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Tracing solute sources and carbon dynamics under various
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Abstract
Understanding the mechanisms that lead various hydrological conditions to influence solute and carbon dynamics in karst rivers
is a crucial issue. In this study, high-frequency sampling and analyses of water chemistry and ẟ13CDIC were conducted from
October 2013 to September 2014 in a typical karst river, the Beipan River in southwestern China. The major ions (such as Ca2+,
Mg2+, HCO3

−, K+, SO4
2−, Na+, and Cl−) in the river are mainly from the weathering of carbonates and silicates and present

temporal hydrological variabilities. Sr and U are mainly derived from carbonate weathering and show chemostatic behaviors
responding to increasing discharge, similar to carbonate-sourced ions Ca2+, Mg2+, and HCO3

−. Silicate weathering is the primary
source of Al and Li, which show significant dilution effects similar to those of Na+ responding to high discharge. Meanwhile,
most dissolved trace elements (such as Zn, Cu, Ba, Sb, Mn, Mo, and Pb) are strongly impacted by anthropogenic overprints and
also exhibit a significant seasonal variability, whichmay be related withmining activities in the investigated area. A simultaneous
increase of ẟ13CDIC and decrease in ΔDIC contents and pCO2 values suggests that photosynthesis is the primary control on
riverine DIC variability during the high-flow season. Besides, the pCO2 values display significant chemostatic behaviors owing
to the influx of biological CO2, which is produced by microbiological activities and ecological processes, and enhanced by
monsoonal climatic conditions. A two-dimensional endmember mixing model demonstrates that carbonate weathering (averag-
ing 62%) along with biological carbon (averaging 38%) are main sources to the riverine DIC, with temporal variability.
Consequently, these results show that carbonate weathering and involved plant photosynthesis are the dominant processes
controlling the riverine DIC contents under high discharge and temperature conditions. This work provides insight into the
crucial influence of hydrological variability on solute sources and carbon dynamics under monsoonal climate for the karst rivers.

Keywords Major ions . Trace elements . Carbon dynamics . Hydrological variability

Introduction

River system plays a significant role in providing terrestrial
weathering loads from the continent to the ocean (Juhlke et al.
2019; Li and Bush 2015; Li Yung Lung et al. 2018). Riverine
solutes and carbon cycling are controlled by chemical and
physical erosions, climatic conditions, and human activities
at catchment; at the global scale, they can regulate the
Earth’s long-term climate change through complicated bio-
geochemical processes (Cox et al. 2000; Krishna et al. 2018;
Pant et al. 2018; Rai et al. 2010). Hydrological processes are
dominant drivers for solutes and carbon dynamics (Colombo
et al. 2018; Maher and Chamberlain 2014; Schulte et al.
2011). The hydrochemistry in river waters enable the process-
es of chemical and physical erosions of the catchment to be
traced (Rai et al. 2010; Zakharova et al. 2005).Meanwhile, the
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temporal variations of trace elements responding to hydrolog-
ical conditions have also been extensively studied in catch-
ments because of their significant impact on recreating the
history of chemical weathering processes (Colombo et al.
2018; Correa et al. 2019; Gaillardet et al. 1997; Yang et al.
2009) and because of their influence on aquatic ecosystems
and human health (Chen et al. 2014; Qu et al. 2019). This is
especially true for draining mine lands.

Riverine carbon dynamics are controlled by the com-
bined effects of water–gas exchange, the weathering of
minerals, and ecological processes, particularly the
photosynthesis/respiration of subaquatic plants (or primary
producers), which can be significantly impacted by mon-
soonal climate variabilities (Amaral et al. 2018; Brunet
et al. 2009; Doctor et al. 2008; Li 2018; Shin et al. 2011).
Dissolved inorganic carbon (DIC) is a major constituent of
carbon species and accounts for ~ 38% of the total fluvial
carbon transport to the oceans (approximately 1 Pg C/year)
(Gaillardet et al. 1999). The major sources of DIC in river
water include the weathering of carbonates and silicates,
soil respired CO2, and water–gas exchanges in the catch-
ment (Dessert et al. 2003; Duvert et al. 2018; Gaillardet
et al. 1999; Krishna et al. 2018; Li et al. 2008; Tamooh
et al. 2013; Viers et al. 2014). Previous studies have shown
that the riverine solute content–discharge relationships can
be useful to understand the solute sources and carbon dy-
namics in river systems (Li and Bush 2015; McClanahan
et al. 2016; Waldron et al. 2007; Zhong et al. 2018; Zhong
et al. 2017b). For instance, in the high-flow season, changes
the groundwater flow paths to shallow subsurface flow
paths affect physical and biological processes in river sys-
tems, which could subsequently alter the carbon mix-
endmembers compositions (Waldron et al. 2007). To better
understand how the carbon dynamics respond to various
hydrological conditions, ẟ13CDIC has been used to qualify
and quantity the source and evolution of inorganic carbon
in rivers (Li et al. 2008; Li et al. 2010; McClanahan et al.
2016; Poulson and Sullivan 2010; Zhong et al. 2018; Zhong
et al. 2017b).

The Beipan River catchment in the Guizhou Province,
southwestern China, is located in the center of the Southeast
Asian Karst Region, which is the largest karst area in the
world with a typical monsoonal climate. It is an ideal study
object for tracing dissolved solutes transport and riverine DIC
dynamics in response to hydrological variability in monsoonal
areas. In this study, we show that major and trace elements
along with carbon isotopes of DIC in river water, which can be
used to evaluate the behaviors of solutes and to qualify and
quantify the riverine DIC sources impacted by climatic vari-
ability through time series of sampling and analyses. The ul-
timate purpose is to explore the water–rock coupling mecha-
nisms as well as controls of relevant biogeochemical process-
es under various climatic conditions for karst rivers.

Study area

The Beipan River catchment lies in the center of the Southeast
Asian Karst Region, the largest karst area in the world with a
typical monsoonal climate (Li et al. 2008; Xu and Liu 2007).
It is one of the largest tributaries of the Xijiang River (Pearl
River) in the upper reaches, with an area of 26,590 km2

(Fig. 1). It is exposed to a seasonal monsoonal climate, with
mean annual precipitation of 1286.3 mm and mean annual
temperature of 16.6 °C. In terms of lithology, the study area
is mostly occupied by Permian and Triassic carbonate strata
and coal-bearing formations with high quantities of sulfides.
Igneous and detrital sedimentary rocks constitute the other
lithologies (Han and Jin 1996).

Materials and methods

The sampling location was located at the outlet of the Beipan
River (Fig. 1), approximately 42 km away from themainstream
of the Xijiang River. The water samples for chemical and iso-
topic analyses were collected monthly in a hydrological year
ranging from October 2013 to September 2014. Additionally,
daily or weekly water samples were collected in the high-flow
season from June to September 2014 on the basis of hydrolog-
ical conditions. The river water samples were collected in the
middle of the river using 10 L high-density polyethylene con-
tainer and immediately filtered throughMillipore nitrocellulose
membrane filters. Two filtered solutes were prepared: one for
cations and trace elements were acidified to a pH < 2with ultra-
purified HNO3 and another was stored directly in a polyethyl-
ene bottle for anion analyses. All containers for stored water
samples were pre-washed with high-purity HCl and rinsed with
Milli-Q water (18.2 MΩ cm). All samples were stored in a
refrigerator at 4 °C until analysis.

Alkalinity was determined by titration using 0.02 M HCl
within 24 h of sample collection. Anions (Cl−, SO4

2−, and
NO3

−) were analyzed by ionic chromatography within a pre-
cision of 5% while major cations (K+, Na+, Ca2+, and Mg2+)
and Si were analyzed by inductively coupled plasma-optical
emission spectrometry (ICP-OES), at a precision better than
3%. Trace elements were analyzed by Agilent Technologies
7700 Series ICP-MS. The quality of the analyses was con-
trolled by adding an external standard (Th) and regular inter-
national SLRS5 standards, with the discrepancy between trip-
licates being less than 5%. For the stable isotopic composi-
tions (ẟ13C) of dissolved inorganic carbon (DIC) analyses, the
method of Li et al. (2010), with a precision of 0.1% was used.
All these analyses were conducted in the State Key Laboratory
of Environmental Geochemistry, Institute of Geochemistry,
Chinese Academy of Science. Daily water discharge data
(m3/s) were obtained online from the Ministry of Water
Resources (http://www.hydroinfo.gov.cn/).
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Results

Temporal variations of hydrochemical characteristics

The Beipan River water was mildly alkaline within the hydro-
logical year, with pH values increased from 7.9 in the high-
flow season to 8.4 in the low-flow season. The temperature of
the river water ranged from 11.2 to 22.8 °C, for a mean value
of 19.1 °C. The total cationic charge (TZ+ = K+ + Na+ + Ca2+

+ Mg2+) and total dissolved anionic charge (TZ− = HCO3
− +

Cl− + NO3
− + SO4

2−) were well balanced, with all NICB
(NICB = (TZ+ − TZ−) × 100% / (TZ+ + TZ−)) below 5%.
The total dissolved solids (TDS = K+ + Na+ + Ca2+ + Mg2+

+ HCO3
− + Cl− + NO3

− + SO4
2− + SiO2, mg/l) ranged from

195 to 311 mg/l, with an average of 262 mg/l, which is sig-
nificantly higher than the world average value of 97 mg/l (Li
and Bush 2015). The base cation contents ranged from 923 to
1432 μM for Ca2+, 256–534 μM for Mg2+, 121–365 μM for
Na+, and 27–56 μM for K+, while the major anion contents
ranged from 1806 to 2675 μM for HCO3

−, 240–752 μM for
SO4

2−, 75–312 μM for NO3
−, and 55–176 μM for Cl−. The

study river clearly possessed high contents of Ca2+, Mg2+, and
HCO3

−, which is consistent with the typical characteristics of
carbonate-dominated rivers (Jiang et al. 2018; Li et al. 2008;
Xu and Liu 2007; Zhong et al. 2017b).

Sr, Al, Ba, and Li are the main components of dis-
solved trace elements, and their contents ranged between

1391 and 5909 nM for Sr, 164–1258 nM for Al, 110–
331 nM for Ba, and 38–274 nM for Li, which is signifi-
cantly higher than those of other trace elements. Sr (aver-
aging 3617 nM) and Sb contents (averaging 22 nM) in the
Beipan River are significantly higher than the world av-
erage contents of 684 nM and 0.6 nM, respectively
(Gaillardet and Dupré 2005), while U, Pb, and Co con-
tents are relatively low in the Beipan River during the
study period.

Carbon species and isotopic compositions of DIC

Riverine DIC content is the sum of the aqueous carbon
dioxide (CO2 (aq)), carbonic acid (H2CO3), bicarbonate
(HCO3

−), and carbonate (CO3
2−) ion contents (Li et al.

2010), varying from 1840 to 2744 μM, for an average of
2254 μM in the Beipan River, which is nearly threefold
higher than the world average content of 852 μM (Voss
et al. 2014). The partial pressure of carbon dioxide
(pCO2) is a function of respiration (Li et al. 2010) and
ranges from 507 to 1843 μatm, which is one- to fivefold
higher than the local atmospheric pCO2 (averaging
410 μatm). The ẟ13CDIC values in the river were on average
− 8.7‰ and increased from − 9.5‰ in the low-flow season
to − 7.5‰ in the high-flow season, thus showing distinct
temporal variations.

Fig. 1 Sampling location and geological background of the Beipan River
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Discussion

Controls on elemental content and discharge (C-Q)
relationships

The C-Q relationship provides unique information on the in-
teractions between dissolved solute contents and hydrological
processes and can be modeled by a power law function
(Diamond and Cohen 2018; Godsey et al. 2009; Koger et al.
2018; Musolff et al. 2015; Rose et al. 2018; Singley et al.
2017):

C ¼ a� Qb ð1Þ

where the parameter a and slope b are constants, b repre-
sents the index of the deviation from chemostatic behaviors
(Clow and Mast 2010). Avalue of b ≈ 0 indicates chemostatic
behavior (Godsey et al. 2009), whereas if b ≈ − 1, the solute
content varies inversely with the discharge, and C is only
controlled by Q (Godsey et al. 2009). Lastly, when b > 0, the
solute contents increase with discharge (Musolff et al. 2015).
C-Q relationships for the major ions (Ca2+, Mg2+, HCO3

−, and
K+) exhibit significant chemostatic behaviors compared with
Na+, Cl−, and SO4

2−, which are influenced by dilution effects

at various degrees, while the dissolved Si content yields a
positive relationship with high discharge, which may indicate
that multiple biogeochemical processes counteract the dilution
effect by rainwater. The results for these various C-Q relation-
ships are shown in Fig. 2.

The patterns exhibited by trace element contents in the case
of discharge variabilities are different compared to those of the
major ions (Baronas et al. 2017; Kirchner and Neal 2013). C-
Q relationships for trace elements, like Sr, Al, Li, Zn, and Cu,
present significant chemostatic behaviors responding to in-
creasing discharge. Most elements (Ba, Sb, Mn, Mo, U, Pb,
Co) display weakly negative correlations with increasing dis-
charge (R2 from 0.19 to 0.57), whereas Cr, Rb, Ni, and V show
no distinct correlation with discharge change (Fig. 3).

The coefficient of variation of content and discharge (CVC/
CVQ) provide a better understanding of the chemostatic/
chemodynamic behavior of solute contents as a response to
hydrological variabilities (Musolff et al. 2015; Thompson
et al. 2011). This coefficient of variation reflects the sources
and sinks of dissolved analytes and is defined by the following
equation:

CVC=CVQ ¼ μQσC

� �
= μCσQ
� � ð2Þ

Fig. 2 Content–discharge relationship of solutes (K+, Na+, Ca2+, Mg2+, HCO3
−, Cl−, NO3

−, SO4
2−, and Si) in the Beipan River
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where CV is the coefficient of variation for dissolved solutes,
expressed as the standard deviation σ divided by its average
value μ (Zhong et al. 2018). According to Musolff et al.
(2015), chemostatic behavior (− 0.2 < b < 0.2 and CVC/CVQ
< 0.5) is characterized by little solute content variations rela-
tive to discharge changes, while flushing behaviors are char-
acterized by positive b values, and dilution behaviors are char-
acterized by negative b values. Chemodynamic behavior (b ≈
0, CVC/CVQ > 1) is a discharge-independent state indicating
that high content of dissolved solutes are not controlled by Q
(Musolff et al. 2015; Zhong et al. 2018). As Ca2+, Mg2+, and
Sr are mainly derived from carbonate weathering (Gaillardet
et al. 1999), these elements show chemostatic behavior. U
content in the study river is mainly sourced from carbonate
weathering (Palmer and Edmond 1993; Wei et al. 2013) and
shows a behavior similar to carbonate-sourced ions Ca2+,
Mg2+, and HCO3

−, all of which are highly influenced by the
equilibrium of carbonate dissolution/precipitation processes
(Tipper et al. 2006; Zhong et al. 2018; Zhong et al. 2017a;
Zhong et al. 2017b). Silicate weathering is the primary source
of Al and Li (Chen et al. 2014; Torres et al. 2015), both of
which show significant effects from dilution akin to those of
Na+. This indicates that silicate-sourced ions have relatively

higher sensitivity in response to hydrological variability com-
pared to carbonate-sourced ions. Zn, Cu, Ba, Sb, Mn, Mo, and
Pb are closely associated with human activities and therefore
have inherited “anthropogenic overprints” (Chen et al. 2014).
For example , Mn content exhibi ts a s ignif icant
chemodynamic behavior (Fig. 4), which may be attributed to
a potential mining source in the investigated catchment (Liu
et al. 2017a; Qi and Yang 2011; Qing et al. 2008).

Sources for major and trace elements

Carbonates are distinguished by higher ratios of Ca/Na and Sr/
Na compared to silicates (Gaillardet et al. 1999). A signifi-
cantly positive relationship between Ca/Na ratios and dis-
charge (Fig. 5a) exists, which indicates that carbonate
weathering is a dominant contribution to dissolved loads in
the investigated river, similar to previous findings (Qin et al.
2006; Tipper et al. 2006; Torres et al. 2015; Wei et al. 2013;
Xu and Liu 2007). Meanwhile, in the high-flow season, river
waters with higher Ca/Na ratios are generally yielded lower
Sr/Na ratios, which suggests that the contribution to river
chemistry from silicate weathering is greater in the high-
flow season compared to those in the low-flow season (Wei

Fig. 3 Content–discharge relationship of the dissolved trace elements (Sr, Al, Li, Zn, Cu, Ba, Sb, Mn, Mo, U, Pb, Co, Cr, Rb, Ni, and V)
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et al. 2013) (Fig. 5b). Na and Si are sourced from silicate
weathering, and the variation in the Na/Si ratio with changes
in discharge indicates that the Si content is maintained by
balance between the precipitation of secondary silicates and
weather of primary silicates (Fig. 5c), which is consistent with
previous studies (Clow and Mast 2010; Torres et al. 2015;
Zhong et al. 2017a; Zhong et al. 2017b). During the dissolu-
tion of silicates, both Na and Si are released into dissolved

loads. As dissolution occurs, saturation with secondary sili-
cates buffers the dissolved Si content, but as Na is not readily
partitioned into secondary silicates, its content continues to
increase (Georg et al. 2006; Torres et al. 2015). Li and Al
are derived from the same lithological source and display sim-
ilar behaviors with Na. On the other hand, the seasonal vari-
ability of the ratios of silicate derived elements versus Si is
characterized by higher ratios in the low-flow season, which

Fig. 4 Slope (b) vs. CVC/CVQ for
dissolved solutes of the Beipan
River

Fig. 5 Relationships between
discharge and Ca/Na ratios (a),
Sr/Na ratios (b), and Na/Si ratios
(c) in different seasons and the
correlation ratios of SO4/Ca and
Ni/Na × 1000 (d) in the Beipan
River
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decrease more as a response to discharge than the high-flow
season ratios (Fig. 5c). This may be explained by the fact that
the silicate weathering in the low-flow season is dominated by
long water–rock interaction time (Tipper et al. 2006; Torres
et al. 2015; Zhong et al. 2017b).

The riverine sulfate might be influenced by various sources
(sulfide oxidation, gypsum dissolution, and anthropogenic ac-
tivities). Following high temporal resolution water chemistry
and isotopic measurements, sulfuric acid has been shown to
play a significant role in chemical weathering in investigated
catchments (Li et al. 2008; Liu et al. 2017b). Interestingly,
there is a significant positive relationship between the ratios
of Ni/Na and SO4/Na during the sampling period (Fig. 5d),
which may indicate that sulfide minerals provide a key con-
tribution to the behavior of Ni. Meanwhile, Zn, Cu, Pb, Co,
and Cr display similar behaviors, and as these ions are gener-
ally enriched in minerals (Garzanti et al. 2011; Yang et al.
2009). These results may be related to the mining activities
in this study catchment.

Impacts of climatic variability on chemical weathering
fluxes

The temporal hydrological variability in the Guizhou
Province, lying in the center of the Southeast Asian Karst
Region, is affected by the seasonal monsoonal climate.
According to the above discussion (the “Sources for major
and trace elements” section) on the variation of element dy-
namics as a function of discharge, a forward model is run to
estimate the relative contribution of various sources in the
investigated river (see Eqs. 7 and 8). The results exhibit a wide
range of flux values, with carbonate weathering fluxes (Fcarb)
ranging from 4.0–207.8 kg/s and silicate weathering fluxes
(Fsil) from 0.3–11.4 kg/s, both of which having a significant
positive correlation with discharge variability (Fig. 6). These
positive correlations suggest that the hydrological condition is
a dominant factor controlling the chemical weathering fluxes.
The observed contours of the power law exponents represent

chemostatic behaviors, ranging from − 1 (dilution) to 0
(chemostasis). Both Fsil and Fcarb show strong chemostatic
behaviors, and similar findings have also been observed for
global rivers impacted by climatic variability (Szramek et al.
2007; Tipper et al. 2006; Zhong et al. 2018; Zhong et al.
2017a, 2017b). The dissolution kinetic characters in rapidly
eroding environments may explain the near chemostatic be-
havior of chemical weathering fluxes, varying with changing
discharge, especially for carbonate weathering (Tipper et al.
2006; Zhong et al. 2017b, 2018). The increase in erosion
intensity during high discharge favored by the monsoonal
climate conditions enhances the hydrological flushing, which
induces the reaction of the mineral surface area and accelerates
the weathering of minerals, thus allowing the more easily
weathered carbonates to be dissolved (Clow and Mast 2010;
Ollivier et al. 2010). So, this indicates that, in the study river,
the chemical weathering fluxes with high discharge may have
higher contributions from carbonate weathering.

Carbon dynamics impacted by climatic variabilities

Riverine DIC may originate from different endmembers and
be modified by processes occurring due to changes in the
water pathways (Li et al. 2008). The fluxes of DIC (FDIC) in
the study river present a strong positive relationship with dis-
charge (Fig. 7a), and the power law exponents of FDIC is close
to 0, which indicates that the DIC fluxes in the Beipan River
are dominated by hydrological conditions. Besides, the
weathering of carbonates and silicates is mostly involved with
the dissolution of biogenic CO2, thus contributing to the DIC
pool (Li et al. 2008; McClanahan et al. 2016).

ẟ13CDIC is a useful tool to trace the fluvial carbon sources
and the biogeochemical processes. Normalized discharge
(NQ) and normalized temperature (NT) are used to quantify
the relative temporal discharge/temperature dynamics:

NQ ¼ Qi−Qminð Þ= Qmax−Qminð Þ ð3Þ

NT ¼ Ti−Tminð Þ= Tmax−Tminð Þ ð4Þ

Fig. 6 Relationships between discharge and carbonate weathering fluxes (Fcarb) (a), silicate weathering fluxes (Fsil) (b)
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where Qi and Ti represent, respectively, the instantaneous dis-
charge rate and the water temperature rate at time i, and min
and max represent the respective minimum and maximum
value for discharge and temperature. The Beipan River pre-
sents positive relationships of ẟ13CDIC versus NQ and NT
(Fig. 8a, b), which indicate that higher ẟ13CDIC are associated
with higher discharge and temperature conditions, and
ẟ13CDIC has higher sensitivity than riverine DIC with respect
to increasing discharge (Waldron et al. 2007).

The difference between the measured and theoretical DIC
values (from the theoretical dilution curve) is defined as ΔDIC
(Zhong et al. 2018). Riverine DIC contents show chemostatic
behavior with increasing discharge, indicating that large amounts
of exogenous DIC are flushed into the river. The observed vari-
ations of ẟ13CDIC values are inversely related to seasonal changes
in pCO2 and ΔDIC content (Fig. 9a, b), which suggests that
photosynthesis is the dominant control for the riverine DIC con-
tent in the high-flow season rather than during the low-flow
season. During the high-flow season, high discharge changes
the groundwater flow paths to shallow subsurface flow paths
(Tipper et al. 2006), and high temperature could promote ecolog-
ical processes, resulting in strong plants photosynthesis leading
to the faster uptake of light carbon 12C (Chen et al. 2017;
Gammons et al. 2010; Liu et al. 2008). In addition, the pCO2

values show significant chemostatic behavior in response to in-
creasing discharge, especially during periods of the wet season
when the discharge is greater than 700 m3/s (Fig. 7b). This dem-
onstrates that the biological CO2 produced by microbiological
activities and biological effects would be enhanced during the
rainy season in southwestern China (McClanahan et al. 2016;
Zhong et al. 2017b). Relative to the high-flow season, the de-
crease in ẟ13CDIC values during the low-flow season suggests
that the dominant source of DIC added to the river water in this
season is CO2 from groundwater contribution, which has lower
ẟ13CDIC values (Li et al. 2005, 2008).

The mixing model, IsoSource, is employed to calculate
carbon sources based on ẟ13C values of distinct DIC
endmembers. According to previous studies in the research
area (Li et al. 2008), the carbonate carbon (ẟ13C = 0‰) is
entered into the model as a constant. The biological carbon
is expected to be similar to that of dominant C3 plants, con-
sidering a small diffusion fraction of soil CO2 (~ 4‰) to the
atmosphere (Aucour et al. 1999; Cerling et al. 1991; Li et al.
2008), hence − 22.6‰ for biological carbon. The source con-
tributions to riverine DIC can be calculated as following:

δ13CDIC ¼ δ13Ccarb � aþ δ13Cbio � b ð5Þ
aþ b ¼ 1 ð6Þ

Fig. 7 Relationships between discharge and DIC weathering fluxes (FDIC) (a) and pCO2 (b) in the Beipan River

Fig. 8 Correlations between δ13C
values and NT (a) and NQ (b) in
the Beipan River

11382 Environ Sci Pollut Res (2020) 27:11375–11386



where ẟ13Ccarb and ẟ13Cbio are the carbon isotopic values of
carbonate (DICcarb) and biological carbon (DICbio), respec-
tively. And a and b are the proportions of carbon from car-
bonate and biological carbon sources, respectively. Based on
the calculation, the contribution of DICcarb ranges from 58%
in the low-flow conditions to 67% in the high-flow conditions,
with a mean value of 62%, and implies that carbonate
weathering is the dominant controller on the chemostatic be-
havior of total riverine DIC with increasing discharge in the
hydrological year; meanwhile, the contribution of DICbio in-
creases from 33% in the low-flow conditions to 42% in the
high-flow conditions, with a mean value of 28%, which also
presents a strong chemostatic behavior with increasing dis-
charge change, indicating that DICbio produced by microbio-
logical activities and plant biological effects would be en-
hanced during the high-flow conditions in southwestern
China, agree with previous studies (Li et al. 2010; Zhong
et al. 2017b).

These results confirm that carbonate dissolution and in-
volved ecosystem photosynthesis are the dominant processes
controlling the riverine DIC in the study river. The CO2 de-
pletion owing to plant photosynthesis resulted in decrease of
pCO2 values and ΔDIC contents in the high-flow conditions in
this study river.

Conclusions

The metabolism of multi-biogeochemical processes are main-
ly impacted by the observed temporal hydrological variations
in the study river water, based on high-frequency variations in
riverine major, trace elements, and ẟ13CDIC values in a hydro-
logical year. Most elements contents show dilution effects
responding to increasing discharge. However, due to the fast
kinetic carbonate dissolution and biological processes, etc.,
they show significant chemostatic behavior responding to
high discharge. The CO2 depletion owing to plant photosyn-
thesis resulted in a decrease in pCO2 values and ΔDIC content.
The increase in ẟ13CDIC confirms that plant photosynthesis is

the dominant process controlling DIC in the high-flow season.
These results confirm that carbonate dissolution and the asso-
ciated ecosystem photosynthesis/respiration are the dominant
processes controlling the riverine DIC in the Beipan River. In
addition, based on the mixing model IsoSource, it is shown
that the contribution of carbonate weathering and biological
carbon are the main sources to the total DIC in this study river.
Thus, this work demonstrates that the well-established link
between plant ecological processes and carbon dynamics in
a typical karst river is impacted by monsoonal climate
conditions.
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Appendix

Calculation of silicate and carbonate weathering fluxes:
The fluxes of silicate weathering (Fsil) and carbonate

weathering (Fcarb) were calculated as follows:

Fsil ¼ ð K½ �sil �M k þ Na½ �sil �MNa þ Ca½ �sil �MCa

þ Mg½ �sil �MMg þ Si½ �sil �MSiO2Þ � Discharge ð7Þ

Fcarb ¼ Ca½ �carb �MCa þ Mg½ �carb �MMg

� �

� Discharge ð8Þ

where M is the molar mass of the element.

Fig. 9 Correlations between δ13C
values with pCO2 (a) and ΔDIC
(b) in the Beipan River
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