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Abstract: In order to detect the source and controlling factors of hydrochemical ions in
glacier meltwater-recharged rivers, the chemical characteristics of the river water, precipitation,
and meltwater of the Dongkemadi River Basin, China, in 2014 (from May to October) were
systematically analyzed, and combined with the hydrological and meteorological data. The results
show that the hydrochemical pattern of the typical river was HCO3

−-Ca2+. The most cations
were Ca2+ and Mg2+, and the predominant anions were HCO3

− and SO4
2−, in the river.

The concentration of major ions and total dissolved solids (TDS) in the river water were much
larger than that in the precipitation and meltwater. The TDS concentration was ordered:
River water > precipitation > meltwater. The water-rock interaction and the dilution effect of
the precipitation and meltwater on the runoff ions resulted in a negative correlation between the
ion concentration of the river water and the river flow. The chemical ions of the river runoff mainly
originated from rock weathering and the erosion (abrasion) caused by glacier movement. In addition,
the contributions of different sources to the dissolved components of the Dongkemadi River were
ordered: Carbonate (75.8%) > silicate (15.5%) > hydatogenic rock (5.7%) > atmospheric precipitation
(3%), calculated by a forward geochemical model. And the hydrochemical weathering rates of
carbonate and silicate minerals were 12.30 t·km−2·a−1 and 1.98 t·km−2·a−1, respectively. The CO2

fluxes, consumed by the chemical weathering of carbonate and silicate, were 3.28× 105 mol·km−2·a−1

and 0.91 × 105 mol·km−2·a−1, respectively.

Keywords: the Dongkemadi basin; glacier melt runoff; hydrochemistry; rate of weathering;
CO2 consumption fluxes

1. Introduction

According to the IPCC’s (Intergovernmental Panel on Climate Change) Fifth Assessment Report,
the global average temperature in the past 130 years has increased by 0.85 ◦C [1]. As one of the most
sensitive and vulnerable areas of natural ecosystems, the average temperature of the Yangtze River
source in China increased by 0.32 ◦C·(10a)−1 during the past 50 years, which was much higher than the
average increasing rate of China (0.18 ◦C·(10a)−1) [2,3]. Glacial-recharged river runoff is most sensitive
to climate change, compared to the non-glacier river basins [4,5]. Glacier areas are ideal regions for
studying water–rock interactions, because there are less human activities, and the chemical content
of the river water here directly reflects the hydrochemical base value of the basin. Glacial areas were
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widely selected for research on terrestrial chemical erosion and biogeochemical cycle assessment [6],
and had great significance for the development of hydrological chemical research in alpine regions.

There have been significant changes in alpine glaciers and river runoffs because of global warming.
In western China, 82.2% of glaciers have retreated, leading to a total area loss of 4.5% [7].
The Dongkemadi Glacier in China was continuously losing mass after 1994, and this loss accelerated
at the beginning of 2000 [8]. Results show that the variation of the glacier area over the period
1976–2013 is characterized by significant shrinkage at a linear rate of −0.31 ± 0.04 km2·year−1.
Glacier retreat slightly accelerated in the 2000s, and the mean glacier surface elevation lowered
at a rate of −0.56 m · year−1 over the period 2003–2008 [9]. With glaciers melting, glacial runoffs
increased, and it directly changed the dissolved load caused by circulation in the basin, which in turn
affected the changes of hydrochemistry and water quality in the river. Under the influence of glacial
movement and high-speed erosion of meltwater, the rates of physical and chemical weathering in
the glacier zone are much higher than the continental average, and this character has an important
impact on the glacial environment and biogeochemical cycle [6,10]. At present, the research in the
Dongkemadi basin mainly concentrates on glacier mass balance [11], the impact of precipitation and
temperature on runoff change [12], glacial runoff simulation [13], and degree-day models [14], etc.
Research of glacial hydrochemistry, especially the chemical erosion rate of glacial water and the
consumption of CO2 in the Dongkemadi Basin, is rare.

Based on the water sample analysis, as well as the hydrological and meteorological data, from
May to October in 2014 in the Dongkemadi Basin, the chemical characteristics and causes of the glacial
runoff, precipitation, and meltwater variations were studied, and the source of water ions, the rate of
hydrochemical weathering, and the CO2 consumption fluxes in the Dongkemadi basin were revealed by
the qualitative and quantitative methods. This research could increase our understanding of the impact
of climate change on the chemical weathering process and carbon cycle of glacial watersheds. It has
significance in the evaluation of the influence of the migration and transformation of glacial-runoff
solutes to the downstream water environment and ecosystem.

2. Materials and Methods

2.1. Overview of the Drainage Basin

The Dongkemadi basin is located in the source region of the Yangtze River, in China, in the
hinterland of the Qinghai-Tibet Plateau, near the Tanggula Pass (Figure 1). The Dongkemadi River is a
tributary of the Dangqu River, which is the source of the Yangtze River. The study area is 39.06 km2,
and the controlled hydrological station is located at 92◦00′ E, 33◦02′ N, with the elevation 5165 m.
The altitudes of the glacier area range from 5280 to 6104 m, and the area of the glacier-covered region is
about 17.15 km2, accounting for 44% of the whole basin area. Glacial meltwater accounts for 70% of the
annual total runoff [13]. The annual average temperature of the Dongkemadi basin was−5.2 ◦C during
the past decade, and it has been gradually rising since 1976 [9]. The summer half-year is influenced
by the warm and humid air currents of the southwest Indian Ocean, while the winter half-year is
controlled by the westerly circulation [12]. According to the measured data for the period 2005–2014,
of the meteorological and the hydrological stations in the Dongkemadi basin, the average temperature
in the period June–September was about 3.5 ◦C, and the precipitation was 555.7 mm and the runoff
was 0.23 × 108 m3. The temperature, precipitation, and runoff in the glacier ablation in 2014 were
3.3 ◦C, 475.9 mm, and 0.24× 108 m3, respectively. Land use types of non-glacial areas in the basin were
divided into four categories: Bare rock, sparse vegetation, kobresia tibetica marsh meadow, and alpine
kobresia meadow. The alpine kobresia meadow accounted for about 68% of the total area. The soil
types were divided into: Alpine cold desert soil, alpine screes, cryo-sod soil, sand gravel accumulation
body, stone cold orthent, the arid soil of the stone simple-bred cold, stone fiber frozen organic soil,
and fiber frozen organic soil [15].
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Figure 1. The location of the Dongkemadi River Basin and the distribution of the observation sites. 

2.2. Sampling and Analysis 

During the period June–October of 2014, 247 natural water samples were collected from the 
Dongkemadi basin (sample locations are shown in Figure 1): 148 were river water samples collected 
at 18:00 every day, 72 samples were atmospheric precipitation water, and 27 were samples of glacier 
meltwater collected on the glacier. Each sample was collected by plastic basins which were washed 
with ultrapure water, and pre-washed with precipitation immediately after each precipitation event 
stopped. All water samples were stored in the refrigerator immediately after collection. They were 
transported to the State Key Laboratory of Cryosphere Science, Northwest Institute of 
Eco-Environmental and Resources, Chinese Academy of Sciences, and cryopreserved at −15 °C. 
Samples were taken out two days before analysis in order to allow for natural melt. The pH and 
electrical conductivity (EC) were measured at room temperature. The δ18O and δD in the sample 
were measured by LDR-100 liquid water isotope analyzer from LGR (Los Gatos Research, San Jose, 
CA), USA. The cations (Na+, K+, Mg2+, Ca2+) were treated using the Dionex-600 ion chromatography 
system. The anions (Cl−, SO42−, NO3−) were determined by using the ICS-2500 ion chromatograph 
(Dionex Corporation, Sunnyvale, CA, USA). The cations had a measurement error of less than 0.1% 
and the anions of less than 0.3%. The content of HCO3− was estimated by the ion balance relationship 
between anions and cations. The total dissolved solid (TDS) contents were calculated by subtracting 
half of HCO3− from the sum of the ion contents. From the equilibrium relationship between 
dissolved CO32− and HCO3− in water, it is known that the content of CO32− is less than 5% of the sum 
of the two [16], so CO32− was negligible in this study.  

3. Results 

3.1. Characteristics of Hydrochemical Compositions in Different Water Sources 

The chemical compositions of different waters in the Dongkemadi region are shown in Table 1. 
Due to the large number of samples, only the chemical eigenvalues (mg/L) of each water sample are 
listed in the table. The major hydrochemical composition type of the river water in the Dongkemadi 
region was HCO3−-Ca2+, and the concentration of the cations in the river, in order of decreasing 
concentration, were: Ca2+ > Mg2+ > Na+ > K+, and the anions were HCO3− > SO42− > NO3− > Cl−. The 
abundance of cations in the Dongkemadi River were different from that in the crust (Ca2+ > Na+ > K+ > 
Mg2+) and in the seawater (Na+ > Mg2+ > Ca2+ > K+). This shows that the river water ions in the 
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2.2. Sampling and Analysis

During the period June–October of 2014, 247 natural water samples were collected from the
Dongkemadi basin (sample locations are shown in Figure 1): 148 were river water samples collected
at 18:00 every day, 72 samples were atmospheric precipitation water, and 27 were samples of glacier
meltwater collected on the glacier. Each sample was collected by plastic basins which were washed with
ultrapure water, and pre-washed with precipitation immediately after each precipitation event stopped.
All water samples were stored in the refrigerator immediately after collection. They were transported
to the State Key Laboratory of Cryosphere Science, Northwest Institute of Eco-Environmental and
Resources, Chinese Academy of Sciences, and cryopreserved at −15 ◦C. Samples were taken out
two days before analysis in order to allow for natural melt. The pH and electrical conductivity
(EC) were measured at room temperature. The δ18O and δD in the sample were measured by
LDR-100 liquid water isotope analyzer from LGR (Los Gatos Research, San Jose, CA, USA). The cations
(Na+, K+, Mg2+, Ca2+) were treated using the Dionex-600 ion chromatography system. The anions
(Cl−, SO4

2−, NO3
−) were determined by using the ICS-2500 ion chromatograph (Dionex Corporation,

Sunnyvale, CA, USA). The cations had a measurement error of less than 0.1% and the anions of less
than 0.3%. The content of HCO3

− was estimated by the ion balance relationship between anions
and cations. The total dissolved solid (TDS) contents were calculated by subtracting half of HCO3

−

from the sum of the ion contents. From the equilibrium relationship between dissolved CO3
2− and

HCO3
− in water, it is known that the content of CO3

2− is less than 5% of the sum of the two [16],
so CO3

2− was negligible in this study.

3. Results

3.1. Characteristics of Hydrochemical Compositions in Different Water Sources

The chemical compositions of different waters in the Dongkemadi region are shown in Table 1.
Due to the large number of samples, only the chemical eigenvalues (mg/L) of each water
sample are listed in the table. The major hydrochemical composition type of the river water
in the Dongkemadi region was HCO3

−-Ca2+, and the concentration of the cations in the river,
in order of decreasing concentration, were: Ca2+ > Mg2+ > Na+ > K+, and the anions were
HCO3

− > SO4
2− > NO3

− > Cl−. The abundance of cations in the Dongkemadi River were different



Water 2018, 10, 1856 4 of 15

from that in the crust (Ca2+ > Na+ > K+ > Mg2+) and in the seawater (Na+ > Mg2+ > Ca2+ > K+).
This shows that the river water ions in the Dongkemadi region not only simply reflect the impacts of
terrestrial or marine sources, but also is related to the unique alpine mountain glacier environment to
some extent.

The key difference between the precipitation and meltwater and the river water was the much
lower concentration of cations and anions The hydrochemical type of the meltwater was in accordance
with the river water (HCO3

−-Ca2+), reflecting that more than 70% of meltwater becomes runoff.
The hydrochemical type of the precipitation was HCO3

−-SO4
2−-Ca2+, which was different from

the other water bodies in the basin, but it is consistent with the precipitation of other headwater
regions in the west, reflecting that more than 70% of SO4

2− in the precipitation is derived from
Asian dust [17]. The order of the cation concentrations in the precipitation and meltwater was the
same as that in the crust, which also reflects that precipitation and meltwater are controlled by the
terrestrial materials. Whereas the order of the anion concentrations in the meltwater were ordered as
following: HCO3

− > NO3
− > SO4

2− > Cl−.
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Table 1. The hydrochemical characteristics of the runoff, precipitation, and meltwater in the Dongkemadi Basin.

Water Sample Eigen-Value Ca2+ Mg2+ Na+ K+ SO4
2− NO3

− Cl− HCO3
− TDS Hydrochemical

Characteristics

Runoff
max

mid-value
min

51.36
21.33
0.37

16.14
2.34
0.03

18.16
1.86
0.15

2.13
0.70
nd

18.32
3.07
0.06

260.08
0.42
0.02

15.27
0.44
0.03

237.11
81.30
1.93

238.76
73.61
1.97

HCO3
−-Ca2+

Precipitation
max

mid-value
min

43.34
0.80
0.17

8.38
0.04
0.01

27.24
0.53
0.03

1.95
0.10
0.01

37.60
0.37
0.01

5.72
0.34
0.02

1.13
0.07
0.01

168.15
4.55
0.69

143
7.54
2.16

HCO3
−-SO4

2−-Ca2+

Meltwater
max

mid-value
min

5.42
0.48
0.21

0.54
0.07
0.01

2.14
0.16
0.05

4.36
0.07
0.01

0.31
0.05
0.01

nd
0.08
0.33

1.06
0.03
0.01

17.76
2.65
1.06

18.74
4.87
1.54

HCO3
−-Ca2+

Note: nd indicates that the concentration was not detected and was lower than the instrument detection value.
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3.2. Relationship between Hydrochemical Compositions and the Runoff in the River

The TDS content is a comprehensive indicator of the ion concentration in water.
Generally, the greater the dissolved load, the larger the TDS value. As shown in Table 1, the TDS
concentrations were ordered: River water > precipitation > meltwater. The median TDS value in
the runoff was 73.61 mg/L, which was much larger than that in the precipitation (7.54 mg/L) and
meltwater (4.87 mg/L). The variation of TDS with runoff, precipitation, and temperature during the
glacier ablation period in the Dongkemadi basin is shown in Figure 2. From June to mid-August,
with the increase of precipitation recharge, the TDS in the runoff showed a decreasing trend due to the
dilution effect of precipitation with a low ion concentration. The analysis showed that the temperature
had a significant positive correlation with the runoff. The glacial meltwater contribution increased
because of the temperature rising, and the dilution effect of the glacial meltwater on the runoff solutes
was enhanced [18], which was one of the reasons for the TDS decrease in the runoff. At the same time,
there are studies that have shown that the variation of ion concentrations in the runoff is related to the
flow rate [19]. The vertical height fluctuation is large in headwater regions; as the runoff increases,
the flow rate increases, the touch time between the water body and the river bed is relatively short,
and the amount of soluble salt in the rock soil dissolved in water is relatively small. On the contrary,
the temperature and precipitation decreased after September, and the recharge of low-concentration
water to the river runoff decreased. With the runoff in the Dongkemadi basin decreasing continuously,
the dilution reduced and the contact time with the sediments increased, thus the concentration of TDS
in the river water increased relatively.
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Figure 2. Daily values of the TDS, δ18O values, precipitation (P), temperature (T), and discharge (Q) 
in the summer season (glacier ablation period) of 2014 in the Dongkemadi River Basin. 

It can be seen from Figure 3 that the ion concentrations in the river water were opposite to the 
runoff change in summer. The ion concentration decreased with the increase in runoff, which is 
mainly affected by the eluviation effect of runoff ions. Some studies have shown that there exists a 
power function relationship (C = a × Qb) between runoff and the concentration of the dissolved load 
in the river water in most rivers [20,21]. C is the ion concentration, Q is the daily average runoff, and 
a and b are the fitting parameters. The b reflects the relationship between ion concentration and 
runoff, b = −1 indicates that the ion characteristics of the river change completely with the variation 
of runoff, and b = 0 indicates the variation of ions in the river completely under the control of runoff. 
In Figure 3, the b value of the major ions in the river water, except for Mg2+, Na+, and SO42−, was 
smaller than the global average value (−0.17), and the Cl− ion concentration was not significantly 
affected by the runoff. Although the b value of Cl− was −0.2 with R2 = 0.06. This indicates that there 
was little relationship between the two, and it means that the ion concentrations of Cl− were 

Figure 2. Daily values of the TDS, δ18O values, precipitation (P), temperature (T), and discharge (Q) in
the summer season (glacier ablation period) of 2014 in the Dongkemadi River Basin.

It can be seen from Figure 3 that the ion concentrations in the river water were opposite to the
runoff change in summer. The ion concentration decreased with the increase in runoff, which is mainly
affected by the eluviation effect of runoff ions. Some studies have shown that there exists a power
function relationship (C = a × Qb) between runoff and the concentration of the dissolved load in the
river water in most rivers [20,21]. C is the ion concentration, Q is the daily average runoff, and a and
b are the fitting parameters. The b reflects the relationship between ion concentration and runoff,
b = −1 indicates that the ion characteristics of the river change completely with the variation of runoff,
and b = 0 indicates the variation of ions in the river completely under the control of runoff. In Figure 3,
the b value of the major ions in the river water, except for Mg2+, Na+, and SO4

2−, was smaller than the
global average value (−0.17), and the Cl− ion concentration was not significantly affected by the runoff.
Although the b value of Cl− was −0.2 with R2 = 0.06. This indicates that there was little relationship
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between the two, and it means that the ion concentrations of Cl− were completely independent to the
change of runoff. This further verifies that the tracer was stable in the water cycle.
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4. Discussion

4.1. Sources of Major Ions in River Water and Its Controlling Factors

The migration and transformation of hydrochemical ions in river water are mainly controlled by
geological and climatic factors. The weathering of rock determines the chemical compositions of the
major ions in a river. The climatic factors, especially the temperature and precipitation, have a large
impact on the concentrations of ions in the glacial area of the alpine region. In addition, human activities
have an impact on hydrochemical changes, which are negligible in this paper. Generally, sources of
chemical compositions in a watershed can be qualitatively analyzed by using Gibbs semi-logarithmic
coordinates [22]. Low contents of Cl− and Na+ and higher contents of HCO3

− and Ca2+ reflect that
the river water is influenced by the rock in that river basin [23,24]. As shown in Figure 4, the ratios of
Na+/(Na+ + Ca2+) and Cl−/(Cl− + HCO3

−) in the Dongkemadi River are less than 0.5, and the sample
distribution of the river water is on the left side of the middle of the figure. That is different from that
of the meltwater distribution, indicating that the ion compositions of runoff are not completely derived
from the meltwater, and are mainly controlled by the rock weathering in the basin. The conclusion is
similar to the results of studies in other basins of the Tibetan Plateau, which also confirm the important
role of the weathering of rock on the ion compositions of river runoffs [13,20].
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−).

The ratio of (Mg2+ + Ca2+)/(Na+ + K+) in river water is always used to assess the effect of different
minerals on the hydrochemistry [25]. As shown in Figure 5b, the concentration of (Mg2+ + Ca2+) in
the river water of the Dongkemadi River Basin is obviously larger than that of (Na+ + K+), indicating
that Mg2+ and Ca2+ may be derived from the dissolution of evaporites and dolomites. While Figure 5a
shows that (Mg2+ + Ca2+) and HCO3

− are significantly correlated (R2 = 0.99), it indicates that Mg2+ and
Ca2+ in the runoff may be derived from the dissolution of carbonate minerals. The relationship between
(Mg2+ + Ca2+) and half of (HCO3

− + SO4
2−) also have very good consistency (Figure 5c), and the

linear fit is close to 1:1, indicating the important effect of the dissolution of carbonate minerals and
sulfate minerals on the runoff ion composition in the the Dongkemadi River Basin [26,27]. The ratios
of Mg2+/Ca2+ and Na+/Ca2+ in the water are always used to determine the dissolution of carbonate
minerals in water [28]. The river water in the Dongkemadi River Basin has higher Mg2+/Ca2+

values and lower Na+/Ca2+ values, and 75% of the water samples are distributed above the 1:1
isocontour (Figure 5d), indicating that the carbonate minerals at the surface runoff are dominated by
the dissolution of dolomites into the Dongkemadi River Basin. The hydrochemistry of the runoff in the
Dongkemadi basin is derived from carbonate minerals of dolomite dissolution, evaporites dominated
by rock salt and gypsum, and some minerals of silicate and sulfate.

The propulsion model was used to calculate the end member ratios of Ca/Na and Mg/Na
in the basin in order to calculate the contributions of carbonate, silicate, and evaporate [29].
Gaillardet et al. [30] considered that the carbonate end member ratio of Ca/Na is close to 50, Mg/Na
is close to 120, and the end member ratio of silicate is Ca/Na = 0.35 ± 0.15 and Mg/Na = 0.24 ± 0.12,
according to multiple rivers. From Figure 6, the index of the Dongkemadi River is concentrated in the
areas near carbonates and silicates. It means that the runoff hydrochemistry of the Dongkemadi river
Basin is derived from carbonate minerals, which is mainly composed of the dissolution of dolomites,
as well as some silicate minerals and evaporites, which are mainly composed of rock salts and gypsums.
The contribution of evaporite rocks to the runoff hydrochemistry in the Dongkemadi River Basin is
smaller, in comparison to the other two types, according to the distance distribution in Figure 6.
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4.2. Contributions of Different Sources to Dissolved Composition in River Water

The source of the dissolved load in river water mainly includes atmospheric sedimentation,
mineral dissolution, and human input. The minerals include carbonates, silicates, evaporites,
and sulfides. The mass balance equation of ions in water is as follow [26]:

(X)river = (X)rain + (X)carb + (X)sil + (X)eva (1)
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where X is any chemical ions in river water; river means river water; rain represents atmospheric
precipitation; carb is carbonate mineral; sil is silicate mineral; and Eva is evaporite mineral. The forward
modeling approach [31,32] was used to quantify the contribution rate of each end member to the
Dongkemadi River runoff.

4.2.1. Contribution of Precipitation to the Hydrochemistry in the Dongkemadi River

The main inputs from the atmosphere that are dissolved in river water are sea salt and atmospheric
dust [31]. The Cl− in atmospheric precipitation is mainly from sea salt ions and are relatively stable in
the water cycle, thus it is always used to study the contribution of atmospheric transport to surface
hydrochemistry [28,33]. In addition, the summer monsoon moisture also should be considered,
because the low D excess and low δ18O of precipitation on the southern Tibetan Plateau is influenced
by the monsoon in summer [34]. There are many methods for correcting atmospheric precipitation
ions [22,29,35]. In this paper, the contribution rate of atmospheric precipitation to the dissolved load of
runoff was estimated according to the minimum value of Cl− in the runoff (mainly from atmospheric
precipitation), and the ratios of ion concentrations in the precipitation. After calibration, the ion content
of the precipitation ((X)rain) was calculated by the following formula:

(X)rain = (X/Cl−)rain × Cl−ref (2)

where (X/Cl−)rain is the ratio of major cations and Cl− in the precipitation; Cl−ref is the maximum
transport concentration of Cl− from precipitation to runoff, in other words, it means the minimum
Cl− in river water. The value of Cl−ref is 0.88 µmol/L, which is the minimum Cl− in the Dongkemadi
River Basin. After calibration, the cation concentration is ∑cationrain = 21.6 µmol/L in the precipitation,
nevertheless, the cation concentration is ∑cationriver = 729.4 µmol/L in the river water. Therefore,
the cation of precipitation contributes about 3% of the hydrochemical cations in the river water in the
Dongkemadi River Basin.

4.2.2. Contributions of the Dissolution of Minerals to River Hydrochemistry

In addition to the contribution rate of precipitation ions, the ion compositions of river water
are mainly dissolved by evaporites (rock salt and gypsum), silicates, and carbonates. Except for
precipitation, Cl− and SO4

2− in rivers mainly come from the dissolution of evaporites; Na+ is derived
from the dissolution of evaporites and silicates; K+ is derived from the dissolution of silicates; SO4

2−

and Ca2+ are produced by the dissolution of evaporates, and are in equilibrium with Mg2+. When rock
salt dissolves in water, it releases the same amount of Na+ and Cl−. Ca2+ and Mg2+ are present in
various minerals [32,36]. The contributions of Ca2+ and Mg2+ of mineral solutes to the composition of
river water ions can be calculated by the following formulas:

(Ca2+)river = (Ca2+)rain + (Ca2+)eva + (Ca2+)sil + (Ca2+)carb (3)

(Mg2+)river = (Mg2+)rain + (Mg2+)sil + (Mg2+)carb + (Mg2+)eva (4)

The contribution rate of rock salt to the dissolved load of river water (Cl−)eva/∑cationriver)
is 1.6%, and the contribution rate of gypsum to the ion composition of river water
((Ca2+)eva/∑cationriver) is 4.1%. The sum of the above two rates, which is 5.7%,
is the contribution rate of the weathering of evaporite minerals to the hydrochemical
cations of river water in the Dongkemadi River Basin. The contents of (Ca2+)sil and
(Mg2+)sil, which are released by silicates, can be estimated by (Na+)sil in its dissolution
process, namely: (Ca2+)sil = (Na+)sil × (Ca2+ /Na+)sil, (Mg2+)sil = (Na+)sil × (Mg2+ /Na+)sil.
However, due to the unknown understanding of the bedrock compositions of the
Dongkemadi River Basin, especially as the ratio of Ca2+, Mg2+, and Na+ in the silicates
are unknown, the ratio of silicate mineral concentrations in the global average crust
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is taken [32]: [Ca2+ /Na+]sil = 0.35, (Mg2+/Na+)sil = 0.24; the cation concentration in the
silicates is calculated by ∑cationsil = (Ca2+)sil + (Mg2+)sil + (Na+)sil + (K+)sil = 113 µmol/L.
Therefore, the contribution of silicate mineral weathering to the hydrochemical cations is 15.5% in the
Dongkemadi River. It can be known from formula (1) that the contribution rate of carbonate mineral
weathering to runoff hydrochemical cations is 75.8%.

4.3. Rate of Rock Weathering and CO2 Consumption Fluxes in The Drainage Basin

Based on the chemical weathering of each ion in river water, the amount of weathering erosion and
CO2 consumption flux in the Dongkemadi River Basin can be evaluated. The chemical weathering rate of
silicates (SWR) and the chemical weathering erosion rate of carbonates (CWR) can be expressed as [28,29,31]:

SWR = (Ca2+
sil + (Mg2+)sil + (Na+)sil + (K+)sil)) × Q/A (5)

CWR = ((Ca2+)carb + (Mg2+)carb+ 0.5 × (HCO3
−)carb)) × Q/A (6)

ΦCO2
−

sil = ((2 × (Ca2+)sil + (Mg2+)sil) + (Na+)sil+(K+)sil)) × Q/A (7)

ΦCO2
−

carb = ((Ca2+)carb + (Mg2+)carb)) × 2 × Q/A (8)

Among them, Q is the annual runoff (m3·a−1) of the base section in the Dongkemadi River Basin;
A is the basin area (km2). During the weathering process of carbonate minerals, half of the concentration
of HCO3

− is derived from the atmosphere, and the contribution rate of the atmospheric precipitation
to the river water cations is small in the Dongkemadi River Basin, so it is neglected in estimating
the weathering erosion rate of carbonates. Therefore, the weathering rate of silicate minerals is
1.98 t·km−2·a−1 by calculation, and carbonate minerals are 12.30 t·km−2·a−1. In the Dongkemadi
River Basin, the chemical weathering of silicates and carbonate minerals to CO2 consumption rate is
0.91 × 105 mol· km−2·a−1 and 3.28 × 105 mol·km−2·a−1, respectively.

It can be seen from Table 2 that the ion fluxes in the glacial basin are significantly higher than those
in the non-glacier area of the alpine mountain. In the Dongkemadi River Basin, the CO2 consumption
fluxes from the chemical reactions of CO2 and the silicate minerals from hydrochemical weathering
are significantly higher than that in other rivers of the Yangtze River source area, such as the Tuotuohe
River, Jinsha River, and the upper reaches of the Yellow River. It shows that the chemical weathering
rates of rivers and the CO2 consumption fluxes in the glacial action area are much larger than those in
non-glaciers, in other words, it has a certain inhibitory effect on global warming.
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Table 2. Chemical weathering and CO2 consumption rate in the Dongkemadi River region.

Drainage Basin Runoff
(108 m3 a−1)

Drainage Area
(103 km2)

SWR
(t km−2 a−1)

CWR
(t km−2 a−1)

TDStotal
(t km−2 a−1)

ΦCO2
−

sil
(105 mol km−2 a−1)

ΦCO2
−

carb
(105 mol km−2 a−1)

Source

Dongkemadi 0.24 0.039 1.98 12.30 14.82 0.91 3.28 This study
Tuotuohe 13.37 15.92 1.19 1.61 2.80 0.46 1.35 [37]

Jinsha Jiang 394 229 1.39 16.93 18.32 0.34 1.40 [37]
Upstream Yellow River 380 223 2.33 27.4 29.73 0.14 3.04 [38]

Glacier No.1 0.02 0.003 - - 18.1 - - [39]
Haut Glacier - 0.012 - - 13.7 - - [40]
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5. Conclusions

In the Dongkemadi River Basin, the hydrochemical type of the river water is HCO3
−-Ca2+.

The major cations are Ca2+ and Mg2+, and the major anions are HCO3
− and SO4

2− The major ions
concentrations and the TDS of the river water are much larger than those of the precipitation and
the meltwater. The TDS concentration is ordered: River water > precipitation > meltwater.

The concentration change of the river water ions is inversely related to runoff. The ratios of
Na+/(Na+ + Ca2+) and Cl−/(Cl− + HCO3

−) in the Dongkemadi River are less than 0.5, which is
different from that of the meltwater distribution, indicating that the ion compositions of the runoff
are not completely derived from the meltwater, and are mainly controlled by the weathering of rock
in the basin. With the glacier retreat and glacier meltwater declining, the ratios of Na+/(Na+ + Ca2+)
and Cl−/(Cl− + HCO3

−) in the Dongkemadi River will decrease correspondingly.
The chemical compositions of the river water ions are mainly affected by the weathering

of rock. According to the forward modelling approach, the contributions of different sources to
the dissolved components of the Dongkemadi River are ordered: Carbonate > silicate > evaporite >
atmospheric precipitation.
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