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Abstract: The Manasarovar Basin in southern Tibet, which is considered a holy land in Bud-
dhism, has drawn international academic attention because of its unique geographical envi-
ronment. In this study, based on actual measurements of major ion concentrations in 43 water
samples collected during the years 2005 and 2012, we analyzed systemically the spatial-
temporal patterns of water chemistry and its controlling factors in the lake and inflowing rivers.
The results reveal that the water in the Manasarovar Basin is slightly alkaline, with a pH
ranging between 7.4-7.9. The amounts of total dissolved solids (TDS) in lake and river waters
are approximately 325.4 and 88.7 mg/l, respectively, lower than that in most of the surface
waters in the Tibetan Plateau. Because of the long-term effect of evaporative crystallization,
in the lake, Na" and HCO; have the highest concentrations, accounting for 46.8% and 86.8%
of the total cation and anion content. However, in the inflowing rivers, the dominant ions are
Cca?® and HCOj3", accounting for 59.6% and 75.4% of the total cation and anion content. The
water exchange is insufficient for such a large lake, resulting in a remarkable spatial variation
of ion composition. There are several large inflowing rivers on the north side of the lake, in
which the ion concentrations are significantly higher than that on the other side of the lake,
with a TDS of 468.9 and 254.9 mg/l, respectively. Under the influence of complicated sur-
roundings, the spatial variations in water chemistry are even more significant in the rivers,
with upstreams exhibiting a higher ionic content. The molar ratio between (Ca**+Mg®*) and
(Na™+K" is much higher than 1.0, revealing that the main source of ions in the waters is
carbonate weathering. Although natural processes, such as rock weathering, are the major
factors controlling main ion chemistry in the basin, in the future we need to pay more attention
to the anthropogenic influence.
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1 Introduction

The main ion chemistry of surface water is affected by many factors, such as climate, geol-
ogy, and human activities (Stallard and Edmond, 1983). The ion composition of a lake’s wa-
ter is related to the water quality of its inflowing rivers. However, because of the long-term
effects of natural processes such as evaporative crystallization and rock weathering, the dif-
ference in water chemistry between a lake and its inflowing rivers increases dramatically,
leading to higher concentrations of ions in the lake (Wang et al., 2010b; Zhu et al., 2010). A
study on the ion chemistry of a lake catchment can benefit an understanding of the rivers
supplying the lake and the environment impacting the ions in the waters. The Tibetan Pla-
teau is very sensitive to environmental changes; therefore, the ion chemistry of plateau lakes
can reflect the level of impact that climate change and human disturbance have on the envi-
ronment (Mitamura et al., 2003). Limited by the severe natural conditions, the studies that
aim to understand the water chemistry of inland lakes in the Tibetan Plateau are still at a
basic stage of investigation. They are mostly focused on areas with convenient traffic, which
are heavily disturbed by human activities, such as Lake Qinghai (Xiao et al., 2012; Xu et al.,
2010), Lake Nam Co (Wang et al., 2010; Zhang et al., 2008), Lake Yamzhog Yumco (Sun et
al., 2013; Zhang et al., 2012), and Lake Pumayum Co (Ju et al., 2010; Zhu et al., 2010).
These studies showed that there are large variations among the ion compositions of the
inland lakes on the plateau. However, generally, evaporative crystallization was shown to
control the chemical composition of inland lakes, and rock weathering appeared to be the
primary source of ions in their inflows (Tian et al., 2014).

The Lake Manasarovar (or Mapam Yumco) is one of three famous sacred lakes in Tibet.
The lake is very important globally, because of its special religious status. However, because
of several limitations, including religious traditions and geographical conditions such as
high altitude, the scientific information of this area is very scarce. The first measurements of
the Lake were carried out in 1907 by Sven Hedin, a Swedish geographer, who reported that
the maximum and average depths of the lake were 81.8 m and 46 m, respectively, and that it
is situated at an altitude of 4586 m above sea level (Wang and Dou, 1998). He also estab-
lished that the Lake Manasarovar is one that has the most abundant fresh water sources in
the high altitude region, with a water storage capacity of 200x10® m®. The Tibetan Plateau
Comprehensive Scientific Expedition, CAS, carried out another survey of the Manasarovar
Basin in 1976, obtaining some valuable data about the physical and chemical properties of
lake and river waters (Guan et al., 1984). Yao et al. (2009) analyzed the characteristics of the
water cycle in the Manasarovar Basin using the stable isotopes 5D and §'®0, proving that the
level of evaporation of the lake water is very high. Wang et al. (2013) measured the depth,
water quality, and modern sedimentation rates of the Lake Manasarovar and revealed that
the maximum depth and water storage of the lake in the period 2009-2012 were 72.6 m and
46x10° m®, respectively, much lower than the values recorded in 1907. In addition, glacier
area reduction, lake area shrinkage, and water level decline in the basin have also been re-
ported recently (Guo et al., 2007; Liao et al., 2013; Zhang et al., 2014). Climate warming is
considered the main cause for these changes (Li et al., 2014; Ye et al., 2008). In this study,
based on actual measurements conducted during different periods, an extensive analysis has
been conducted in order to determine the ion chemical characteristics of lake, rivers, and
precipitation waters in the Manasarovar Basin. The spatial-temporal patterns of main ion
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chemistry and the sources of ions in the surface waters were also identified. Therefore, this
study is very important from a scientific and practical point of view, enriching the knowl-
edge of lake water chemistry in a little-studied plateau area and helping to protect the Ti-
betan sacred lake.

2 Study area

The Lake Manasarovar is an inland fresh water lake, located in Burang County, Ngari Pre-
fecture of Tibet. It lies between 30°34'-30°47'N and 81°22'-81°37'E, and has an average
altitude of 4588 m. The lake water is clear, and the surface area of the lake is about 412 km?,
with a perimeter of about 83 km (Figure 1). The drainage basin of the lake is situated be-
tween the Transhimalaya in the north and the Himalayas in the south, and covers a total area
of 4560 km?. Mountains Kailash and Gurla Mandhata consist of glaciers and areas covered
by perennial snow. Therefore, besides precipitation, glaciers and snowmelt constitute an-
other important water source for the lake and its inflowing rivers.
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A e : - 31°00'N
| Lake 5_’
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Figure 1 Drainage system of the Manasarovar Basin and the sampling sites

The Manasarovar Basin is characterized by an alpine sub-frigid arid climate zone, with no
meteorological station in it. According to the reports from Burang weather station and pre-
vious studies (La et al., 2012; Wan et al., 2008; Ye et al., 2008), the average annual tem-
perature of the basin is about 0-3.6°C, and the average annual precipitation is approximately
130-170 mm. Precipitation in the basin is mainly concentrated from June to August, and
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decreases from east to west and from south to north (Yao et al., 2009). The basin experi-
ences large climate extremes within a year and, as a result, the water inflow is unevenly dis-
tributed throughout the year. In winter, both the rivers and the ground are frozen, while dur-
ing the summer, river runoff into the lake is abundant. Because the basin is situated in a
low-lying area and is surrounded by high mountains, the terrain is relatively closed and the
land-lake breeze is easily formed in the lake area. Therefore, the wind speed is high, with a
mean value of 4.4 m/s, and a daily maximum wind speed of 9.0 m/s, according to a meas-
urement done during the month of July, 1976 (Guan et al., 1984).

3 Sampling and analytical procedures

Field surveys were conducted in early August 2005 and late July 2012 near the lake area in
the Manasarovar Basin. A total of 43 water samples were collected, including 18 lake water
samples and 25 inflowing river water samples. Because no boat was available to reach the
center of the lake, the lake water samples were taken from sites about 2-3 m away from the
edge of the lake. In Figure 1, five lake sampling sites (L1, L3, L5, L8, and L10) were avail-
able for both two surveys, while the sites of L4 and L13 were only available in 2005, and
other sites (L2, L6, L7, L9, L11, and L12) were available in 2012. Except R2 was only
available in 2005, other river sampling sites (R1, R3-R10) which are located in the estuaries
of the seven main inflowing rivers and the three seasonal rivers in 2005 were repeated in
2012. Additionally, 6 samples (R4-2, R5-2-R5-5, and R6-2) were taken from upper locations
on the rivers in 2012. The samples were collected at a depth of 10 cm and stored in 100 ml
pre-cleaned polyethylene bottles, free of air. In addition, 7 samples of precipitation water
were collected with the help of local residents, from November 2004 to August 2006, in-
cluding 3 snow samples.

In 2012, we collected samples from 35 sites and determined 11 parameters, such as pH,
electrical conductivity (EC), dissolved oxygen (DO), turbidity (TURB), and total dissolved
solids (TDS), in situ, using a U-50 Multiparameter Water Quality Meter (Horiba Corpora-
tion, Japan), after calibrations. Afterwards, the water samples were carried back to the lab
and placed in the refrigerator for cryopreservation. Then, they were left to melt naturally at
room temperature before chemical measurements. Major cation (K*, Na*, Ca**, Mg?*, SiO,)
concentrations were measured using an Inductively Coupled Plasma Optical Emission Spec-
trometer (ICP-OES) (PerkinElmer Corporation, USA). Anion concentrations (SO,%, CI",
NO;3") were determined by high performance liquid chromatography (LC-10ADvp) (Shi-
madzu Corporation, Japan). Procedural blanks were measured in parallel to sample treat-
ment, using identical procedures. Each calibration curve was assessed by analyzing quality
control standards before, during, and after sample analysis. The precision was +2% for
cations and £5% for anions. The alkalinity is represented by HCO3~, which was calculated
using the ionic charge balance (Ju et al., 2010; Wu et al., 2008).

4 Results and discussion
4.1 Major ion chemistry in the basin

The water in the Manasarovar Basin is slightly alkaline, with an average pH ranging from
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7.4 to 7.9. The lake water has higher pH than the rivers, which exhibits increasing trends
from upstream to the estuaries (Table 1). The lake water is very clear, and the TURB meas-
urements of most river samples are less than 5 NTU, with the exception of three samples
from the estuaries of R6, R7 and R10, where turbidity is higher due to the impact of rainfall
erosion. The DO measurements are in the range of 33.2-45.0 mg/l, and the mineralization is
shown by the EC measurements varying from 205.3 to 447.8 us/cm. The TDS of lake waters
is much higher than that of river waters, ranging from 99.7 to 307.0 mg/l in the basin (year
2012). Compared to other large lakes in the Tibetan Plateau, the TDS concentration in the
Lake Manasarovar is relatively low (Table 2).

Table 1  Average content of the main chemical components of waters in the Manasarovar Basin

K* Ca?* Na* Mg?* cr SO/~ HCO;  Si0,  TDS pH
2005 measurements
Lake 4,76 35.72 49.54 32.68 14.03 33.24  347.54 - 343.7 -
River estuaries 0.84 16.47 4.70 4.18 1.68 23.69 52.28 - 7.7 -
Basin 2.80 26.10 27.12 18.43 7.85 28.47  199.91 - 210.7 -

2012 measurements

Lake 6.24 20.11 54.23 29.28 14.57 31.03  299.30 1.87 307.0 7.85
River estuaries 1.68 18.65 7.02 4.75 2.10 18.14 75.59 9.56 99.7 7.78
Upper rivers 1.19 23.64 14.69 6.95 7.95 15.08 11542 7.88 135.1 7.42
Basin 3.04 20.80 25.31 13.66 8.21 2142 163.44 6.44 180.6 7.68

Average levels between 2005-2012 measurements

Lake 5.50 2791 51.89 30.98 1430 3214 323.42 - 325.36 -
River estuaries 1.26 17.56 5.86 4.46 1.89 20.92 63.94 - 88.70 -
Precipitation 2.66 10.54 3.19 1.36 4.16 9.27 32.76 - 47.56 -
Basin 2.92 23.45 26.22 16.04 8.03 2494  181.67 - 195.65 -

Note: the units of TDS and ions concentration are mg/l.

Table 2 Comparison of chemical components for lakes in the Tibetan Plateau

Lake TDS K* Na* Ca®* Mg cr S0~  HCOs Reference
Manasarovar 0.31 0.14 231 0.61 1.27 0.42 0.34 5.11 This study
Qinghai 1805 424 1918 057 3344 2264 2952  29.16 Xu et al., 2010
Nam Co 1.2 0.89 13.91 0.18 3.28 3.65 2.15 13.8 Wang et al., 2010b
Tangra Yumco 11.1 - - - - - - - Wang et al., 2010a
Zhari Namco 7.74 - - - - - - - Wang et al., 2010a
Pumayum Co 0.1 0.45 - 1.12 1.03 0.05 0.81 1.75 Juetal., 2010
Yamzhog Yumco 1.28 0.46 12.29 0.18 7.85 2.31 7.25 9.74 Sun et al., 2013
La'ang Co 0.49 0.52 7.65 0.32 4.48 1.94 1.12 13.34 Wang et al., 2013

Note: The unit of TDS concentration is g/l, and the units of main ions concentration are mmol/I.

In the lake water, Na* is the most dominant cation, with a concentration of 27.38-82.84
mg/l, representing 46.8% of the total cation content. Mg®* (10.13-52.32 mg/l) and Ca®*
(14.35-53.63 mg/1) are found in similar concentrations. K" is the least abundant, with a con-
centration of 2.47-7.03 mg/l, accounting for 5.0% of the total cation content. HCOj3™ is the
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the most abundant anion in the lake water, with a concentration of 150.19-504.07 mg/I, rep-
resenting 75.3%-93.5% of the total anion content. In contrast, both SO42‘ and CI ions are
less abundant, with concentrations of 15.84-57.44 and 6.52-30.34 mg/I, respectively.

The ion content of river waters is much lower than that of lake water (Table 1). The anion
composition of river waters is similar with that of lake water, with anion concentrations de-
creasing in the order of HCO;™ > S0, > CI, (27.95-192.79, 3.99-51.14, and 0.32-4.95
mg/l, respectively). HCO;3™ represents 75.4% of the total anion content in the rivers. How-
ever, the cation composition of river waters is very different from that of lake water. In the
river waters, Ca* is the most abundant cation, representing 59.6% of the total cation content,
with a concentration of 3.85-38.23 mg/l. The concentration of Na" is 1.10-14.68 mg/l, only
accounting for 20.0% of the total cation content. Mg?* and K* represent 16.4% and 2.0% of
the total cation content, respectively.

The relative amounts of different components in water samples are shown more clearly by
the ternary plots (Figure 2). In the cation ternary diagram, the lake and river water samples
cluster near the Na*+K* and Ca*" end-members, respectively. However, all the water sam-
ples cluster near the HCO3;™ end-member in the anion ternary diagram, revealing the signifi-
cant abundance of this ion. Therefore, the Lake Manasarovar has a similar ion composition
characteristic with many inland lakes in Tibet (Table 2); meanwhile, the water chemistry of
its inflowing rivers is consistent with the results of Tian et al. (2014), which indicated that
Ca’*-HCOs  is the main chemical type of rivers located in southern Tibet. In addition, al-
though the ion content is relatively low, the precipitation samples have similar ion composi-
tions with river waters, clustering near the Ca®* and HCO3~ end-members, revealing the sig-
nificant impact of precipitation on the chemistry of river waters in the basin.
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Figure 2 Ternary plots of (a) cations and (b) anions of the Lake Manasarovar, its inflowing rivers, and rain
samples

4.2 Temporal and spatial variation of major ions

4.2.1 Long-term evolution

Guan et al. (1984) reported the main ion content for four sites in the Manasarovar Basin,
which were measured in 1976. Because of the weaker interaction between the middle of the
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lake and the surrounding environment, the water chemistry of the lake center is relatively
stable. The TDS value measured in 1976 was only 27.5 mg/l lower than the value reported
by Wang et al. (2013) and taken in 2009-2010, and the average rate of change for each ion
was 0.8%-13.6%, with the largest change registered for HCO;™ and SO,* (Table 3). The
sampling site on the lake periphery used in 1976 was close to the location of sample L1 from
this study. By comparing the results of water chemistry in 1976, 2005, and 2012, we found
that TDS increased significantly, and the ion concentrations increased 0.8-2.1 times on av-
erage during the last four decades. Besides increasing evaporative crystallization due to cli-
mate warming (Li et al., 2014; Yao et al., 2009), anthropogenic inputs could be another fac-
tor leading to an increase in ion contents (Li et al., 2009). The amounts of Ca®*, Mg** and
HCO;3; measured in 2012 were lower than those measured in 2005, but other ions exhibited

an increasing trend. Because the main sources of Na*, CI", and SO% are evaporites, it can

be deduced that the processes of chemical weathering of evaporites are on the rise. By con-
trast, the effect of carbonate and silicate weathering, which mainly contributes to the HCO3;™
in waters, is on a decreasing trend.

The TDS measurements of inflowing river water have shown an increasing trend since
1976. However, the concentrations of each ion have fluctuated, which may be related to a
change in hydrothermal conditions and river discharge in the basin. Taking the sample R5 as
an example (Table 3), TDS increased by 21.9% and 81.8%, respectively, from 1976 to 2005
and 2012, but the contents of each ion, with the exception of SO2~, were slightly lower in
2005, and then increased significantly in 2012, with a rate between 30.4% (Ca®") and
185.0% (Na*). During 2005-2012, the concentrations of most of the ions in the basin river
waters increased dramatically, with an average TDS amplification of 51.8%, and a rate of
increase for each ion ranging between 30.3% (Ca®") and 124.8% (Na").

Table 3 Main ions concentration in the Manasarovar Bain during different periods (mg/l)

K* Ca* Na* Mg cl S0, HCO;" TDS

Lake center

1976° 5.92 2431 44.05 25.72 14.83 26.3 264.66 277.04

2009-2010° 5.97 26.86 49.09 28.73 13.83 29.73 300.71 304.57

Lake peripheries (L1 sample for 2005 and 2012)

1976° 3.23 22.13 24.21 16.35 9.6 15.75 178.03 182.88

2005 6.32 69.55 59.30 41.73 10.21 13.93 556.17 479.12

2012 7.75 35.08 65.21 36.35 14.62 28.41 415.61 395.22
River estuaries (R5 sample for 2005 and 2012)

1976° 1.65 16.13 6.35 5.33 3.68 8.06 67.69 80.60

2005 0.81 2417 4.13 3.59 1.69 36.34 55.10 98.28

2012 117 31.50 11.77 8.77 431 15.88 146.12 146.46

Note: ? the data is from the reference of Guan et al. (1984); ° the data is from the reference of Wang et al. (2013)

4.2.2 Spatial pattern

The water exchange is insufficient in large lakes, resulting in a remarkable spatial variation
of ion composition, which are impacted by the local geologic environment and the water
quality of its inflowing rivers. In the Manasarovar Lake water, the spatial variation coeffi-
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cient (CV) of TDS is 0.26, and the CV for each ion ranges from 0.25 (K*) to 0.46 (Ca®").
There are similar spatial distribution patterns for the Mg?* and Na* ions, showing an in-
creasing trend from south to north in both the east and west side of the lake (Figure 3a). For
example, the equivalents of these two cations in sample L13 are three times as much as in
sample L7. The amount of Ca® in the eastern and northern lake waters is higher than in the
samples taken from the west and south sides, while the concentration of K™ is slightly higher
in northwest lake water samples. As the major anion, HCO3™ is found in the highest concen-
trations in the northern lake water samples (L1 and L13), up to two times as much as in the
samples taken from southern waters (L6-8) (Figure 3b). The concentration of SO, is
higher in the eastern lake water samples, with the highest values present in sample L13. The
content of CI” in the lake water is much lower, showing also a lower spatial variation.

- -
3 3
o )
O O
S

3 3
= 59]

East |Coast

—K' —=-Ca” —+—Na' —o—Mg” o HCO; —&CI multiplied by 5 —&— SO4* multiplied by 5
Figure 3 Concentration (meg/l) of (a) cations and (b) anions in different water samples of the Lake Manasarovar,
showing the CI” and SO?{ content expanded by five times

Above all, the ion concentrations in the northern waters of the Lake Manasarovar are sig-
nificantly higher than in the southern waters, with mean TDS values of 468.9 and 254.9 mg/I
in the north and south, respectively. In addition, the spatial variation of ion composition in
the eastern lake waters is more prominent than that in the western waters. There are several
larger rivers inflowing to the lake from the north and east (Figure 1), which is a major reason
for the high amount and marked difference in ion composition between the two sides of the
lake. Not only does the water quality of rivers vary, but the rivers can also carry an abun-
dance of dissolved solids with large discharge. Especially the rivers coming from the north
can include melting waters from the glaciers and snowfields far away. More ions may be
carried in the processes of riverbed erosion by melting waters. Located at the west of the
Lake Manasarovar, Lake La’ang Co supplies no water to it, explaining the relatively consis-
tent characteristics of lake water chemistry on this side.

The spatial variation of water chemistry between the rivers is much higher than that of
lake water, because the rivers are impacted by several geographic and hydrologic factors,
such as water sources, geological condition along the way, and the magnitude of discharge.
The CV of TDS in the river estuaries in the Manasarovar Basin is 0.72, and the CV for each



YAO Zhijun et al.: Spatial-temporal patterns of major ion chemistry and its controlling factors in the Manasarovar Basin 695

ion ranges between 0.56 (K*) and 1.06 (Mg?"). There are more ions in the north and north-
east river waters. The average cation and anion content in the rivers R1-R5 can be 3.68 and
4.14 times as much as the concentrations recorded in the rivers R6-R10 (Figure 4). The spa-
tial distribution pattern of the cations in rivers R1-R5 is consistent, with ion concentrations
decreasing in the series R2 > R3 > R5 > R1 > R4, with the exception of the Na* ion, whose
concentration is slightly higher in R3 than in R2. In rivers R6-R10, the cation content regis-
ters the lowest levels in river R8. With the exception of Ca?*, which is found in relatively
higher concentrations in rivers R9 and R10, all the other cations are found in the highest
concentrations in river R6, which has the largest discharge and the biggest area of drainage.
The consistency between the spatial distribution patterns of HCO3;™ and the cations in river
waters is very high, with the maximum and minimum values present in rivers R2 and RS,
respectively. Both equivalents of SO,* and CI™ are found in the highest concentrations in
river R3, however, the SO,* content is relatively large in rivers R8 and R9 where the CI-
content is very low.

(@ R1 (®) R1

J — K - -
R6 —&— Ca? - HCO3 R6
o Nat —=— CI" multiplied by 5
—o Mg —— SO} multiplied by 3

Figure 4 Equivalent (meg/l) of (a) cations and (b) anions in water samples of rivers in the Manasarovar Basin,
showing the CI~ and SO, content expanded by five and three times, respectively

In addition, according to the measurements of samples collected along river R5 in 2012,
the ion contents are the highest in the upstream (R5-5) with a TDS of 205.8 mg/l, and the
lowest in the midstream (R5-3) with a TDS of 109.7 mg/l. The ion content in river estuaries
is higher than in the midstream, but lower than in the upstream. This is due to the fact that
the impact of human activities such as farming and grazing is higher in upper sites and more
ions are collected into the river estuaries from the tributaries. However, for a more in-depth
analysis of the varying patterns of ion chemistry along the rivers, more sampling and analy-
Ses are necessary.

4.3 Sources of solutes

Gibbs (1970) provided a simple method to determine the relative importance of three natural
factors which control surface water chemistry: evaporation and crystallization, rock weath-
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P ering, and precipitation. This method
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Figure 5 The Gibbs plot of the Lake Manasarovar and its

L growing influence of increasing
flowing rivers

evaporation on water chemistry in the
basin (Yin et al., 2013).

4.3.1 Anthropogenic inputs

Human disturbances, such as agriculture and industry, are scarce in the Manasarovar Basin,
due to geographical limitations and terrain conditions (Cong et al., 2010). However, the
growth of tourism, religious or otherwise, might affect water chemistry in some parts of the
basin. This could be the cause for the larger spatial variations in the EC measurements and
ion compositions (Li et al., 2009). However, in 2012, NO3; was not detected in the half of
water samples, and in the rest of samples, its average content was between 0.57-0.93 and
0.53-1.02 mg/l in the lake and river waters, respectively. Therefore, the NO3~ concentration
is much lower than the limit concentration stated by the National Drinking Water Standard
(GB-5749) (10 mg/l). Additionally, the molar ratio of CI"/Na" in all samples from the basin
is less than 1.0, with low spatial variations, indicating that currently the anthropogenic input
in the basin is not serious (Grosbois et al., 2000; Li et al., 2009). The ions in the Lake Mana-
sarovar and its inflowing rivers still originate mainly from natural processes such as
atmospheric migration and chemical weathering.

4.3.2 Atmospheric inputs

The main source of CI™ in surface waters is the sea salt cycle. As a result, CI™ concentrations
decline gradually with increasing distance from the sea (Stallard and Edmond, 1981). The
CI™ ions in the Tibetan Plateau should originate mainly from evaporites weathering in the
basin (Chen et al., 2002, Li et al., 2009). Based on the assumption that all the CI” in the river
sample in which the CI” concentration is the lowest originates entirely from precipitation
(Hren et al., 2007), the ion contribution from atmospheric inputs to the river waters can be
calculated using equation (1) (Galy and France-Lanord, 1999). The results reveal that the
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contribution of K* and CI”~ from precipitation is relatively high, but the contribution rates of
other ions are close to or lower than 10% (Table 4). Because lake water is subjected to
strong evaporative crystallization, the ion contents are higher, and the impact of atmospheric
inputs can be ignored.

[XTrain=[X/Cl]rainX[Cl]rain (1)
where X represents the cations and anions; [X]in is the amount of each ion contributed to
river waters from precipitation; [X/Cl].in is the average molar ratio between each ion and
CI7; [Cl]rain is the contribution of CI” to the river waters from precipitation.

Table 4 Contribution magnitude and percentage of main ions from atmospheric inputs to the river waters in the
Manasarovar Basin

K* ca** Na* Mg?* SO~ HCO;~ CcI-
Magnitude (umol) 4.90 19.93 11.01 419 7.20 40.64 9.11
Max. percentage (%) 37.8 21.2 35.4 22.8 24.9 81.2 100.0
Mean percentage (%) 211 7.1 9.4 5.7 6.7 10.8 475
Min. percentage (%) 35 1.9 0.7 0.6 13 1.3 1.3

4.3.3 Chemical weathering inputs

Under natural conditions, chemical weathering of different parent rocks (e.g., carbonates,
silicates, and evaporites) yields several combinations of dissolved ions in the surface water.
Generally, the main sources of K* and Na* are evaporite and silicate weathering. Ca’* and
Mg®* may be derived from evaporites, silicates, or carbonates. HCO5~ originates mostly
from silicates and silicate weathering, whereas CI~ and SO,* are derived mostly from
weathering and dissolution of evaporites (Li et al., 2008; Meybeck, 1987).

The molar ratio of Na* to CI” in the lake and inflowing rivers is larger than 1.0 (Figure 6a),
indicating that silicate weathering appears to have a more significant effect than halite
weathering in the Manasarovar Basin. However, there are no significant correlations be-
tween Si and any of the Na*, K, and HCO5 ions, revealing that the silicate contribution is
also relatively low. The average ratios of alkaline earths (Ca?*+Mg?®*)/alkalis (Na*+K") in
the lake and river waters are 1.61 and 5.05, respectively (Figure 6b), which point to a
stronger process of carbonate rock weathering. This was verified by Sarin et al. (1989), who
reported that silicate weathering releases less Ca** and Mg?* than Na* and K*. Meanwhile,
all the major ions originate mainly from carbonate weathering, which is indicated by the
relationship between HCO;™ and Ca®* (Figure 6¢) and between HCO;3;™ and (Ca**+Mg?")
(Figure 6d), with Ca**, on average amounting to 25% and 85% of the HCO3™ in the lake and
rivers. However, (Ca**+Mg?") basically balances with HCO3 in the rivers and balances with
74.4% of the HCO;™ in the lake. The molar ratios of Ca**/SO,*” and Mg**/SO,*" are larger
than 1.0, indicating that the contribution of sulfate weathering is not significant (Li and
Zhang, 2008). However, both Ca?* and Mg®* have good positive correlations with SO,%", and
the content of Mg?" is lower than that of Ca®* (Figure 6e), revealing that chemical weather-
ing of sulfates such as gypsum has a certain impact on the river ion chemistry. There may be
more sulfates distributing in the southeast and southern parts of the basin, as a result, the
samples from rivers R6-R10 are situated on the line of (Ca?*+Mg®")=(HCO; +S04*) (Fig-
ure 6f).
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Figure 6 Equivalent comparison between different ions in the study area, showing (a) Na* vs. CI-, (b) Na*+K*
vs. Ca®*+Mg®, (c) Ca** vs. HCO3 , (d) Ca**+Mg®* vs. HCO3 , (e) Ca**/SO,’ vs. Mg*/SO,* and (f) Ca**+Mg** vs.

HCO3 +50,*"

5 Conclusions

In this study, we have identified the spatial-temporal patterns of ion chemistry and the
sources of main ions in the lake and inflowing rivers in the Manasarovar Basin. It aims to
enrich the scientific understanding of the water chemistry and to protect the water resources
in this sacred region. The main conclusions are listed below:
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(1) The water in the Manasarovar Basin is slightly alkaline, with a pH ranging between
7.4-7.9. The lake water is very clear, with lower turbidity. The TDS in lake and river waters
is about 325.4 and 88.7 mg/I, respectively, which is lower than in most of the surface waters
in the Tibetan Plateau.

(2) Because of the long-term effect of evaporative crystallization, the concentrations of
Na® and HCO5™ are higher in the lake water, representing 46.8% and 86.8% of the total
cations and anions, respectively. The ion composition of the lake water is consistent with
that of the inland lakes located in southern Tibet, such as the Lake Nam Co and Lake
Yamzhog Yumco. The dominant ions in the inflowing rivers are Ca®* and HCO5", accounting
for 59.6% and 75.4% of the total cations and anions.

(3) The water exchange among different regions of lake and inflowing rivers is insuffi-
cient, resulting in a remarkable spatial variation of ion composition. The average CV of TDS
in the lake and river waters is 0.26 and 0.72, respectively. There are several large rivers in-
flowing into the lake from the north. Therefore, the ion concentrations in the north side of
the lake waters are significantly higher than that on the other side, with a TDS of 468.9 and
254.9 mg/l, respectively. Under the influence of complicated surroundings, the spatial varia-
tions of river water chemistry are significant, with a higher ionic content present in the up-
stream part of the rivers.

(4) The major factors controlling the ion chemistry in the basin are the natural processes,
such as rock weathering. The high concentrations of Ca?*, Mg®*, and HCO; in the waters
reveal that the dominant source of the ions is carbonate weathering. The atmospheric factor
contributes only relatively more K* and CI* to the river waters, with the contribution rate of
21.1% and 47.5%, respectively.

(5) Due to climate change, the ion contents in the surface waters in the basin have in-
creased gradually. The TDS measurements performed after the year 2000 are 2.4 and 1.5
times as much as those of 1976, in the lake and river waters, respectively. Although the con-
tribution of the anthropogenic inputs is not significant at the moment, the influence of hu-
man presence needs to be studied in more detail in the future.
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