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The Alxa Desert in north-central China has a unique landscape that contains hundreds of lakes and the
highest sand dunes in the world. To date, however, the explanation of the water source in this desert is
still controversial. In this paper, continuous hydrometeorological observations, including precipitation,
evaporation, water level and temperature, in the interior of the Alxa Desert are presented and the water
balance of a typical desert lake is calculated. The moisture, Cl concentration, d2H and d18O of several
sand proﬁles, the hydrogeochemical characteristics of some lakes and groundwater, and the elemental
composition of some travertine samples are analyzed to investigate the rainfall percolation and
groundwater recharge. The results showed that local precipitation is not the major replenishment source
of the lakes and groundwater in the Alxa Desert. It is supposed that the groundwater from deep strata in
the adjacent fracture zone might recharge the desert lake group from the southeast along an altitudinal
gradient.
© 2015 Elsevier Ltd. All rights reserved.
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1. Introduction
Water resources are generally extremely scarce in desert regions, due to the dry climate. But hundreds of natural lakes are
distributed in the Alxa Desert (including the Badain Jaran Desert,
the Tengger Desert and the Ulan Buh Desert), in north-central
China. And many of the lakes and shallow groundwater bodies
have good water quality (<1 g/L). Investigating the source of this
water is of key signiﬁcance, aiding in the understanding of the
hydrologic cycle in the Alxa Desert and in the rational allocation of
these water resources. In the past several decades, the formation of
the lake group in the mega-dune area of the Alxa Desert has
received continuous attention from many researchers (Dong et al.,
2013). However, their conclusions regarding the recharge mechanism and water source of the lakes remain controversial. At least
four hypotheses regarding the lake water sources have been reported to date: 1) Residual paleowater, i.e. residual water from the
precipitation and snowmelt in past humid periods, e.g. the mid-
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Holocene or the Late Pleistocene (Yang, 2000, 2006; Yang and
Williams, 2003; Yang et al., 2003, 2010; Ma and Edmunds, 2006;
Ma et al., 2005, 2008; Ma et al., 2009a,b; Edmunds et al., 2006;
Huang and Pang, 2007; Gates et al., 2008b; Ding et al., 2013); 2)
Percolation of local precipitation, i.e. the mega-dunes can collect
sufﬁcient rainfall to ﬁll the lakes in the depressions (Wang, 1990;
€kel, 2002; Yang, 2002, 2006; Yang et al., 2010;
Hofmann, 1996; Ja
Zhao et al., 2011a, 2011b; Shao et al., 2012); 3) Subsurface runoff
from the precipitation in the nearby mountains, e.g. Yabulai
Mountains and Beida Mountains (Dong et al., 2004; Ma and
Edmunds, 2006; Ma et al., 2005; Ma and Yang, 2008; Huang and
Pang, 2007; Zhang and Ming, 2006; Gates et al., 2008a); and 4)
Deep circulating groundwater from a distant area, e.g. abundant
precipitation in the Qilian Mountains and the Tibetan Plateau via a
deep fault system (Chen et al., 2003, 2004b, 2006, 2014; Gu et al.,
2004).
In fact, there are some consensuses among the four hypotheses.
Yang (2006), Ma and Edmunds (2006), Ma et al. (2007, 2009b) and
Edmunds et al. (2006) all suggested that paleowater played an
important role in recharging the groundwater, but Yang (2006)
insisted that the local rainfall in the desert and Yabulai
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Mountains during wetter epochs like the mid-Holocene recharged
the deep groundwater substantially and formed high lake levels,
while Ma and Edmunds (2006), Ma et al. (2005, 2007) and
Edmunds et al. (2006) suggested that the lakes and groundwater in
the Badain Jaran Desert and the deep groundwater in the Minqin
Basin (Tengger Desert) were fed by the precipitation during the Last
Glacial Maximum (39,000e20,000 yr B.P.), and Ma et al. (2009b)
concluded that the lakes in the Tengger Desert corresponded to
the paleowater in the mid-Holocene (~4000 yr B.P.) from the
recharge zone of the Qilian Mountains alluvial fan (WuweiGulang). Additionally, Yang (2006) and Yang et al. (2010) suggested
that the shallow groundwater and lakes in this region were mainly
recharged by percolation of local modern rainfall. This result was
generated with chemical water analysis and water balance calculation. Zhao et al. (2011a, 2011b) studied the moisture content of 29
boreholes, concluding that the mega-dunes both in the Badain
Jaran Desert and the Tengger Desert have positive equilibrium of
moisture: The meteoric water percolated through the sand layers
and migrated downward in the form of ﬁlm water, and ﬁnally
became the import source of the groundwater and the lake group.
But Ma et al. (2003, 2009b), Ma and Yang (2008) and Gates et al.
(2008b) calculated the direct recharge rate as only between 0.9
and 2.5 mm/yr (~1e2% of annual precipitation) over the last 2000
years using Cl mass balance of sand proﬁles; the modern direct
recharge through the unsaturated zone is insufﬁcient to support
the study area's network of groundwater-fed perennial lakes. It was
supported by the work of Ma et al. (2014), in which the sand dune
evaporation after rainfall was monitored using eddy covariance,
and where it was found that the percolated precipitation evaporated completely in a short time.
The previous researchers primarily applied hydrogeochemical
methods to study the lakes and groundwater in the Alxa Desert,
such as ion analysis and stable isotope analysis (H, O, C, Sr, He, Ne)
(Geyh et al., 1998; Hofmann, 1996; Yang, 2002, 2006; Yang and
Williams, 2003; Yang et al., 2010; Chen et al., 2003, 2004a,
2004b, 2006; Ma and Edmunds, 2006; Ma et al., 2007; Ma and
Yang, 2008; Chen, 2012; Shao et al., 2012; Rioual et al., 2013; Wu
et al., 2014); groundwater dating (3H, 14C) (Yang, 2002; Yang
et al., 2010; Chen et al., 2003, 2004a, 2004b; Ma et al., 2009b;
Wu et al., 2014); and unsaturated zone moisture and Cl analysis
(Ma and Edmunds, 2006; Ma et al., 2003, 2005, 2009a, 2009b; Ma
and Yang, 2008; Zhao et al., 2011a, 2011b; Pan et al., 2013). The few
hydrometeorological observations (Gu et al., 2004; Wen et al.,
2014) in the desert were only short term or discontinuous
because of the extreme conditions, which has led to controversial
interpretations.
To further investigate the water source of the lake group in the
Alxa Desert, continuous hydrometeorological observations and
ﬁeld expeditions into the desert interior were undertaken beginning in 2009. Sand moisture analysis and a rainfall simulation
experiment were used to study the inﬁltration process. Stable
isotope analysis of 2H and 18O was applied to look for the potential
water source in the vadose zone. The new evidence suggested that
the local precipitation could not induce recharge to the groundwater and was not the main source of the lake group in the Alxa
Desert, as we will show in this article.
2. Regional setting and methods
2.1. Regional setting
The Alxa Desert (37 Ne42 N, 99 E107 E) is mainly composed
of three deserts: The Badain Jaran Desert (the second largest desert
in China), the Tengger Desert (the fourth largest desert in China),
and the Ulan Buh Desert (see Fig. 1). Its total area is about
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100,000 km2, approximately a third of the area of the Alxa Plateau.
At the eastern edge of the Alxa Desert are the Helan Mountains, the
Langshan Mountains and the Yellow River. To the south, it is
bounded by the Longshou Mountains, the Beida Mountains and the
Qilian Mountains. To the west and northwest, it stretches down to
the Gurinai Lake and the Heihe River. To the north, it is bounded by
the Guaizi Lake, close to the Mongolian Gobi (Yao et al., 2007; Zhu
et al., 2010; Dong et al., 2013; Yang et al., 2014). It has an elevation of
900e1800 m a.s.l. A signiﬁcant area (70e80%) of the Alxa Desert is
covered by active dunes, and the rest is occupied by deﬂation
hollows, lakes and mountains. The tallest mega-dunes (>400 m)
are found in the southeastern part of the Badain Jaran Desert, which
has a unique landscape in which mega-dunes alternate with lakes
(Dong et al., 2009).
In the sandy desert basins of the study area, active dunes,
basement outcrops, and mountain ridges of Precambrian and
Paleozoic metamorphic and crystalline rocks are distributed; the
basins contain sedimentary rocks of Mesozoic and Tertiary age,
overlain in places by Quaternary sediments (Pachur et al., 1995).
The Quaternary dune sands comprise a shallow phreatic aquifer;
the unconsolidated sands are interlayered with ﬁne-grained acustrine deposits derived from palaeo-lakes, which result in locally
conﬁned aquifer conditions apparent from artesian springs and
strong vertical salinity gradients in some lakes (Gates et al., 2008a).
The climate in the Alxa Desert is an extreme continental desert
€ ppe's climate classiﬁcation (Dong et al., 2004).
type according to Ko
The mean annual precipitation is about 100 mm, mainly concentrated in the months of July, August and September. And the potential evaporation is more than 2000 mm, which is 20 times the
amount of precipitation. From the northwest to the southeast, the
precipitation increases as the evaporation and wind speed
decrease. The mean annual air temperature ranges from 7 to 9  C.
There are two main lake groups in the Alxa Desert, one in the
southeastern Badain Jaran Desert and another in the northeastern
Tengger Desert. The two lake groups have 140 and 420 lakes,
respectively. The highest TDS (total dissolved solids) of the lakes is
more than 300 g/L, while the TDS of some fresh lakes is less than
1 g/L. More than 50 springs outcrop in the desert, mostly near the
lakes. No runoff occurs in the dune area of the Alxa Desert. And the
Heihe River and Shiyang River, both originating from the Qilian
Mountains, are the only surface water source, running through the
west edge of the Badain Jaran Desert and the Tengger Desert,
respectively. The elevations of the two rivers are lower than the
desert water tables and therefore they cannot recharge to the
desert lake group. Most of the ground water tables around the lakes
are less than 1 m. The TDS of nearly all the springs and ground
water is less than 1 g/L.
2.2. Methods
In the winter of 2009, the Badain Jaran Station for Environmental System Observation and Experiment was established in the
hinterland of this desert (see Fig. 1) by Lanzhou University.
Continuous hydrometeorological observations were launched from
2010. The conventional climate elements were monitored hourly,
including temperature, wind, humidity, pressure, radiation, precipitation and evaporation, as well as the water level and water
temperature. The water level observations covered the entire lake
group range in the Badain Jaran Desert, including freshwater lakes
and saline lakes.
Precipitation was observed using two weighing precipitation
gauges (Vaisala VRG101: 40 cm diameter), and thus snowfall was
also included. One gauge was installed on the summit of the sand
dune to the east of Sumubarunjilin Lake, and the other one was
located at the inter-dune depression (Climate Station in Fig. 1).
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Fig. 1. (a) Landforms of the Alxa Desert and sampling sites. (b) Locations of in situ observations and the lake group in the Badain Jaran Desert.
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Freshwater (TDS < 1 g/L) evaporation and saline lake water (from
Sumubarunjilin Lake, TDS z 100 g/L) evaporation (Climate Station
in Fig. 1) were measured using two automatic E601B evaporators
(Campbell EV1000-C: 60 cm height and 61.8 cm diameter)
approximately 200 m from the Sumubarunjilin Lake. In winter,
from December to February, the measurement of freshwater
evaporation was stopped to avoid freezing, whereas the saline
water evaporation measurement worked normally. The missing
evaporation data were calculated using the data from the other
evaporator based on the linear relation between the observed fresh
water evaporation and saline water evaporation. Water level
change and water temperature of several lakes and groundwater
sites (Fig. 1) were monitored using a number of self-recording
water level data loggers (Solinst, 3001 Gold, piezoresistive
sensor). The water level was calibrated using a separated sensor for
air pressure. The water level and water temperature were automatically recorded at hourly intervals.
There were some reasons for selecting the Sumubarunjilin Lake
as the main observation site of precipitation and evaporation.
Firstly, it is located in the center of the lake group in the Badain
Jaran Desert and provides a good representation of the regional
climate. Wang et al. (2013a) compared the precipitation characteristics of the hinterland and the margin of the Badain Jaran Desert
with the observation data from the Sumubarunjilin Lake, Cherigele
Lake and four external stations. It was concluded that the precipitation in the hinterland was consistent with the surrounding area
and the patchy difference was not apparent in general precipitations. Moreover, the Sumubarunjilin Lake is among the largest
lakes in the lake group, the area of which is about 1.5 km2.
Consequently, it was selected to execute the observation and
calculation of water balance.
Twelve sand proﬁles in the Alxa Desert were sampled in
September 2009 and August 2011 (Fig. 1a). The mass water content
was measured using the oven-drying method. The water in the
sand samples of two proﬁles was completely collected using vacuum extraction, and then the d2H and d18O of the extracted water
were analyzed by MAT-253. The ﬁnal measurement accuracy for
d2H and d18O were ±2% and ±0.2%, respectively. Three rainwater
samples and two well water samples were also collected in August
2011 for stable isotope analysis. The Cl concentration of the pore
water of two proﬁles was measured using ion chromatography
(Dionex ICS-1500) at the Analysis and Testing Center, Lanzhou
University.
In order to clarify the water-holding capacity of the sand layers
of the Alxa Desert, an indoor inﬁltration experiment was executed
with cutting-ring method. The sand samples used in this experiment were collected in the Badain Jaran Desert and the Tengger
Desert, respectively, and then oven-dried. Firstly, a cutting-ring full
of dried sand was placed into a deep plate with water for 30 h,
making the sand saturated. Then it was put on another cutting-ring
with dried sand for 90 h, until inﬁltration ceased. The upper
cutting-ring was covered with a metal lid to prevent evaporation,
and it was compressed tightly to the lower cutting-ring. The two
cutting-rings were separated by a ﬁlter paper. The upper cuttingring was weighted repeatedly to calculate the moisture content
variation. This experiment demonstrated the inﬁltration process of
the sand samples from saturation moisture capacity to ﬁeld
capacity.
The rainfall simulation experiment was performed in an interdune ﬁeld beside Sumujilin Lake in the western Alxa Desert on
the evening of October 22, 2011 to verify whether precipitation
could percolate into the groundwater during a rainstorm. The
experimental site was on ﬂat sand, a 1 m2 area surrounded by four
boards with a 10 cm dry sand layer on the surface. Over 30 min.,
30 mm of simulated precipitation was sprinkled evenly inside the
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box. Two vertical proﬁles in the experimental zone and the
neighborhood were sampled every 3 cm after 17 h, and the mass
water content was measured using the oven-drying method.
A number of travertine and rock samples were collected in the
Alxa Desert (Fig. 2), and their elemental composition was measured
using X-ray ﬂuorescence spectrometry (Magix PW2403), which
was completed in the Key Laboratory of Western China's Environmental Systems, Lanzhou University.
3. Results
3.1. Hydrometeorological observations
3.1.1. Precipitation and water level
Fig. 3 shows the observed precipitation, lake levels and
groundwater levels for the Badain Jaran Desert from 2010 to 2011.
According to the climate station in the hinterland of the Badain
Jaran Desert (Figs. 1b and 3), there were 71 days with precipitation
from January 2010 to December 2011 (Table 1), and most occurred
in summer and autumn. The total precipitation in 2010 was
100.6 mm, and 72.8 mm in 2011. During this study, 91.5% of the
precipitation events were less than 5 mm. During the same time,
located in the surrounding area of the Badain Jaran Desert, the
precipitation in Alxa Youqi, Minqin and Bayinmaodao in 2010 was
121.6 mm, 111.8 mm and 145.6 mm, respectively. And it was
100.3 mm, 139.2 mm and 84.1 mm for the three stations in 2011.
The precipitation in different areas of the Alxa Desert showed good
consistency. Climate station records show that the mean annual
precipitation for Alxa Youqi and Yabulai are 118.8 mm and 88.5 mm
respectively during 1981e2009 (Wang et al., 2013a). The maximum
annual precipitation for Alxa Youqi during 1960e2011was
188.1 mm and in this period there were only 9 rainfall events that
the daily precipitation reached 30 mm (Ma et al., 2014). Wang et al.
(2013a) suggested that the precipitation in the hinterland of the
Badain Jaran Desert had no signiﬁcant difference from that in the
margin area. Therefore the precipitation measurements in this
study can represent the normal conditions in this area.
The observations from six water level stations (four lake levels
and two groundwater levels, Fig. 3) all had a similar annual variation trend, i.e. higher in winter and spring and lower in summer
and autumn, which was exactly the opposite of the precipitation
trend. The water levels remained lowest when there was the most
rainfall, in the summer. The water levels ranged between 28 and
52 cm within a year. A distinctive characteristic was that the levels
increased beginning in winter and attained their highest point in
spring (L1, G1 and G2 reached the apogee in March and L2e4 were
highest in April, see Fig. 3), although during winter and spring there
was very little precipitation (less than 5 mm, if any), and the precipitation between November and April accounted for less than 15%
of the annual precipitation. Additionally, most of the precipitation
in winter was snow, which was retained on the surface and could
not induce recharge to the groundwater and lakes. The longest lake
level time series were obtained in Sumubarunjilin Lake (L2 in
Fig. 3), in which the mean lake level for April through October 2011
was 3.8 cm higher than in the same period in 2010. At the same
time, the precipitation in the former period was 20.2 mm lower
than in the latter period. In other words, the lake level became
higher in 2011 than that in 2010, even though the precipitation
decreased.
3.1.2. Water temperature
Fig. 4 presents the temporal variations in the air and water
temperatures of several lakes and a spring in the Badain Jaran
Desert from 2010 to 2011. As shown in Fig. 4, the lake levels
(TW1eT W3) have the same trend as the air temperature (TA), but
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Fig. 2. Some evidence from the Alxa Desert. (a) A spring is located in the center of Yindertu Lake, and the precipitated travertine around the spring becomes an island. (b) The wet
sand layer reached a depth of only 20 cm after a rainstorm. (c) An artesian well in the Tengger Desert. (d) Travertine is accompanied with igneous rock in the Alxa Desert
(104 52.440 E; 3749.980 N; altitude, 1530 m). (e) A proﬁle in the Tengger Desert: The desert groundwater is very shallow in many depressions. (f) Travertine and springs in Naogunnuoer Lake.

temperature. Because some springs exist near each of the three
studied lakes and most of other saline lakes in this desert, is it
possible that some thermal springs are located at the bottom of
those lakes and led to the increase in lake temperature? T W4 in
Fig. 4 represents the water temperature in a spring next to Sumubarunjilin Lake in the Badain Jaran Desert and suggests that the
spring temperature was stable at 14e19  C throughout the observation period, although the air temperature decreased to 20  C in
winter, i.e. the spring temperature could be 30  C greater than the
air temperature. As the geothermal gradient in this area is
approximately 2.51e3.00  C/100 m (Ren et al., 2000), the spring
water is likely formed from upwelling thermal water from deep
strata. The observation point of T W4 was located in the heartland of
the lake group and accordingly the temperature of this spring was

Fig. 3. Temporal variations in daily precipitation, water level of lakes and groundwater
for 2010e2011. Precipitation: P1, Sumujilin; P2, Alxayouqi; P3, Minqin; P4, Bayinmaodao. Lake levels: L1, Wosigetu; L2, Sumubarunjilin; L3, Wuertabulage; L4,
Zhaoergetu. Groundwater level: G1, Badan, 100 m from the lake shore; G2, Baoerzhuntu, 20 m from the lake shore.

Table 1
Statistical results for the precipitation in the Badain Jaran Desert from Jan. 2010 to
Dec. 2011.
Precipitation

Days

Percent

5 mm
>5 mm
>10 mm
>15 mm

58
6
4
3

91.5%
8.5%
5.6%
4.2%

there is a time lag of approximately one month. In addition, the
water temperatures in three lakes suddenly increased exceptionally
in October 2010 and August 2011. The lake temperatures increased
up to or beyond 40  C, i.e., 15e20  C higher than the air

Fig. 4. The air and water temperature of several lakes and a spring in the Badain Jaran
Desert during 2010e2011. Air temperature: TA, Sumujilin. Lake water temperature:
TW1, Wuertabulage; TW2, Zhaoergetu; T W3, Naogunnuoer. Spring water temperature:
TW4, Sumubarunjilin.
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representative. A number of wells and springs in the Badain Jaran
Desert were surveyed during April 19 to May 3, 2011. The mean
water temperature of 51 wells was 9.2  C while it was 16.9  C for 10
springs. Though the water temperatures were measured at
different times of the day, they still showed that the spring water
temperature was obviously higher than the well temperature
(phreatic water). And the hydrochemistry of the ground water
samples was also analyzed. The mean concentration of ﬂuorine ion
for 71 wells was 4.11 mg/L while it was 1.62 mg/L for 17 springs.
Moreover, there was no ﬂuorine ion in the rain samples. As a kind of
typical deep-water ion, concentrated ﬂuorine ion might indicate
that the springs originated from deep strata and became the main
replenishment sources of the phreatic water. Chen (2012) calculated the reaction temperatures of 11 springs with a NaeK geothermometer and a NaeKeCa geothermometer in the Badain Jaran
Desert. The mean temperatures were 201.6  C and 172.6  C
respectively. Consequently, the circulation depth of the thermal
groundwater may approach 5e10 km based on the geothermal
gradient of 2.51e3.00  C/100 m (Ren et al., 2000).

observation period. Therefore, the annual groundwater recharge
(R) was calculated as 898 mm. Fig. 5 also shows some minus values
of daily groundwater recharge. It might be resulted by observation
errors of the measurement gauges. It was unlikely that the saline
lake recharged the groundwater; otherwise the surrounding
shallow groundwater would have a high TDS value.
The total lake area in the Badain Jaran Desert, our western study
area (Fig. 1), covers approximately 17 km2 (Hofmann, 1999; Zhang
et al., 2012). As the evaporation of freshwater lakes (TDS < 1 g/L)
and brackish lakes (1 g/L < TDS < 24 g/L) is higher than those of
saline lakes (TDS > 24 g/L), which can be more than 1500 mm/yr
based on these observations (using an E601 evaporation pan and
water with TDS < 1 g/L), the total annual water loss through
evaporation in this lake group should be approximately 2  107 m3.
Hofmann (1999) estimated the total evaporation losses from the
lake group of the Badain Jaran Desert as 4.4  107 m3 with an
annual evaporation of 2600 mm/yr. As calculated above, groundwater is the primary source of recharge for the lakes. Thus, the core
issue with the mechanism of lake formation is to interpret the
source of the abundant groundwater in the Alxa Desert.

3.1.3. Lake water balance
Before the calculation of the lake water balance, the water cycle
pattern should be assumed in advance. Precipitation and evaporation are the apparent inﬂow and outﬂow for the lakes. Because of
the enormous unbalance between the above two factors, groundwater is conjectured as another inﬂow. Since it has not been veriﬁed whether there are connections between adjacent lakes, the
groundwater inﬂow can be regarded as the net input of groundwater and seepage. The water balance of a typical lake in the Alxa
Desert in a given period can be expressed in the followed form:

3.2. Moisture and stable isotopes of sand proﬁles

R þ P  E ¼ DH;

(1)

where R is the net groundwater recharge to the lake; P is the precipitation over the lake; E is the evaporation from the lake; and DH
is the change in lake level in the given period.
Using Sumubarunjilin Lake as an example, its water balance was
calculated for the hydrological year of September 2010 to August
2011. Fig. 5 shows the calculated groundwater recharge of this lake.
The observed precipitation (P) next to Sumubarunjilin Lake was
113 mm in this period. The lake evaporation (E) was 935 mm (using
an E601 evaporation pan and water with TDS z 60 g/L; the water
was from Sumubarunjilin Lake). The observed evaporation may
have a relative error versus the real lake evaporation of approximately 17% according to a previous study (Shi et al., 1986). The lake
level change (DH) of Sumubarunjilin Lake was 76 mm during this

Fig. 5. Calculated groundwater recharge of Sumubarunjilin Lake.

Rainfall can percolate through sand layers only when the sand
moisture content is greater than its ﬁeld moisture capacity. Fig. 6
shows the inﬁltration process for the saturated sand layers in the
Alxa Desert. The two curves were obtained by in-house laboratory
investigation with sand samples collected from the Badain Jaran
Desert and the Tengger Desert. They indicate that the moisture
content of the sand will decrease exponentially from the saturation
moisture capacity when there is no evaporation, i.e. the inﬁltrated
water decreases exponentially with time. Fig. 6 illustrates that the
saturation moisture capacity of the sand in the Alxa Desert is about
24e25%; the inﬁltration tends to stop when the moisture content
drops to about 4e5%, i.e. ﬁeld moisture capacity.
Four sand dune proﬁles in the Alxa Desert were investigated in
2009 (Fig. 7a). The results showed that a dry sand layer approximately 20 cm in depth always existed below the surface when there
had been no precipitation for a long time. The moisture measurements of these proﬁles suggested that the percolated water from
precipitation was mostly adsorbed onto the surface of the sand
particles, with an inﬁltration depth of 50e100 cm, and that the
adsorbed water then evaporated. Another six sand dune proﬁles
were surveyed during the period of August 20e26, 2011 (Fig. 7b).
Two heavy rainfall events occurred in the desert in August 15e18,
2011, with a total rainfall of 30e50 mm (52.2 mm in the Minqin
Station; 31.4 mm in the Zhongwei Station; 35.9 mm in the climate
station of the Badain Jaran Desert, Fig. 1), which is nearly half of the
mean annual precipitation. The moisture content (mass water
content) measurements for these proﬁles showed that the wetting
fronts approached a depth of 30e50 cm in average, with a moisture
content of 5e8%, decreasing to less than 2% below 50 cm (Fig. 2b;
dry sand layers still existed at greater depths after a rainstorm in
August 2011 in the Tengger Desert), i.e. the rainfall did not percolate
deeper than 50 cm. The inﬁltration process in Fig. 6 demonstrates
that the lower limit for downward penetration was 4e5%.
Accordingly, it is unlikely that the limited local precipitation
(approximately 100 mm/yr) can percolate through the mega-dunes
and recharge the phreatic water in the Alxa Desert.
For the higher sand dunes, precipitation could not reach the
groundwater due to the low water quantity of the single rainfall
events and thick sand layers. One proﬁle (Figs. 2e and 8a) in which
the rainfall could percolate into the shallower groundwater was
surveyed. It was located in an inter-dune depression in the eastern
part of the Alxa Desert (i.e. the Tengger Desert), and the phreatic
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Fig. 6. Sand inﬁltration processes of the Badain Jaran Desert (a) and the Tengger Desert (b).

Fig. 7. Measured moisture content for 10 sand proﬁles in the Badain Jaran Desert (a) and the Tengger Desert (b).

water level was only 40 cm deep. On the evening of August 23, 2011,
a rainstorm of approximately 20e30 mm occurred before this
proﬁle was sampled the next morning. After several rainfalls (about
30e50 mm) in one week, the moisture content of the upper
0e20 cm approached 10%, and at a depth of 20e40 cm it increased
from 10% to 25% and ﬁnally became saturated (Fig. 8a) close to the
groundwater. Three rainwater samples and two well water samples
near this proﬁle were collected at the same time. The depths of the
two wells were 0.8 m and 1.5 m, respectively. The H and O stable
isotopes of the rainwater, well water and unsaturated zone water
samples were analyzed. The isotope curves (Fig. 8a) illustrated that
the d2H and d18O of the water in the sand layer below 20 cm were
lower than was the rainwater and that the two types of water
mixed in the layer 20e40 cm in depth. The d2H and d18O of the

rainfall were distinctly higher than the groundwater and well water. It was suggested that the groundwater was not recharged by
the local precipitation. The Cl concentration (Fig. 8a) in this proﬁle
also supports this conclusion. The curve shows that the Cl is
concentrated in the depth of 20e30 cm. If the precipitation can
always reach the groundwater, the Cl peak cannot form on the
proﬁle, because the Cl can easily move with the rainfall. The Cl
proﬁle in Fig. 8b shows several peaks more clearly. The ﬁrst peak is
near the surface, which should be formed by the evaporation of
rainfall. Two connected peaks are distributed at the depth of
100e110 cm with a mean Cl concentration of 651 mg/L. And the
Cl concentration of the largest peak is 2392 mg/L at 250 cm. The
mean Cl concentration at the depth of 100e350 cm is 343 mg/L
while the upper 0e100 cm has a mean concentration of 115 mg/L.
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Fig. 8. Measured d2H, d18O, concentration of Cl and moisture content for two sand proﬁles in the Tengger Desert (a, b). (c) Distribution of the d2H and d18O compositions measured
from water samples in the Alxa Desert.

The moisture content at 100e350 cm is maintained at about 2%,
and it jumps to 14.6% at 370 cm, where it approaches the
groundwater table. After several rainfalls, the wetting front was at
50 cm in depth, and the mean moisture of 0e50 cm was 4.4%. At the
same time, the isotope proﬁle in Fig. 8b shows three major peaks of
d2H and d18O at the depth of 100e350 cm. Another higher peak is at
the depth of 50 cm, which should represent the newly inﬁltrated
rainfall and the residual pore water that experienced repeated
evaporation. The three kinds of evidence indicate that 100e350 cm
is a transition zone where the upward groundwater endured
intense evaporation and which could not be recharged by rainfall.
The moisture keeps at low level, and the Cl, 2H and 18O concentrate continuously and generate several peaks on the proﬁle.
Fig. 8c shows that the hydrogen (d2H) and oxygen (d18O) isotopic
values of groundwater from the Badain Jaran Desert and the
Tengger Desert both plot along an evaporation line (EL). d2H and
d18O for the unsaturated zone water in the depth of 10 cm after the
rainstorm fall closely along the global meteoric water line (GMWL);
those for the unsaturated zone water in the depth of 20 cm cluster
with the evaporation line of the local precipitation (Local EL); and
those for the water samples below the depth of 30 cm cluster with
the evaporation line of the groundwater (EL). This indicated that
the water below 30 cm in depth, which had the same isotopic

characteristics as the groundwater, was not from the rainfall. The
water in the shallow unsaturated zone was a mixture of rainwater
and groundwater, but the water between the wetting front and the
phreatic level was assumed to be capillary water and ﬁlm water,
which moved upward from the groundwater. And in this process,
the capillary water and ﬁlm water was subjected to evaporation.
The shallower the unsaturated zone water, the more intense the
evaporation. Thus, the isotope analysis reveals that the desert
groundwater was not derived from the percolation of local precipitation. Although the rainfall can reach the groundwater in some
depressions, these two water sources have different isotopic signatures. Moreover, Fig. 8c also illustrates that the hydrogen (d2H)
and oxygen (d18O) isotopic values of the Badain Jaran lakes
distribute along the evaporation line (EL) of groundwater, which
indicates an enrichment of heavy isotopes after groundwater recharges the desert lakes. This conclusion is also supported by the
previous studies of Chen (2012) and Wu et al. (2014), i.e. the desert
lakes are mainly recharged by groundwater, and the local rainfall is
not the major replenishment source of the groundwater and lakes.
Wen et al. (2014) observed the local water cycle near the Nuoertu
Lake for three months with automatic weather station and eddy
covariance system in the Badain Jaran Desert in 2008. Three rainfalls with the total precipitation of 50.0 mm occurred during 17
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days, but the average volumetric sand moisture below 60 cm
remained lower than 6% and had no variation throughout. It is solid
evidence to prove that even with extreme rainfalls it is difﬁcult to
recharge groundwater in the Alxa Desert. The highly porous
structure of the sand dunes does not sufﬁciently support the
argument that local precipitation can percolate quickly and
recharge the groundwater. However, it is possible that some precipitation can reach the groundwater in those regions around the
lakes where the groundwater is shallow, thus becoming a recharge
source of the desert lakes.

3.3. Rainfall simulation experiment
Fig. 9 presents the results of the rainfall simulation experiment,
which was executed on October 22, 2011 in the Badain Jaran Desert.
The two moisture content curves (Fig. 9b) suggest that the simulated
rainfall only percolated into 42 cm after a simulated 30 mm rainfall
and that the water content of the upper sand layers was approximately 5.8%. Based on the above inﬁltration experiment (Fig. 6a), the
inﬁltration tended to stop when the water content was reduced to
5% (ﬁeld moisture capacity). Therefore, the simulated rainfall could
not percolate very much as the water content dropped to 5.8%,
which was near the limit of 5%. Therefore, the simulated rainfall had
no possibility of recharging the groundwater. According to these
observations (Table 1) in the Alxa Desert over the two years in the
sample, the maximum rainfall amount in a single event was 24 mm,
and the rainfall was greater than 15 mm only three times. Precipitation events of less than 5 mm accounted for 91.5% of the events; i.e.
the rainfall simulation experiment would represent the inﬁltration
condition of the maximum rainfall in this area. The maximum
inﬁltration depth of the greatest single rainfall (24 mm) was calculated as no more than 50 cm. This result suggests that it is difﬁcult for
the rainfall to reach the groundwater even in the depressions beside
the lakes let alone on the mega-dunes.
Li et al. (2010a, 2013) also conducted several simulated rainfall
experiments in the Gobi area on the top of the Mogao Grottoes,
where the climate and landscape are similar to that in the Alxa
Desert. Three grades of precipitation equal to 5, 10 and 15 mm were
simulated, and the sprayed water was completely evaporated on
the eighth day, 12th day and 16th day, respectively (Li et al., 2010a).

An extreme rainfall of 68 mm (recorded maximum precipitation
here was 59.9 mm since 1938) was also simulated in the work of Li
et al. (2010a). After one year of natural evaporation, the measured
soil moisture content was even lower than normal. And another
rainfall simulation experiment in Li et al. (2013) showed a similar
result, in which 25 mm (>maximum precipitation in the past 17
years) precipitation was simulated in two pits: One pit isolated
with the surrounding soil and the other one connected. The buried
moisture sensors showed that the simulated rainfall never inﬂuenced the depths of 100 cm and 150 cm and the moisture content of
the isolated pit was lower than the connected one. The results
demonstrated that natural soil in this region was nourished by
groundwater instead of precipitation. Additionally, Li et al. (2013)
also concluded that condensation water had no contribution to
the pore water, which is supported by Feng et al. (1998) and Guo
and Han (2002). In their work, it was suggested that the condensation water from the atmosphere could only reach the depth of
0e5 cm and evaporated completely in day time in the arid region of
northwestern China.

3.4. Travertine analysis
Pentecost (2005) deﬁned travertine as a chemically-precipitated
continental limestone formed around seepages, springs and along
streams and rivers, occasionally in lakes and consisting of calcite or
aragonite, of low to moderate intercrystalline porosity and often
high mouldic or framework porosity within a vadose or occasionally shallow phreatic environment. Porous tufa and microbialite
were regarded as subsidiary and included in this broad deﬁnition.
During the comprehensive expeditions in the Alxa Desert in recent
years, widely distributed travertine was discovered in its hinterland
(Figs. 1a and 2a, d, f), such as in the southeast of the Badain Jaran
Desert, as well as in the west and north of the Tengger Desert. The
elemental analyses for the travertine samples in the Tengger Desert
and the Badain Jaran Desert are shown in Fig. 10. T1eT4 in Fig. 10a
were travertine samples collected at different sites in the Tengger
Desert (Fig. 1a), mainly in the sand dune area. T5eT7 were obtained
from some outcropped igneous rocks in a low hill zone in the south
of the Tengger Desert (Fig. 1a). That the travertine was discovered
on high-altitude locations demonstrated that it was different from

Fig. 9. (a) Simulated rainfall experimental site and the ﬁnal percolation depth in the Badain Jaran Desert. (b) Result of the rainfall simulation experiment (sampling site:
102 25.7040 E; 39 48.2460 N; altitude, 1175 m).
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evaporite, which generally formed in basins. A large amount of pure
white travertine was also found in this zone, adhered to the surface
of the igneous rocks or deposited in the gaps. T5 was an individual
travertine sample, and T6 and T7 were two samples of combined
travertine and igneous rocks (Fig. 2d); T6a and T7a were the travertine (the white parts in Fig. 2d) that peeled off, and T6b and T7b
were the igneous rocks (the dark red parts (in web version) in
Fig. 2d). As shown in Fig. 10, the seven samples of T1eT5, T6a and
T7a are mainly CaCO3 (>80%) and a small amount of SiO2. They
contained SiO2 because some sand was trapped when the travertine was deposited. Fig. 10c presents the elemental composition of
seven travertine samples, B1eB7, collected in the Badain Jaran
Desert (Fig. 1a). All of the seven sampling locations (B1eB7) were
near some lakes or springs. The analysis results suggested that they
had essentially the same composition (CaCO3 > 80%) as the travertine samples from the Tengger Desert, suggesting that travertine
was widely distributed in the Alxa Desert (including the Tengger
Desert and the Badain Jaran Desert).
In addition, Fig. 10b shows that SiO2 constitutes 80% of samples
T6b and T7b, mixed with a few Fe oxides and Al oxides. The dark red
rock in Fig. 2d is therefore classiﬁed as pegmatite granite, whereas
the medial white part of the rock in Fig. 2d is travertine. That the
travertine was deposited in igneous rocks demonstrates that the
groundwater once ﬂowed through the magma structure over a long
time period, after which, deep circulating groundwater rich in Ca
ions passed through the gaps of the igneous rocks under high
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pressure and upwelled to the surface as springs, which led to the
desert lakes. During this process, the gaps in the igneous rocks and
the area surrounding the springs were ﬁlled by accumulatively
deposited travertine.
Travertine is the product of Ca carbonate deposition and indicates the existence of abundant groundwater over a long time
period. At the spring outcrops beside the lakes, there is generally
abundant travertine. Even on many lakeshores, large travertine
layers are deposited one meter thick and extend for hundreds of
meters (e.g. Wuertabulage Lake and Bayannaoer Lake). Moreover, a
large quantity of travertine sediment was found at the bottoms of
many lakes, e.g. Sumubarunjilin Lake, Naogunnuoer Lake, and
Nuoertu Lake. The occurrence of thermogenic travertine further
reveals that deep circulating groundwater is most likely the principal source of the desert lakes there.
3.5. TDS of lakes and wells
The lakes in the Alxa Desert are distributed regularly in the
inter-dune depressions. This feature is apparent both for the two
major lake groups in the northeastern part of the Badain Jaran
Desert (Fig. 1b) and the northeastern part of the Tengger Desert.
Most of the lakes extend in a number of bands with northeast trend,
parallel to the trend of adjacent faults and mountains (Yabulai
Mountains, Helan Mountains). Both the Badain Jaran Desert and the
Tengger Desert have the same tip in topography, higher in the

Fig. 10. Elemental analysis of the travertine (a) and the igneous rocks (b) in the Tengger Desert. (c) Elemental analysis of the travertine in the Badain Jaran Desert. Sampling sites:
B1,Wuertabulage; B2,Yindertu; B3,Zhongnuoertu; B4,Taosijilin; B5,Geritu; B6,Xinuoertu; and B7,Cherigele.
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southeast and lower in the northwest (Fig. 11). The general elevation for the southeast part of the Badain Jaran Desert is
1400e1600 m, and 1000e1100 m in the northwest part. It is
1400e1600 m and 1300e1400 m in the southeast and the northwest of the Tengger Desert, respectively. Accordingly the lake and
groundwater tables have a gradient descent from southeast to
northwest.
Fig. 11 shows the spatial distribution for the TDS of some lakes
and wells in the two deserts. Both the TDS of the lakes and wells are
in an opposite trend with the topography, which is supported by
Chen et al. (2012) and Shao et al. (2012). The lakes and wells in the
southeast have lower TDS values, where the elevation is higher.
Some freshwater lakes in the southeast of the Badain Jaran Desert
only have a TDS of 1 g/L (Fig. 11a). Considering the high level of
evaporation (2000 mm/yr) in this region, the freshwater lakes
should have subsurface outlets, otherwise the salinity would
accumulate. Fig. 3 shows that the water tables in the Badain Lake
(G1), the Wosigetu Lake (L1) and the Baoerzhuntu Lake (G2), in the
southeast part of the Badain Jaran Desert, peaked in March, while
the Sumubarunjilin Lake (L2), the Wuertabulage Lake (L3) and the
Zhaoergetu Lake (L4), to the northwest, reached the highest levels
in April. Consequently, it is supposed that large quantities of deep
groundwater from the nearby fault zone (e.g. Yabulai Fault)
recharge the desert lakes from southeast to northwest. This
conclusion is supported by the work of Wang et al. (2013b), in
which it was found that the groundwater from the Badain Jaran
Desert is a main source recharging the phreatic aquifer in the Ejina
Basin, on the northwest edge of the Badain Jaran Desert. The
northwest is the driest part in this region, and the mean annual
precipitation in Ejina and Guaizihu was 32.9 mm and 41.2 mm
respectively during the past 20 years (Wang et al., 2013a). The
extreme drought here can be explained by the fact that all the lakes
in the Badain Jaran Desert are distributed in the southeast. In other
words, the discharged groundwater in the northwest edge is more
likely to originate from the southeast, where the elevation is higher
and the groundwater is more plentiful. Fig. 11d also shows that the
TDS of the groundwater in the southeast of the Tengger Desert,
where the travertine samples T5eT7 were collected, is very low.
The three travertine samples were collected on low mountains that
were mainly composed of igneous rocks. It implied that this high
fracture zone once had abundant groundwater.
4. Discussion
In situ observations are the most direct evidence for the study of
the water cycle and water sources of the lake group in the Alxa
Desert. Based on two years of observation, the mean desert precipitation was approximately 100 mm/yr, whereas the evaporation
of fresh water (TDS < 1 g/L) was greater than 1500 mm/yr; yet the
water levels of the lakes in 2011 were even higher than in 2010,
indicating that the residual paleowater from the last glaciation or
the mid-Holocene period (Ma and Edmunds, 2006: Ma et al.,
2009b) could not be responsible for recharge of the desert lakes
and groundwater because the water quantity increased in 2011.
Therefore, it might demonstrate that the main recharge source is
external water.
Moreover, the monitored lake levels and groundwater levels
have contrasting trends with precipitation on a seasonal scale.
However, there are only some low mountains with a small area
distributed near the Alxa Desert. The area of Yabulai Mountain is
approximately 2000 km2, as large as one third of the distribution
range of the lake group in the Badain Jaran Desert. According to
recent observations, the local precipitation is only approximately
100 mm/yr, far less than the evaporation (Gu et al., 2004; Yang
et al., 2010). Gu et al. (2004) reported that the sand dunes also

had high evapotranspiration. Li et al. (2010a, 2010b) and Li and
Wang (2014) measured the evaporation of phreatic water in a
sand dune area in the Gobi of Mogao Grottoes using an arched shed
air conditioning system, where the buried depth of phreatic water
is over 200 m. The results showed that the mean daily phreatic
evaporation is 3.6 g/(m2d) during ﬁve months from June to October.
After collecting 9808 g water during 168 days with a greenhouse
(2.6 m in radius), the sand moisture content was still obviously
higher than the original content. The stable isotope analysis (Fig. 8)
also showed that the d2H and d18O of the unsaturated zone water
was higher than that of the groundwater, which indicates that the
capillary water and ﬁlm water moving upward from the groundwater mixed with the percolated rainfall and underwent evaporation. That is, in addition to the evaporation from the lakes, the
evaporation from the unsaturated zone also consumes groundwater beneath the sand dunes. Then it can be interpreted that the
monitored lake and groundwater levels rose signiﬁcantly from
October to April even though there was scarce precipitation
because the phreatic evaporation was weaker in this period. Wu
et al. (2014) studied the hydrochemical seasonal variation of 18
lakes in the Badain Jaran Desert and the results showed that the
TDS was lowest in April and highest in September, consistent with
the water level change, and it was concluded that the desert lakes
accepted large groundwater recharge and had a lower evaporation
in spring. This conclusion was also supported by the vertical variation of the water temperature and TDS in the Nuoertu Lake (the
largest lake in the Badain Jaran Desert with a depth of 15.9 m) (Wu
et al., 2014), which showed that the lake bottom had a higher
temperature and lower TDS. It might indicate that geothermal
springs were recharging the lake from the bottom. Actually several
springs existed in and beside the Nuoertu Lake, and quantities of
travertine were discovered at the lake bottom near the shore.
As the rare local precipitation cannot compensate for the
groundwater loss, another recharge source is indispensable. And
there is no sign that the local precipitation can percolate to the
groundwater depth based on the moisture analysis of sand dunes
and the results of the rainfall simulation experiment in the Alxa
Desert. Ma et al. (2014) studied the percolation and evaporation of
rainfalls in the Badain Jaran Desert over two years based on the
observation of precipitation, mega-dune evaporation (measured by
an eddy covariance system) and sand moisture. It was concluded
that the conventional precipitation (<5 mm, frequency > 90%) and
the ordinary annual maximum precipitation (~20 mm, 0e3 times
per year) could be completely evaporated from the mega-dune
surface in one to two days and three to four weeks, respectively.
Regarding the extreme precipitation (>40 mm, only twice in past
52 years), the accumulative evaporation (45.5 mm) surpassed the
accumulative precipitation (43 mm) during a 43-day period in
JulyeSeptember 2012. It demonstrated that local precipitation on
mega-dunes has no signiﬁcant contribution to the groundwater in
this desert.
The widely distributed travertine in the desert also does not
support the argument that precipitation is the main source of
recharge of the lake group. Generally, the precipitation includes
various ions, and accordingly the evaporite should be a mixture of
different salts, e.g. NaCl, KNO3, and CaCO3. But the CaCO3 in the
collected fourteen travertine samples exceeds 80% (Fig. 10). The
discovered pure travertine is suggested to be formed by the
deposition of groundwater with abundant Ca ions. The solubility of
Ca carbonate decreases with the upwelling of groundwater because
the pressure decreases continuously, and supersaturated Ca2þ and
CO3 combine to form travertine. There is no surface runoff in the
Alxa Desert, and the adjacent mountains are primarily composed of
igneous rocks (e.g. granite and basalt) rather than limestone. At the
same time, the in situ observations and water balance calculation
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Fig. 11. TDS kriging interpolation of the lakes (a) and wells (c, d) in the Alxa Desert. (b) Morphological characteristics of the Alxa Desert and the sampling sites of the lakes and wells.

illustrate that a stable source of groundwater recharges the desert
lakes. Yang (2002, 2006) and Chen et al. (2004a, 2006) once
analyzed the groundwater age in some nearby lakes in the Alxa
Desert using the 3H method, and the results show that most of the

groundwater was no older than 100 years. Considering the
concentrated distribution of the lake group and springs, and the
inverse trends of the lake and groundwater TDS along the topography, the lake group in the Alxa Desert might be inﬂuenced by the
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groundwater from the adjacent fracture zone in the mountain area.
5. Conclusion
In this study, the in situ hydrometeorological observations were
utilized to understand the water cycle and recharge mechanisms of
the lake groups in the Alxa Desert. The precipitation in the hinterland of the desert showed good consistency with the surrounding area. More than 90% percent of the precipitation events
were less than 5 mm. The observations demonstrate that the lake
and groundwater levels have a contrasting seasonal trend with the
precipitation in the Alxa Desert. The observed mean lake level in
the Sumubarunjilin Lake for April through October 2011 was 3.8 cm
higher than in the same period in 2010, which implied that new
replenishment for the desert water system occurred. The annual
groundwater recharge for the Sumubarunjilin Lake was calculated
as 898 mm, approximately 8e9 times of the annual precipitation.
Therefore, groundwater is suggested the primary recharge source
of the lake group.
Sand proﬁle moisture analysis, Cl analysis, 2H and 18O analyses
and rainfall simulation experiments were applied in the study area,
which reveal that local precipitation cannot percolate into the
groundwater. The rainfall simulation experiment showed that even
the extreme precipitation (30 mm in 30 min.) only percolated to
42 cm in depth. The 2H and 18O results demonstrated that the local
rainfall and groundwater have different isotopic signatures. And
the upward groundwater endures intense evaporation according to
the Cl analysis and isotopic analyses. Water balance calculations
and the anomalous temperature variation of the springs and lakes
indicate that deep groundwater might make important contributions to the lakes and shallow groundwater in the Alxa Desert. The
distribution of the travertine and TDS of the lakes and groundwater
suggest that the deep groundwater may originate from the nearby
fracture zone.
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