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Abstract

          To better understand the mechanisms relating to hydrological regulations of chemical

        weathering processes and dissolved inorganic carbon (DIC) behaviours, high-frequency

           sampling campaigns and associated analyses were conducted in the Yu River, South

         China. Hydrological variability m odifies the bi ogeochemical processes of dissolved sol-

            utes, so major ions display different behaviours i n response to discharge change. Most

           ions become diluted with increasing discharge because of the shortened reactive time

           between rock and water under high-flow conditions. Carbonate weathering is the main

            source of major ions, which shows strong chemostatic behaviour in response to changes

            in dis charge. Ions from silicate weathering exhibit a significa nt dilution effect relative to

         the carbonate-sourced ions. Under high temperatures, the increased soil CO2  influx from

            the mineralisation of organic material shifts the negative carbon isotope ratios of DIC

(δ
13

CDIC       ) during the high-flow season. The δ
13

CDIC      values show a higher sensitivity than

           DIC contents in response to various hydrological conditions. Results from a modified

          isotope-mixing model (IsoSource) demonstrate that biological carbon is a dominant s ource

             of DIC and plays an important role in temporal carbon dynamics. Furth ermore, this study

         provides insights into chemical weathering processes a nd carb on dynamics, highlighting

            the significant influence of hydrological variability to aid understanding of the global car-

 bon cycle.

K E Y W O R D S

         carbon isotope, chemical weathering processes, DIC dynamics, hydrological variability, karst,
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  1 | I N T R O D U C T I O N

       Rivers are primary conduits transporting terrestrial weathering loads

          from continents to the ocean (Li & Bush, 2015; McClanahan, Polk,

          Groves, Osterhoudt, & Grubbs, 2016; Schulte et al., 2011). In addition,

          chemical weathering is the main source of dissolved loads in rivers,

      which removes large amounts of atmospheric CO 2    and plays a critical

           role in the global carbon cycle (Clow & Mast, 2010; Gaillardet, Dupré,

         Louvat, & Allègre, 1999; Zhong et al., 2018). Carbonate dissolution

    consumes nearly 12.3 10×
12

        mol of carbon per year and is an impor-

          tant carbon sink in short-term carbon balance (Gaillardet et al., 1999).

       Previous studies have established that hydrological processes govern

        riverine solute transport and carbon cycling by affecting biogeochemi-

          cal reactions (Maher & Chamberlain, 2014; Zhong et al., 2018). Fur-

        thermore, the chemical weathering processes can be altered easily

       through changing hydrological conditions (Gareis & Lesack, 2017;

          Torres, West, & Clark, 2015; Zhong et al., 2018). Although numerous

     studies of chemical weathering and CO 2    consumption rate have been
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        carried out on rivers worldwide (Amiotte Suchet, Probst, &

         Ludwig, 2003; Gaillardet et al., 1999; Galy & France-Lanord, 1999;

          Krishna, Viswanadham, Prasad, Kumari, & Sarma, 2018; Li et al., 2010;

          Li, Calmels, Han, Gaillardet, & Liu, 2008; Louvat & Allègre, 1997;

        Millot, Gaillardet, Dupré, & Allègre, 2002; Ollivier, Hamelin, &

       Radakovitch, 2010; Rai, Singh, & Krishnaswami, 2010; Roy,

         Gaillardet, & Allegre, 1999), few were devoted to temporal chemical

          weathering processes, and fewer still focused on the effects of hydro-

       logical variability on chemical weathering processes in monsoonal

rivers.

          It has been estimated that rivers transfer approximately 1 Gt of

           carbon annually to the ocean (Amiotte Suchet et al., 2003; Li &

       Bush, 2015). Moreover, riverine dissolved inorganic carbon (DIC)

          transports 38% of the total carbon from continents to the ocean,

            which is a much higher proportion in the Xijiang River, at 80% (Zhong

         et al., 2018). Accordingly, DIC dynamics in carbonate-rich rivers play

           an important role in the regional and even the global carbon cycle

         (Zhong et al., 2018). However, global carbon budgets and biogeo-

        chemical processes are inadequately restricted by the variability in

          hydrological conditions (Li et al., 2010; Raymond & Cole, 2003; Zhong,

           Li, Tao, Ding, & Liu, 2017). Riverine DIC is controlled by water-gas

     exchange, plant photosynthesis/respiration, and mineral weathering

           (Bouillon et al., 2014; Brunet et al., 2009; Doctor et al., 2008;

         McClanahan et al., 2016; Raymond & Cole, 2003; Tobias &

             Böhlke, 2011; Zhong, Li, Tao, Ding, & Liu, 2017), all of which are sig-

       nificantly influenced by hydrological variability. To distinguish riverine

       DIC sources and relative biogeochemical processes under various

       hydrological conditions, carbon isotope ratios of DIC (δ
13

C DIC   ) can be

          a useful tool (Cerling, Solomon, Quade, & Bowman, 1991; Clark &

           Fritz, 1997; Dubois, Lee, & Veizer, 2010; Li et al., 2010; McClanahan

            et al., 2016; Zhong, Li, Tao, Ding, & Liu, 2017). However, the underly-

      ing biogeochemical processes under various hydrological conditions

         are poorly understood, and the relative response mechanisms of car-

      bon dynamics to hydrological variability remain unknown.

          The Yu River located in one of the largest carbonate outcrop

   areas (approximately 90,000 km
2

        ; Jiang, Liu, Zhao, Sun, & Xu, 2018) in

              China, and it is also one of the largest rivers in Guangxi to be affected

         by monsoon climate. It is ideal for investigations of chemical

         weathering processes and the response of riverine DIC dynamics to

        hydrological variability. In the present study, time-series sampling pro-

        cedures and analyses were performed to (a) understand chemical

     weathering processes under various hydrological conditions,

          (b) identify DIC sources, and (c) distinguish the underlying carbon bio-

      geochemical processes under conditions of hydrological variability.

  2 | M E T H O D S

   2.1 Study area|

           The Yu River catchment lies in the southern margin of the Southeast

              Asian Karst Region (Ji ang et al., 2018; Xu & Liu, 2 010). It is the largest

            tributary on the south bank of the Xiji ang River, the mainstream of the

             Pearl River (Figure 1). The dra inage area of the Yu River is 89,870 km
2

,

          with a mean ann ual precipitation of 1, 500–2,000 mm. The Yu River

       catchment experiences a humid subtropical climate under monsoonal

         conditions, resulting in high precipitati on in summer and low precipitation

        in winter. Lithologically, the hinterland ranges fr om Precambrian meta-

        morphic rocks to Quaterna ry fluvial sediments. Carbonate rocks (lime-

           stone and dolomite) are widely distributed in this area (Yuan, 1991), as

        well as occasional evaporate outcrops (Geological Bureau of Guangxi

       Zhuang Autonomous Region, 1985). Furthermore, s edimentary rocks and

          coal-bearing format ions are widely distrib uted in the study area, an d the

               coal deposits are rich in s ulphides (Gao et al., 2009; Li et al., 2008; Xu &

            Liu, 2010). Igneous rocks are mainly distributed in the eastern part of the

        Yu River c atchment (Geological Bureau of Guangxi Zhuan g Autonomous

 Region, 1985).

      2.2 Sample collection and laborato ry analysis|

            The sampling site was located at the outlet of the Yu River catchment

          (Figure 1), approximately 26 km from the mainstream of the Xijiang

        River. Water samples for hydrochemical and isotopic analyses were

        collected monthly from October 2013 to September 2014. Additional

          samples were collected in the high-flow season based on changes in

         discharge (Figure 2). The alkalinity of samples was determined using

          0.02-M HCl titration within 24 hr of collection. After filtration through

      0.45- M cellulose-acetate membrane paper, the anions (Cl
−, SO4

2−
,

 and NO 3
−        ) were determined using the Dionex Ion Chromatography

         System 90 (Sunnyvale, CA) within a relative standard deviation (RSD)

     of 5%. The major cations (K+, Na+, C a2+   , and Mg 2+    ) and dissolved Si

      were determined by inductively coupled plasma-optical emission

           spectrometry, within an RSD of 3%, after acidification to pH 2. The≤

   samples used for δ13 CDIC      analyses were collected in polyethylene bot-

          tles with airtight caps. Using a modified version of the method

            described by Li et al. (2010), 15 ml aliquots of the samples were

         injected with syringes into glass bottles that were previously loaded

           with 2 ml of 85% phosphoric acid and magnetic stirrer bars. CO 2 was

          extracted via a vacuum line and transferred cryogenically into a tube

         for isotope measurement. In addition, the carbon isotopic ratios were

         determined using a Finnigan MAT 252 mass spectrometer and are

          reported in the -notation relative to the Vienna Pee Dee Belemniteδ

             scale as per mil with a precision of 0.1%. All the analyses were con-

        ducted at the State Key Laboratory of Environmental Geochemistry,

      Institute of Geochemistry, Chinese Academy of Sciences.

      Daily hydrological data including water discharge (m
3

 /s), precipi-

    tation (mm), water temperature (     C), water surface evaporation (mm),

         suspended sediment load (kg/s), and water level (m) were obtained

      from the Hydrological Yearbook (Pearl River Conservancy

        Committee, 2013) produced by the Pearl River Conservancy Commis-

          sion. We used LoadRunner software (Booth, Raymond, & Oh, 2007) in

         the USGS program (Runkel, Crawford, & Cohn, 2004) toLOADEST

         model the dissolved solute contents and carbon isotopic values. A

         mixing model, , was employed to predict the specific riverineIsoSource

  DIC source contributions.
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  3 | R E S U L T S

     3.1 Temporal variations of hydrological|

parameters

            For the Yu River, the discharge was low in October 2013, peaked in

         November, then dropped quickly and stabilized at a minimum value

          from January to April 2014. The fluctuating discharge occurred in the

         high-flow season and reached another peak in August 2014. The

         water level varied with the changing discharge levels, which fluctu-

           ated in the high-flow season and were relatively stable in the low-flow

          season. The water temperature records for the Yu River indicated that

        seasonal trends follow meteorological trends. The highest water tem-

  perature was 31        C for the hydrological year, which corresponded to

          high water surface evaporation, while in the low-flow season, as the

      water temperature decreased, the water surface evaporation

       decreased accordingly. The total suspended sediment load also

       showed three peaks corresponding to the discharge variation.

       3.2 Characteristics of major ions and carbon|

isotopes

       The riverine water was mildly alkaline, so HCO3
−    was the major inorganic

        carbon species (Clark & Fritz, 1997; Hélie, Hillair e-Marcel, &

          Rondeau, 2002; Zhong et al., 2018). The electrical conductiv ity values va r-

         ied from 177 to 325 S/cm. The total cationic charge

(TZ
+

= K
+

+ Na
+

+ 2Ca
2+

+ 2Mg
2+

     ) and total dissolved anionic c harge

(TZ− = HCO3
− + Cl− + NO3

− + 2SO4
2−

      ) were well balanced, for all no r-

        malized ionic charge balan ce (NICB) values: NICB = (TZ
+

 − TZ−   ) × 100%/

(TZ+ + TZ−          ), within ±5%. The total dissolved solids (TDS = K + + Na+ + Ca2

+ + Mg2+ + HCO3
− + Cl− + NO3

− + SO4
2− + SiO2    , mg/L) ra nged from

             170 to 254 mg/L, with an average of 211 mg/L, higher t han the world

            average value (97 mg/L; Li & Bush, 2015). The base cation content ranges

    were 824–1,245 mol/L for Ca 2+    , 110–232  mo l/L for Mg 2+,

   77 287– mol/L for Na +    , and 39–77 mol/L for K +     . The major anion con-

      tent ranges were 1,731–2,574 mol/L for HCO3
−   , 96–203 mol/L for

SO 4
2−

   , 85–285 mol/L for Cl−    , and 19–150 mol/L for NO 3
−. M os t of

    F I G U R E 1 Map showing the

   sampling location and the

    geological background of the Yu

     River catchment (c), which is the

    largest tributary on the south

     bank of the Xijiang River (b),

  south China (a)
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         the major ions show dist inct temporal va riations during the hydrological

            year, with high content in the l ow-flow seasons and low content in the

    high-flow seasons. However, for NO 3
−, which may be affected by multi-

        ple biolog ical processes, no clear temporal variations were discovered

           during the study period. The riverine water had hig h contents of Ca 2+,

Mg2+ , and HCO3
−       , consistent with the typ ical chara cteristics of

          carbonate-dominated rivers (Hélie e t al., 2002; Jiang et al., 2018; L i

           et al., 2008; Zhong, Li, Tao, Ding, & Liu, 2017). The δ 13C DIC  values ranged

           from −14.6 to −9.6%, with an average value of −12.8%, showing distinct

 temporal vari ations.

  4 | D I S C U S S I O N

     4.1 Control s on concentration discharge ( )| – C-Q

relationship

        Numerous studies have demonstrated that most dissolved solute con-

       centrations negatively correlate with discharge, which can be

          represented as a power-law function (Ali et al., 2017; Clow &

        Mast, 2010; Diamond & Cohen, 2018; Godsey, Kirchner, &

        Clow, 2009; Gwenzi, Chinyama, & Togarepi, 2017; Kim, Dietrich,

       Thurnhoffer, Bishop, & Fung, 2017; Koger, Newman, &

        Goering, 2018; Musolff, Schmidt, Selle, & Fleckenstein, 2015; Rose,

           Karwan, & Godsey, 2018; Rue et al., 2017; Singley et al., 2017):

    C a Q= ×
b  , 1ð Þ

             where is a constant, and reflects the index of the deviation froma b

          chemostatic behaviour (Clow & Mast, 2010). When is close tob

          0, there is a weak relationship between solute concentrations and dis-

        charge, implying chemostatic behaviour (Godsey et al., 2009); when

        b > 0, solute concentrations increase with increasing discharge

           (Musolff et al., 2015); however, when = 1, the solute contentsb −

          decrease with increasing discharge, when is the only control onQ

         C C Q(Godsey et al., 2009). The - relationships of Ca2+ , Mg2+  , HCO3
− ,

K
+   , and SO 4

2−      display more significant chemostatic behaviour than

  that of Na
+

 and Cl −        (Figure 3), which show a significant dilution effect

                   F I G U R E 2 Hydrological parameters in the Yu River during the sampling period, discharge and precipitation (a); water temperature and water

             surface evaporation (b); suspended sediment load and water level (c) for the hydrological year
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         caused by rainwater. However, the dissolved Si concentrations have a

      positive power-law relationship with (Figure 3).Q

        The coefficients of variations of the solute concentrations and

 discharge (CV C /CVQ        ) facilitate an understanding of the behaviour of

       solute concentrations in response to hydrological variability (Musolff

         et al., 2015; Thompson, Basu, Lascurain, Aubeneau, & Rao, 2011),

   which is expressed as:

CV C =CVQ  = QσC

 
 = CσQ  ð Þ, 2ð Þ

 w h e r e C  a n d Q        are th e ave rage va lue s o f t he con cen trat ions an d

  d i s c h a r g e , a  n d σ C  a n d σQ       a r e t h e s t a n d a r d d e v i a t i o n s o f t h e c o n c e n -

       t r a t i o n s a n d d i s c h a r ge , r e s p e c t i v e l y ( Z h o n g e t a l . , 2 0 1 8 ) .

        C h e m o s t a t i c b e h a v i o u r w a s d e f i n e d a s −0 . 2 < b < 0 . 2  a n d  C V C /

C V Q            < 0. 5 b ased on th e me thod olog y o f Mu sol f f e t al . ( 201 5). Che -

     m o d y n a m i c b e h a v i o u r ( b ≈ 0 , C V C/ C V Q    > 1 ) i s d i s c h a r g e - i n d e p e n -

       d e n t ; t h e r e f o r e , d i s s o l v e d s o l u t e c o n c e n t r a t i o n s a r e i n d e p e n d e n t o f

          Q ( M u s o l f f e t a l . , 2 0 1 5 ; Z h o n g e t a l . , 2 0 1 8 ) . T h e C a
2 +

, M g
2 +

, an d

H C O 3
−           c o n c e n t r a t i o ns f r o m t h e Y u R i v e r f a l l i n t o t h e s a m e r a n g e a s

        t h o s e i n t h e X i j i  a n g R i  v e r ( F i  g u r e 4 ) , r e p r e s e n t i n g n e a r - c h e m o s t a t i c

           b e h a v i o u r ( Z h o n g e t a l . , 2 0 1 8 ) t h a t c a n b e a s c r i b e d t o f a s t c a r b o n a t e

        d i s s o l u t i o n a n d p r e c i  p i t a  t i o n k  i n e t i c  s ( T i p p  e r e t a l .  , 2 0 0 6  ; Z h o n  g

            e t a l . , 2 0 1 8 ; Z h o n g , L i , T a o , D i n g  , & L i u , 2 0 1  7 ) . S i  l i c a t e w e a t  h e r i n g i s

    t h e m a i n s o u r c e o f N a +        ; i t s h o w s a s  i g n i f i c a n t d i l u t i o n e f f e c t i m p l y -

         i n g t h a t s o l u t e s f r o m s i l i c a t e w e a t h e r  i n g a r e m o r e s e n s i  t i v e t o

  hydr olo gic al ch an ge . SO 4
2−

     m i g h t b e d e r i v e d f r o m v a r i o u s s o u r c e s ,

       such as g ypsu m di ssol uti on, sulph ide o xid ati on , a nd an th r opo geni c

          i n p u t s . M o r e o v e r , s u l p h u r i c a c i d h a s b e e n p r o v e d t o p l a y a n i m p o r -

            t a n t r o l e i n c a r b o n a t e w e a t h e r i n g i n S o u t h C  h i n a ( L i e t a l . , 2 0 0 8 ; L i u

     e t a l . , 2 0 1 7 ) . H o w e v e r , a l t h o u  g h N O 3
−   yie lds high CV C /CVQ r a t i o s

        and n ear- zero b v a l u e s , p r e s e n t i n g c h e m o s t a t i c b e h a v i o u r , i t s h o w s

      a c h e m o d y n a m i c p a t t e r n . T h e n e a r - c h e m o d y n a m i c b e h a v i o u r c o r r e -

         l a t e s w i t h t h e t r a n s f o r m a t i o n s o f s o i l o r g a n i c n i t r o g e n a n d n i t r i f i c a -

      t i o n a n d d e n i t r i f i c a t i o n r e a c t i o n s u n d e r v a r i o u  s h y d r o l o g i c a l

    p r o c e s s e s ( K o g e r e t a l . , 2 0 1 8 ) .

     4.2 Sources of dissolved solu tes|

       Riverine-dissolved solutes are derived mainly from rock weathering,

         atmospheric, and human inputs (Gaillardet et al., 1999; Han &

           Liu, 2004; Zhong et al., 2018). The fast dissolution kinetic of carbon-

          ate rocks means that carbonate weathering plays a significant role in

          the water chemistry of most global rivers, particularly in South China

             (Gaillardet et al., 1999; Li et al., 2008; Zhong et al., 2018; Zhong, Li,

        Tao, Ding, & Liu, 2017). The sum of Ca2+  and HCO3
−  accounts for

           77% of the total ions in the Yu River, demonstrating the dominant

        contribution of carbonate weathering to local water chemistry, which

             is similar to the results of previous studies (Jiang et al., 2018; Xu &

     Liu, 2010). The relationship between Ca 2+/Na +   ratios and Mg2+ /Na+

          ratios yields a strong linear correlation over the hydrological year, and

   the ratios of Ca
2+

/Na
+

 and Mg
2+

/Na
+

    in the high-flow season are

        F I G U R E 3 the concentration-discharge relationships of dissolved solutes (K + , Na+, Ca 2+ , Mg2+  , HCO3
− , Cl − , NO3

−, SO 4
2−     and Si) for the Yu

River
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           much higher than those in the low-flow season (Figure 5a). The ratio

 of Mg
2+

/Ca
2+

       represents the relative contribution of dolomite and cal-

  cite, as Mg
2+

         is mainly derived from dolomite. As shown in Figure 5b,

            a ratio of <0.1 represents calcite only; a ratio equal to 1 indicates

          dolomite dominance; and a ratio of 0.33 indicates a roughly equal≈

      contribution from calcite and dolomite weathering (Szramek

          et al., 2007). For the Yu River, the ratio of Mg2+ /Ca2+ generally

             exceeds the value of 0.1 but is less than 0.33. This indicates that car-

        bonate weathering ions are mainly derived from calcite weathering,

          particularly in the high-flow season; this result is consistent with pre-

           vious studies (Jiang et al., 2018). In the high-flow season, high temper-

         ature accelerates the solubility of calcite, with ratios indicating a

            higher rate of the former than that of dolomite (Schulte et al., 2011;

   Szramek et al., 2007).

       4.3 Impacts of climatic variability on chemical|

   weathering and physical erosion

         Time-series sampling and analyses can reduce the uncertainty in esti-

         mating the rates of chemical weathering and physical erosion (Moon,

           Chamberlain, & Hilley, 2014; Zhong, Li, Tao, Yue, & Liu, 2017). The

       dissolved solute concentrations and carbon isotopes were modelled

          using the LoadRunner software package (Booth et al., 2007) of the

       F I G U R E 4 Plot of slope ( ) versusb CV C /CV Q                   for dissolved solutes of the Yu River, the Xijang River (Zhong et al., 2018) and the Cañon de Valle

    River (Koger et al., 2018)

     F I G U R E 5 The relationships between Ca 2+/Na+  and Mg 2+/Na+     (a), the correlation of Ca2+  versus Mg2+       (b) in the Yu River, compared with

 global rivers
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          USGS program (Runkel et al., 2004), and the results areLOADEST

          shown in Figures 6a,b. Low concentrations occur in the high-flow sea-

         son, while the highest concentrations occur in the low-flow season

          (Figure 6a,b). Most ions vary in a synchronal pattern, displaying similar

        and moderately chemostatic behaviour in response to the changing

        discharge. However, large quantities of surface water flow through

         the surface siliceous soil layers and regolith under high-flow condi-

           tions, resulting in high concentrations of Si in the river water (Gao

  et al., 2009).

         A forward modelling method was employed to quantify the con-

           tribution of different sources of the cations in the river (Figure S1;

            Galy & France-Lanord, 1999; Han & Liu, 2004; Li et al., 2010; Rai

        et al., 2010; Xu & Liu, 2010), and TZ +
carb  and TZ +

sil  represent cations

         from the weathering of carbonate and silicate, respectively. A strong

        positive relationship was observed between the ratios of TZ +
carb /

TZ
+

sil      and the discharge, indicating that TZ+
sil    has a higher sensitivity

    to discharge change than TZ
+

carb      (Figure 7a). Similar trends were also

        demonstrated by climate-impacted global rivers, such as the Mar-

           syandi (Tipper et al., 2006), the St. Lawrence (Szramek et al., 2007),

           the Danube (Szramek et al., 2007), the Rhone (Ollivier et al., 2010),

           the Wujiang (Zhong, Li, Tao, Ding, & Liu, 2017), the Minjiang (Zhong,

            Li, Tao, Yue, & Liu, 2017), and the Xijiang (Zhong et al., 2018).

         The silicate weathering rate (SWR) was calculated using the Na+,

K + , Ca 2+, Mg 2+   , and SiO2    concentrations of silicate weathering

         sources, and the carbonate weathering rate (CWR) was estimated by

 the Ca2+ , Mg 2+   , and HCO3
−    concentrations from carbonate dissolu-

         tion by both sulphuric and carbonic acids, as described by

        Equations (S11) and (S12), respectively (Galy & France-Lanord, 1999;

              Han & Liu, 2004; Jiang et al., 2018; Xu & Liu, 2010). The SWR ranges

   from 1.1 t km −2 year−1        in the low-flow season to 44.9 t km −2 year−1

       in the high-flow season, averaging 7.6 t km
−2

year
−1

  (Table 1), which

          is much higher than that of the Seine (1.2 2.6 t km–

−2
year

−1
 , Roy

            et al., 1999) but lower than that of the Rhone (14.4 t km
−2

year
−1

,

        Ollivier et al., 2010). Meanwhile, the CWR ranges from

  13.4 t km −2 year −1        in the low-flow season to 344.0 t km−2 year −1 in

      the high-flow season, averaging 69.7 t km−2 year−1    (Table 1), which is

              similar to that of the Seine (Roy et al., 1999), but lower than that of

    the Rhone (89 t km−2 year −1       ), (Ollivier et al., 2010). The CO 2 con-

         sumption flux of the Yu River is 8.7 10×
9  mol year −1 and

  50.7 10×
9  mol year −1     for silicate weathering and carbonate

          weathering, respectively, which account for 0.1 and 0.4% of the global

CO2        consumption fluxes by silicate and carbonate weathering, respec-

    tively (Gaillardet et al., 1999).

         Physical erosion is one of the most important geomorphic pro-

         cesses following which localised weathering occurs at high rates. Fur-

       thermore, the physical erosion rate significantly influences the

           reactive surface of the rock under climatic variability on a global scale

        (Galy & France-Lanord, 1999; Louvat & Allègre, 1997; Millot

          F I G U R E 6 The modelled cation contents (a), anion contents and δ 13CDIC      (b), the modified and calculated TZ +
carb  and TZ+

sil     (c) for the Yu River

   in the hydrological year

   2786 LIU .ET AL

10991085, 2020, 34, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
. By C

A
S - C

hengdu Library- on [20/10/2021]. R
e-use and distribution is strictly not perm

itted, except for O
pen A

ccess articles



            et al., 2002; Ollivier et al., 2010), implying that the supply of fresh

       unaltered minerals from mechanical erosion would alter the

         weathering rate (Ollivier et al., 2010). However, water chemistry is

        also affected by factors including discharge, temperature, and land

           cover, among others (Ollivier et al., 2010). Figure 7b shows the posi-

        tive relationship between the chemical weathering rates and physical

            erosion rates that occur in the Yu River (Millot et al., 2002; Zakharova,

       Pokrovsky, Dupré, & Zaslavskaya, 2005). Globally, physical erosion

        rates and chemical weathering rates exhibit a synchronous trend

         (Figure 7b) because of the regulation of hydrological variability. There

          was a strong negative relationship between the ratio of the total

          weathering rate and the physical erosion rate in response to variability

          in discharge (Figure 7c). The physical erosion rates were found to

            increase in tens or even hundreds of times compared to those in the

          high-flow season, and their extent was greater than the total chemical

         weathering rates. The correlation of the physical erosion rates and

         chemical weathering rates can be attributed to the increasing intensity

          of erosion in response to high discharge promoted by monsoonal cli-

       mate conditions. Hydrologic flushing further exposes reactive mineral

        surface area and, hence, accelerates rock weathering (Clow &

     Mast, 2010; Ollivier et al., 2010).

       4.4 Carbon dynamic and the control factors|

δ 13CDIC            is a useful tool for tracing fluvial carbon sources and has a

          higher sensitivity than the riverine DIC content in response to dis-

       charge variability (Waldron, Scott, & Soulsby, 2007; Zhong

        et al., 2018). Figure 6b shows that heavy δ
13C DIC    values occur in low-

    flow conditions while light δ
13

CDIC    values occur in high-flow

         conditions, which is consistent with previous studies (Galy & France-

          Lanord, 1999; Hélie et al., 2002; Li et al., 2010; McClanahan

           et al., 2016; Schulte et al., 2011; Waldron et al., 2007; Zhong

            et al., 2018; Zhong, Li, Tao, Yue, & Liu, 2017). The normalised dis-

         charge (NQ) and normalised temperature (NT) are used to quantify

    the relative temporal discharge/temperature dynamics:

  NQ = Q i  − Q min  ð Þ= Q max  − Qmin  ð Þ, 3ð Þ

  NT = Ti  − Tmin  ð Þ= T max  − T min  ð Þ, 4ð Þ

 where Qi  and T i      represent the respective instantaneous discharge rate

            and water temperature rate at the time , and min and max representi

        the minimum and maximum values, respectively. There are negative

  relationships between δ13 CDIC         and both NQ and NT in the Yu River

     (Figure 8a,b), indicating that light δ13 C DIC    values are associated with

      high discharge and temperature conditions. Furthermore, discharge

           changes alter the fluid flow paths (Tipper et al., 2006), which would

  shift the δ13CDIC        values by altering the mixing contribution of differ-

         ent sources (Lee & Krothe, 2001). In high-flow conditions, large

  amounts of δ
13

       C-depleted carbon, stored in the matrix porosity, are

        released into the river (Li et al., 2010). C3     plants are dominant in the

     research area with an average δ13        C value of 27% (Li et al., 2008),−

  and the δ13     C value of soil CO2      is 22.6%, after considering the carbon−

         isotope fractionation of 4.4% (Cerling et al., 1991; Clark &

        Fritz, 1997). In addition, high temperatures could encourage biological

      activity, resulting in strong photosynthesis/respiration, and soil

        organic material decomposition, which could cause larger amounts of

 soil-derived CO 2           to flush into the river (Li et al., 2010), resulting in

  more negative δ
13

CDIC values.

     F I G U R E 7 The relationships between TZ +
carb/TZ +

sil              ratios and discharge (a), chemical weathering rate and physical erosion rate (b), ratios of

             total chemical weathering versus physical erosion rate and discharge in the Yu River (c)
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        The difference between the measured and theoretical DIC values

         (from the theoretical dilution curve) is defined as DIC (Zhong∆

          et al., 2018). DIC shows chemostatic behaviour in response to the

        increasing discharge, suggesting that large amounts of exogenous DIC

        are flushed into the river under high-flow conditions. δ13 C DIC slowly

        increases, then sharply decreases with increasing DIC (Figure 8c).

         Meanwhile, in the low-flow season, due to low temperatures, weak

    soil respiration produces less CO2    for replenishing the exogenous

    DIC. Therefore, relatively stable δ
13

CDIC    values were observed with

        increasing DIC under the low-flow conditions (Figure 8c), indicating

        that carbon dynamics are mainly controlled by carbonate dissolution

         and precipitation processes in the low-flow season. In the high-flow

       season, a significantly negative relationship between DIC and∆

δ
13 C DIC          was observed, as shown in Figure 8c, indicating that large

     amounts of exogenous DIC, with δ13    C-depleted values, flowed into

           the Yu River. Large amounts of organic carbon are also flushed into

           the river by physical erosion during flood events (Gao et al., 2009),

         which could be mineralised to DIC within several days (Ward

        et al., 2013). Therefore, carbonate weathering and biological CO2 are

     responsible for riverine DIC temporal dynamics.

         The mixing model was employed to calculate the carbonIsoSource

    sources based on the δ13      C values of distinct DIC endmembers.

            According to previous studies in the research area (Li et al., 2008), the

           isotope values were taken to be 0% for carbonate carbon and 22.6%−

          for biological carbon as end members. It has been demonstrated that

        rivers in the study catchment are generally supersaturated with

   respect to atmospheric CO2     , resulting in large CO 2  outgassing fluxes

          to the atmosphere (Yao et al., 2007). Hence, the kinetic fractionation

 of CO2         outgassing is assumed to be 14.7%. The source contributions−

      to riverine DIC can be calculated using:

δ13C DIC  = δ13 C carb    × a + δ13 Cbio   × b −δ 13 C out   × c, 5ð Þ

      a b c+ + = 1 , ð Þ6

 where δ
13

C carb  , δ
13

C bio   , and δ
13

C out      are the carbon isotopic values of

 carbonate (DIC carb    ), biological carbon (DICbio   ), and CO 2 outgassing,

          respectively; and are the proportions of carbon from carbonatea b

          and biological carbon sources, respectively; and is the proportion ofc

   carbon loss by CO2      outgassing. Considering the occurrence of carbon-

        ate precipitation, the contribution of biological carbon would be

underestimated.

B a s e d o n t h e c al cu l a t i o n , D IC l o s s b y C O 2 o u t g a s s i n g

           d e c r e a s e s f r o m 8 % i n t h e l o w - f l o w c o n d i t i o n s t o 6 % i n t h e h i g h -

         f l o w c o n d i t i  o n s , w h i c h c o u l d b e b e c a  u s e t  h e w a t e r - g a s e x c h a n g  e i s

     l o w e r i n t h e h i g h - f l o w s e a s o n t h a n t h a t i n t h e l o w - f l o w s e a s o n

          ( F i g u r e 9 a ) ( D o c t o r e t a l . , 2 0 0 8 ; M c C l a n a h a n e t a l . , 2 0 1 6 ; S c h u l t e

          e t a l . , 2 0 1  1 ; Z h a n g , Q u a y , & W i l b u r , 1 9 9 5 ) . M o r e o v e r , t h e c o n t r i  -

  b u t i o n o f D I C c a r b        r a n g e s f r o m 3 8 % i n l o w - f l o w c o n d i t i o n s t o 3 0 %

           i n h i g h - f l o w c o n d i t i o n s , w h i c h c o u l d b e d u e t  o t h e f a s t k i n e t i c s o f

     c a r b o n a t e d i s s o l u t i o n . T h e c o n t r i b u t i o n o f D I C b i o  i n c r e a s e s f r o m

         5 4 % i n l o w - f l o w c o n d i t i o n s t o 6 4 % i  n h i g h - f l o w c o n d i t i o n s , w h i c h

        p r e s e n t s a s t r o n g l i n e a r r e l a t i o n s h i p w i t h t h e d i s c h a r g e c h a n g e ,
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  i n d i c a t i n g t h a t D I C b i o       i s t h e d o m i n a n t c o n t r o l l e r o f t h e c h e m o s t a t i c

         b e h a v i o u r o f t h e t o t a l r  i v e r i n e D I C w i t h i  n c r e a s i  n g d i s c h a r g e , i n

            l i n e w i t h p r e v i o u s s t u d i e s ( L i e  t a l . , 2 0 1 0 ; Z  h o n g , L i , T a o , D i n g , &

        L i u , 2 0 1 7 )  . T h e r e f o r e , r a i n w a t e r i n f i l t r a t e s t h e s o i l a n d f l u s h e s

 e x c e s s i v e D I C b i o         i n t o t h e r i v e r , l e a d i  n g t o a n i n c r e a s e i n D I C b i o i n

       t h e h  i g h - f l o w s e a s o n ( F i g  u r e 9 a ) . A l t h o u g h D I C c o n c  e n t r a t i o n s

       s h o w s t r o n g c h e m o s t a t i c b e h a v i o u r i n r e s p o n s e t o h y d r o l o g i c a l

         v a r i a b i l i t y , t h e c o m p o s i t i o n o f D I C i s m a r k e d l y a f f e c t e d b y c h a n g -

         i n g c l i m a t e c o n d i t i o n s . A d d i t i o n a  l w o r k i s r e q u i r e d t o b e t t e r d e l i n -

     e a t e t h e i s o t o p e f r a c t i o n a t i o n d u r i n g C O 2   o u t g a s s i n g , w h i c h c a n

       i n f l u e n c e D  I C t r a n s p o r t a t i o n a n d t h e g l o b a l c a r b o n c y c  l e .

  5 | C O N C L U S I O N S

        This study investigated the biogeochemical processes of dissolved sol-

         utes and carbon dynamics under various hydrological conditions in a

         monsoonal river in South China. Carbonate weathering is the fore-

       most contributor of dissolved solutes, showing stronger chemostatic

          behaviour than silicate weathering in the Yu River in response to

       hydrological changes. A strongly negative relationship was observed

          between the ratios of the total chemical weathering rate versus the

          physical erosion rate and the changing levels of discharge in this

         study. This correlation can be attributed to the increased erosion

     F I G U R E 8 The relationships between δ
13

CDIC              values versus (normalized discharge) (a), (normalized temperature) (b) and DIC (c) forNQ NT ∆

     Yu River in the hydrological year

   F I G U R E 9 The contribution

  proportion of DICbio  and DIC carb

    endmembers to riverine DIC in

     the high-flow season and in the

     low-flow season for the Yu River

    (a). The concept model for

     riverine DIC cycle in this study

    river in the low-flow season

      (b) and in the high-flow season (c)

   LIU .ET AL 2789

10991085, 2020, 34, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
. By C

A
S - C

hengdu Library- on [20/10/2021]. R
e-use and distribution is strictly not perm

itted, except for O
pen A

ccess articles



          intensity in response to the high discharge promoted by the mon-

       soonal climate conditions. Under high-flow conditions, the near-

        chemostatic behaviour of carbonate weathering may be ascribed to

     the fast kinetics of carbonate dissolution.

      Furthermore, under high-temperature conditions, the increase of

     photosynthesis and respiration would shift δ13 CDIC   to more negative

          values in the high-flow season than those in the low-flow season.

           IsoSource was used in this study to trace the carbon sources, demon-

          strating that biological carbon is the predominant controller of the riv-

         erine DIC. Therefore, the carbon isotopic compositions have a higher

          sensitivity than that of the DIC content in response to changing

      hydrological conditions. Additionally, time-series sampling and ana-

         lyses in various climatic and geographic regions are needed, which

        could provide a better understanding of chemical weathering pro-

        cesses and riverine carbon dynamics resulting from global climate

change.
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