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Abstract Two rectangular-shaped lakes, Lake Hulun and Lake Buir, located at the boundary between China
and Mongolia, only c. 75 km apart and therefore experiencing similar wind fields, have been studied based on
satellite images and field surveys in order to compare their geomorphological and sedimentological charac-
teristics. The wind-driven hydrodynamics, which have a significant effect on the development of littoral
landforms and on sediment distribution, have been discussed for the two similar lakes that experienced a
prevailing wind perpendicular to their long axis. A conceptual model related to wind-driven water bodies and
sediment distribution is proposed. Wave-influenced to wave-dominated deltas, beaches, spits, and eolian dune
deposits develop around these two lakes, with a strikingly similar distribution pattern. These features locally
inform the longshore drift and help reconstruct the water circulation induced by wind forcing. Under the NW
prevailing wind regime, the spits developed on the SW coast with a NWeSE extension, which was influenced by
the NWeSE longshore currents. The same influence was observed in the delta extension in the NE area. The
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differences lie in the presence of fan deltas in the NW region of Lake Hulun, but not in Lake Buir. Additionally,
the width of the beach and eolian deposits on the downwind coast of Lake Hulun is three times greater than
that of Lake Buir which were caused by the differences in sediment supply and wind fetch between the two
lakes. Lake Hulun and Lake Buir provide two reliable examples to understand the relationship among the wind
field, provenance, hydrodynamics, landforms, and asymmetrical distribution of clastics in elongated lakes.
They also represent relevant modern analogs, which may also be of guiding significance to wind-driven sand
body prediction in lacustrine basins.

Keywords Wind-driven lakes, Fetch, Sedimentary facies, Hydrodynamics, Geomorphology, Spits, Shore-
line, Lake Hulun, Lake Buir
© 2024 The Author(s). Published by Elsevier B.V. on behalf of China University of Petroleum (Beijing). This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-
nd/4.0/).
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1. Introduction
Over the past decade, wind-driven hydrodynamics
in lakes have become a topic of increasing interest to
understand the distribution of clastics in continental
sedimentary basins (Nutz et al., 2015; Jiang, 2018;
Jiang et al., 2018; Schuster and Nutz, 2018; Liu et al.,
2021; Xue et al., 2021). A great number of wind-driven
lakes like Lake Saint-Jean, Lake Qinghai, and Lake
Turkana have been identified and studied all over the
world (Nutz et al., 2015, 2018; Jiang, 2018; Z�ainescu
et al., 2023). This reveals that sediment distribution,
hydrodynamics, and landforms associated with these
lakes are dominantly influenced by the wind field
(Carson and Hussey, 1962; Schuster et al., 2005;
Bouchette et al., 2010; Nutz et al., 2015; May et al.,
2022), ultimately highlighting the significant role of
waves and currents in shaping the shorelines.

Even though wave-related geomorphic and sedi-
mentary processes are generally associatedwithmarine
settings and more rarely with lakes (Davis and Hayes,
1984; Clifton, 2006; Schwartz, 2012; Schuster and
Nutz, 2018), significant waves develop when the wind
blows across any water surface and consequently plays
an important role in controlling sediment distribution
and landform evolution in lakes as well (Allan and Kirk,
2000; Pochat et al., 2005; Keighley, 2008; Nordstrom
and Jackson, 2012; Andrews and Hartley, 2015). To
address this deficiency and improve the understanding
of wind-driven hydrodynamics in lakes, we present here
a detailed assessment of coastal landforms around two
lakes in northeastern China and Mongolia.

Lake Hulun and Lake Buir are two neighboring
shallow lakes with similar shapes, orientations, and
climate conditions (Li et al., 2013). Both lakes show a
great diversity of littoral landforms with a notably
asymmetric distribution pattern in terms of the dis-
tribution of depositional systems around the shoreline.
In addition, the types and spatial associations of
littoral landforms show some similarities and differ-
ences between the two lakes. Understanding where
and how hydrodynamics drive erosional and deposi-
tional processes around the lake is not only the
precondition for reconstructing the morphodynamical
history of these lakes, but also enables us to simulate
and predict scenarios of the lake's future (Cohen,
2003; Allen, 2008; Parsons and Abrahams, 2009; May
et al., 2022; Ohara et al., 2022).

Most studies on Lake Hulun and Lake Buir so far
have focused on the structural geology and aquatic
environment (Xiao et al., 2009; Li et al., 2013, 2017,
2019; Wang et al., 2015; Chen et al., 2021), and there
are only a few studies concerning the geomorphology,
sedimentary facies, or hydrodynamics of the two lakes
(Xia et al., 2018; Fan et al., 2021). Identifying the
larger-scale distribution of lakes, and particularly
their shape and morphologic patterns, is extremely
difficult from the ground (Scheffers and Kelletat,
2016). Satellite images are playing an increasingly
important role in the study of lake sedimentology,
topography, and hydrodynamics (Schuster and Nutz,
2018; Chen et al., 2020; Choudhury et al., 2022;
Gawehn et al., 2022). Therefore, in this paper, we
investigate the landform characteristics and facies
distribution of these two wind-driven lakes based on
the analysis of high-resolution satellite imagery and
outcrop photos. The particular morphology of these
littoral landforms helped reconstruct, from place to
place, the main direction of clastic sediment trans-
port. A sedimentary conceptual model is then pro-
posed to account for the mapped landforms and their
spatial arrangement. We then interpret the lake mor-
phodynamics as well as the spatially and temporally
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varying influences of waves and currents on sediment
transport pathways. Wind field and sediment supply
are discussed as the dominant driving factors control-
ling the landforms and facies distribution in these
lakes, thus providing a framework for facies recogni-
tion and prediction in other similar sedimentary basins
around the world.
2. Study area
Lake Hulun and Lake Buir are two similarly shaped
lakes located at the boundary between China and
Mongolia (Fig. 1A and B). The shape of these two lakes
is similar to a rectangle with rounded angles. They are
lakes formed over time by collecting river discharge in
half-graben basins (Chen et al., 2007; Alexander et al.,
2022). The long axis of these two lakes is oriented SSW-
NNE. Lake Buir receives an inflow from the Khalkh
River that enters the lake in the northeast (Fig. 1B) and
Fig. 1 A) Location of Lake Hulun and Lake Buir; B) Satellite view of L
average temperature per month of Xinbaerhu Youqi from January 2010
Orshuun River - Lake Hulun (indicated by the blue line); E) The wind rose
Youqi between April and October from 2010 to 2021. The wind speed w
reflect wind speed classes (0e2.5, 2.5e5.0, 5.0e7.5, and >7.5 m/s). Th
and wind data are from Xinbaerhu Youqi station (marked with a red sta
also has an outflow (the Orshuun River) that flows into
Lake Hulun and connects the ~40 m higher Lake Buir to
Lake Hulun (Fig. 1A, B and D). In addition, the Kherlen
River flows into Lake Hulun from the southwest, and
the Xinkai River flows into Lake Hulun from the
northeast. The Xinkai River was built in the channel of
the Dalaneluomu River in 1971 (Fig. 1B) to regulate the
water level of Lake Hulun.

The annual average temperature of the region of
Lake Hulun and Lake Buir (Fig. 1A) is 0.7 �C. The lowest
temperature is in January, with an average temperature
of −21.6 �C (Fig. 1C). The warmest month of the year is
July, with an average temperature of 21.9 �C. The
duration of ice coverage on the lakes and rivers typically
spans from November to March (Fig. 1C). The average
winddirection both in the iceperiod (November through
March) and the ice-freeperiod (April throughOctober) is
from the northwest (Fig. 1 E, F).

Today, Lake Hulun (117�E-117�500E, 48�300-49�200N)
has an area of 2339 km2. The maximum water depth is
ake Hulun and Lake Buir and their main drainage network; C) The
to June 2021; D) The altitude along the Khalkh River - Lake Buir -
of Xinbaerhu Youqi from 2010 to 2021; F) The wind rose of Xinbaerhu
as the average speed per day. The shades from light to dark color
e bathymetry of Lake Hulun is from Fan et al., (2021). Temperature
r in figure B).
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about 8 m, and the average water depth is about 5.7 m
(Xia et al., 2018). Depending on fluctuating water
levels, the lake was freshwater (salt content
<1000 mg/L; most of the time) or brackish water (salt
content <3500 mg/L) (Guo et al., 2022). Lake Hulun is
about 75 km long in the NE direction and 28 km wide in
the NW direction, with a length-width ratio of 2.7. The
altitude of Lake Hulun is about 540 m (Fig. 1D).

Lake Buir (117�280-117�540E, 47�350-47�590N) is
35 km long and 20 km wide, with an area of 608.78 km2

(Fig. 1B). Lake Buir has similar landforms to Lake
Hulun. The length-width ratio is about 1.8. The lake is
fresh water with an average depth of about 6 m, and
the deepest depth of the lake can reach 10 m
(Alexander et al., 2022). The altitude of Lake Buir is
about 577 m (Fig. 1D).
3. Methodology
Freely available satellite images (from Google
Earth) were used to document, map, describe, and
analyze the landforms around Lake Hulun and Lake Buir
in this paper. In addition, a field survey for Lake Buir was
carried out to check mapping results and assess sedi-
mentary facies around the shoreline. Photos of outcrops
were analyzed and combined with satellite images to
determine the characteristics, distribution pattern, and
hydrodynamics of the sediments. Weather data,
including wind direction, wind speed, and temperature,
were taken from the station of Xinbaerhu Youqi in China
(www.cma.gov.cn). The elevation variation from Lake
Hulun to Lake Buir was analyzed using Google Earth.
The factors controlling the geomorphological and sedi-
mentological characteristics were then discussed.

To describe their geometry, the center of each lake
was taken as the coordinate origin, and the lakes were
divided into four sides and four corners, including two
long segments (southeastern and northwestern coasts),
two short segments (southwestern and northeastern
coasts), two acute angles (northern and southern cor-
ners), and two obtuse angles (western and eastern
corners). Due to the prevailing northwest wind, the
southeastern lake margin is defined as the downwind
(leeward) side of the lake, and the northwestern lake
margin is defined as the upwind (windward) side.

The fetch for a particular location is estimated by
constructing a series of 15 radiating lines at 6� in-
tervals and extending these lines to a distant shoreline
(H�akanson and Jansson, 1983; Gilbert, 1999). The
lengths of these lines are measured and then averaged
according to the cosine of the angle to estimate the
fetch. The effective fetch is given by:

Fe ¼ S fi cos ai =S cos a

Where fi is the distance to the nearest shore along
radials at a = 0�, ±6, ±12�, ....., ±42�.

Finally, the Iwwb index (the wind fetch (km) to
average water depth (m) ratio; see Nutz et al., 2018) is
referred to in this paper to quantitatively identify
these two lakes as wind-driven water bodies. The
larger the Iwwb value, the stronger the effect of wind-
wave transformation on the lake sediments is (Nutz
et al., 2018). When the Iwwb value is greater than
3.0, the lake belongs to a wind-driven water body. The
Iwwb of Lake Hulun is about 4.4 (fetch = 25.1 km;
average water depth = 5.7 m), while the Iwwb of Lake
Buir (fetch = 19.6 km; average water depth = 6.0 m) is
about 3.2. Both lakes are thus considered wind-driven
water bodies.
4. Results
4.1. Littoral landforms at Lake Hulun

4.1.1. Wave-influenced river delta

In addition to the three largest rivers (Xinkai River,
Orshuun River, and Kherien River), there are ca.
eighty smaller streams that flow into Lake Hulun (Xia
et al., 2018). They all have the potential to form river
deltas.

The Xinkai River has two main channels (Fig. 1B).
The eastern one flows into the lake from the southern
part of the delta (Fig. 2A). The estuary shows an irreg-
ular zigzag-shaped landform, which looks like it has
been affected by waves (Fig. 2A and B). The lake-facing
side of the delta was reworked into barrier spits
(Fig. 2A). A spit and bay formed in the southern part of
the delta (Fig. 2B). The western channel of the Xinkai
River shows a barrier island landform at the estuary
(Fig. 2C), that may have been formed by the redistri-
bution of waves.

The Orshuun River enters Lake Hulun from the
southeast (Fig. 2D). A distributary channel and un-
derwater bar show a directional change to southwest
shoreline parallel after the river enters the lake
(Fig. 2D).

The Kherien River flows into Lake Hulun from the
southwest (Fig. 2E). Floodplains developed around the
channels of the Kherien River (Fig. 2E) which may have

http://www.cma.gov.cn


Fig. 2 Wave-influenced delta of Lake Hulun. A) Eastern channel of the Xinkai River; spits formed on the west edge of the delta; some eolian
deposits with an NWeSE extension direction developed behind the beach and around the river; B) The southern part of the delta; C) Western
channel of the Xinkai River; barrier island landform; D) The Orshuun River in the east of Lake Hulun; some eolian deposits were distributed
behind the beach; E) The Kherlen River in the south of Lake Hulun; beach-ridges cuspate.
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been created by river migration. A cuspate landform
developed at the Kherien River mouth (Fig. 2E) which
was formed by a prograding series of beach ridges.

4.1.2. Wave-influenced fan delta

Alluvial fans develop in front of a scarp on the
northwestern shores of Lake Hulun (Fig. 3AeC). Some
small-scale gullies serve as important sediment trans-
port channels for alluvial fans. Alluvial deposits could
cross and cover beach-ridges on the shore (Fig. 3C).
Some inactive braided channels and alluvial fans are
distributed behind the shore (Fig. 3B, D, and 4A).
Barriers developed in front of the fan delta (Fig. 3A).
They could be shore-parallel beach bars or barrier
spits. These barriers may derive from wave-modified
sediments of the fan delta and some short and
straight seasonal streams.
4.1.3. Beach and spits

The beach deposits on the northwestern shore
mainly derive from some ephemeral streams
(Fig. 3AeC) and the erosion of the scarp (Fig. 3G). With
about 50e700 m, the beach along the southeastern
shore (Fig. 2D and 5D) is wider than the northwestern
beach (about 3e50 m; Fig. 3C and 4B). Some beach-
ridges developed along two headlands, forming bar-
riers and lagoons (Fig. 3DeF). Sediments derived from
a short stream (about 1500 m) on the northwestern
lake margin could be redeposited by waves along the
shore, forming a beach-ridges cuspate (Fig. 4B).

Spits are created by the process of longshore drift
(Krist and Schaetzl, 2001; Bouchette et al., 2014;
Schuster et al., 2014; Schuster and Nutz, 2018). Sedi-
ments carried by longshore drifts deposit when the
velocity decreases, which often occurs where the



Fig. 3 The landforms of the NW coast. A) Alluvial fans in front of the scarp; short and straight channels; barriers formed at the river mouth;
B) Braided channels; the front of the headland was modified to beach deposits; C) Fan delta deposits were transformed into beach deposits;
D) The bay between two headlands; alluvial fan and fan delta deposits; E-F) The barrier formed between two headlands; G) The beach
deposits in front of the scarp.
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coastline breaks, e.g., at headlands or river mouths
(Kunte and Wagle, 1991; Aagaard et al., 2007). The
sediment accumulation along the headland of the
northwestern lake margin formed a large cuspate spit,
about 1 km in width, that was made up of a sequence
of beach-ridges (Fig. 4A). The short side of the cuspate
spit is the erosional side, and the long side is the
depositing side. Braided rivers are observed behind
this big cuspate spit (Fig. 4A).

There are three main spits in the southern corner
of Lake Hulun (Fig. 4C). Two of them are on the
southwestern coast and show a series of hooks
(Fig. 4D and E). The length of these two spits is about
4e7 km. The frontal part of the spits curves inwards
towards the land, forming hooks for the waves that
push the sediments toward the shore (Ashton et al.,
2016). Salt marshes develop behind the hooks
because the spit offers protection from the stronger
waves and the wind, allowing salt-tolerant plants to
grow (Fig. 4D and E) (Redfield, 1965; Schuster and
Nutz, 2018).

The spit on the southeastern lake margin is about
9 km long. It has a complex structure (Fig. 5AeC).
Barrier spits developed on the northern part of the bay



Fig. 4 Spits of Lake Hulun. A) Cuspate spit at the NW coast; beach ridge plains; B) Beach-ridges cuspate; C) Spits in the southern angle of
Lake Hulun; D-E) Spits at the SW coast; salt marshes formed behind the spits.
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side, which means there are two sediment transport
directions (Fig. 5A). A cuspate spit developed in the
middle of the bay margin, with a sequence of beach
ridges indicating a northward longshore drift (Fig. 5B).
There is a lagoon and beach-ridge sequence at the
outer part of the large spit, which indicates a south-
ward longshore drift (Fig. 5C). In combination, these
indicate a complex hydrodynamic situation along the
bay margin.
4.1.4. Eolian deposits and landforms

Eolian deposits are mainly developed on the
backshore of the eastern shoreline of Lake Hulun in the
form of a kilometer-wide coastal dunes system,
including foredune ridges, blowouts, and parabolic and
barchan dunes (Fig. 2D and 5D). Some eolian deposits
also appear on the delta plain in the north of the lake
(Fig. 2A). The shapes of both the parabolic and the



Fig. 5 Spits and eolian deposits at the SE coast of Lake Hulun. A) Spits barrier; B) Cuspate spit; beach ridge plains at the bay side; C) Some
small spits at the lake side; beach ridge plains at the outer part of the big spit; D) Beach deposits at the SE coast and the eolian deposits
behind the beach; E) Barchan dunes indicating the prevailing wind direction.
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barchan dunes indicate a dominant wind direction
from the northwest toward the southeast (Fig. 5E),
which is consistent with our statistics of wind di-
rections from 2010 to 2021 (Fig. 1E).

4.2. Littoral landforms at Lake Buir

4.2.1. Wave-influenced river delta

The Khalkh River is a meandering river that forms a
large delta on the northern shore of Lake Buir (Fig. 6A
and B). The floodplain is about 280 km2 with many
abandoned channels. On the floodplain and river cut-
banks, dense vegetation grows (Fig. 6A and B).
Exposed sandy deposits are distributed along the river
(Fig. 6B). The sandy deposits are dominated by fine to
medium sand with silt and clay mixed with some plant
debris.

The extensional direction of the ca. 3300 m long
delta is from NW to SE (Fig. 6A). The shape of the delta
front reveals a strong influence from waves. Multiple
nearshore bars with a width of about 50e600 m are
distributed parallel to the shore (Fig. 6C and D). There
is a remarkable series of beach-ridges developed over
a width of 1100 m in the western part of the delta
(Fig. 6A) which may reflect the progradation of the
shoreline (Otvos, 2000).

4.2.2. Beach and spits

Beach deposits are widely distributed along the
coast, whereas spits are primarily at the southern angle
of Lake Buir (Figs. 7e9). The width of the southeastern
beach is about 20e40m (Fig. 7A),while thewidth of the
northwestern beach is about 4e20 m (Fig. 7B).

Some beach cusps develop on the shoreface (Fig. 7C
and D). The scarp behind the southeastern beach is
approximately 10 m high and is made up of sandstones
with parallel bedding, cross-bedding, and massive
bedding (Fig. 7E and F). The erosion of scarp sandstones
likely provides material for beach deposits. Beach de-
posits arecomposedof sandandsandmixedwithmudand
organic matter (Fig. 8BeD). The nearshore bars appear
clearly on the satellite images during the ice period
(Fig. 8A, A0). There are about ten crests of linear near-
shore bars distributed over a 300 m wide area (Fig. 8A’).



Fig. 6 Wave-influenced delta of Lake Buir. A) Floodplains distributed in north of Lake Buir; the Khalkh River flows into Lake Buir, and the
Orshuun River flows out from Lake Buir; beach ridge plains distributed at the side of the delta front; B) Cut-bank and exposed sandy channel
deposits along the Khalkh River; C-D) Mouth bars; nearshore bars.
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If a spit extends fromaheadland toanother headland
or two opposite spits connect, then a barrier will form.
The spits onthe southeasternand southwestern shoresof
Lake Buir are linked, forming two isolated lagoons
(Fig. 9A). There are also spits that are progressively
evolving and may merge in the future (Fig. 9B), even-
tually forming a new barrier and a new lagoon.

The spit, with a length of about 850 m, extends into
the lake and thus has a bay side and lake side (Fig. 9C).
Currents and waves along the bay side are weaker and
formmuddy beach deposits (Fig. 9D), while the lakeside
has stronger waves and currents and forms sandy beach
deposits (Fig. 9E). On the lake side, a beach ridge and
swale are observed (Fig. 9E). At the head of the spit, a
sandy bar and a small lagoon are forming (Fig. 9F). Under
the action of onshore waves and longshore currents, the
sandy bar will gradually move closer to the shore,
possibly transforming into beach deposits. The resulting
series of beach-ridges has a width of about 210 m
(Fig. 9C).
4.2.3. Eolian deposits and landforms

A large area of eolian landforms and deposits, with
a width of about 300e1500 m, developed behind the
beach in the southeastern part of Lake Buir (Fig. 8A).
The extensional direction of eolian sands is mainly
from northwest to southeast, which confirms the
dominant role of the northwesterly wind in the for-
mation of eolian deposits (Fig. 8A).

Eolian dunes and dune grass can be seen behind the
beach (Fig. 8B andC).Wind ripples develop on the eolian
sands, which are dominated by well-sorted, rounded, or
subroundedfine sand (Fig. 8EandF). Thereare also some
grass dunes and wind ripples that could be seen on the
beach (Fig. 7E). The scarp prevented some beach sands
from being blown by the northwesterly wind, and the
beach sandswere transformed into aneolian landformat
the bottom of the scarp (Fig. 7E).
5. Discussion
5.1. The relationship between littoral
landforms, wind field, provenance,
hydrodynamics, and sediment distribution

Lake Hulun and Lake Buir have the same shape and
are similarly oriented to the prevailing wind direction.
Although there are some differences in the configura-
tion of these two lakes, they strikingly develop similar
littoral landforms at similar locations. This strongly
suggests a primary control of hydro-sedimentary pro-
cesses by wind forcing.



Fig. 7 Beach deposits of Lake Buir. A) Beach in front of the scarp on the SE coast; B) Beach at the NW coast; C) The field photo of the beach
and scarp; beach cusps; D) Beach cusps; E) Embryo dunes and wind ripples developed on the beach in front of the scarp; F) The sandstones of
the scarp with parallel bedding, cross-bedding, and massive bedding; the sandstones may be the paleo-channel or paleo-shoreface deposits.
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5.1.1. The similarity of landforms between Lake
Hulun and Lake Buir

Lake Hulun and Lake Buir have the same extensional
direction of spits and delta fronts. The main water and
sediment supply toeachof the lakes comes fromanaxial
river that enters the waterbody from the northeastern
short coast segments, where two large wave-influenced
deltas form. And the resulting delta fronts have the
same extensional direction of NW to SE, likely influ-
enced by anNWeSE longshore current (Fig. 10). Spits on
the SW shores of both lakes also exhibit the same
extensional directions (Fig. 10). Spits on the SE shore
have an extensional direction of NE to SW that indicates
a longshore drift from NE to SW. One important char-
acteristic of these two lakes is that remarkable spits are
well developed at similar locations for both lakes.

The beach and eolian deposits of two lakes are
more developed on the SE coast. Both lakes have a
large and dominantly sandy beach and a dune field that
developed downwind from the SE coast of the lake,
likely providing evidence for the effects of prevailing
northwestern winds on lacustrine littoral landforms
and dynamics (Fig. 10). Because the northwesterly
wind is also dominant throughout the non-ice period
(Fig. 1F), a large area of beach sand is formed by wind-
waves on the southeastern shores, which is then the
source of sand for the coastal dunes (Fig. 2D and 5D).
The extension of dunes also indicates the source of
eolian deposits and implies that they are beach-fed.
Elevation increases from the lakes’ downwind coast
towards the east (Fig. 1D), facilitating the deposition
and stabilization of these eolian deposits.

The reason why eolian dunes developed on the SE
coast but not on the NW coast of lakes has been inter-
preted as the result of the northwest prevailing winds
and the abundant vegetation on the NW coast (Ji et al.,
1994; Li et al., 2009; Cui et al., 2015; Xia et al., 2018).
This is generally confirmed by the fact that the beach in
the NW area of the two lakes has a much smaller width



Fig. 8 Beach and eolian deposits at the SE coast of Lake Buir. A) The landforms of the SE coast; A’: nearshore bars distributed in front of the
beach; B) Foredune and dune grass behind the beach; C) Dunes and dune hollows; grass dunes; D) Beach deposits; yellow fine and silt sand at
the top; silt, mud, and organic matter mixed at the bottom; E) A large area of eolian deposits with the topography of the Gobi Desert; wind
ripples; F) The sands of the Gobi Desert are well-rounded, and the grain size ranges from fine sand to coarse sand.
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than the beach in the SE area, indicating that wind-
wave action is weaker on the upwind NW shore.

Multiple nearshore bars arewell developed in lakes.
Nearshore bars are formed by the combined action of
onshore and offshore currents (Dally et al., 1984;
Gallagher et al., 1998; Eichentopf et al., 2019). Near-
shore barsmigrate either onshore or offshore as a result
of wave intensity, water depth, and slope change
(Ruessink and Terwindt, 2000; Chen and Dodd, 2021).
The multiple nearshore bars in Lake Buir are formed
possibly due to the fact that the water level of lakes in
the study area has been rising since 2012 (Li et al.,
2019; Alexander et al., 2022), which preserves
onshore migrating bars at different depths (R�o _zy�nski
and Lin, 2015; Splinter et al., 2018). Although there
are no applicable satellite images to observe nearshore
bars in Lake Hulun, we speculate that nearshore bars
also exist underwater in Lake Hulun.

5.1.2. The difference in landforms between Lake
Hulun and Lake Buir

More beach and eolian deposits are found in Lake
Hulun. The beach and eolian deposits of Lake Hulun
are generally larger than those on Lake Buir (Fig. 10),
which may result from the longer fetch, shallower
water depth, and higher sediment supply of Lake Hulun
compared to Lake Buir. When the water is deep
enough, the size of the waves is proportional to the
wind fetch in an enclosed lake system (H�akanson and
Jansson, 1983). The shallower the water in the
downwind area, the easier it is for the waves to
interact with the lakebed and rework sediments
(Reading and Collinson, 1996; Rafiuddin et al., 2010;
Peters and Loss, 2012). In addition, the Orshuun River
discharged into Lake Hulun from the southeast coast
and brought some sediments into the lake which did
not happen in Lake Buir. So, on the downwind coast of
Lake Hulun, there will be larger waves reworking more
sediments than in Lake Buir.

Eolian deposits are only found on the floodplain
north of Lake Hulun. There are some eolian deposits
distributed adjacent to the rivers of the northern delta
plain of Lake Hulun (Fig. 2A). However, no eolian de-
posits are found in relation to the river associated with
the northern delta of Lake Buir, which is possibly due to
the Khalkh River's flood regime causing a dense plant
cover on its floodplain (Fig. 6A). In contrast, the Xinkai
River and dams built to regulate the level of Lake
Hulun have reduced the possibility of flooding. As a
result, some abandoned river deposits are exposed and
transformed into eolian deposits.



Fig. 9 Spits at the southern corner of Lake Buir. A) The landforms of the southern corner; spits at the SW and SE coasts; spit barriers and
lagoons; B) Closed and unclosed spits; C) The spit at the SW coast; D) The bay side of the spit; muddy beaches; sandy scarps and grasses
behind the beach; E) The lake side of the spit; ridges and swales; F) The front part of the spit; a sandy bar and a small lagoon.
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The development of alluvial fans and fan deltas in
the NW area of Lake Hulun was likely influenced by
geomorphological and topographical processes
related to tectonic movements (Chen et al., 2007; Xia
et al., 2018). In contrast to Lake Hulun, the NW area
of Lake Buir is flat, with no interpreted local-scale
uplift. So, there is more sediment supply on Lake
Hulun's NW than that on Lake Buir. Alluvial fans form
on the northwest coast of Lake Hulun as a result of
episodic or temporal flooding which did not occur in
Lake Buir.

The deltas in Lake Hulun are significantly
different in scale. The deltas on the northeast coast
are larger than the deltas on the southwest coast of
Lake Hulun; they have the same fetch under NW
winds. And the bathymetry of Fan et al. (2021) shows
that there is very little difference between the
northeastern and southwestern areas of the lake.
Thus, we assume that the influences of waves and
longshore currents on deltas are the same, which
means that the sediment supply of the Xinkai River is
much greater than that of the Kherien River. There
are possibly two reasons why the Orshuun River on
the southeastern coast of Lake Hulun has not formed
a delta. Firstly, the wave reworking effect on the
southeastern coast is very strong. Secondly, the
Orshuun River flows through a short and heavily
vegetated area, so it doesn't carry a lot of
sediments.

The landforms distributions are similar in Lake
Hulun and Lake Buir but are different in scale. And
Lake Hulun has more landform types, such as fan
deltas, which are not developed in Lake Buir. Based on
the analysis of these similarities and differences, we
concluded that the landforms of the lakes are mainly
controlled by wind fields and sediment supply. Ac-
cording to our observations of landforms along Lake
Hulun and Lake Buir and the interpreted longshore
drift directions, we propose a conceptual model for
wind-driven water bodies for which the wind direction



Fig. 10 Landforms map of Lake Hulun and Lake Buir. The current direction and sediment direction are inferred from the prevailing NW winds
and topographic features.
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is nearly perpendicular to the long axis of rectangular-
shaped lakes.

5.2. A conceptual sedimentary model of Lake
Hulun and Lake Buir

In conventional lacustrine depositional models,
wind forcing is recognized but largely viewed as sub-
ordinate to fluvial drivers (Johnson, 1984; Dam and
Surlyk, 1992; Carroll and Bohacs, 1999). In accor-
dance with some other recent studies (Bouchette
et al., 2010; Nutz et al., 2015, 2018; Z�ainescu et al.,
2023), we demonstrate here that wind forcing is the
dominant factor influencing the littoral lacustrine
sedimentary system of Lake Hulun and Lake Buir. The
prevailing wind blows from the northwest, which has a
cross-angle of about 78e88� with the SE coast (long
axis of lakes).

Waves created by the prevailing wind mainly
travel from the upwind to the downwind shores of the
lakes. Most of the energy of wave and wind is there-
fore released along the downwind lake margin (SE
coast), forming a wide beach and beach-fed eolian
dunes beyond (Fig. 11), and causing a general asym-
metry in the distribution of littoral landforms around
the lakes. Nearshore bars generate when sediment-
laden backflow resulting from wave breaking on the
shoreface intersects with the onshore current at a
specific location (Fig. 11). Rivers are the main source
of clastic sediments for these two lakes, and the
resulting deltas show clear geomorphological evi-
dence for modification by waves in varying degrees.
Some littoral landforms are also eroded and serve as
sediment sources.
The growth direction of spits is the same as the
longshore current direction (Krist and Schaetzl, 2001;
Bouchette et al., 2014; Schuster et al., 2014). Long-
shore currents near the SW and NE coasts have a
NWeSE direction, and longshore currents near the SE
coast have a NEeSW direction (Fig. 11). NWeSE long-
shore currents from upwind to downwind must there-
fore have influenced the delta extending to the
downwind side while forming spits on the south-
western coast. The NEeSW longshore current forms a
spit at the southern end of the downwind coast. For
the cross-angle (78e88�) of the NW prevailing wind
and the downwind coast, the longshore current along
the downwind coast is mainly from north to south.
Spits in the southern corner are easily connected to
form spit barriers and lagoons for the accumulation of
sediments carried by longshore drifts (Fig. 11).

The accumulation of waves on the downwind side
of the lakes will raise the water level on the SE coast,
generating a bottom current to move from the down-
wind side to the upwind side (Robert and Imberger,
1980; Monismith, 1985; Bouchette et al., 2010).
Where the longshore currents converge, the currents
from different directions meet to produce down-
welling (Chikita, 1992; Botte and Kay, 2002), also
forming reverse bottom currents in the southern lake
corner (Fig. 11). Where the bottom currents flow back
toward the upwind shore area, an upwelling recon-
nects the bottom currents to the surface currents
(Csanady, 1982; Nutz et al., 2015). The bottom cur-
rents originate from the downwelling flow to the up-
wind side to form a wind-driven water circulation
together with upwelling and surface currents. Such a
model of wind-driven hydrodynamics has recently



Fig. 11 Sedimentary model related to wind-driven water circulation under the prevailing wind in a rectangular-shaped rift lake basin based
on Lake Hulun and Lake Buir.
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been supported by the simulation of current azimuths
and velocities for Megalake Chad (Bouchette et al.,
2010), Lake Saint-Jean (Nutz et al., 2015), and Lake
Turkana (Z�ainescu et al., 2023).

Preserved lacustrine beach and nearshore bar de-
posits are potentially high-quality subsurface reser-
voirs (Jiang, 2018) and have been described in the
Dongying Depression (Wang et al., 2018), Gaoyou Sag
(Liu et al., 2021), and Tanan Depression (Xue et al.,
2021). Defining the palaeowind characteristics and
building the appropriate sedimentary model are the
keys to determining the distribution pattern of beach-
bar sandbodies (Wang et al., 2018; Jiang, 2018). The
sedimentary model proposed in this paper, based on
modern wind-wave controlled lakes, may provide a
good reference for building subsurface geomodels of
wind-wave controlled lacustrine strata.
6. Conclusions
Lake Hulun and Lake Buir provide two new exam-
ples of wind-driven lakes. These two lakes present a
similar shape and orientation to the dominant wind
direction, and the littoral landforms developed around
these lakes show a great similarity.

1) The main littoral landforms developing in these two
lakes are beaches, beach-ridges, spits, wave-
influenced deltas, and eolian deposits. All these
geomorphic features reveal a strong influence of
wind, forcing the transport and redistribution of
clastics in lacustrine sedimentary systems, domi-
nantly not only in the water body (subaqueous
processes) but also around it (subaerial processes).
Sediment supply to the basin is also a major
parameter to be considered, as reflected by the
morphological differences between the deltas
developing in these two lakes.

2) Beach and eolian deposits are dominant on the
downwind coast. The progradation of the delta front
and spits on the NE coast and SW coast is affected by
longshore currents that extend in the downwind
direction and run almost parallel to the short coast
segments. The longshore currents mainly flow to the
south end of the downwind coast along a 78e88�

cross-angle relative to the NW prevailing wind and
downwind coast, which forms spits at the southern
part of the SE coast. The spits at the SWand SE coasts
preferentially merge, generating barriers and la-
goons at the southern corner.

3) A generic conceptual model is proposed to present
the wind-driven hydro-sedimentary dynamics occur-
ring in lakes that share the samemain characteristics
as lakes Hulun and Buir, namely a rectangular water
body with a prevailing wind that is almost perpen-
dicular to its long axis (i.e., a lakewith anupwind and
a downwind shore and two along wind shores). The
surface currents caused by the prevailing wind will
accumulate on the downwind side, where they will
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converge with the longshore currents, forming
downwelling. The resulting bottom currents will flow
toward the upwind area to form a wind-driven water
circulation with the upwelling and surface currents.
With this model, the resulting distribution of clastic
deposits and landforms can now be forecasted for
similar configurations, especially the resulting dif-
ferences between the upwind and the downwind
shores of the water body.

4) Based on two natural case studies, this paper
examines the main sedimentary geomorphology
and discusses the hydrodynamics in the context of
the dominant wind direction, but it does not
discuss the influence of other possible wind di-
rections (e.g., opposite alternating wind di-
rections, parallel to the long axis, etc.), which
will be explored in the future. The main littoral
landforms correspond well to the dominant wind
forcing and provide a robust first-order under-
standing of hydrodynamics.
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