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The reconstruction of paleohydrology, especially paleosalinity, is an important component of
paleoenvironmental research. Researches on the modern characteristics of lake water chemistry and the
relationship between lake salinity and hydrochemistry are the basis of paleoenvironment reconstruction.
The modern hydrochemical characteristics and the relationship between ion composition and salinity of
modern lakes are the basis of paleosalinity reconstruction. In this study, hydrochemical analysis of 21
lakes in the Badain Jaran Desert (BJD) was carried out. The relationships between the Sr/Ca and Mg/Ca
ratios and total dissolved solids (TDS) were analyzed. The results show that Na*, K™, C1” and SO, have
high positive correlations with TDS, and Mg?", St?*, CO;2~ and HCO; ™ have lower correlations with TDS.
The Sr/Ca and Mg/Ca ratios do not increase linearly with TDS. Hydrochemical analysis indicates that the
studied lakes are in the carbonate precipitation stage and that evaporation is the main factor controlling
lake evolution in the BJD. The relationships between the Mg/Ca and Sr/Ca ratios and TDS are mainly
influenced by lake evolution stage and the hydrochemical types of the lakes. On the basis of
comprehensive previous studies, the factors affecting lake evolution, the Mg and Sr partition coefficients
and other hydrochemical parameters that change with lake evolution all affect the relationship between
chemical composition and salinity. To reconstruct paleosalinity more accurately, more detailed research on
the modern hydrochemical characteristics of lakes and the relationship between the element ratios of
carbonates and water salinity should be carried out.

©2024 China Geology Editorial Office.

1. Introduction

index for paleoclimate or paleoenvironmental reconstruction,
which can reflect regional precipitation, evaporation

Paleohydrological information (ion composition, ion ratio
and salinity and so on) about lakes can reflect lake evolution
and regional climate change and is an important component of
paleoenvironmental reconstruction (Abbott MB et al., 2003;
Zhai DY et al., 2011; Gouramanis C et al., 2010; Fan JW et
al., 2018; McCormack J et al., 2019; Hu HP et al., 2021).
The change in paleosalinity of lakes is often used as a proxy

First author: E-mail address: jianggl198899(@163.com (Gao-lei Jiang).
* Corresponding author: E-mail address: wangzhe@mail.cgs.gov.cn (Zhe Wang); sjmiheg@

163.com (Jian-mei Shen).

Literary editor: Xi-jie Chen
doi:10.31035/cg2023057
2096-5192/© 2024 China Geology Editorial Office.

information and historical lake water-level fluctuations (Shen
J et al., 2000; Zhang EL et al., 2004; Curry B et al., 2016).
Over several decades, many quantitative reconstruction
methods of lake paleosalinity have been studied, including the
transformation function between biological assemblage and
lake salinity (Michelson AV et al., 2017; Mischke S et al.,
2007, 2010; Zhang EL et al., 2007), the transformation
function between biomarkers and lake salinity (Kou Q et al.,
2022; Huang Y et al, 2021; Turich C et al.,, 2011), the
relationship between geochemical records in carbonate and
lake salinity (Sampei Y et al., 2005; Jiang GL et al., 2020;
Zhang HS et al., 2023; Zhang EL et al., 2004), and the
relationship between morphological character of ostracod
shells (microfossils) and lake salinity (McCormack J et al.,
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2019; Xu XN et al., 2012).

Among the above methods for paleosalinity
reconstruction, the Mg/Ca and Sr/Ca ratios of authigenic
carbonates or fossils in lake sediments are some of most
commonly used qualitative or quantitative indicators to
reconstruct paleosalinity (Curry B et al., 2016; McCormack J
et al., 2019; Yang et al., 2014; Zhai DY et al., 2011; Zhang
JW et al., 2009). This method has the following advantages:
first, authigenic carbonates or fossils of carbonate
composition can instantly record the hydrological information
of the formation period (Engstrom DR et al., 1991; Zhang JW
et al., 2009); second, minerals and fossils are generally stable
after formation and can be preserved in sediment for a long
time (Jiang GL et al., 2020). The idea of reconstructing
paleosalinity from trace elements in carbonate or carbonate
fossils has been proposed since the middle of the last century
(Rucker JB et al., 1961; Odum HT, 1951; Dodd JR, 1965).
When using this method to reconstruct paleosalinity, it is
necessary to establish the relationship between the Sr/Ca and
Mg/Ca ratios and the salinity of lake water. Then, the lake
paleosalinity is reconstructed quantitatively by using the ratios
of trace elements (Sr/Ca or Mg/Ca) in authigenic carbonates
or fossils in lake sediments (Williams, 1966; Chivas AR et al.,
1985, 19864, 1986b; Jiang GL et al., 2020).

In previous studies, most scholars suggested that the Sr/Ca
and Mg/Ca ratios of lake water are positively correlated with
salinity. The positive relation between them can be expressed
as:

M/Ca=aS+b (H

where M is Sr** or Mg?*, S is lake salinity, and @ and b are
constants, which can be obtained from measurements of Sr or
Mg and Ca and the salinity of modern lake water (Zhang EL
et al., 2004).

Based on this method and the Sr/Ca ratios of ostracod
fossils in lake sediments, the paleosalinities of Qinghai Lake
and Daihai Lake were reconstructed quantitatively (Zhang PX
et al.,, 1994; Zhang EL et al., 2004; Cao TJ et al., 2002).
However, the evolution of lakes is a complex process. Salinity
is affected not only by regional precipitation, runoff recharge
but also by the concentration of some ions in lake water, lake
evolution processes and other factors (Wang HL et al., 2010).
The relationship between water chemical parameters or
element ratios and the salinity of lake water varies at different
stages of lake evolution (Ito E et al., 2009). For example, in a
closed lake, the concentrations of various ions in the lake
present different trends with changes in salinity. When the
salinity is low, each ion increases with increasing salinity;
when the salinity is high, some ions do not increase with
increasing salinity, while some ions decrease with increasing
salinity (Eugster HP et al., 1979; Ito E et a., 2009).

It is essential to investigate the modern characteristics of
lake water chemistry to determine the relationship between
lake salinity and water chemistry to reconstruct
paleoenvironmental information more accurately. In this
study, 21 lakes with salinities ranging from 0 g/L to 22 g/L on

the southern margin of the Badain Jaran Desert (BJD) were
investigated, and their ion compositions and hydrochemical
characteristics were analyzed. This study provides basic
hydrochemical information on lakes in the BJD and suggests
caution in using ion ratios to reconstruct the
paleoenvironment.

2. Geological background

The BJD is located on the northwestern Alxa Plateau in
north-central China. The BJD is the second largest desert in
China (5.2x10* km?) and has an elevation of 9001800 m
a.s.L, falling from the southeast to the northwest (Fig. 1a; Zhu
JF et al., 2010). To the south, it is bounded by the Beida
Mountains and Heishantou Mountains (maximum elevation
1963 m a.s.l.), which separate it from the gobis of the Hexi
Corridor (Dong ZB et al., 2013). To the southeast, it is
bounded by the Yabrai Mountains (maximum elevation 1957
m a.s.l.), which separate it from the Tengger Desert. To the
west and northwest, it stretches down to Ugrian Lake and the
Heihe River. To the north, it is bounded by Guaizi Lake, close
to the Mongolian Gobi (Dong ZB et al., 2013). The
groundwater levels range from 1200 m to 800 m a.s.l. as the
surface elevation descends from the southeast to the northwest
(Wang Z et al., 2021; Zhang XL et al., 2021). The BJD is
characterized by the coexistence of more than 110 perennial
lakes and thousands of mega-dunes. The lakes lying among
mega-dunes are concentrated within an area of approximately
4000 km? (Dong ZB et al., 2013; Wang Z et al., 2024). Most
lakes are less than 0.6 km?, and the largest is 1.46 km* Water
depth is generally a few meters to 10 m, and the deepest lake
depthis 15.9 m (Wu Y et al., 2014; Wang NA et al., 2016).

The hydrological properties of the lakes vary greatly, with
the TDS values ranging from less than 1 g/L to more than 400
g/L (Lu Y et al,, 2010; Yang XP et al., 2003). There is no
surface runoff in the desert hinterland, and the lakes are
mainly recharged by groundwater (Chen JS et al., 2004; Dong
CY et al., 2016; Wang NA et al., 2016). The groundwater
level around the lakes is relatively shallow, generally a few
meters. The TDS values of spring water and groundwater are
generally less than 1 g/L (Chen L et al., 2012). Lake water is
discharged mainly through evaporation, and the annual
evaporation of the lakes is approximately 1500 mm (Hu WF
et al., 2015; Sun J et al., 2018; Wang LJ et al., 2024). With
increasing salinity from the southeast edge to the hinterland,
most lakes are the sulfate-carbonate-chloride type (Jia B et al.,
2021).

The BJD has an extreme continental desert climate
according to Koppe’s climate classification (Dong ZB et al.,
2004). The desert has an annual precipitation of 40—120 mm,
descending from the southeast to the northwest. Most of the
precipitation occurs in summer (Fig. 2). The potential lake
surface evaporation is about 1500 mm/yr, increasing from
south to north based on different studies, which is 20-30
times the amount of precipitation (Hu WF et al., 2015). The
mean annual air temperature ranges from 9.5°C to 10.3°C,
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with the lowest monthly mean temperature in January and the
highest in July (Fig. 2). The mean annual wind speed ranges
from 2.8 m/s to 4.6 m/s, increasing from south to north, and
the strongest winds occur in April and May (Dong ZB et al.,
2013).

The surface vegetation coverage of the BJD is very low,
ranging from 5 to 50. The vegetation is dominated by
xerophytic and ultraxerophytic shrubs and subshrubs, and
herbacea is dominated by annual plants. The vegetation is
mainly distributed in the dry lake basin and around the lakes.
The vegetation is distributed in belts around the lake shores,
with areal extents of tens of metres. Due to the high salinity,

there are no fish in the lakes, and few animals drink the lake
water. There are only a few herders living around a few lakes.

3. Samples and methods

Twenty-one lakes were investigated, and water samples
were collected in September 2017. The sample sites are
shown in Fig. 1b. The sampling sites were generally 1-6 m
away from the lake shore, and the water depth ranged from
0.5 m to 1.5 m. TDS and salinity information was measured
by using a hand-held water quality analyzer (MULTI 3400).
Water samples were collected in 500 ml polyethylene bottles,
which were moistened and washed 3 times before sample
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Fig. 2. Monthly mean temperature and precipitation of the Badain
Jaran Desert during 1960-2018.

collection. Water samples were kept sealed at —4°C in the
laboratory for analysis. The cations (K", Na®, Ca?", Mg*,
Sr*") were analyzed by inductively coupled plasma
spectrometer (Optima 8000). C1-, SO,>~ were analyzed by ion
chromatograph (ICS-1500), HCO;~, CO;*" were analyzed by
using titration. TDS was measured by electronic scales. The
above analytical tests are done at the Groundwater Mineral
Water and Environmental Monitoring Center of the Institute
of Hydrogeology and Environmental Geology, Chinese
Academy of Geological Sciences. The test environment
temperature was 23°C, and the humidity was 48%. The
reliability of the hydrochemical data was assessed by
checking ion balances. lon charge imbalances were within +
5%.

In this study, the Shukalev classification method was
adopted for the calculation of hydrochemical types. Ions
greater than 5% but less than 25% are in brackets; ions greater
than 25% are indicated in order of abundance (Wang DC et
al., 1980). The saturation index was calculated by using
AquaChem 4.0 Software.

4. Results and discussion
4.1. Hydrochemical characteristics of lake water

The results of hand-held water quality analyzer show that
salinity has a good linear relationship with TDS (Fig. 3).
Therefore, the relationship between each parameter and TDS
is discussed using laboratory data. The laboratory analysis
results are shown in Table 1. The results show that the TDS of
the collected lake samples ranges from 0.970 g/L to 22.221
g/L. The order of cation concentrations in the lakes is Na™
Mg?*>Ca?" and K", and the order of anion concentrations is
CI>S0,>>HCO; >CO0;>". The Piper trigram shows that Na*
is predominant in all the lake samples, with ion concentrations
of up to 6.898 g/L in SYD Lake (Fig. 4). There is little Ca*"
and Mg®" in the lakes with lower salinity (Fig. 4). Anion
trigonometry shows that C1 is the most abundant in all lakes,
followed by SO,*, and a few lakes contain CO,>~ and SO,*".
According to calculations, the water chemistry types of the
collected water samples are mainly Na-Cl-SO,, Na-Cl and
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Fig. 3. Relationship between TDS and salinity using hand-held wa-
ter quality analyzer.

Na-Cl-HCO;, which is basically consistent with the water
chemistry results from Lu Y et al. (2010) and Chen L et al.
(2012), indicating that the water chemistry of lakes in the BJD
is relatively stable.

Fig. 5 shows that the main ions except Ca>" increase with
increasing TDS. Na®, K', CI” and SO, have high
correlations with TDS, and Mg*, Sr**, CO;*>" and HCO;
have lower correlations with TDS (Fig. 5). When TDS is low,
the Ca®" content is dispersed, and some lakes have higher
Ca’" contents than average (0.016 g/L). With increasing TDS,
the Ca®" content shows a weak upward trend (Fig. 5d). The
Sr/Ca ratio ranges from 0.005 to 0.221, and the Mg/Ca ratio
ranges from 1.916 to 102.692. Fig. 6 shows that the Sr/Ca and
Mg/Ca ratios of lake water do not increase linearly with
increasing TDS. The Sr/Ca ratio decreases with increasing
TDS when the TDS is below 4.0 g/L (Fig. 6a).

4.2. Lake evolution stage

The evolution of lake water is influenced by many factors,
such as evaporation, precipitation, water-rock reactions and
runoff recharge (Hardie LA et al., 1970; Chen J et al., 2021;
Kolpakova MN et al., 2019; Yu LS et al., 2021). For the lakes
in the BJD, there is no runoff recharge. The origin of recharge
sources remains a hotly debated issue, and there are mainly
the following viewpoints: (1) rainfall and/or snow meltwater
from the Qilian Mountains or the Qinghai-Tibet Plateau
recharge desert groundwater through deep faults (Chen JS et
al., 2004); (2) lakes in the desert areas are mainly recharged
by surface runoff and groundwater caused by meteoric water
from local or surrounding mountainous areas (Liu CK et al.,
2016; Jiang GL et al., 2021a); and (3) precipitation formed
under cold (glacial) environments during the late Pleistocene
in the mountainous area on the southeastern margin of the
desert is the main recharge source of groundwater in the lake
area (Gates JB et al., 2008a, b). Although the recharge source
of desert groundwater is much debated, the lakes in the desert
are recharged by local groundwater. Modern observations
suggest that the replenishment of lakes by local precipitation
is limited (Ma N et al., 2014). Water balance calculation
results suggest that more than 90% of the recharge of lakes
between megadunes is from groundwater in the BJD (Dong
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Table 1. Hydrochemical indicators of water samples from lakes in the BJD.
Lakes K/(gL) Na(gL) Ca®*/(g/L) Mg*glL) S*/(gL)* HCO; /(gll) CO7/gL) Cl/gL) SO/ /(gL)  TDS/gL)
BRN 0.030 0.387 0.046 0.046 0.0004 0.190 0.029 0.466 0.316 1.387
BRX 0.037 0.368 0.069 0.069 0.0003 0.277 0.033 0.429 0.382 1.469
BRD 0.018 0.382 0.047 0.047 0.0013 0.190 / 0.481 0.339 1.403
WS 0.015 0.264 0.034 0.034 0.0009 0.321 / 0.238 0.225 0.970
ZA 0.017 0.422 0.028 0.028 0.0008 0.355 0.029 0.341 0.324 1.357
HL 0.053 0.806 0.147 0.147 0.0003 0.629 0.047 0.849 0.867 3.108
HLD 0.020 0.322 0.062 0.062 0.0013 0.421 / 0.392 0.243 1.299
DGX 0.013 0.727 0.017 0.017 0.0008 0.412 0.029 0.606 0.553 2.168
DGD 0.048 0.582 0.054 0.054 0.0010 0.681 0.163 0.497 0.306 2.001
BDB 0.145 2.046 0.235 0.235 0.0040 0.711 0.373 2.556 1.504 7.231
BDBB 0.310 4.342 0.534 0.534 0.0055 1.006 0.361 5.357 3.358 14.791
HH 0.336 5.175 0.397 0.397 0.0001 1.853 0.600 5.515 4.041 17.011
SBD 0.039 0.475 0.086 0.086 0.0003 0.507 0.041 0.515 0.324 1.757
SBX 0.038 0.602 0.104 0.104 0.0003 0.252 0.035 0.765 0.474 2.164
MDX 0.039 0.443 0.063 0.063 0.0004 0.319 0.111 0.415 0.311 1.554
MDZ 0.102 1.263 0.085 0.085 0.0013 0.836 0.432 0.902 0.924 4.139
MDD 0.224 2.954 0.105 0.105 0.0015 1.581 0.551 2.538 1.775 8.959
DDB 0.154 2.117 0.105 0.105 0.0012 1.197 0.542 1.970 1.169 6.668
DDN 0.027 0.266 0.026 0.026 0.0005 0.362 0.023 0.182 0.186 0.907
SYX 0.320 4.614 0.552 0.552 0.0088 1.143 0.472 6.040 3.606 16.207
SYD 0.393 6.898 0.563 0.563 0.0066 1.380 0.542 7.265 5.838 22.221

Note: *Sr*" content retains four decimal places.

Ca2+

%

2

7

» S S cr

Fig. 4. Piper diagram of the chemical composition of the lakes in the southern BJD.

CY et al.,, 2016; Wang NA et al., 2016).

Gibbs plots show that the TDSs of lakes in the BJD are
affected by evaporation (Fig. 7). In arid regions, evaporation
is more important than precipitation for lake evolution (Song

SH et al., 2023; Wu D et al., 2020; Yu C et al., 2022). Based
on eddy correlation system observations, lake evaporation
calculations show that the average evaporation is 3.97 mm/d
and the cumulative evaporation is 1450+10 mm, which
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exceed the cumulative precipitation by 20-fold during the lake evaporation is mainly affected by temperature (Han PF et

same period (Hu WF et al., 2015). Modern observational data al., 2018). The lake evolution over the past 140 years also
show that the annual evaporation is 1500 mm in the BJD, and indicates that evaporation is the main factor affecting the
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evolution, and rises in temperature can enhance evaporation
and then the salinization of lake water and carbonate
precipitation (Jiang GL et al., 2021b). The lakes in the desert
area have a warm island effect, resulting in the surface
temperature of the lakes being approximately 1.6°C higher
than that in the desert area, which can enhance the
evaporation effect (Liang XY et al., 2020). In the BJD, there
is no other drainage path for lakes except evaporation. The
TDS of groundwater in the BJD is low, with most values
below 1 g/L (Cao L et al., 2017; Chen L et al., 2012). The
high salinity of most lakes in the BJD also indicates that
evaporation has an important effect on the lakes.

As evaporation proceeds, ions accumulate in the lake and
form salt minerals. Based on the Harde & Eugster theory, the
precipitation of minerals follows a chemical divide according
to the order carbonate, sulfate and chloride (Hardie LA et al.,
1970). This theory allows us to determine the stage of a lake’s
evolution (Kolpakova MN et al., 2019; Liu XQ, 2008).
According to the model, the studied lakes are in the stage of
Ca and HCO; removal (Fig. 8a) and have not yet reached the
stages of sulfate precipitation (Fig. 7a). The saturation index
values of dolomite, calcite and aragonite are greater than 0,

Jiang et al. / China Geology 7 (2024) 642—652

while the saturation index values of gypsum and rock salt are
below 0, indicating that the lake is in the stage of carbonate
deposition (in particular, the average saturation index of
dolomite is 3) (Fig. 9). The mineral composition of lake
sediments in the BID showed that the salt minerals are mainly
carbonate in the lakes with a salinity of several grams per liter
or tens of grams per liter, which also indicates that the lakes
are in the stage of carbonate precipitation (Ma SH et al.,
2015).

4.3. Implication for paleosalinity reconstruction

The Mg/Ca and Sr/Ca ratios of authigenic carbonates or
fossils in lake sediments are commonly used as indicators to
reconstruct paleosalinity (Shen J et al., 2000; Zhang EL et al.,
2004; Hu HP et al., 2021). However, this study indicates that
the Mg/Ca and Sr/Ca ratios do not always have a linear
positive relationship with salinity. Although the Mg/Ca ratio
increases with the increasing TDS, the increase is not linear in
this study. And, the relationship between Mg/Ca ratio and
TDS is more complex. The hydrochemical characteristics and
saturation index indicate that the lakes are in the stage of
carbonate precipitation (Fig. 8; Fig. 9). When carbonate
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precipitation occurs, Ca*’, HCO; , and minor to trace
amounts of Mg?>" and Sr** are removed from the water as
endogenic carbonates, which changes the relationship
between ions (Ca*", Mg?", Sr*" and HCO5") and TDS (Ito E et
al., 2009). Moreover, differences in carbonates affect the
contents of different ions or ion ratios. For example, because
the ions Sr and Ca have similar ionic radii and often enter
mineral crystals by isomorphic substitution to replace Ca,
when aragonite deposits occur in a lake, the content of Sr in
the water will also rapidly decrease. Therefore, when there are
carbonate deposits in a lake, the Mg/Ca and Sr/Ca ratios of
the lake water tend to decrease.

The relationship between water Mg/Ca ratio and salinity
becomes more complex with lake evolution stage changes.
For some salt lakes in the Qinghai-Tibet Plateau, there is even
a significant negative correlation between Ca and salinity in
the process of brine evaporation (Wang HL et al., 2010). With
the concentration or dilution of lake water, the correlation
between lake salinity and Mg”*" becomes extremely high, but
the correlation between salinity and Ca®>" is very unstable
(Wang HL et al., 2010). For lakes of the same hydrochemical
type, the correlation between Mg?" and salinity is weak in the
carbonate stage, strong in the sulfuric acid stage and strongest
in the chloride stage (Wang HL et al., 2010). In the lake water
evolutionary pathway toward calcium depletion, the Mg/Ca
ratio has a positive relationship with the TDS of lakes in
western Mongolia (Van der Meeren T et al., 2011). Ion
concentrations and the relationship between the Mg/Ca and
Sr/Ca ratios and salinity are complex, such as in lakes with
Alk >Ca.

For quantitative reconstruction of paleolake salinity,
factors affecting lake evolution and the establishment of
quantitative relationships also need to be considered. First, the
main factors affecting lake evolution, especially precipitation
and evaporation, may change during the long evolution
history (Li ZL et al., 2016; Wu D et al., 2020). Second, the
Mg and Sr partition coefficients between carbonate or fossils
and lake water are important. However, the partition
coefficient is not a constant and is also affected by lake
evolution and other factors (Jiang GL et al., 2020). Third,
during the stable lake evolution stage, other ion contents or

hydrochemical parameters other than salinity changes (i.e.,
alkalinity, CO, concentration) also affect the Sr, Mg, and Ca
contents or their ratios (Eugster et al., 1979; Ito E et al., 2009;
Van der Meerren T et al., 2011).

Paleosalinity reconstruction is an important component of
paleoenvironmental reconstruction. In desert areas, materials
that can be used to reconstruct paleoenvironments are limited.
Previous studies were mostly qualitative reconstructions
(Dong GR et al., 1995; Ma JZ et al., 2004; Yang XP, 2000).
Carbonate deposits, or fossils of carbonate composition,
which have great potential for quantitative reconstruction of
the paleoenvironment, are common in desert areas (Ma SH et
al., 2015; Jiang GL et al., 2020, 2022a, b; Li Z et al., 2019).
More studies on the relationship between the element ratios of
carbonates and water salinity should be carried out in desert
areas.

5. Conclusions

(i) The studied lakes on the southern margin of the BID
have salinities ranging from 0.97 g/L to 22.22 g/L. Na*, K',
CI" and SO,* have high positive correlations with TDS, and
Mg?*, Sr**, CO;* and HCO; ™ have lower correlations with
TDS. The Sr/Ca and Mg/Ca ratios do not increase linearly
with TDS. The water chemistry types of the lakes are mainly
Na-Cl1-SO,, Na-Cl and Na-CI-HCO; and have been relatively
stable in recent decades.

(ii)) Hydrochemical analysis indicated that the studied
lakes are in the carbonate precipitation stage and that
evaporation is the main factor affecting lake evolution in the
BID. The relationship between the Mg/Ca and Sr/Ca ratios
and TDS is largely influenced by lake evolution and
hydrochemical type. In addition, paleosalinity reconstruction
is also affected by the partition coefficients of Mg and Sr and
other hydrochemical parameters of lakes. More research on
modern lake hydrochemical characteristics should be carried
out.
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