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Abstract: The tallest sand dune worldwide is located in the Badain Jaran Desert (BJD), China, and has
been standing for thousands of years. Previous studies have conducted limited physical exploration and
excavation on the formation of sand dunes and have proposed three viewpoints, that is, bedrock control,
wind dominance, and groundwater maintenance with no unified conclusion. Therefore, this study
analyzed the underlying bedding structure of sand dunes in the BJD. Although the bedrock of sand dunes
is uplifted and wind controls the shape of dunes, the main cause of dune formation is groundwater that
maintains the deposition of calcareous sandstone and accumulation of aeolian sand. According to water
transport model and vapor transports in the unsaturated zone of sand dunes, capillary water transport
height is limited with film water constituting the main form of water in dunes. Chemical properties and
temperature of groundwater showed that aquifers in different basins receive relatively independent
recharge from deep sources in the crater. Result of dune formation mechanism is of considerable
importance in understanding groundwater circulation and provides a new perspective on water
management in arid desert areas.
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1 Introduction

Dunes are common landforms in arid and semi-arid areas on the Earth (Lancaster et al., 2002;
Parteli and Herrmann, 2007; Lorenz and Radebaugh, 2009; Gunn et al., 2022). Their genesis and
morphology are affected by many complex factors (Lancaster et al., 2002; Hesse, 2011; Ping et al.,
2014; Meng et al., 2022) including climate, geographical position, surrounding sand sources, and
hydrological conditions. Therefore, the characteristics and changes in the environment can be
reflected. The tallest dune in the world is located in the Badain Jaran Desert (BJD) in
northwestern Inner Mongolia Autonomous Region, China (Yan et al., 2001; Yang et al., 2010;
Zhang et al., 2021). The BJD is the second largest desert in China, located in the middle of the
westerly circulation and the tail of the East Asian summer monsoon (Hu and Yang, 2016). Many
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studies have been conducted on desert environments and geomorphic formations (Chen et al.,
2004; Chen et al., 2006; Dong et al., 2009; Dong et al., 2013; Zhang et al., 2021). One of the core
issues that needs to be solved is the long-term stability of tall dunes (Zhu, 2023). Based on
particle size analysis of acolian sand and rare earth elements, lacustrine deposits, and alluvial fans
in the western and northwestern BJD, Gobi erosion is the main sand sources (Hu and Yang, 2016;
Zhang et al., 2021). According to the occurrence of calcareous cement layers in sand dunes and
the results from photoluminescence dating, researchers believed that since the early Pleistocene,
sand dunes have gradually formed under dominant westerly wind (Yan et al., 2001). With the
development of remote sensing technology, the prevailing westerly winds have been shown to
affect the formation of sand dunes and result in a complex morphology (Dong et al., 2009; Yang
et al., 2010). The dunes in the hinterland of the BJD, where mega-dunes are concentrated, are
oriented mainly northeast and northern northeast, in line with the prevailing westerlies (Yang et
al., 2011). However, mega-dunes here over 100 m high are not only from wind. Some researchers
speculated that the underlying bedrock was the cause, but to date, this has not been confirmed
because of the lack of deep drilling on the dunes and the limitations of physical detection methods
(Bai et al., 2011; Dong et al., 2013; Qian and Liu, 2015).

At the foot of dunes, spring water is usually exposed with the total dissolved solids (TDS) less
than 1 g/L despite severe surface salinization (Luo et al., 2016; Zhao et al., 2017). Since the end
of the last century, it has been noticed that wet sand layers with high water content commonly
exist below the surface of mega-dunes, which is in strong contrast to the local dry climate (Gu et
al.,, 2004; Qian and Liu, 2015). The soil water content in the mega-dunes (with a height of
300400 m) could reach 3% at a depth of 20 cm (Gu et al., 2004), which plays an important role
in sand resistance to wind erosion. Therefore, groundwater is believed to maintain mega-dunes
(Chen et al., 2004). Compared with other deserts in China, the BJD has a higher wind speed and
coarser sand particle size (Zhao et al., 2011). Results of '*C dating of rhizoconcretions, organic
matter, and freshwater organisms have shown that sand dunes and lakes have coexisted in the
desert for thousands of years and their positions are relatively fixed (Yang et al., 2010; Yang and
Scuderi, 2010). The BJD is one of the biggest contributors to dust emissions in northern China
(Wei et al., 2022), but the mega-dunes in the hinterland of the desert are still standing with over
100 permanent lakes (Yang, 2003). The close distribution of high dunes and inter-dune lakes and
the correlation between lake area and sand dune height, have led researchers to discover that the
two have similar formation mechanisms related to groundwater (Dong et al., 2013; Zhu, 2023).
Moreover, the water table in the dunes is higher than the surrounding lake (Chen et al., 2004;
Qian and Liu, 2015), indicating that groundwater may flow from the dunes to nearby lakes.
Therefore, the formation and development of dunes requires further study, particularly the
influence of groundwater conditions on their development.

To explore the origin of the dunes in the BJD, we conducted deep drilling in the southern desert
to examine the underlying terrain of dunes. A water transport model of the unsaturated zones was
used to determine the maintenance process of groundwater in the sand dunes. In addition, based
on water table, TDS, and temperature of the basin groundwater, we identified the groundwater
circulation process between dunes and basins. The results might provide a new understanding of
the formation mechanism of high dunes and groundwater circulation modes.

2 Materials and methods

2.1 Study area

The BJD is located in western Inner Mongolia Autonomous Region, China, to the southwest of
which is the Hexi Corridor and Qilian Mountains. The dominant wind direction in the desert is
northwest, and driven by winter monsoon system of the Siberian High. Precipitation in the desert
decreases from southeast to northwest, with summer precipitation accounting for more than 60%
of annual precipitation (Wang et al., 2013; Dong et al., 2016). Limited precipitation observations
in the BJD have shown that desert precipitation was prioritized over light rain (over 90%
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precipitation events <5 mm) (Wang et al., 2013; Ma et al., 2014). Annual precipitation in the
surrounding areas has provided references for the BJD, and Alagxa Right Banner to the south,
Yabrai Town to the southeast, and Guaizihu Village to the north was 115.4, 90.1, and 42.9 mm/a,
respectively (Ma et al., 2011). Regional evaporation intensified from southeast to northwest, and
evaporation in the northwest of the desert was as high as 3000.0-4000.0 mm/a.

Since the Yanshan Movement, some mountains and basins have formed on the southern edge of
the Alxa Plateau, such as Longshoushan Mountains, Beida Mountains, Yabrai Mountains, and the
Ejin Depression Basin (Yan et al., 2001). The terrain of the BJID generally slopes to northwest.
Elevation of southeastern desert near Yabrai Mountains reaches 1800 m, while that of the
northwestern desert close to Guaizihu Village is only 900 m (Fig. 1a). Spatial development of the
dunes changed from simple dunes in northwestern BJD to complex mega-dunes in southeastern
BJD (Dong et al., 2009). The height of the Nortu mega-dunes is 500 m (relative height) in the
southeastern BJD, which is the tallest dune in the world (Yan et al., 2001). Nortu Lake is the
largest lake among 77 permanent lakes in the desert, with an area of approximately 1.5 km? and
the maximum depth of 16 m (Yang, 2000; Wu et al., 2014).
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Fig. 1 Location map of study area. (a), location of the Badain Jaran Desert (BJD) and sampling distribution; (b),
sand dune excavation site; (c)—(e), field discovery; (f)—(h), sampling dunes; (i), inner structure of inter-dune basin
5# and the black rectangles are the drill holes. TDS, total dissolved solutes. Gurinai Lake is a dry lake.
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Given the lacustrine facies and sedimentation, desert surface is covered with Quaternary
sediments of a certain thickness, even over 200 m (Yan et al., 2001). Therefore, to date, there
have been relatively few geological investigations inside the BJD, and the underlying layer has
not yet been examined. According to field investigations, relatively dense perennial herbaceous
plants grow on the sand dunes, with granite exposed at the edge of basin and rhizoconcretion
found in some lacustrine basins (Chen et al., 2006; Jiang and Chen, 2015) (Fig. 1c and d).
Therefore, it was assumed that abundant groundwater exists here. In addition, volcanic debris was
found scattered in some basins and near the top of dunes. Therefore, craters should have been
present under dunes.

2.2 Field sampling

Boreholes were located at the southern margin of the BJD (Fig. 1f~h). One borehole was drilled
in dune 0# and the other boreholes were drilled in inter-dune basins 1#-8#. The elevation of dune
0# is 1400 m. To facilitate drilling, we dug out a platform on the side of dune at an elevation of
1365 m with a drilling depth of 203 m (Fig. 1a). Surface elevation of boreholes ranges from 1264
to 1365 m, and the depth of boreholes ranges from 100 to 260 m (Table 1). Two additional
exploration holes (inter-dune basins 5-1# and 5-2#) were drilled near the borehole 5#, and the
terrain is shown in Figure 1i. Groundwater in the aquifer must be recovered for more than 48 h
after pumping test to ensure groundwater flow stability. Probe was used to measure the
temperature from groundwater level in the borehole at an interval of 1 m.

Table 1 Basic information of sampling boreholes

Borehole number Longitude Latitude Surface elevation (m)  Drilling depth (m) Depth of groundwater (m)
0# 101°48'42"E 39°33'58"N 1365 203 120.0
1# 101°49'51"E 39°33'36"N 1334 200 118.5
2# 102°12'01"E 39°31"28"N 1299 142 28.3
3# 102°12'35"E 39°3122"N 1308 135 35.0
4# 102°12'54"E 39°30'42"N 1326 96 344
S# 1304 140 414

5-1# 102°13'42"E 39°31'47"N 1307 90 -

5-2# 1310 60 -
6# 102°14'16"E 39°32'33"N 1264 135 345
T# 102°1826"E 39°30'53"N 1331 168 332
8# 102°19'47"E 39°31'35"N 1302 260 83.5

Note: -, no value.

Water samples were collected from 2006 to 2014, including 47 wells water, 27 desert
groundwater samples, 21 groundwater samples in surrounding areas, 9 lake water samples, and 4
rain water samples (located near inter-dune basins 2#, 6#, and 8#). The locations are shown in
Figure 1b. The samples were washed 3 times by original water, and sealed in polyvinyl chloride
sample bottles. Hydrogen and oxygen isotope analysis was carried out by MAT253 (Thermo
Fisher—Finnigan, Waltham, Massachusetts, USA) at the State Key Laboratory of Hydrology,
Water Resources and Hydraulic Engineering, Hohai University, Nanjing. The test results are
expressed as per thousand (%o) deviation from the isotopic composition of the Vienna standard
seawater with the accuracy of §'30 better than 0.1%o and 8D better than 2%o.

2.3 Water vapor transport model

Under drought conditions with relatively low precipitation, previous evaporation monitoring and
simulated precipitation experiments have shown that heavy precipitation cannot penetrate into the
dune interior (Ma et al., 2014; Dong et al., 2016). During the excavation of dune 0#, the wet sand
inside the dune was visible (Fig. 1b), which raised the question of how groundwater migrates



1344 JOURNAL OF ARID LAND 2023 Vol. 15 No. 11

upwards in the unsaturated zone of dunes. For dunes with relatively deep groundwater, it is not
easy to analyze water migration through real-time monitoring of parameters, such as humidity and
water content. Therefore, water transport model under deep aquifers proposed by Assouline and
Kamai (2019) was used to simulate groundwater transport, which considers deep groundwater as
the only source of water transport, and water only flows upward. Under this condition, hydraulic
connectivity was bounded by evaporation front, under which the migration was dominated by
liquid water. At evaporation front, fluxes of the liquid (¢1) and vapor-phases (gv) are equal
(Sadeghi et al., 2012). Relationship between them and dgr (distance from the groundwater level to
the evaporation front) is expressed as follows:

h 1
dpp = | ————dh, D
-([1+q1 /K (h)
g =DL_2 @)
Py dwr — dgp

where dgr is the distance from groundwater level to evaporation front (m); 4 is usually taken as
—o0 (m); ¢ is the flux of liquid (m/s); K(#) is the hydraulic conduction function of water head
(m/s); d is the differentiation; /4 is the pressure head (m); ¢y is the vapor-phase (m/s); D is the
diffusion of water vapor in porous media (m?/s); pw is the density of water (kg/m®); Ac is the
variation of volumetric water vapor concentration between evaporation front and surface (kg/m?);
and dwr is the distance from groundwater level to surface (m). Condensation amount of water
vapor through unsaturated zone was measured by the method of Assouline and Kamai (2019).

K(h)= K,xK, 3)

Kr=sé{1-(1_se;)m}2, @

where K; is the relative hydraulic conductivity; K is the saturated hydraulic conductivity (m/s); m
and / are the fitting parameters; and S, is the effective saturation, defined by:
6-6
S, = L,
6 6
where 6 is the volumetric moisture content (%); and &, and 6 are the residual water content and

saturated water content (%), respectively. The function of van Genuchten (1980) for the water
retention is as follows:

)

S, =(1+]el) ", (6)
where o (m ™) and 7 are the fitting parameters.

Relationship between 6 and / is determined by soil water retention curve. Water retention
function is often used to describe soil-water transport in unsaturated porous media (Lebeau and
Konrad, 2010). Aeolian sand of dunes is relatively uniform, and sand layer contains almost no
clay particles (Zhao et al., 2011). Soil parameters are listed in Table 2. According to a grain size
study of surface sediments, tall dunes have similar grain size parameters despite locating at
different sites (Qian et al., 2011; Wei et al., 2022). Therefore, parameters selected in this study are
representative.

3 Results
3.1 Sampled dunes and strata in the BJD

Grain sizes of sediments at different depths in the dunes and basins were compared. Particle size
of aeolian sand in the dune was relatively uniform and mainly ranged from 0.150 to 0.250 mm,
accounting for more than 75% of the strata, which contrasted with sediments in basins (Fig. 2a).
Coarse sand content >1.000 mm increased significantly in the sediments of basins (Fig. 2a),
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Table 2 Soil parameters adopted and corresponding results

Soil a (m) n ! K, 0.(%) 0, (%) drr (m)
Sand” 8.60 2.14 0.5 2558 2.0 376 5.97
Fine 2.15 4.50 0.5 3285 34 42.0 <1.00

Note: parameters with * is referenced from Assouline et al. (2013). a, n, and /, fitting parameters; Kj, saturated hydraulic conductivity; 6,
residual moisture content; 6, saturated water content; dgr, distance from groundwater level to evaporation front.

which were mainly granite weathering products. Based on the drilling results for dune 0#, in the
dune with a height of 100 m, the thickness of overlying aeolian sand layer reached 94 m,
including 20 m removed for the platform. Calcareous sandstone occurred at a depth of 74-190 m,
where sand particles were identical to those in the upper layer. At a depth of 190-203 m, the
saturated coarse sand layer contained red clay, the main components of which were Fe,Os3 and
Mn,0;. Granite bedrock was encountered at a depth of 200 m. Boreholes of inter-dune basins
1#-8# were in different basins. Some boreholes (inter-dune basins 2#-7#) were near the foot of
different dunes rather than in the center of each basin and stratigraphic compositions of them were
similar. They mainly consisted of coarse sand and gravel layers with high permeability. The three
drilling holes (inter-dune basins 5-1#, 5-2#, and 5#) located in the same basin showed granite at
elevations of 1250, 1217, and 1164 m, with horizontal distances from the dune foot of 30, 60, and
90 m, indicating that granite uplift slope reached 1.43 (55°) (Fig. li; Table 1). Surface slope
distribution in southern part of the BJD showed that the slope of dunes usually ranged from 0° to
30° (Fig. 2¢c and d). Therefore, uplift of the bedrock contributed to the height of mega-dunes.
Volcanic clasts were found at different depths in sedimentary boreholes, which likely washed
into basins from crater along with weathered particles. Therefore, volcanic eruptions likely
occurred before desert formation. Eruption penetrated granite basement and created an undulating
landscape as confirmed by drilling. Since the Cenozoic era, magmatic activity has occurred in the
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Alagxa Plateau, which may have resulted in the uplift of underlying granite.

Previous BJD surveys assumed that sand dunes and basins were all covered by aeolian sand,
even with a thickness of more than 200 m. While the basin boreholes near southern margin of the
desert had granite at depths of 90—100 m, some were exposed at the edge of the basin (Fig. 1d).
Previous hydrogeological holes were drilled in the center of the basin, similar to borehole of
inter-dune basin 8#, at a depth of 260 m with exposed argillaceous sandstone at the bottom, which
was approximately 100 m thick. This difference depends on the distance between borehole and
dunes.

3.2 Groundwater movement in dunes

Based on simulation, we found that evaporative front located at a depth below 6 m, demonstrating
that upward movement of water in the aeolian sand layer for nearly 100 m does not have
continuous hydraulic conductivity. Therefore, height of the capillary water is limited (Fig. 3).
Above evaporative front, water phase changes to vapor and migrates as it diffuses to the surface.
When water vapor migrates in the aeolian sand layer through diffusion, saturated water pressure
of water vapor migrates accordingly owing to temperature difference of aeolian sand layers at
different depths; therefore, more water vapor than saturated water pressure will condense (Fig. 3).
However, the amount of condensed water formed by upward movement of water was relatively
small (Fig. 3). With deep groundwater table of dunes, thin-film water and water vapor migration
are the main forms of groundwater migration.

After rainfall of the desert, moisture content of sand layer at a depth >1 m was not significantly
different from that of sand layer without long-term precipitation (Fig. 4). This indicates that there
should be a balance between evaporation and condensation in dunes. Although water content in
basins can reach 6% after rainfall, it was usually less than 3% at a depth >1 m. Unless water table
was very high, water content of basins as a whole was lower than those of dunes.
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Fig. 3 Formation composition of dune 0# and conceptual water migration in vadose zone, modified from
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3.3 Groundwater characteristics of basins

Pumping test results showed that recharge from dunes was abundant and stable. Pumping flow of
inter-dune basins 1#-6# and 8# were more than 20 m’/h; and drilling potential was more than
3.40x10° m*/a (Fig. 5a). Water levels and TDS of inter-dune basins 2#-8# were compared,
because distances between them were relatively small. If there is a flow and recharge relationship
between groundwater in different basins, it can be identified as water flows from high to low
water levels and TDS increases along flow path. It can be seen that inter-dune basins 4# and 3#,
and inter-dune basins 5# and 6# may have recharge relationships (Fig. 5b). However, during
pumping period for inter-dune basin 3#, there was no change in water level at inter-dune basin 4+#.
In a similar range of borehole depths, temperature of inter-dune basin 5# was nearly 2°C lower
than that of inter-dune basin 6# (Fig. 5c). Considering that ground temperature below a depth of
30 m is almost unaffected by solar radiation, groundwater temperature difference in different
basins should be a result of recharge. Therefore, basin groundwater recharge is relatively
independent.

Results of isotope analysis showed that snowmelt in the Qilian Mountains was the source of
groundwater in the BJD. Isotopic compositions are shown in Figure 5d. §'®0 and 8D of well
water samples ranged from —6.83%o0 to —2.41%0 and from —65.40%0 to —39.20%o, respectively.
8'%0 and 8D of groundwater in desert hinterland ranged from —6.57%o to —2.30%0 and from
~73.60%o to —45.10%o, respectively, which formed an evaporation line (EL) (D= 4.635'%0-32.31)
with 8'%0 and 8D (from —63.60%o to 14.4%o and from —5.66%o to 9.69%o, respectively) of desert
lake water samples. 8'®*0 and 8D of soil water near EL indicates water migration from
groundwater to sand layer. 3'30 (—82.8%o to —14.3%o) and 8D (—9.8%o to 11%o) of groundwater in
area of northwestern BJD (Gurinai Lake and Guaizihu Village) indicates that here is desert
groundwater discharge area. While 8'®0 and 8D of groundwater at the foot of Longshou
Mountains ranged from —10.58%o to —8.91%0 and —74.3%o to —58.6%o, respectively, following the
LMWL. Intersection point (—12.55%0 and —90.44%o) between EL and global meteoric water line
(GMWL) is more depleted than desert rainfall but similar to snowmelt in the Qilian Mountains,
indicating actual recharge.
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4 Discussion

4.1 Effects of wind and bedrock on dune formation

Wind mainly controls the formation and shapes of dunes, which are almost all northwest-oriented.
As wind intensity will affect the evaporation amount in unsaturated zone of dunes, moisture
content of sand layer will decrease when evaporation amount is less than condensation amount,
thus becoming a dry sand layer. Thickness of dry sand layer is also related to wind intensity. Wind
on the windward slope is relatively stronger and it carries away more particles, so the thickness of
dry sand layer is thinner. However, wind has no significant contribution to the dunes' height
(Dong et al., 2009; Yang et al., 2011; Meng et al., 2022). Under wind dominance, dust should
cover the bedrock evenly or fill in depression areas. If dunes were formed only by wind, there
would be no basin. Actually, dunes in the BJD have gradually converged to composite ridge
shaped mega-dunes with a height of nearly 500 m (Yan et al., 2001), while basins are only
covered with aeolian sand at a certain thickness (1 m) on the surface. This leads to the question of
why aeolian sands accumulate on dunes rather than in basins. Dune height setting is more
complex (Gunn et al., 2022). Size of sand particle gradually increased from dunes to basins (Fig.
2a and b). Therefore, dunes cannot form in desert basins because coarse-grained layer deposited
in the desert basins prevents the upward migration and recharge of thin-film water. Accumulation
of aeolian sand in basins can only form temporarily moving dunes owing to the lack of
groundwater support. Water can increase the cohesion between sand particles to resist wind
erosion, and sand dunes can continuously accumulate (Chen et al., 2004). Groundwater should be
present under dunes to maintain sand accumulation.
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Some studies have also speculated that fluctuation in the underlying bedrock of sand dunes
may affect the flow of surface aeolian sand (Wang, 1990; Yang, 2000; Chen et al., 2006).
However, according to gravity data, the shape of underlying bedrock does not completely match
that of sand dune completely (Yang et al., 2011). Slope of dune surface was actually greater than
that of bedrock, indicating that the height of dune is mainly dependent on calcareous sandstone
and aeolian sand deposit. Calcareous sandstone was regarded as "skeleton" of dunes (Qian and
Liu, 2015). Surface around dunes is also littered with rhizoconcretions and calcareous cements,
which are widespread in the BJD (Dong et al., 2013), and many lakes exist travertine in springs.

Obviously, deposition of calcium carbonate was not caused by evaporation. Regarding the
source of calcium carbonate, Yan et al. (2001) and Yang (2011) believed that abundant
precipitation in a humid climate would dissolve calcium carbonate in the strata and mix it with
groundwater. Later, calcium carbonate precipitated owing to decrease in groundwater level in an
arid climate. However, this hypothesis had no corresponding geochemical analysis (Yang, 2000;
Yang et al., 2011). If calcareous sandstone was created in this humid climate, presence of
abundant groundwater and its storage space inside the sand dune could not be explained. Chen et
al. (2006) reported that calcium carbonate derived from confined water. Given that the solubility
of calcium carbonate increases with the pressure of water, calcium carbonate in deep groundwater
has high solubility (Chen et al., 2004), which decreases when groundwater glows out of surface,
forming calcium carbonate precipitation (Chen et al., 2006). Moreover, 8’Sr/**Sr (Strontium)
values of groundwater in the BJD were similar to those of marine sedimentary carbonate rocks,
which indicated that calcareous sandstone layer and calcium carbonate particles in the sediments
were related to deep groundwater (Chen and Jiang, 2015). Large number of calcium ions carried
by deep-circulation groundwater gradually formed a calcarecous cement layer and
rhizoconcretions in sand dunes. Therefore, fixed mega-dunes can resist wind erosion, accumulate,
and grow.

4.2 Groundwater formed dunes

Wet sand layers inside dunes are in sharp contrast to arid climate of the BJD (Zhu, 2023).
Meanwhile, lee slopes of sand dunes are greater than angle of repose of sand (34°), even up to 45°
(Yan et al., 2001). Experiments have shown that angle of repose increases to 65° with a moisture
content of up to 4.7%, indicating that high water content of sand layers increase the ability of
dunes to resist wind erosion (Webster, 1919; Chen et al., 2004). Zhao et al. (2017) highlighted
that heavy precipitation can infiltrate owing to infiltration-excess runoff. According to mechanism
analysis of formation of infiltration-excess runoff, precipitation intensity needs to be greater than
infiltration intensity of sand layer for penetration. However, observed precipitation intensity in
desert was significantly lower than infiltration rate of sandy layer (about 20 mm/min) (Wang et al.,
2013).

For dunes, potential evaporation is substantially greater than actual evaporation (Wang et al.,
2013; Ma et al., 2014); actual evaporation is determined by precipitation (Liu et al., 2009; Hu et
al., 2015). Limited precipitation and evaporation observations showed that precipitation event in
the BJD was given priority over light rain (over 90%<5 mm). Theoretically, infiltration
precipitation should be absorbed on the surface of soil particles and form a thin-film water layer
owing to soil surface charges (Gong et al., 2018). Only when water content of dry sand layer
reaches the maximum water-holding capacity can the water become gravity water and continue to
penetrate wet sand layer (Dong et al., 2016). Water content of sand layer is usually 3%—4%,
which does not reach the maximum water-holding capacity (5%), even after precipitation (Gu et
al., 2004). This indicates that precipitation has a limited effect on soil moisture content in dunes
(Fig. 4). All atmospheric precipitation evaporated from mega-dunes approximately one day after
this type of precipitation (Ma et al., 2014). Therefore, wet layer should form via groundwater
vapor transport.

Given that air temperature of dune 0# was measured in winter, simulated condensed water
volume was larger than those in other seasons. Therefore, it is likely that sand dunes were more
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likely to have developed rapidly during the period when groundwater temperature was high,
rather than under modern conditions. Elevation of calcareous sandstone also indicates that water
table in the past was substantially higher than that at present. According to grading data for sand
dunes, particle size of aeolian sand is mainly 0.15-0.25 mm, and the porosity is approximately
40%. Therefore, water content can reach 3% when film water is up to 3 nm, approximately equal
to current moisture content of wet sand layer inside mega-dunes (2%—4%). Therefore, water in
sand dunes should be stored as thin-film water, which is important in unsaturated zones of arid
areas (Lebeau and Konrad, 2010). Previous studies on water vapor in unsaturated zone in the BJD
have mainly focused on basins with a groundwater depth of <5 m, which is within the range of
capillary water transport. Meanwhile, to date, few studies have focused on water migration in
unsaturated zone with a deep groundwater table. Through simulation of water migration in dunes,
groundwater moved upward in the form of capillary water and water diffusion, accompanied by
countless evaporation and condensation. Currently, groundwater can exist in the form of thin-film
water, evaporation, and condensation. Condensation can increase the cohesion between aeolian
particles. When surface evaporation of dunes is greater than that of condensed water, sand will be
blown away by wind.

Formation and evolution processes of dunes mainly involve two steps, first, acolian sand layer
resists wind erosion under action of condensate water, which form via condensation after moving
from groundwater. Second, as CaCOs-rich groundwater gushes out, calcium carbonate precipitate
and aeolian sand are cemented into sandstone by calcium, becoming a hard "core". It is likely that
there are two stages of dune growth. At the beginning, groundwater temperature is relatively high,
water vapor migrates rapidly, and a large amount of aeolian sand accumulates on the surface.
When water temperature decreases, water vapor migration in unsaturated zone slows, amount of
water is lower, and dune enters a slow maintenance period.

4.2 Groundwater source of dunes

This is the first attempt to discover groundwater source inside dunes in the BJD, thus confirming
the significant effect of groundwater on the development of sand dunes. Discovered shallow
runoff indicates that groundwater in dunes flowed into basins (Zhao et al., 2017). Elevation of
calcareous sandstone in dune 0# was higher than that of calcareous mudstone in adjacent basin
(inter-dune basin 1#), indicating that dune 0# should be upstream of groundwater. Gravity data
also indicated the presence of higher water levels in mega-dunes than in surrounding lakes (Yang
et al.,, 2011). However, drilling in dunes has not revealed abundance of groundwater. This is
because carbonate concentration of carbonate in groundwater was substantially higher than its
saturation concentration. Supersaturated carbonates deposit calcium carbonate in the pores of
sand grains, cementing e aeolian sand with calcareous sandstone. Permeability coefficient of
sandstone is less than 1x107° m/d, significantly less than that of aeolian sand (2.47 m/d) (Cheng et
al., 2010). Therefore, flow of dune 0# was relatively low. Groundwater in dunes should flow
mainly in sandstone fissure. In contrast, inter-dune basins, as natural reservoirs, can easily obtain
abundant groundwater.

Groundwater in dunes may be come from basalt-sourced groundwater, which can be
replenished through crater and maintain a large flow during dry season (Jia et al., 1993; Chen and
Jiang, 2015; Jiang and Chen, 2015). Basalt-sourced groundwater is a product of volcanic activity
and differs from pore, fissure, and karst waters. Storage and flow of groundwater depend on the
development of secondary basaltic pores (Kulkarni et al., 2000). As lava flows increase, the
primary porosity, joints, and secondary fissures gradually form a complete water transport and
storage system (Jia et al., 1993). According to the composition of material elements, desert
groundwater is rich in Sr (0.54—1.02 mg/L), which exceeds the mean value of rivers around desert
(Liu et al., 2016). Measured contents of H,SiOs and CO3%*~ were both high, which is consistent
with that of basalt groundwater (Jia et al., 1993; Chen and Jiang, 2015; Ma et al., 2022).
Combined with the existence of crater under sand dunes, it is speculated that relatively
independent water channel is below crater (Fig. 6).
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In the early stages, temperature of groundwater upwelling from volcanic craters should be high.
Next, a significant amount of water vapor diffused into atmosphere and condensed in surface and
sand particles brought by wind were stuck, continuously accumulating to form sand dunes. Shape
of sand dunes indicates the direction of groundwater flow (Fig. 6). When groundwater supply was
sufficiently high, a symmetrical lake formed at the end of sand dunes. Currently, groundwater
from sand dunes can gather in basins, which acts as a natural reservoir. However, during runoff,
groundwater dissolves salt in sediments, so drilling in the area closer to dunes can obtain higher
quality groundwater resources.

200 Groundwat

100

Depth (m)

-200

Basalt

—400 groundwater

Natural
"water storage layer"

Fig. 6 Structure of sand dune and inter-dune basin with a conceptual diagram of groundwater flow. Basins A and
B are separated by granite uplift and receive independent groundwater recharge from crater under dunes.

Affected by harsh environment of the BJD, this study was conducted at the southern edge of
desert, and the role of groundwater was emphasized in the analysis of formation mechanism of
sand dunes. Shape of mega-dunes in the desert hinterland is relatively more complex, with simple
sand dunes piled up on top of windward slope; however, there is still a large gap in the
hydrogeological survey of mega-dunes there. Results of water transport model are only for
reference, because parameters were obtained from related studies. Also, for an arid area with an
aquifer depth greater than 100 m, water migration process in the unsaturated zone requires further
research to provide a more systematic theoretical study of mega-dunes' formation mechanism.
Meanwhile, groundwater resources in the hinterland of desert are also noteworthy because water
storage only in the eight inter-dune basins in southern margin has reached 3.40x10° m?%a.
Mega-dunes in the hinterland are often accompanied by larger lakes and even freshwater lakes
(Dong et al., 2013; Zhu, 2023). Height of sand dunes is proportional to the amount of
groundwater and area of lakes, which implies that water resources in sand dunes in desert should
be more abundant.

This study not only reveals a new pattern of dune growth by examining the formation of
world's tallest dune but also provides insights into water cycle in desert for other arid areas to
exploit water resources. Wet sand layers, calcareous sandstone, and perennial grass occur in many
desert dunes worldwide (Grandjean et al., 2001; Lancaster et al., 2002; Hesse, 2011), and
groundwater in deserts is irreplaceable source for regional drinking water (Edmunds et al., 2003;
Hakimi et al., 2021). Understanding groundwater recharge, runoff, and discharge processes can
provide a theoretical basis for obtaining high-quality water resources.

5 Conclusions

Compared with deserts in other arid areas, the BJD has developed the tallest dune worldwide
(nearly 500 m), with a general height of 200300 m, which is maintained by groundwater. Deep
drilling in dunes and different inter-dune basins were conducted to explore the formation
mechanism of sand dunes in the BJD, revealing that elevation between dunes and basins was
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mainly caused by aeolian sand accumulation. Water migration simulation showed that water
connectivity was limited and that water migration was mainly based on vapor diffusion. Water in
sand dunes should be stored as thin-film water, and amount of evaporation and condensation
determines whether sand dunes will be eroded by wind. Uplift of granite beneath dunes resulted
in no unified hydraulic connections among different basins, which received an independent
supply through carter below dunes. Moreover, as natural reservoirs, it is easier for basins to obtain
abundant groundwater. This study provides direct geological information on the formation
mechanism of sand dunes, a new perspective for studying the relationship between dunes and
lakes, and a theoretical basis for the allocation of water resources in arid areas.
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