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Abstract Feedback between hydrologic variations and chemi-
cal weathering is thought to play a crucial role in modulating
global carbon cycling. The mechanisms associated with the im-
pacts of hydrologic variations on solute sources and chemical
weathering were evaluated by examining the relationships be-
tween river discharge and hydrochemistry based on high-
frequency sampling of the Min River, which originates in the
Himalayan–Tibetan region. Fluid transit times and flow path-
ways vary with changes in discharge, thereby affecting various
biogeochemical processes. Although shorter transit times occur
during the high-flow season than during the low-flow season,
concentrations of chemical weathering products exhibit
chemostatic behaviour (less variation than changes in discharge)
in response to increasing discharge due to hydrologic flushing of
minerals, which increases the amount of reactive mineral surface
area. The contributions of various sources to dissolved loads in
the Min River were estimated using a forward model. The cal-
culated annual carbonate and silicate weathering fluxes are 24.1

and 9.6 t/km2 year, respectively. Atmospheric contributions in-
crease with increasing discharge, whereas the contributions of
silicate weathering decrease with increasing discharge. Both the
carbonate weathering flux (FCarb) and silicate weathering flux
(FSil) are positively correlated with the discharge, indicating that
temporal variations in chemical weathering fluxes in the Min
River are highly affected by hydrologic variations. The slope of
the relationship between FCarb and discharge is much greater than
that between FSil and discharge due to the rapid dissolution of
carbonateminerals, suggesting that carbonateweathering ismore
sensitive than silicate weathering to hydrologic variations. This
study demonstrates that high-frequency sampling is necessary
when investigating solute sources and chemical weathering pro-
cesses in river basins influenced by a monsoon climate.
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Introduction

Rivers play a key role in transporting solutes produced by
continental chemical weathering to the ocean (Edmond et al.
1995; Han and Liu 2004, Meybeck 1993, Natali et al. 2016).
The removal of atmospheric CO2 by chemical weathering is
thought to provide feedback that regulates the climate on glob-
al and regional scales over geologic time (Berner and Caldeira
1997; Gao et al. 2009; Hren et al. 2007, White and Blum
1995). However, quantifying the effects of hydrologic varia-
tions on chemical weathering and its response to biogeochem-
ical processes has proved to be difficult and controversial
(Tipper et al. 2006). The concentrations of solutes in rivers
depend on biogeochemical processes such as chemical
weathering, precipitation, ion exchange and other reactions.
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Hydrologic variations such as dilution by rain and mixing of
Bold^ and Bnew^waters have large impacts on dissolved loads
in rivers (Basu et al. 2010; Douglas 2006; Gabet et al. 2006;
Gascuel-Odoux et al. 2010; Li et al. 2015). Meanwhile, solute
transport and chemical weathering are sensitive to hydrologic
variations in a river basin, which is commonly reflected in the
relationship between solute concentrations and hydrologic
conditions (Clow and Mast 2010; Godsey et al. 2009; Moon
et al. 2014; Moquet et al. 2016; Torres et al. 2015). To inves-
tigate the relationships between hydrologic variations and
chemical weathering, a temporal rather than spatial approach
should be adopted (Clow and Mast 2010).

Temporal (e.g. seasonal) variations in major ion concentra-
tions have been previously reported in rivers draining the
Himalayan–Tibetan region (Chalk et al. 2015; Chapman
et al. 2015; Galy and France-Lanord 1999; Singh et al.
2005; Tipper et al. 2006). Chalk et al. (2015) concluded that
temporal variations inmajor ions were derived from variations
in inputs from the various Himalayan lithotectonic units. Galy
and France-Lanord (1999) attributed the chemical signal in
their study to the dissolution of soil carbonate. Tipper et al.
(2006) suggested that carbonate weathering is more sensitive
than silicate weathering to monsoon runoff. Qin et al. (2006)
focused on monthly variations in water chemistry and
chemical weathering in the Min River. However, the
sensitivity of chemical weathering to hydrologic variations
and the relationship between chemical weathering fluxes and
discharge have not been investigated well. Moon et al. (2014)
suggested that at least 10 and preferably 40 temporally spaced
samples with synchronous discharge are necessary to estimate
chemical weathering rates accurately. However, few re-
searchers have accurately explored high-frequency temporal
variations in dissolved loads in rivers under various hydrolog-
ic conditions. Therefore, high-frequency sampling studies are
needed to better understand weathering processes and their
sensitivity to hydrologic variations.

This study involved the collection of samples at a high-
frequency (monthly to daily sampling) from the Min River,
which originates in the Himalayan–Tibetan region. Time series
solute concentrations were used to investigate the relationships
among element dynamics, element ratios, chemical weathering
rates and hydrologic variations. These relationships were used to
study how hydrologic variations affect biogeochemical processes
and to increase the knowledge of the links between chemical
weathering and hydrologic variations.

Materials and methods

The Min River originates on the eastern margin of the Qinghai–
Tibetan Plateau and flows through the industrialized, heavily
populated and agricultural Sichuan Basin and into the
Changjiang River, which is the world’s fourth largest in terms

of discharge (Qin et al. 2006). It is 793 km long and drains an
area measuring 133,500 km2. The Sichuan Basin is a relatively
undeformed part of the Yangtze Platform, and its surface is at an
average elevation of 500 m (Yoon et al. 2008). The elevation of
the Min River changes significantly in the alluvial plain (Fig. 1).
The mean annual precipitation is 1200–1500 mm in the Sichuan
Basin (Yoon et al. 2008), and the seasonal monsoon results in
considerable precipitation during the summer and little precipita-
tion during the winter in the basin.

The upper and middle portions of the Min River basin are
underlain by two geologic terranes: the Bayan-Har fold belt
and the Longmenshan fold belt (Qin et al. 2006; Yoon et al.
2008). The Bayan-Har fold belt is composed exclusively of
Triassic marine flysch deposits that are 5–15 km thick. This
terrane is composed primarily of sandstone, shale and slate
and to a lesser extent of carbonate and volcanic rocks and
minor sandstones and mudstones interbedded with coal
seams. The Longmenshan fold belt consists of a tectonic
nappe composed of Precambrian and Palaeozoic meta-
igneous and meta-sedimentary rocks that include carbona-
ceous slate and phyllite interbedded with marble, carbonate
interbedded with clastic rocks and minor carbonaceous shale,
and coal-bearing sandstone and mudstone (Qin et al. 2006).
The area southwest of Leshan is underlain by carbonate inter-
calatedwith gypsum and halite, sandstone, shale, granite and a
prominent Permian basalt (Qin et al. 2006; Yoon et al. 2008).
The remainder of the Min River basin is underlain by fluvial
deposits, reddish sandstone and mudstone.

Twenty-seven river water samples were collected at the
outlet of the Min River (Fig. 1) near the Gaochang hydrologic
station, which is located approximately 28 km from the
Changjiang River. The Gaochang hydrologic station is the
gauging site for the entireMin River, and data from this station
would be used to determine the overall status of the river.
Monthly samples for chemical analysis were collected from
November 2013 to October 2014, i.e. spanning an entire hy-
drologic year. Additional samples were collected during high-
discharge periods from June to August 2014. Electrical con-
ductivity (Ec), pH and temperature (T) were measured in the
field. Alkalinity was determined with 0.02 μM hydrochloric
acid. The water samples were filtered through cellulose-
acetate filter paper prior to analysis. The anions (SO4

2−, Cl−

and NO3
−) were analysed via ion chromatography using a

Diones ICS90 (with an error of 5%). After acidification to a
pH of 2 using ultra-purified HNO3, the concentrations of ma-
jor cations (K+, Na+, Ca2+ and Mg2+) and Si were determined
via inductively coupled plasma-optical emission spectrometry
(ICP-OES) (with an error of 3%). All these measurements
were conducted at the Sta te Key Laboratory of
Environmental Geochemistry (Institute of Geochemistry,
Chinese Academy of Sciences). Additionally, daily water dis-
charge data were obtained online from the Ministry of Water
Resources of China (http://www.hydroinfo.gov.cn/).
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Results

The discharge and chemical characteristics of the Min River
are presented in Table 1. The pH of the Min River (7.9 to 8.3)
is mildly alkaline (Table 1). The Ec varies widely, from 222 to
344 μs/cm, with an average of 274.2 μs/cm. The total cation
charge TZ+ (TZ+ = 2Ca2+ + 2 Mg2+ + Na+ + K+) ranges from
2543 to 3959 μeq, and the total anion charge TZ− (TZ− =
HCO3

− + 2SO4
2− + Cl− + NO3

−) is 2400–3633 μeq. The
normalized inorganic charge balances (NICB = (TZ+ − TZ−)
× 100%/(TZ+ + TZ−)) of the samples vary within ±5%. The
mean flow-weighted concentration of total dissolved solids
(TDS) is 219.8 mg/L, which is much higher than the world
average of 97 mg/L (Li et al. 2014b). As in most Himalayan
rivers (Table 2), the dissolved load is dominated by Ca2+ and
HCO3

−. The mean flow-weighted concentrations of the major
cations rank as follows: Ca2+ > Na+ ≈Mg2+ > K+; this ranking
is similar to those observed in the Mekong River (Li et al.
2014b) and Irrawaddy River (Chapman et al. 2015). The an-
ion concentrations in the Min River rank as follows: HCO3

− >
SO4

2− > Cl− > NO3
−. The ion compositions differ from those

of rivers that are highly affected by evaporite dissolution with
extremely high concentrations of Na+ and Cl−, such as the
Jinsha River (Noh et al. 2009, Wu et al. 2008), the Lancang

River (Wu et al. 2008), the Upper Yellow River (Wu et al.
2005, 2008) and the inland rivers draining the Himalayan–
Tibetan region (Wu 2016). Higher levels of Cl− were found
in this study than in the monthly average data from 2005
reported by Qin et al. (2006).

Discussion

Element dynamics

Determining the temporal variations in dissolved loads
allowed us to derive the relationships between the concentra-
tions and discharge, which can be used to trace the sources of
the solutes and analyse the associated biogeochemical pro-
cesses. Power law functions (Eq. 1) have been used to model
these relationships in several rivers (Clow and Mast 2010;
Gislason et al. 2009; Godsey et al. 2009; Moon et al. 2014;
Moquet et al. 2016; Torres et al. 2015):

Ci ¼ a Qi
b; ð1Þ

where Ci is the instantaneous concentration of major ions, a is
a constant, Qi is the daily discharge, and b is a regression

Fig. 1 Map showing the
sampling site on the Min River
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coefficient describing the power dependence of solute con-
centration on river discharge. When b is zero, the concen-
tration is independent of the discharge. This behaviour,
called Bchemostatic^ behaviour (Godsey et al. 2009), re-
flects a solute concentration that remains constant with
changes in discharge (Moquet et al. 2016). When b is equal
to −1, the dissolved chemical concentrations are controlled
by dilution with pure water (Gislason et al. 2009),
reflecting a constant solute flux despite changing discharge
(Moquet et al. 2016).

As shown in Fig. 2, the concentration–discharge plots of the
solutes differ markedly, indicating that different biogeochemical
processes affect the behaviours of the various elements. Ca2+,
Mg2+ and HCO3

− are mainly derived from chemical weathering
of carbonate, which involves relatively rapid dissolution kinetics.
Moreover, calcite and dolomite precipitation modulate the con-
centrations of Ca2+, Mg2+ and HCO3

−when the saturation index
(SI) is greater than 0. Therefore, Ca2+, Mg2+ and HCO3

− exhibit
strongly stable biogeochemical behaviour in the Min River (Fig.
2), and their values of b in Eq. 1 exceed −0.3. The oxidation of
sulphides is an important source of SO4

2− in the rivers originating
in the Qinghai–Tibetan Plateau (Galy and France-Lanord 1999;
Karim and Veizer 2000; Li et al. 2014a), and river SO4

2− is
strongly affected by anthropogenic activities (Qin et al. 2006).
The Na+ and Cl− concentrations in the Min River show signifi-
cant dilution effects, with b < −0.3 (Fig. 2), indicating that evap-
orite dissolution is not the main source of major ions in the Min
River. Potassium may be enriched in surface soil due to cation
exchange and relatively high concentrations in biomass (Boy
et al. 2008). No significant relationship exists between the K+

concentrations and discharge of the Min River (Fig. 2), possibly
due to the release of potassium from the soil. Eq. 1 for Si has a
near-zero power law exponent, and the Si concentrations, which
are controlled by various biogeochemical processes, vary little
with changing discharge of the Min River (Fig. 2).

Metrics of chemostatic response

The ratio of the coefficients of variation (CV) of concentration
and discharge (CVC/CVQ) has been proposed as an alterna-
tive, nonparametric measure of chemostatic response
(Thompson et al. 2011):

CVC

CVQ
¼ μQ

μC

σC

σQ
; ð2Þ

where CV is the standard deviation σ of a variable normalized
by its mean μ. Chemostatic behaviour occurs when the varia-
tion in concentration is highly buffered, i.e. CVC/CVQ < < 1
(Thompson et al. 2011). When CVC/CVQ = 1, the solute con-
centrations are entirely controlled by the variations in dis-
charge. Defining the condition of low CVC/CVQ values as
chemostatic behaviour, however, should not be over
interpreted (Thompson et al. 2011). Chemostatic behaviour
does not mean that concentrations are not correlated with
varying discharge or are entirely invariant. Instead, it indicates
that the concentrations exhibit a low degree of variation in
response to varying discharge.

Plots of the CVC/CVQ ratios of various elements in theMin
River are shown in Fig. 3. Cl− and Na+ are conservative ions,
and their concentrations show episodic behaviour (high CVC/
CVQ ratios), as they do in other rivers originating in the
Himalayan–Tibetan region (Fig. 3). Among these rivers, the
Jinsha River displays the highest CVC/CVQ ratio, due to evap-
orite dissolution. The previous studies demonstrated that the
oxidation of sulphides contributes large amounts of SO4

2− to
rivers originating in Himalayan–Tibetan region (Galy and
France-Lanord 1999; Karim and Veizer 2000; Li et al.
2014a); therefore, SO4

2− is associated with relatively high
CVC/CVQ ratios. The K+ in the Min River might be affected
by cation exchange with the soil. Mg2+, Ca2+ and HCO3

− are

Table 1 Discharge and
chemistry of the Min River Parameter Number of samples Units Max Min Average S.D. CV (%) MFWC

Discharge 365 m3/s 9560 715 2616 1876.61 71.74

pH 27 8.3 7.9 0.15 1.88 8.2

Ec 27 μs/cm 344 222 274.2 35.03 12.77 260.9

Ca2+ 27 mg/L 44.6 33.6 38.4 2.98 7.75 37.5

Mg2+ 27 mg/L 12.9 6.1 8.4 1.76 20.89 7.7

Na+ 27 mg/L 15.6 4.1 8.3 3.13 37.53 7.0

K+ 27 mg/L 2.7 1.3 2.1 0.33 15.90 2.1

SiO2 27 mg/L 7.5 5.8 6.7 0.56 8.30 6.8

HCO3
− 27 mg/L 139.7 106.1 120.2 9.20 7.65 115.6

SO4
2− 27 mg/L 46.8 22.5 30.7 6.06 19.74 29.0

Cl− 27 mg/L 15.2 3.9 7.3 2.52 34.35 6.4

TDS 27 mg/L 282.2 198.2 229.9 23.87 10.38 219.8

S.D. standard deviation, CV coefficient of variation, MFWC mean flow-weighted concentration (∑(QiCi)/∑Qi)
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affected by both carbonate weathering and carbonate precipi-
tation. Thus, these ions exhibit strongly chemostatic behav-
iour in response to the varying discharge. Many factors affect
the Si content in the Min River, such as maintaining equilib-
rium with secondary silicate minerals (Torres et al. 2015) and
retention of dissolved silica in reservoirs (Humborg et al.
1997). Therefore, Si exhibits strongly chemostatic behaviour
in response to the varying discharge.

Identification of rock-weathering sources

As shown in Fig. 4a, the concentrations of Na+ are higher than
those of Cl− in all the samples, indicating that silicate
weathering is a non-negligible source, which is common
among rivers originating in the Himalayan–Tibetan region.
The concentrations of Na+ and Cl− are higher in the low-
flow season than in the high-flow season, indicating signifi-
cant dilution. The Na+ and Cl− concentrations are much lower
than those of rivers greatly affected by evaporite dissolution,
such as the Jinsha River (Wu et al. 2008) and the inland rivers
(Wu 2016). A strong correlation between the Mg2+/Na+ and
Ca2+/Na+ ratios is observed for the Min River, and significant
differences exist between the low- and high-flow seasons (Fig.
4b). The Mg2+/Na+ and Ca2+/Na+ ratios in the Min River are
higher during the high-flow season because of the faster dis-
solution of carbonate. The Mg2+/Na+ and Ca2+/Na+ ratios are
close to their respective world discharge-weighted averages
(Fig. 4b), and the chemistry of the Min River is controlled
by carbonate and silicate weathering.

Relationships between element ratios and discharge

The relationships between the water chemistry and discharge,
specifically, the coefficients of variation of concentration ver-
sus discharge presented in this study, were used to identify the
ion sources and associated weathering processes. The element
ratio–discharge relationships were used to understand the
changes in solute contributions and to examine the related
biogeochemical processes under various hydrologic

conditions (Torres et al. 2015). The Na*/Ca2+ ratio
(Na* = Na+ − Cl−) can be used to determine the relative con-
tributions of silicate weathering versus carbonate weathering
(Tipper et al. 2006; Torres et al. 2015). Furthermore, changes
in the Si/Na* ratio are related to changes in differential
dissolution/precipitation rates between minerals (Tipper et al.
2006) and represent the balance between secondary mineral
precipitation and primary silicate weathering. The K+/Na*
ratio was used to analyse the relative intensity of cation ex-
change in the soil. Finally, variations in the Cl−/Na* ratio
represent the relative contributions of evaporite dissolution
or anthropogenic activities versus silicate weathering (Torres
et al. 2015).

Changes in the concentration–discharge relationships may
be related to changes in the reaction time between water and
minerals (Torres et al. 2015). Consequently, the water has less
time to react with minerals during the high-flow season
(Maher 2011; Maher and Chamberlain 2014; Torres et al.
2015). Therefore, most of the solute concentrations are affect-
ed by dilution with increasing discharge (Fig. 2). Element
ratios are a particularly useful tool for investigating the bio-
geochemical processes acting in river basins (Torres et al.
2015). By investigating the variations in element ratios with
respect to discharge, hydrologically driven changes in flow

Fig. 2 Concentration–discharge relationships for solutes in the Min River

Fig. 3 Coefficients of variation of concentration versus discharge. The
data regarding the Jinsha, Lancang andNu Rivers are from (Huang 2015).
The data regarding the streams near Hinthada, Myitkyina, Monywa and
Hpa-An are from Chapman et al. (2015)
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paths and biogeochemical processes can be identified
(Calmels et al. 2011; Tipper et al. 2006; Torres et al. 2015).
Because of the fast dissolution kinetics of carbonate
weathering (Tipper et al. 2006; Zhong et al. 2017), the Na*/
Ca2+ ratios in the Min River tend to decrease with increasing
river discharge (Fig. 5a). Increasing discharge decreases the
transit time of fluids, leading to short times for the fluids and
minerals to reach equilibrium with secondary Si-bearing
phases (Maher 2011; Maher and Chamberlain 2014), short
retention times in reservoirs in the upper river reaches
(Humborg et al. 1997) and great release of biologic silica.
Therefore, the Si/Na* ratio increases with increasing dis-
charge of the Min River (Fig. 5b). Potassium being an ex-
changeable cation, soil layers can become enriched in

potassium (Boy et al. 2008; Torres et al. 2015). With short
transit times, there is insufficient time for the water to reach
equilibrium with the soil. Thus, the K+/Na* ratio increases
with increasing discharge (Fig. 5c). The Cl− concentrations
in the Min River are highly affected by anthropogenic activi-
ties (Qin et al. 2006), and the Cl− concentrations in our sam-
ples are much higher than those reported by Qin et al. (2006)
(Table 2). In the Min River, the Cl−/Na* ratio, which can be
used to estimate the relative contributions of anthropogenic
inputs and evaporite dissolution versus silicate weathering,
increases with increasing river discharge (Fig. 5d).
Therefore, the anthropogenic and evaporate-dissolution con-
tributions exceed the silicate weathering contribution with in-
creasing discharge.

Fig. 4 a Variations in Cl− and Na+. b Molar ratios of Mg2+/Na+ versus
Ca2+/Na+ in the Min River. The end-member compositions for
carbonates, silicates and evaporites are from Gaillardet et al. (1999). We

define November to May as the low-flow season and June to October as
the high-flow season of the Min River

Fig. 5 Correlations between
discharge and the Na*/Ca2+ ratio,
Si/Na* ratio, K+/Na* ratio and
Cl−/Na* ratio in the Min River
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Sources of major ions

The chemical composition of river water is generally con-
trolled by atmospheric inputs, carbonate and silicate
weathering, evaporite dissolution and anthropogenic inputs
(Moon et al. 2007; Li et al. 2014b; Wang et al. 2016; Xiao
et al. 2016). The budget equation for major ion X can be
written as follows (Galy and France-Lanord 1999):

X½ �riv ¼ X½ �atm þ X½ �carb þ X½ �sil þ X½ �eva þ X½ �anth; ð3Þ

where Briv^ denotes river water; Batm^ denotes atmospheric
input; Bcarb^, Bsil^ and Beva^ denote the contributions of
carbonate, silicate and evaporite dissolution, respectively;
and Banth^ denotes anthropogenic sources. Hot springs poten-
tially control the water chemistry of rivers in the Himalayan–
Tibetan region (Hren et al. 2007; Li et al. 2014a). Li et al.
(2014a) suggested that hot springs contribute less than 3%
of the dissolved loads in the Yalong River on the eastern
Qinghai–Tibetan Plateau near the Min River. In this study,
the contributions of other sources may be overestimated
(Hren et al. 2007; Li et al. 2014a) after ignoring hot spring
sources.

Atmospheric inputs

Atmospheric inputs are regarded as a non-negligible contrib-
utor to water chemistry (Wang et al. 2016; Xiao et al. 2015),
although this contribution is very small in rivers draining the
Himalayan–Tibetan region (Noh et al. 2009; Wu et al. 2008).
The lowest Cl− concentration in the basin (7μmol/L; Qin et al.
2006) is assumed to be derived completely from atmospheric
inputs, which is agreement with other previous studies (Han
and Liu 2004; Li et al. 2014a). Therefore,

Xatm ¼ X=Clð Þrain � Cl−½ �ref ; ð4Þ

where (X/Cl)rain is the ratio of measured ions to Cl− in rain-
water based on the data of Noh et al. (2009). [Cl−]ref is the
lowest Cl− concentration in the basin.

Silicate weathering

Silicate weathering contributes Na+ and K+ from aluminosil-
icate weathering and Ca2+ and Mg2+ from calcium–magne-
sium silicate weathering to the river (Wang et al. 2016). In
this study, we assumed that after performing atmospheric cor-
rection, the remaining K+ is from silicate weathering. Using
Clriv as an index of atmospheric inputs, evaporite dissolution
and anthropogenic inputs, the silicate component of Na+ was
estimated as follows:

Naþ½ �sil ¼ Naþ½ �riv− Cl−½ �riv ð5Þ

[Ca2+]Sil and [Mg2+]Sil were calculated from [Na+]Sil based
on appropriate (Ca2+/Na+)Sil and (Mg2+/Na+)Sil ratios.
Working on a global scale, Gaillardet et al. (1999) assigned
values of (Ca2+/Na+)Sil = 0.35 ± 0.15 and (Mg2+/Na+)Sil =
0.24 ± 0.12 to small streams draining silicate rocks. Moon
et al. (2007) assigned a similar value of (Ca2+/Na+)Sil =
~0.46 to the Hong River, which drains the eastern Himalaya.
In this study, a Ca2+/Na+ ratio of 0.35 and an Mg2+/Na+ ratio
of 0.24 were assigned to the silicate weathering end-member
source, similar to studies of the Three Rivers region of eastern
Tibet (Noh et al. 2009).

Carbonate weathering

Carbonate weathering supplies mainly Ca2+ and Mg2+ to the
Min River. In this study, we assumed that the Mg2+ remaining
after atmospheric and silicate corrections is derived from car-
bonate weathering (Eq. 6). A Ca2+/Mg2+ ratio of 2.5 was
assigned to the carbonate weathering end-member source
based on discussions presented by Chetelat et al. (2008), Li
et al. (2014a) and Millot et al. (2003).

Mg2þ
� �

carb ¼ Mg2þ
� �

riv− Mg2þ
� �

atm− Mg2þ
� �

sil ð6Þ

Evaporite dissolution and anthropogenic inputs

Qin et al. (2006) reported that chlorine water treatment, acid
rain and Ca-rich sewage are potential pollution sources and
estimated that evaporite dissolution accounts for 15% of the
total cations after correcting for the anthropogenic inputs
using a forward model. Neither of these sources, i.e. anthro-
pogenic inputs and evaporite dissolution, can be neglected.
However, it is difficult to distinguish the relative contributions
of evaporite dissolution and anthropogenic inputs to the river.
In this study, we treated evaporite dissolution and anthropo-
genic inputs as a single end-member contribution. The contri-
bution of evaporite dissolution and anthropogenic inputs may
be underestimated due to possible Ca2+ precipitation in the
riverine system.

The results indicate that atmospheric inputs account for
approximately 3.8% of the total river cations (Fig. 6). The
atmospheric contributions increase with increasing discharge,
indicating the effects of dilution. The percentage contributions
of silicate weathering tend to decrease with increasing dis-
charge (Fig. 6) because of the relatively slow reaction rates
of silicate minerals. The percentage contributions of carbonate
weathering vary broadly, from 50.7 to 69.9% (Fig. 6), and
carbonate weathering dominates the chemistry of the Min
River. However, the trend with increasing discharge is not
clear. The contributions of anthropogenic inputs and evaporite
dissolution may be underestimated because of calcite precip-
itation. Generally, the anthropogenic–evaporite contribution
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under high-discharge conditions is much greater than that un-
der low discharge conditions.

Fluxes due to carbonate and silicate weathering

The major-element dynamics are dominated by discharge
changes (Fig. 2), and hydrologic flushing further induces
chemostatic behaviour by increasing the amount of reactive
mineral surface area, which accelerates mineral weathering
(Clow and Mast 2010). The carbonate weathering flux
(FCarb) and silicate weathering flux (FSil) were calculated as
follows:

FCarb ¼ Ca2þ
� �

Carb �MCa þ Mg2þ
� �

Carb �MMg

� �

� Discharge ð7Þ

FSil ¼ Ca2þ
� �

Sil �MCa þ Mg2þ
� �

Sil �MMg þ Naþ½ �Sil �MNa þ Kþ½ �Sil �MK þ Si½ � �MSiO2

� �
� Discharge; ð8Þ

where M is the molar mass of an element.
Based on these equations, FCarb ranges from 52.6 × 10−3 to

367.5 × 10−3 t/s, with an average of 162.4 × 10−3 t/s. FSil ranges
from 24.7 × 10−3 to 131.2 × 10−3 t/s, with a mean of
62.9 × 10−3 t/s. The values of FCarb are much higher than those
of FSil (Fig. 7.) because of the faster dissolution kinetics of car-
bonate. Although the transit time is shorter during the high-flow
season, hydrologic flushing of minerals induces chemostatic be-
haviour by increasing the amount of reactive mineral surface
area. These surface areas vary temporally in response to hydro-
logic variations (Clow and Mast 2010). Soil moisture with low
discharge in the unsaturated zone may decrease to the point that
the total mineral surface area becomes essentially unreactive.
High discharge increases the soil moisture and the reactive min-
eral surface area. Therefore, although a shorter transit time causes
greater dilution, increases in reactive mineral surface area will
lead to chemostatic behaviour. Both FCarb and FSil display posi-
tive relationships with discharge (Fig. 7), indicating that temporal

variations in chemical weathering fluxes are highly affected by
hydrologic variations. However, the plots of chemical weathering
fluxes versus discharge are much lower than the line of constant
concentration, suggesting that high-frequency sampling is neces-
sary for accurately understanding the chemical weathering fluxes
and biogeochemical processes. The slope of the FCarb versus
discharge plot is much higher than that of the Fsil versus dis-
charge plot (Fig. 7) because carbonate dissolution is more sensi-
tive than silicate dissolution to monsoonal runoff (Tipper et al.
2006; Zhong et al. 2017). Dissolution of rapidly weathering car-
bonate minerals might respond to the difference between FCarb
and Fsil under the various hydrological conditions.

The annual carbonate weathering flux (ACWF) and annual
silicate weathering flux (ASWF) in the Min River were cal-
culated using the following equations:

FCarb ¼ 3:15� 10−5Qþ 0:0196 ð9Þ

Fig. 6 Diagram showing contribution from different reservoirs in the
Min River under various discharge conditions. The values on the Y axis
are the instantaneous discharges at the instantaneous sampling times

Fig. 7 Relationships between chemical weathering flux and discharge of
the Min River

19134 Environ Sci Pollut Res (2017) 24:19126–19137



FSil ¼ 1:17� 10−5Qþ 0:0100 ð10Þ

ACWF ¼ ∑
365

n¼1
FCarb � 86400ð Þ=drainage area ð11Þ

ASWF ¼ ∑
365

n¼1
FSil � 86400ð Þ=drainage area ð12Þ

The calculated ACWF is 24.1 t/km2 year, and the ASWF is
9.6 t/km2 year (Table 3). The ACWF and ASWF calculated
using the data from only the low-flow season are 30.0 and
12.5 t/km2 year, respectively (Table 3). Alternately, the
ACWF and ASWF based on the data from the high-flow sea-
son are 21.7 and 8.3 t/km2 year, respectively (Table 3). The
annual chemical weathering fluxes are overestimated based on
the data solely from the low-flow season and underestimated
based on the data solely from the high-flow season. Therefore,
high-frequency sampling is necessary for assessing the annual
chemical weathering fluxes in monsoonal rivers.

Conclusions

This study investigated chemical weathering and solute
sources impacted by hydrologic variations in the Min River
of the Himalayan–Tibetan region based on time series sam-
pling. The TDS concentrations in the Min River are much
higher than the world average, are similar to those in other
rivers in the Himalayan–Tibetan region and are lower than
those in rivers greatly affected by evaporite dissolution. The
solute concentrations in the Min River exhibit significant tem-
poral variations. Most of these concentrations are lower dur-
ing the high-flow season because of dilution. Power law func-
tions in the concentration–discharge and CVC/CVQ relation-
ships suggest that the element characteristics and solute
sources control the variations in solute concentrations with
changing discharge and that, although the solute concentra-
tions vary significantly with time, these ions exhibit various
level of chemostatic behaviour in response to hydrologic var-
iations. The variations in element ratio–discharge relation-
ships suggest that fluid transit times and flow pathways

change with varying discharge, causing changes in various
biogeochemical processes that affect the chemistry of the
Min River. Based on the forward model, carbonate weathering
dominates the river chemistry in this basin. The contributions
of atmospheric inputs increase with increasing discharge,
whereas the contributions of silicate weathering decrease with
increasing discharge. The contributions of carbonate
weathering and anthropogenic–evaporite sources do not ex-
hibit clear trends with increasing discharge. FCarb ranges from
52.6 × 10−3 to 367.5 × 10−3 t/s, with an average of
162.4 × 10−3 t/s, and FSil ranges from 24.7 × 10−3 to
131.2 × 10−3 t/s, with a mean of 62.9 × 10−3 t/s. Both FCarb
and FSil display positive relationships with discharge, indicat-
ing that temporal variations in chemical weathering are highly
affected by hydrologic variations. Because of the faster disso-
lution kinetics of carbonate, the slope of the FCarb versus dis-
charge plot is much greater than that of the Fsil versus dis-
charge plot. These findings suggest that high-frequency sam-
pling is necessary to accurately assess the correlations among
chemical weathering fluxes, biogeochemical processes and
hydrologic variations in a river system. The significant rela-
tionships between chemical weathering fluxes and discharge
of the Min River are presented, and these relationships can
help in predicting the chemical weathering fluxes based on the
discharge. Chemical weathering fluxes and solute dynamics in
the Min River basin are highly sensitive to the hydrologic
variations. The chemical weathering will respond rapidly to
hydrologic variations, and such rapid changes may lead to
global and regional carbon imbalances.
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