunert et al., 2000; Tarasov et al.,
2000; Lehmkuhl and Lang, 2001; Klinge et
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al., 2021; Enkhbold et al., 2026). In contrast,
paleo-hydrological changes in Eastern Mongolia
were more likely controlled by climatic factors,
particularly fluctuations in the summer monsoon
and increasing aridity (Harrison et al., 1996).

Paleoclimatic Context

This interpretation is supported by regional
paleoclimate evidence. Palynological studies
from Wulagai Lake indicate that during the
mid-late MIS 3 period (~43,800-29,500 cal
BP), humid conditions prevailed, with steppe
vegetation dominating and relatively high lake
levels. During MIS 2 (29,500-10,600 cal BP),
increasing aridity led to a reduction in lake size,
while the Holocene (MIS 1; 10,600 cal BP to
present) has been characterized by generally
semi-arid conditions (Li et al., 2019) (Fig. 13).
The humid conditions during MIS 3 likely
supported interconnected lake systems and
continuous drainage connectivity across Eastern
Mongolia. Subsequentincreases insolarinsolation
and reductions in glacial extent enhanced
evaporation rates, contributing to a progressively
negative regional water balance (Shi et al., 1999,
2001; Berger and Loutre, 1991; de Boer et al.,
2014). Under these conditions, the relatively flat
and low-precipitation paleo-basins of Eastern
Mongolia would have been particularly sensitive
to reductions in water input, ultimately leading to

A. Humid Phase-Connected lake system
(Upper pleistocene - Early Holocene)

o - e A

Fig. 13. Evolution of a Former Interconnected Lake System in E

flow discontinuities and drainage fragmentation.
Hydrological evolution during the Holocene
appears to have been non-uniform. Residual
fluvial activity may have persisted during the Early
Holocene under relatively favorable moisture
conditions, as suggested by geomorphic evidence
including terrace formation and paleochannel
preservation (Murzaev, 1952).

Climate-Topography Controls on Hydrological
Connectivity

The evolution of paleo-drainage systems in
Eastern Mongolia can be conceptualized as a
coupled climate-topography system. During
humid intervals (MIS 3), increased precipitation
and reduced evapotranspiration likely resulted
in positive water balance conditions, enabling
the development of interconnected lake systems
and continuous fluvial connectivity (Herzschuh,
2006; An et al., 2008).

As climatic conditions shifted toward aridity
during MIS 2 and the Holocene, decreasing
precipitation and increasing evapotranspiration
led to progressively negative water balance
conditions (Feng et al., 2023; Gan et al., 2021).
In low-relief basins, this transition promoted
hydrological disconnection, fragmentation of
lake systems, and eventual cessation of surface
flow. Similar hydrological sensitivity to climatic
thresholds has been widely documented across

B. Arid Phase-Disconnected lake system
(Present)

A1
N

astern Mongolia and Northeastern China
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semi-arid regions of Central Asia (Herzschuh,
2006; Liu et al., 2018).

Comparable hydrological transitions have also
been reported from the Mongolian Altai and Tien
Shan regions, where relatively small climatic
shifts produced substantial changes in lake levels
and drainage connectivity (Herzschuh, 2006; Liu
etal.,2018; Klinge etal., 2021). Similar threshold
behavior has been documented in these regions,
where minor climatic fluctuations resulted in
significant shifts in lake levels and drainage
integration (Hagg et al., 2007; Sorg et al., 2012;
Bolch et al., 2019).

These observations suggest that hydrological
systems in semi-arid continental interiors may
exhibit strongly non-linear responses to climatic
forcing, particularly near critical precipitation
thresholds. Small changes in precipitation or
evapotranspiration can trigger disproportionate
shifts between connected and fragmented
drainage states. Such threshold-driven behavior
is especially pronounced in low-relief terrains,
where limited hydraulic gradients further
constrain runoff generation and flow persistence.
In addition, topographic constraints such as
low slope gradients and reduced relief further
limit runoff generation and flow persistence,
reinforcing the importance of geomorphological
controls on hydrological evolution (Evans, 2012;
Pike et al., 2009).

Overall, the results suggest that paleo-drainage
evolution in Eastern Mongolia was governed
by the interaction between climatic forcing
and topographic constraints. This threshold
-controlled behavior highlights the sensitivity of
semi-arid hydrological systems to relatively small
climatic changes and provides a useful framework
for interpreting paleo-hydrological disconnection
processes across dryland environments. The
conceptual model may also apply to other semi-
arid continental interiors where hydrological
connectivity is controlled by climatic thresholds.

CONCLUSIONS
This study reconstructed paleo-drainage
basins in Eastern Mongolia using GIS-based
geomorphological methods and compared their
morphometric and environmental characteristics
with those of present-day active river basins.
The main conclusions are summarized as follows:

41

First, previously unrecognized paleo-drainage
basins were identified through DEM-based
geomorphological analysis and mapping. The
results suggest that these basins were once part of
an interconnected hydrological system linked by
multiple lakes, indicating that the hydrological
network of Eastern Mongolia was more extensive
in the past than it is today.

Second, morphometric analysis shows that paleo-
basins are characterized by lower slopes, reduced
local relief, and more planar surfaces compared
to the active Khalkh and Kherlen River basins.
These characteristics likely reflect weaker
hydrological conditions and limited capacity for
sustaining stable runoff.

Third, environmental variables-including
precipitation, NDVI, LST, and ET-show clear
spatial differences between paleo and active
basins. Paleo-basins are predominantly located
in low-precipitation, low-relief regions, which
likely constrained the long-term persistence of
surface flow.

Fourth, comparison with regional paleoclimate
studies indicates that more humid conditions
during the mid-late MIS 3 period likely supported
more active hydrological systems. However,
increasing aridity from MIS 2 onward, followed
by semi-arid conditions during the Holocene,
led to reduced water availability and the gradual
weakening and eventual cessation of flow in
paleo-basins.

Overall, this study demonstrates that the
coupled effects of topographic constraints and
climate-driven hydrological thresholds govern
paleo-drainage evolution in semi-arid Eastern
Mongolia. The results highlight the importance
of non-linear system responses, where relatively
small climatic variations can lead to substantial
shifts in hydrological connectivity.

These findings suggest that threshold-
controlled hydrological connectivity represents
a fundamental characteristic of semi-arid
continental basins, extending beyond the
Mongolian context.
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