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Abstract. The chemical composition of dissolved constituents in aquatic ecosystems is of fundamental
importance in regulating chemical and biological dynamics and processes. There are many factors that
can determine and affect chemical composition of lakes and rivers. This paper presents fundamental
geochemical information for the waters in Qinghai Lake area in China and assesses geochemical patterns,
relationships between the elements, and potential mechanisms for these patterns. The concentrations of 30
elements from 16 water samples were measured. The results showed that Ca (8.1-88.9 mg/L),
K (5.1-372.7 mg/L), Mg (6.3-1127.0 mg/L), Na (10.0-6459.0 mg/L), and S (4.8-2002.0 mg/L) were the
dominant elements in all water samples but exhibited considerable variation among systems. The
tributaries had high Ca, relatively low Na+K, and low salinity, indicating rock weathering as the
dominant factor determining their geochemistry. The satellite lakes (except the two largest ones) showed
low Ca, moderate Na+K and Mg, and low salinity, indicating the combined effects of many factors.
Correlation analyses suggested that B, K, Li, Mg, and Na concentrations are determined by evaporation
and crystallization and dissolution of sulfate minerals while Al and Fe concentrations are affected mostly
by rock weathering.
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Abbreviations: the Buha River: BHR; the Shaliu River: SLR; the Haergai River: HER; the Quanji River:
QJR; the Heima River: HMR; the Daotang River: DTR; cluster analysis: CA; coefficient of variation: CV;
total dissolved solids: TDS; Qinghai Lake: QL; Moon Lake: ML; Sun Lake: SL; Lanhua Lake: LHL;
Ganzihe Lake: GZL; Erhai Lake: EHL; Haiyanwan Lake: HYL; Gahai Lake: GHL

Introduction

Major and trace elements are natural components in aquatic ecosystems worldwide
and play important roles in chemical and biological processes (Gaillardet et al., 2003;
Bounouira et al., 2013; Qin et al., 2015; Sunny et al., 2018). Some trace elements are
commonly required by biota due to their key role in biosynthetic processes and
metabolism as cofactors for enzymes (Havig et al., 2015; Daniel et al., 2018). These
elements include aluminum (Al), boron (B), chlorine (CI), chromium (Cr), cobalt (Co),
copper (Cu), fluorine (F), iodine (I), iron (Fe), manganese (Mn), molybdenum (Mo),
nickel (Ni), selenium (Se), silicon (Si), tin (Sn), vanadium (V), and zinc (Zn) (Celik and
Ochlenschlager, 2007; Tuzen, 2009; Mahmood et al., 2018). However, due to their
toxicity, non-degradability, persistence, and bioaccumulation, trace element pollution of
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the environment has become one of the most serious global issues in recent years (Tam
and Wong, 2000; Cui et al., 2011; Hsieh et al., 2013; Li et al., 2015). Indeed, even
bioessential elements will yield toxic effects at high concentrations (Goldhaber, 2003;
Anan, 2019).

Major and trace elements are added to an aquatic ecosystem through different
pathways, including geological erosion, atmospheric deposition, or anthropogenic
sources (Vystavna et al., 2012; Al Abdullah et al., 2014; Shakeri et al., 2014; Xu, 2018).
Under natural conditions, the chemical composition of aquatic ecosystems is determined
by the weathering of terrigenous minerals, evaporation and crystallization, and
precipitation (Négrel et al., 1993; Liang and Wenshun, 2019). Elements originated from
rock weathering are transported to downstream water bodies through streams and rivers,
carrying the characteristic features of their source's lithology. Upon reaching standing
water, evaporation and crystallization are important mechanisms that produce Na-rich
and highly saline lakes and ponds, due to sodium's high solubility (Gibbs, 1970). In
addition, concentrations of various elements in aquatic systems can be strongly altered
by anthropogenic activities, including mining, wastewater discharge, atmospheric
deposition, and fertilizer runoff (YYang and Rose, 2005; Yu et al., 2014; Hayzoun et al.,
2015; Lynam et al., 2015; Otachi et al., 2015; Baharuddin and Samsudin, 2018). Even
remote lakes are not exempt from contamination by the long-range transported trace
elements (Battarbee et al., 2009; Elser et al., 2009; Kyllonen et al., 2009). Thus,
geochemical signatures of rivers and lakes are determined by and in turn provide
important information about the geology of the area, types of rock weathering,
anthropogenic activities, biological processes, and atmospheric deposition in drainage
basins (Foster and Charlesworth, 1996; Xu et al., 2010; Singh et al., 2015; Walther and
Nims, 2015; Wang et al., 2018).

Qinghai Lake, located on the northeastern margin of the Qinghai-Tibet Plateau, is an
endorheic brackish lake and the largest natural lake in China. It is also a globally
important wetland for biological diversity conservation (Ramsar, 2015; Sarker et al.,
2019). However, due to global climate change and human activities, the lake level
declined by 4.33 m from 1955 to 2005 and grassland degradation in its catchment has
expanded to 37% of the whole watershed area in 2010 (Li et al., 2007, 2009; Chen et al.,
2011; Luo et al., 2013). Because of its fragility, sensitivity to global climate change and
anthropogenic impacts, and its importance in maintaining ecological security of
northeast Qinghai-Tibet Plateau, the Qinghai Lake watershed has recently become an
intensive place for research (An et al.,, 2006; Hao, 2008; Barakat et al., 2018).
Furthermore, this area has special hydrological and limnological characteristics.
Adjacent to the main lake, there are a number of "satellite lakes"; these are separated
from the main lake by barrier dunes and do not receive river or stream inflows (except
Erhai Lake, which receives stream inflow). In contrast, the main lake has more than 40
tributaries. Reflecting these differences, Qinghai Lake and the satellite lakes are
significantly different from each other in biological, chemical, and hydrologic
conditions (Liu et al., 2009; Ao et al., 2014; Meng et al., 2014; Rawat and Singh, 2018).
Previous studies of Qinghai Lake have focused on the reconstruction of the region's
paleoenvironment and paleoclimate, geology, hydrology, ecological management,
hydrobiology, fishery resources, climate change, soil, and sediment geochemistry and
have especially emphasized the main lake (Shi et al., 2004; Henderson and Holmes,
2009; Cao and An, 2010; Jin et al., 2010; Liu and Lai, 2013). However, integrated and
comparative studies on multi-element geochemistry in the main lake, its satellite lakes,
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and tributaries are lacking. Hence, both from a fundamental and an environmental point
of view, it is crucial to assess the geochemical signatures of the aquatic ecosystems in
Qinghai Lake area. The main objectives of this study were: (1) to document the basic
geochemistry of Qinghai Lake, its adjacent lakes, and its inflowing rivers; (2) to identify
the geochemical patterns of elements in those systems; (3) to evaluate possible
determinant mechanisms causing these differences. The results provide an integrative
view of the geochemical characteristics, distribution patterns, and processes of Qinghai
Lake area.

Materials and methods
Study area

Qinghai Lake (QL, 36°32' - 37°15’ N, 99°36’ - 100°47" E) is a remote endorheic
saline lake located at 3194 m above sea level on the Qinghai-Tibet Plateau and lies at a
junction of three major climatic systems, the Westerlies, the East Asian, and Indian
summer monsoons (An et al., 2012; Chen et al., 2015). It is the largest lake in China
with a surface area of 4260 km?, a catchment area of 29,660 km?, and an average depth
of 21 m. Mean annual precipitation in the basin is 389.1 mm and average annual
evaporation is 895.4 mm. Annual mean temperature is -0.3°C with a linear warming rate
of 0.28°C /10a. More than 40 rivers and streams flow into Qinghai Lake but most of
them are seasonal. There are five main tributaries: the Buha River (BHR), the Shaliu
River (SLR), the Haergai River (HER), the Quanji River (QJR), and the Heima River
(HMR). Together, these contribute 83% of the total runoff. On the eastern margin of
Qinghai Lake there are number of satellite lakes, separated from the main lake by
barrier dunes or sand bars (Li et al., 1996). None of the satellite lakes have stream
inflows with the exception of Erhai Lake which receives input from the Daotang River
(DTR).

Sampling

Field surveys were conducted in late July 2015. A total of 16 water samples was
collected, including 10 lake samples and 6 river samples (Fig. 1). Of the 10 lake
samples, 3 were collected from Qinghai Lake (QL-1, QL-2, and QL-3) and the others
were collected from 7 satellite lakes (Moon Lake (ML), Sun Lake (SL), Lanhua Lake
(LHL), Ganzihe Lake (GZL), Erhai Lake (EHL), Haiyanwan Lake (HYL), and Gahai
Lake (GHL)). Because there was no boat available to reach the center of the lakes, lake
water samples were taken from sites about 20-30 m away from the edge of the lakes at
depths>50 cm. River water samples were collected in the deepest part of the channel at
depths of ~10 cm. All water was filtered through 0.2-um GF/F filters, stored in 100-ml
acid-cleaned polyethylene bottles, fixed with 0.1 ml of concentrated nitric acid, shipped
to the laboratory under refrigeration, and frozen until analysis.

Analyses

Element concentrations in the water samples were measured using an Inductively
Coupled Plasma Optical Emission Spectrometer (ICP—OES). There were 30 elements
measured in total: Ag, Al, As, B, Ba, Be, Bi, Ca, Cd, Co, Cr, Cu, Fe, K, Li, Mg, Mn,
Mo, Na, Ni, P, Pb, S, Sh, Se, Si, Sr, Tl, V, and Zn.
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Cluster analysis (CA) and Analysis of Variance (ANOVA) were performed to assess
general patterns of element concentrations. A Gibbs plot was used to assess the
dominant determining mechanisms. Correlation analyses were conducted to identify
between-element associations. All the analyses and graphs were done using SPSS 20.0
and ORIGIN 9.2.
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Figure 1. Study area and sample sites. HMR, DTR, HER, SLR, QJR, and BHR are river sample
sites. EHL, HYL, SL, ML, GHL, GZL, LHL, QL-1, QL-2, and QL-3 are lake sample sites

Results and discussion
Basic geochemical patterns

The concentrations of studied elements in the water samples are shown (Table 1).
Concentrations of Cr and Sh were below the limits of detection for all sites. Arsenic was
detected only in the main lake and the two satellite lakes. P was detected only in five
satellite lakes and one tributary (Heima River) with low concentrations (3.8-22.2 ug/L),
indicating that the waters in Qinghai Lake area are oligotrophic, especially the main
lake. Ca (8.1-889 mg/L), K (5.1-372.7 mg/L), Mg (6.3-1127.0 mg/L), Na
(10.0-6459.0 mg/L), and S (4.8-2002.0 mg/L) were the dominant elements in all water
samples (>1 mg/L, Table 1), with a high CV of 88.21%, 209.78%, 132.49%, 158.26%,
and 163.37%, respectively. The coefficient of variation (CV) also showed that 22
elements had a CV higher than 50%, which means that most of the element distributions
have very high variation.

Cluster Analysis (CA) of the chemical data grouped the samples into four
statistically significant clusters: main lake cluster (including HYL and GHL), satellite
lake cluster, tributary cluster (excepting DTR), and DTR (Fig. 2). DTR was separated
from the tributary cluster because of higher concentrations for most elements, which
might be caused by intensive anthropogenic activities and low runoff. Based on the
ANOVA analysis, the main lake cluster had significantly higher Ag, B, Co, Li, Mg, Na,
S, and Ti concentrations (P<0.05) than the satellite lake cluster but significantly lower V
concentration (P<0.05). Compared to the tributary cluster, the main lake cluster had
significantly higher concentrations of B, Co, Li, Mg, Na, S, and Ti (P<0.05) but
significantly lower Al, Ca, Cu, and V concentrations (P<0.05). Relative to the tributary
cluster, the satellite lake cluster had significantly higher Mg (P<0.05) but significantly
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lower Ag, Al, Ca, and Cu concentrations (P<0.05). HYL and GHL are the two largest
satellite lakes and are separated from the main lake by sand bars, which likely allowed
some degree of hydrological connectivity. Thus, it is not surprising that GHL and HYL
were grouped in the main lake cluster. Nevertheless, GHL had higher concentrations of
B, K, Li, Mg, Na, and S than HYL and these concentrations in HYL were higher than in
the main lake. Other satellite lakes are surrounded by grassland and are considerably
smaller. Their chemical composition is likely to be more easily affected by the
terrestrial environment as well as precipitation and in-lake biological processes.

Table 1. Basic water geochemistry of Qinghai Lake, satellite lakes, and tributaries

Main Lake Satellite Lakes Tributaries

QL-1|QL-2|QL-3| ML | SL |LHL|GZL|EHL| HYL | GHL |DTR |HMR|BHR|[QJR [HGR|SLR

Na (mg/L) | 2786.0|3089.0(3333.0| 101.6 | 95.3 | 24.4 | 24.8 |153.7|4109.0|6459.0(119.1( 23.7 | 23.5 | 12.2 | 10.0 | 34.9
S(mg/L) | 696.7 [ 754.7 | 912.9 | 4.8 | 31.3 [12.7 | 5.1 | 52.4 [1036.0{2002.0| 53.2 | 13.5 | 21.6 | 6.6 | 18.0 | 24.8
Mg (mg/L)| 612.7 | 666.4 | 714.7 | 141.6 | 91.8 | 39.7 | 39.7 | 84.5 | 892.7 |1127.0( 65.7 | 145 | 17.9 | 6.3 | 21.5 | 25.8
K(mg/L) | 168 | 28.2 | 324 | 306 | 39.2 | 83 | 7.1 [ 157 | 958 | 3727|107 | 98 [ 69 | 6.2 | 51 | 6.7
Ca(mg/L)| 10.7 | 116 | 115 | 81 92 1298|141 94 | 101 | 18.1 | 46.3 (889 | 72.4 [ 61.0 | 83.9 | 78.0
B(mg/L) | 7.6 8.3 8.8 13 16 | 05 (05|09 (106|161 |08 |03 |04 ]| 02]03]03
TI(mg/L) | 11.8 | 136 | 156 | 2.2 30 | 06 06| 14| 00 00 |09 03|03 ([01[04]04

SsimgLy| 01 | o1 | - |03 | 17 |07 |40]| 05| 01 | -~ |43 |27 ]|21]|13]|29]20
Sr(ug/L) | 345 | 415 | 35.9 [1178.0{1215.0{246.1|99.4| 355 | 38.0 | 82.0 |832.8|311.3|432.0|195.3|252.2|294.2
Li(ug/L) | 4132 | 4682 [ 513.1 | 75.3 | 945 | 3.0 | 8.0 | 43.6 | 665.7 |1516.0| 249 | - | 63 | - | 1.0 | 46

Al(ng/L) | 453 | 39.4 | 41.2 | 53.7 | 455 | 77.1 | 66.5| 46.0 [ 33.3 | 50.0 |[104.0(136.6(138.8|113.1(134.0|140.2
Ba(ug/L) | 12.1 | 125 | 13.1 | 190.7 | 212.0 | 58.6 |33.7| 4.5 | 13.8 | 10.2 | 40.0 | 70.7 | 73.1 | 54.0 | 98.2 | 83.4
Bi(ug/L) | 19.1 | 204 | 15.7 | 16.0 | 13.2 [ 13.4|115| 160 | 163 | 148 | 37.1 | 114|176 | 8.2 | 38.2 [ 20.0
Se(ug/L)| 80 | 285 | 318 [ 122 | 323 | 90 | 89 [11.2 | 369 | 27.1 | 8.6 | 148 | 128 | 151 | 16.2 | 145
Fe (ng/L) [ 9.6 4.6 42 | 169 | 30 [121)342|13.7 | 3.2 48 1266 88 | 92 | 6.1 | 149 (117

VgL | -~ | 06 | 09 | 127 | 147 | 116 126|135 -- ~ |135(133| 123|118 | 122|116
Ag(ug/L)| 98 | 100 | 102 | 46 | 40 | 43 |50 | 72 | 100 | 11.7 | 7.8 | 74 | 86 | 83 | 129|123
P(ugl) | -- - - | 61 | 131 |145|38 |51 ]| - - | - 22| - | - | - | -
AsugL)| 79 | 10 | - - - | - =-138| - |w2]00]| - | -] - |~ | -

Zn(png/L)| 1.8 3.9 2.0 3.7 09 | 35|47 |28 | 09 32 | 42 [129]206(| 25 | 1.7 | 3.8
Cu(ug/L)| 3.7 3.9 3.2 3.2 29 | 26 | 35| 38 | 35 23 | 47 | 69 | 54 [ 57 | 41 | 45
Pb (ug/L) | 2.7 17 2.3 1.6 - 40 | 38 | 44 -- - 56 | 59 | 39 [ 15 | 57 | 21
Mn (ug/L)| 1.0 2.4 0.7 3.8 05 | 45|27 | 17| 00 18 | 177 44 [ 27 | 08 | 39 | 14
Mo (ug/L)| 3.9 3.9 31 2.3 14 | 27 (11| 36 | 40 02 | 69|16 | 16 |18 | 65| 23
Co (ug/lL)| 3.5 3.6 4.2 2.3 27 120 ]21) 21| 34 37 | 27|26 |22 |31 |27 |32
Ni(pg/L) [ 1.1 14 13 15 25 | 19 |44 15| 16 10 | 56 [ 34 (32| 18 | 31 | 27
Cd(ug/L)| 0.4 0.6 05 0.3 02 | 02]03)03]| 04 06 |03 |05|05(08]|08]08
Be (ug/L) [ 0.0 0.0 - 0.1 01 | 01]01]00]| 00 - 01 00| 00]00(O00]{O00
Cr (ug/L) -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- --

Sb (ug/L) | - - - - S I L R (e S I (i [ e

Note: -- is below the minimum detection limit of the instrument
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The relative amounts of the dominant elements (Na, K, Ca, and Mg) in the water
samples can be seen more clearly in the ternary diagram (Fig. 3). The main lake cluster
Is grouped in the high Na+K sector but with low Mg and Ca. In contrast, the satellite
lake cluster was grouped in the middle of the diagram with low Ca but relatively high
Mg and Na+K. The tributary waters were very different from the lake waters, situated in
a sector with high Ca but relatively low Mg and Na+K. Overall, Ca was the most
abundant element in tributaries.

Distance

0 5 10 15 20 25
| | 1 | |

Main Lake Cluster

llK'IL ‘i Satellite Lake Cluster
1

Iributary Clustey

| BHR | -
-

3 —
Satellite Lake
Cluster Tribatary
Cluster

0 25 50 75 100
Ca(%)

Figure 3. Ternary diagram of dominant elements in the water samples

Determinants of water geochemistry

There are three main factors that determine surface water geochemistry: evaporation
and crystallization, rock weathering, and precipitation. The relative importance of these
factors can assessed via the relationship between total dissolved solids(TDS) and the
weight ratio of Na/(Na+Ca). In this model, water with high TDS and high Na (high
Na/(Na+Ca)) has chemistry dominated by evaporation and crystallization, while waters
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with moderate TDS and high Ca (low Na/(Na+Ca)) are dominated by rock weathering
and those with low TDS and high Na are dominated by precipitation. The water samples
from Qinghai Lake's tributaries are located in the middle part of the plot (Fig. 4),
indicating that rock weathering is the dominant factor determining their chemical
composition (Ca-rich and moderate salinity) of the tributaries.

P E}m.
100000 - ‘_,-' SJ\I‘ :Fj!'f:
10000 .
. L
= o P
£ 1000 7 -4 SLg
- 7 mw L .-=" DR EHL
w - LR L
E 100 - _\m.k u.m e ¢ S G
10 - i
0 ' T T T T
0.0 0.2 0.4 0.6 0.8 1.0
Na/(Na+Ca)

Figure 4. The relationship between TDS and the weight ratio Na/(Na+Ca) in the water samples
(the dash line is cited from Gibbs 1970)

In contrast, the water samples from the main lake, HYL, and GHL are Na-rich and
high in salinity (Fig. 4), indicating the evaporation and crystallization are the dominant
determining factors for those lakes. Other water samples, which are mostly from the
satellite lakes, are located in a zone intermediate between the precipitation end and the
evaporation and crystallization end (Fig. 4), indicating that combination of factors
determines the water geochemistry of the satellite lakes, including evaporation and
crystallization, rock weathering, precipitation, hydrology, and biological processes
(Shiller, 1997; Zwolsman and Van Eck, 1999).

The relationships between elements

The relationships between elements may provide further insights into their sources or
the processes affecting the overall geochemical composition (Mwanamoki et al., 2015).
If the elements show high correlation, they likely originated from the same source or are
affected by similar mechanisms. Table 2 shows correlation relationships for the
elements that had higher average concentrations (>0.01 mg/L) in the water samples. B,
K, Li, Mg, S, and Se all had significantly positive relationships with Na, indicating that
they are strongly affected by evaporation and crystallization processes. B, K, Li, Mg, S,
and Se also had significantly positive relationships with each other, consistent with joint
regulation via interactions with Na solubility during evaporation and crystallization. In
contrast, Al and Si had significant relationships with Ca, indicating that they were
largely determined by rock weathering. Al and Fe also showed significantly positive
relationships with Si, indicating a source associated with silicate weathering. Moreover,
there was a significant relationship (r=0.88, P<0.01) between Ba and Sr. Ba and Sr have
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similar geochemical behavior, and their concentrations are largely determined by
geological composition of the drainage basin and weathering processes (An et al., 2006;
Watmough, 2014; Fu et al., 2018). In the water samples, the main lake cluster had very
high S concentrations (697.7-2002.0 mg/L), followed by tributaries (6.6-53.2 mg/L) and
satellite lakes (4.8-52.4 mg/L). S also had significantly positive relationships with B, K,
Li, Mg, and Na, suggesting that sulfate mineral dissolution is another possible source of
these elements in Qinghai Lake regional waters.

Table 2. Correlations among selected elements in the waters of Qinghai Lake area

Al B Ba Bi Ca Fe K Li Mg Na S Se Si Sr Tl
Al |1.00

B ([-0.62 1.00

Ba |0.18 -0.47 1.00

Bi [0.29 -0.11 -0.01 1.00

Ca |098 -051 0.12 029 1.00

Fe (020 -0.49 0.00 0.31 0.05 1.00

K ]-0.33 0.78 -0.22 -0.14 -0.27 -0.31 1.00

Li [-0.52 097 -041 -0.12 -043 -044 091 1.00

Mg |-0.65 0.99 -0.48 -0.10 -0.54 -049 0.72 094 1.00

Na [-0.58 1.00 -0.51 -0.10 -047 -048 0.79 097 099 1.00

S |-053 099 -049 -0.10 -043 -046 085 099 097 099 1.00

Se |-0.47 0.64 0.00 -0.16 -0.34 -0.68 043 058 065 062 060 1.00

Si |0.63 -063 018 041 055 0.72 -0.37 -056 -0.65 -0.61 -0.58 -0.46 1.00

Sr |0.09 -041 088 014 -0.01 015 -0.16 -0.35 -042 -045 -043 -0.07 027 1.00

Tl |-050 042 -0.27 0.00 -044 -031 -0.12 023 046 039 033 031 -046 -0.25 1.00

Note: Numbers in bold indicate elements that present a significant (P<0.05) coefficient of correlation

Conclusion

This paper reports patterns in the aqueous geochemistry in the main lake, satellite
lakes, and tributaries in Qinghai Lake area, including basic water geochemistry
information. Our analyses provide an integrated and comparative view of the multi-
element geochemistry among different waters in this particular area. The element
distributions in the waters varied considerably. In general, the main lake had higher
concentrations of most elements than the satellite lakes and the tributaries. However, the
two largest satellite lakes showed the highest concentrations of B, K, Li, Mg, Na, and S.
The satellite lakes seem to have different degrees of communication with the main lake
and with external influences. The geochemical differences among the lakes may
necessitate different physiological adjustments among aquatic biota in coping with the
geochemical environment. Meanwhile, the low P concentrations that we document
indicate the aquatic ecosystems in Qinghai Lake are oligotrophic or ultra-oligotrophic
and thus likely sensitive to changes in external nutrient loading, such as inputs from
non-point (fertilizer runoff) or point (sewage outfalls) sources. Therefore, further studies
with more extensive biological and chemical scope and taken from whole watershed are
recommended to better understand the lake basin's spatial geochemistry patterns and
consequently to assess the effects of geochemical variations on biological and
ecological processes in the aquatic ecosystems in Qinghai Lake area.
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