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Abstract The negative feedback between chemical weathering and climate is hypothesized to act as an
important control on modulating atmospheric CO, over geologic timescales, affecting the evolution of
Earth's climate over the history of Earth. Here, we investigated solute production processes by analyzing
concentration-discharge, denoted here as concentration-runoff (C-q), relationships of Chinese monsoonal
rivers, through both the empirical power law relationship and a recently developed Solute Production
Model. We found that solute concentrations were highly modulated by hydrologic conditions which shifted
the Damkohler number, Da, the ratio of fluid transit time versus the time required to reach equilibrium.
Additionally, the among-catchment behavior of HCO3;™ responding to changing runoff was correlated with
the average Da of each catchment. Rivers with high average Da induced high maximum weathering fluxes,
while the maximum weathering potential was primarily controlled by the Damkohler coefficient (Dw,
m/yr), the reactivity of the material in the weathering zone over a given length scale, among the catchments
in this study. Globally, HCO;~ behaviors and weathering characteristics are highly influenced by carbonate
bedrock distributions and abundance. In addition, Chinese monsoonal rivers have higher weathering
fluxes, weathering potential, and climate-weathering feedback sensitivity (4.4%/°C) than most other
global rivers. Our work disclosed the mechanisms that link runoff, lithology, and weathering fluxes in
monsoonal rivers and analyzed the controlling factors on solute dynamics on global scale, which can be
implemented in exploring the chemical weathering processes under ongoing global climate change.

Plain Language Summary Continental weathering controls many aspects of the surface-Earth
system, including imposing negative feedback on long-term carbon cycle. In this study, empirical power
law relationship and process-based Solute Production Model (SPM) were used to disclose solute production
and transport processes based on temporal sampling and analyses from Chinese monsoonal rivers.

We found that high dissolution rates and high reactive surface areas led to solute concentrations that were
relatively invariant with changing runoff. Additionally, the among-catchment behavior of HCO3™~
responding to changing runoff was correlated with the average ratio of fluid transit time versus the time
required to reach equilibrium of each catchment. Globally, the areal proportion of carbonate controls the
HCO;™ dynamics and weathering potential. The climate-weathering feedback sensitivity is 4.4%/°C for
Chinese rivers, which is much stronger than the global average sensitivity of 3.6%/°C, based on the SPM.
In this work we demonstrated that the solute transport fluxes of Chinese monsoonal rivers will be more
sensitive to hydrologic variabilities than most other global rivers under ongoing anthropogenic global
climate change. Our conclusions highlighted chemical weathering processes under various hydrologic
conditions and illustrated how chemical concentration patterns and weathering fluxes may change under
global climate change in rivers worldwide.

1. Introduction

Continental weathering controls many aspects of the surface-Earth system. This includes imposing negative
feedback on the geologic carbon cycle (e.g., Berner et al., 1983; Walker et al., 1981; West, 2012; Winnick &
Maher, 2018), shaping the Earth's surface as a component of denudation (Dixon et al., 2012; West et al., 2005),
and transferring chemical species from the land to the oceans (Amiotte Suchet et al., 2003; Gaillardet
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etal., 1999; Stallard & Edmond, 1981), and in doing so it helps regulate the Earth's climate over geologic time
(e.g., Berner & Caldeira, 1997; Caves Rugenstein et al., 2019; Maher & Chamberlain, 2014). Numerous
studies have shown that chemical weathering fluxes are sensitive to multiple climate variables, such as
runoff (q, defined herein as discharge [Q]/drainage area [A], also sometimes described as specific
discharge), precipitation, and temperature (e.g., Gaillardet et al., 1999; Goudie & Viles, 2012; Ibarra
et al., 2016; Li et al., 2016; Zhong et al., 2018). Consequently, the interplay between climate variabilities
and chemical weathering reactions in catchment systems acts as an important control in shaping the
Earth's surface carbon cycle (e.g., Maher & Chamberlain, 2014; Winnick & Maher, 2018; Zhong
et al., 2018). Hydrologic regulations are proved as a critically important driver of chemical weathering
fluxes, as they shift chemical weathering fluxes by changing the reactive surface area and influencing the
rate at which the dissolved loads in waters approach thermodynamic equilibrium (Ibarra et al., 2016;
Maher, 2010, 2011; Raymond, 2017; West et al., 2005). Importantly, the role of hydrology on chemical
weathering is thus readily apparent from measurements of major ions, derived primarily from chemical
weathering reactions, in the form of concentration-discharge relationships, which rarely show simple
dilution with increasing runoff. Rather, many ions show close to “chemostatic” behavior (i.e., constant
concentration with changing runoff) (Godsey et al., 2009; Ibarra et al., 2016, 2017; Moon et al., 2014;
Zhong, Li, Tao, Yue, et al., 2017).

Given these past advances in our understanding of the processes involved, further understanding the control
of hydrological processes on water chemistry and the source of measured chemical species is imperative for
understanding the effects of future changing climate on chemical weathering (Bhatt et al., 2018; Hunsaker &
Johnson, 2017) and applying these relationships to our understanding of the geologic carbon cycle over the
history of the Earth (Ibarra et al., 2016; Maher & Chamberlain, 2014; von Blanckenburg et al., 2015).
Previous work has demonstrated that concentration-discharge relationships, denoted herein as
concentration-runoff (C-q), varies substantially between different elements (Ibarra et al., 2016; Torres
etal., 2015; Zhong, Li, Tao, Yue, et al., 2017), different catchments (Musolff et al., 2017, Wymore et al., 2017),
and over different timescales (Joesoef et al., 2017), providing insights into physical, chemical, and biological
processes controlling C-gq relationships (Clow & Mast, 2010; Thompson et al., 2011; Torres et al., 2015).
Consequently, investigating the C-q relationships for various elements on multiple spatial and temporal
scales may provide important inferences for understanding the controls of lithology and climate on chemical
weathering (Baronas et al., 2017; Ibarra et al., 2016; Maher & Chamberlain, 2014; Torres et al., 2015; Zhong
et al., 2018).

Chinese rivers show higher weathering rates than most other global rivers (Gaillardet et al., 1999), and mon-
soonal climate induces asymmetric seasonal precipitation in the Chinese monsoonal regions. Therefore,
chemical weathering processes in Chinese river basins are affected by a complex suite of Earth surface pro-
cess (e.g., hydrological process). However, the effects of hydrologic variabilities on chemical weathering and
the controlling mechanisms in Chinese monsoonal regions remain unclear. This study used a process-based
Solute Production Model (SPM) (Ibarra et al., 2016; Maher & Chamberlain, 2014; Wymore et al., 2017) and
empirical power law relationships (Godsey et al., 2009; Torres et al., 2015; Zhong et al., 2018) for
investigating the solutes’ dynamics in Chinese monsoonal rivers that may explain the response of chemical
weathering processes to various hydrologic conditions for monsoonal rivers. This study was conducted to
evaluate (1) the nature and causes of major ions' C-q relationships for monsoonal rivers, (2) the controlling
factors (i.e., lithology and runoff) of chemical weathering for different rivers, and (3) the potential
climate-weathering feedback sensitivity to global climate change and the controlling mechanisms.

2. Material and Methods

2.1. Site Descriptions and Data Sources

The three river basins considered in this study are the Yellow River (YR), the Changjiang River (CR), and the
Pearl River (PR). We also compared these data to results from the global rivers data set reported by Ibarra
et al. (2017) and Moon et al. (2014). In this study, the outlets of the YR (Lijin station, YR @ Lijin), the CR
(Datong station, CR @ Datong), and site at the middle mainstream of the CR (Qingxi station, CR @
Qingxi) were sampled, and major ions were analyzed in this study (Figure 1a, red circles), the methods of
which were the same as those of Zhong, Li, Tao, Ding, et al. (2017). Published data sets of other sites in
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(a)

Figure 1. Maps of sites in this analysis. (a) The red circles represent the data sets of sampling in this study, and the purple circles are from compilations of others'
study. (b) Sites of analyses of the global rivers data set from Ibarra et al. (2017) and Moon et al. (2014).

these three river basins were compiled from previous studies (Figure 1a, purple circles), which included
Longmen station at the YR (YR @ Longmen, Zhang et al., 2015), Chuxiong station at the Longchuan
River (Li et al., 2011), Gaochang station at the Min River (Zhong, Li, Tao, Ding, et al., 2017), Wulong
station at the Wujiang River (Zhong, Li, Tao, Yue, et al., 2017), Zhexiang station at the Hongshui River
(Liu et al., 2017), and Wuzhou station at the PR (PR @ Wuzhou, Zhong et al., 2018).

The sampling regime for the study rivers presented here included time series sampling over the following:
YR @ Lijin (February 2015 to February 2016; n = 16), CR @ Datong (January 2015 to February 2016;
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n =22), CR @ Qingxi (January 2015 to February 2016; n = 15), YR @ Longmen (January 2013 to December,
2013; n = 60), Longchuan River (September 2007 to August 2009; n = 48), Min River (November 2013 to
October 2014; n = 27), Wujiang River (November 2013 to October 2014; n = 34), Hongshui River
(October 2013 to September 2014; n = 12), and PR @ Wuzhou (October 2013 to September 2014; n = 38).
The lithological and climatic details of these sites analyzed in this study were described in the supporting
information.

2.2. Methods: Power Law Fitting and SPM

In order to express the temporal variabilities of solutes in the river system, the ratio of coefficient of solute
concentration variations versus runoff variations are implemented (Musolff et al., 2017; Thompson
et al., 2011; Zhong et al., 2018) as

CVe/CVy = (“q/ﬂc) X (8c/8q) @

which is derived from mean (u) and standard deviation (6). In the case of chemostatic behavior, CV/CV,
would be near to 0 (Musolff et al., 2017). Power law fitting of C-q relationships was revived by Godsey
et al. (2009) by analyzing the data of small basins in the U.S. Hydrology Benchmark Network.

C; (solute concentration) = a X (g; (runoff))” )

where a and b are constants. Because solutes' concentrations always do not keep pace with water flow, the
power law exponent (b) can be used to express the solutes’ behaviors in response of hydrologic changes
(Rose, 2003; Wymore et al., 2017). When b is near to 0 (i.e., —0.2 < b < 0.2), the solute would display che-
mostatic behavior responding to the changing runoff (Godsey et al., 2009; Torres et al., 2015; Wymore
et al., 2017). Particularly, when b is 0, solute would behave totally chemostatically; that is, the solutes keep
concentrations constant as runoff changes. Positive b values (i.e., b > 0.2) are defined as displaying enrich-
ment behavior, and negative b values (i.e., b < —0.2) are defined as displaying dilution behavior (i.e.,
source limited) (Godsey et al., 2009; Zhong et al., 2018). In addition, b value of —1 would indicate that
solute's concentrations change inversely with discharge; that is, approximately constant fluxes of solutes
are diluted by increasing fluxes of water.

In order to decipher the complex weathering processes, the SPM was newly proposed by Maher and
Chamberlain (2014) based on the solute production equation. The model links weathering processes to both
the reactivity of the weathering zone and the specific runoff, as well as the fluid transit time distribution
through a given catchment (Maher & Chamberlain, 2014; Wymore et al., 2017), which is shown as

C = Co/(1+Dw/q) + Cpax X (Dw/q)/(1 + Dw/q) 3

where Cj is the initial solute concentration, Dw (m/yr) is the Damkdhler coefficient, and C,,4y is the the-
oretical maximum solute concentration, impacted by a “thermodynamic limit,” all of which are estimated
by nonlinear fitting of C and q (Ibarra et al., 2016; Maher & Chamberlain, 2014; Wymore et al., 2017). Note
that here we followed Ibarra et al. (2016) and used the version of the SPM that did not include the expo-
nential scaling factor used in Maher and Chamberlain (2014). C, is the initial solute concentration, which
is derived from atmospheric deposition and hydrothermal or deep groundwater inputs and is independent
of runoff (Ibarra et al., 2016; Wymore et al., 2017). For most catchments, the C, is assumed to be 0, so
Equation 1 can be simplified as below:

C = Ciax X (DW/q)/(1 4+ Dw/q) = Cpax X Dw/(q + Dw) )

The analyses of C-q relationships were carried out in this study to derive the Dw and C,,,, values using
time series (at least 1 year) data set on individual sample sites (e.g., Ibarra et al., 2016, 2017;
Wilostowski et al., 2018; Wymore et al., 2017). A nonlinear least squares fitting was applied in this study
to derive the Dw and C,,, values by using the Gauss-Newton algorithm (nls2-function of program R)
(CRAN, 2018; Grothendieck, 2013), used by modifying the R scripts published by Ibarra et al. (2016).
The Gauss-Newton method successively iterated the estimate to minimize the square of errors between
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the model prediction and the input data set that produces the best fit by optimization (Bhatt et al., 2018;
Ibarra et al., 2016).

Within the solute production modeling framework, Damkdhler number (Da), a dimensionless number,
represents the ratio of the fluid travel time (T} [yr]) versus the time required to reach equilibrium (T,
[yr]) (Ibarra et al., 2016; Maher, 2010, 2011; Maher & Chamberlain, 2014; Wlostowski et al., 2018):

Da = Tf/Teg = Ry X L X @/(q X Crnax) ©)

where R, (umol/L) is the net mineral dissolution rate, L (m) is the flowpath length, @ is the effective por-
osity, and L being multiplied by @ represents the reactive flowpath length (L®) (Ibarra et al., 2016;
Wlostowski et al., 2018). Theoretically, when Da > 1, Ty is longer than T,,, implying that the reactivity
of weathering zone controls the solute concentrations (Ibarra et al., 2016; Maher, 2010, 2011; Maher &
Chamberlain, 2014; Wlostowski et al., 2018). Da can be driven by changes in travel time or equilibrium
time; thus, Da is nonunique in a certain catchment. As Dw was defined as Dw = L X &/ Teq» Da
(Da = Dw/q) can be calculated from the fitted Dw values of sampling sites and the given specific runoff
conditions for each sample. Equation 3 can thus be simplified as (see derivation in Maher and
Chamberlain (2014)):

C = Cpax X (Da) /(1 4 Da) (6)

Theoretically, when Da is equal to 1, the Tyis enough to saturate and equal to T4, and g approaches Dw.
When the Da value is higher than 1, this thereby indicates that Tyis much longer than T,, (Wlostowski
et al., 2018). In the calculation, the Ty means the average transit time (Maher & Chamberlain, 2014), and
Ty must be much higher than T, by a factor of approximately 15 for a C-q relationship to be chemostatic
(Ibarra et al., 2016). In reality, Trin the large catchment represents an ensemble of water travel times which
can be represented by a probability density function (pdf) (Maher & Chamberlain, 2014). For the derivation
of the SPM model, Maher and Chamberlain (2014) used the travel time pdfs to describe the movement of
water and solutes in large catchments, without the need to specify the spatial hydrologic and morphological
heterogeneity (Maher & Chamberlain, 2014). Although the detailed patterns of the catchments are not
known, the stochastic representation of travel times has the advantage of working in heterogeneous catch-
ments (von Blanckenburg et al., 2015; Blschl & Sivapalan, 1995; Maher & Chamberlain, 2014). Therefore,
the SPM model can be used in large catchments (details of derivation in supplementary materials of Maher &
Chamberlain, 2014).

2.3. Chemical Weathering Calculations

The weathering fluxes are calculated from C by multiplying by q (WF = q x C, ton/km?/yr), which can be
modified as

WF = g X Cypax X (DW/q)/(1 +Dw/q) = q X Cpax X Da/(1 + Da) (7)

Higher Dw and C,,, values result in a higher theoretical maximum weathering fluxes (WF,,,4,) value, which
can be calculated through WF,,,,, = Dw X C,4, indicating water spending sufficient time to reach equili-
brium with minerals (Ibarra et al., 2016; Maher & Chamberlain, 2014). For a given mean observed WF
(WF,ps), we can calculate the normalized weathering intensity:

NWI = WF yps X 100% / WF . = 100% /(1 + Da) (8)

For a given mean WF,,, the difference between WF,,,, and WF,,; was defined as the absolute weathering
potential of a catchment (AWP = WF,,,o — WF,ps). The normalized weathering potential (WP,,,,,) is used to
represent the future weathering potential under ongoing climate change (Ibarra et al., 2016), which is
defined as
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WPorm = AWP X 100/ WF pax = (WFmax — WFops) X 100/ WF yax )

3. Results

3.1. Runoff Characteristics and Spatial Variations of Major Ions

The runoff values for the data sets analyzed here, in decreasing order were Wujiang River > PR @ Wuzhou >
Minjiang River > CR @ Datong > Hongshui River > CR @ Qingxi > Longchuan River > YR @ Longmen >
YR @ Lijin (Table 1). Higher runoff was observed in rivers located in south China, such as the Wujiang
River, PR @ Wuzhou, and the Min River (Table 1 and Figure 1). The basins in the CR and the PR showed
high runoff with large seasonal variations (Table 1). Contrarily, the runoff in the two stations of the YR
was the lowest in these analyzed sites (Table 1).

Mean flow-weighted concentration (Cy), which was defined as Y(¢; X C;)/D.q; (Godsey et al., 2009;
Hunsaker & Johnson, 2017), was used here to express the solute concentrations normalized by the variations
in hydrologic conditions. For the Nat, the highest Cy, was observed in YR @ Lijin (4,491 umol/L), followed
by YR @ Longmen (3,971 umol/L), both of which were located in the YR (Table 1). The lowest Cy, of Na*
was observed in the PR @ Wuzhou (100 pwmol/L, Table 1), whose characteristics were similar to Cl™.
Compared with Na™, the Cy, of HCO;™ and Ca®" in these rivers varied in a narrow range, from 1,576 to
3,489 umol/L and from 824 to 1,538 pmol/L, respectively (Table 1). The highest Cy, values of HCO;™,
Ca”** and Mg** were observed in YR @ Longmen and Lijin, and Wujiang River showed the lowest Cy, values
(Table 1). For K*, the highest Cy, value was observed in the Longchuan River, which was twice of that in YR
@ Longmen and Lijin, and fourfold to fivefold of other sites (Table 1). Finally, the Cy, values of SO,*"in YR
@ Longmen and Lijin showed the highest values, followed by the Wujiang River and the Hongshui River,
with the lowest value in the PR @ Wuzhou (Table 1).

3.2. Temporal Variations of Major Ions and C-q Relationships (Power Law and SPM Fits)

HCO;™, Mg2+, and Ca®" showed the lowest CV/ CV, ratios (Table 1), with the CV/CV,, ratios of HCO3™~
varying from 0.05 in the Wujiang River of karst areas to 0.38 in YR @ Longmen (Table 1). The lowest
CV¢/CV, ratio of Ca®* was observed in YR @ Lijin, and the highest value occurred in the Wujiang River,
similar to Mg>* (Table 1). For the Na* and C1™, although the CV/ CV, ratios in most sites had higher ratios
(Table 1), these ratios in YR @ Lijin showed lower values. The CV/CVj, ratios of K* varied in a narrow
range, from 0.16 to 0.31, except in the PR @ Wuzhou (0.53) (Table 1). PR @ Wuzhou had the highest
S0, 2 -CV/ CV, ratio of 0.61, and others showed similar CV/CVj, ratios, besides YR @ Lijin which showed
the lowest value (Table 1).

Most ions showed significant temporal variations, with higher concentrations during low-flow (base-flow)
seasons and lower values during high-flow seasons (Figure 2). The C-q fits of Ca®*+Mg**, Na*, HCO;™,
and total dissolved solids (TDS) for all the catchments compiled in this study were reported in Table 2,
and power law fitting and SPM were used in this study. The b values of Ca**+Mg>* ranged from —0.19 to
—0.041, and b values of HCO3;™ varied from —0.20 to —0.030, with the lowest value for both HCO3™ and
Ca®*4+Mg** occurring in YR @ Lijin (Table 2). The b values of Na* varied from —0.48 to —0.058, with the
lowest and highest values located in CR @ Datong and YR @ Lijin, respectively (Table 2). TDS showed simi-
lar b value ranges as Ca*t+ Mg2+, varying from —0.19 to —0.045 (Table 2). The C,,qy values from the SPM
showed similar trend as the Cw values for the complied catchments (Table 2), and the highest values were
observed in the locations of the YR. The Ca2++Mg2+, HCO3 ™, and TDS had wide Dw values, with the Dw
values ranges of 0.40 to 20.73, 0.22 to 47.26, and 0.42 to 18.37, respectively (Table 2). And for Ca**+Mg>*,
HCO;™, and TDS, the lowest Dw values were observed in the YR @ Longmen, and the highest Dw values
occurred in Wujiang River (Table 2). But the Dw values of Na* had a narrower range, from 0.42 to 2.56
(Table 2). Goodness of fit criteria analyzing residuals showed that the root-mean-square error (RMSE) values
for the SPM and power law fits are similar for all these solutes (supporting information Table S1). Based on
the SPM, the HCO3 ™ -WF,,,4, values could be calculated, ranging from 1.02 X 10° to 119.19 x 10° mol/km?/yr
for these Chinese monsoonal rivers, with the lowest and the highest value occurring in YR @ Longmen and
Wujiang River, respectively.
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Table 1
The Characteristics of Runoff and Major Ions of the Chinese Monsoonal Rivers

Runoff ca*t Mg2+ Na® Kt HCO5; S04%~ Cl™

(m/yr) (pmol/L) (pmol/L) (umol/L) (pmol/L) (umol/L) (umol/L) (umol/L) Lithology

CV¢/ CV¢/ CVe/ CV¢/ CV¢/ CV¢/ CVc/ Carbonates

Sampling sites Min Max Cw CVq Cw CVq Cw CVy Cw  CVy Cw Vv, Cw CVq Cw CV,  proportion
Yellow River (YR)
YR @] ongmen 0.011 0.15 1,538 029 1,220 0.28 3,972 031 107 0.20 3,498 038 1419 030 2,619 0.39 0.21
YR @ lijin 0.0046 0.12 1,427 0.05 1,171 0.12 4491 0.12 102 0.16 3,272 011 1700 0.07 2,998 0.13 0.29
Changjiang River (CR)
CR @ datong 0.31 145 918 0.25 292 0.31 431 0.65 58 0.31 1740 0.15 325 0.36 320 0.69 0.44
Min River 0.28 226 939 0.13 321 0.35 304 0.62 52 023 1920 0.12 302 0.33 180 0.57 0.38
CR @ qingxi 0.16 0.99 1,117 0.15 409 0.15 547 0.32 57 023 2,190 0.09 429 0.21 374 0.38 0.50
Wujiang River 0.13 542 1,335 0.11 396 0.14 167 0.43 41 0.17 2,393 0.05 446 0.27 126 0.40 0.98
Longchuan River 0.0132 1 1,232 0.17 244 0.20 495 021 208 0.29 2,868 0.10 294 0.17 225 0.27 0.32
Pearl River (PR)
PR @ wuzhou 0.165 235 824 0.41 168 0.46 100 0.78 38 0.53 1,576 0.37 142 0.61 104 0.55 0.67
Hongshui River 0.3 1.49 1,072 0.23 455 0.19 240 043 47 022 2276 0.28 429 0.32 145 0.29 0.87

4. Discussion
4.1. Drivers of the C-q Relationships

Various ions showed different behaviors responding to changing runoff conditions, and the same ion among
different catchments displayed different behaviors in response of runoff changes, both of which can be iden-
tified by CV/CV, ratios, b and Dw values (Tables 1 and 2; Figure 2). Spatial and temporal variations of major
ion concentrations and relevant fluxes are usually associated with differing hydrologic and lithological con-
ditions (Ibarra et al., 2016; Torres et al., 2015; Wymore et al., 2017). Significant spatial heterogenicities of var-
ious C-q relationships for the nine sites of Chinese monsoonal rivers were observed in this study (Figure 2).
Due to the abundance of loess deposits in arid and semiarid climates (Chen et al., 2005), most ions in the YR

Ca?*+Mg* (umol/L)

HCO;(umol/L)

10*
(a)
1031
102
107 107! 10° 10!
Runoff(m/yr)
10*
(©
10%4
10? . . .
102 107 10° 10!
Runoff(m/yr)

10°

—_
(=]
S

)
:%103 A YR @ Lijin
>~ Changjiang River (CR)
z 5 O CR @ Datong
1071 O Min River
O CR @ Qingxi
10! . . . O Wujiang River
102 107 10° 10! O Longchuan River
Runoff(m/yr) Pearl River (PR)
) O PR @ Wuzhou
] Hongshui River
~ 101
Q
=
&
72}
=
1071

Solute Production Model
Yellow River (YR)
A YR @ Longmen

102

10

1

10°

Runoff(m/yr)

Figure 2. Concentration versus runoff for (a) Ca2+, (b) Na*t, (c) HCO3 ™, and (d) TDS for Chinese monsoonal rivers, and
fit of the solute production equation (Maher & Chamberlain, 2014).
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Table 2
Power Law and SPM Fits for C-q Relationships in Chinese Rivers, With the Model Parameters a, b, Cy,qy, and Dw
a (umol/L or mg/L) b

Ca2+ Ca2+
Sampling sites +Mg®t Std Na® Std HCO;~ Std TDS Std +Mg®t Std  Nat  Std HCO;~  Std TDS  Std
Yellow River (YR)
YR @ longmen 2,245 224 3,385 387 2,497 328 518 53 —0.081 0.031 —-0.064 0.036 —0.133 0.040 —0.077 0.032
YR @ lijin 2,303 191 3,801 447 3,040 372 581 49 —0.041 0.020 -0.058 0.028 —0.030 0.030 —0.045 0.020
Changjiang River (CR)
CR @ datong 1,182 18 412 20 1721 23 200 3 —0.188 0.026 —0.444 0.077 —0.078 0.026 —0.168  0.027
Min River 1,284 19 321 16 1961 12 212 2 —-0.125 0.020 -0.481 0.060 —0.099 0.0088 —0.138 0.016
CR @ qingxi 1,400 72 464 62 2077 59 238 10 —0.107 0.038 —0.179 0.096 —0.072 0.021 —0.097 0.031
Wujiang River 1803 20 192 6 2,446 13 274 3 —0.082 0.010 -0.355 0.026 —0.037 0.0053 —0.086 0.011
Longchuan River 1,219 66 393 40 2,488 69 245 7 —0.149 0.018 —0.157 0.033 —0.106 0.095 —0.113  0.010
Pearl River (PR)
PR @ wuzhou 1,029 27 106 4 1,624 40 160 4 —0.144 0.031 -0.372 0.037 —-0.121 0.033 —0.144 0.033
Hongshui River 1,503 51 236 22 2,210 110 240 10 —0.131 0.047 —0.221 0.12 —0.198 0.067 —0.187 0.056

were higher than those in the CR and the PR (Table 1 and Figure 2). The b values of Na™ from power law
equations were more negative than those of Ca®*+Mg>*, HCO5™, and TDS in the CR and the PR (Figure
S1b and Table 2), due to a greater dilution effect of ions derived primarily from silicate weathering. The near
to 0 b values of Ca>*+Mg** and HCO;~ were likely due to the regulation on concentrations of carbonate
dissolution and precipitation (Zhong, Li, Tao, Yue, et al., 2017; Zhong et al., 2018) and
near/oversaturation with respect to carbonate minerals observed in many river waters (e.g., Gaillardet
etal., 2018; Ibarra et al., 2016; Zhong, Li, Tao, Yue, et al., 2017). Most of the b values from the YR were much
closer to 0 than those from the CR and the PR (Table 2). Just from inspection of the b values, it is evident that
these ions from the YR exhibited significant chemostatic behaviors for the present hydrologic conditions
(Figure S1b and Table 2).

Power law fitting can be used to describe the solutes' behaviors but does not directly quantify reactive trans-
port processes. The fitting of the SPM was employed here to capture the solute production processes
responding to changing runoff (Ibarra et al., 2016; Maher & Chamberlain, 2014), which can also provide
an alternative approach for parameterizing weathering processes (Ibarra et al., 2016). Derived from SPM,
solute concentrations can be expressed as a function of Da (Equation 6; Figure S2). Because higher Dw
values afford a wider range in runoff change before maximum solute flux is reached, systems with low
Dw values exhibit stronger dilution with increasing runoff compared to catchments with high Dw values
(Figure S2; Ibarra et al., 2016; Maher & Chamberlain, 2014). Dw values in YR @ Longmen and YR @
Lijin showed the lowest values for nearly all dissolved solutes (Table 2), which may be due to the arid and
semiarid climate with low runoff in the YR catchment (Chen et al., 2005). For HCO;™, Ca2++Mg2+, and
TDS, Dw values in locations of the CR and the PR showed high values (Table 2), suggesting that stable con-
centrations are maintained over large runoff variations. Carbonate is widely distributed in the CR and the PR
catchments, and the high Dw values are consistent with fast dissolution and precipitation kinetics (e.g.,
Gaillardet et al., 2018; Tipper et al., 2006; Zhong et al., 2018). Although b values of Na* and TDS in the
YR were near to 0, Dw varied in a narrow range, with low values, demonstrating that these ions showed che-
mostatic behaviors under the present hydrologic conditions, but might display strong dilution effects
responding to future potential sustained increasing runoff.

4.2. Global Control of HCO;~ Dynamics and Weatherability

There was a negative relationship between HCO3; ™ CV/CV, and the average Da of HCO;~ (HCO5™ Dayg,,) for
global rivers (Figure 3a), suggesting that high HCO3™-Da,,,. induces relatively stable HCO;™ concentrations.
Fast carbonate weathering kinetics always accompany high HCO5™-Da,,. values (i.e., short T,,) and stable
temporal HCO;~ concentrations. We also observed a positive correlation between HCO3 -b values and
HCO3™-Dag,,. values for global rivers (Figure 3b) analyzed by Ibarra et al. (2017) and Moon et al. (2014).
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Table 2
Continued

Cmax (umol/L or mg/L) Dw (m/yr)
Sampling sites ca®"+Mg®t Std Na® Std HCO;~ Std TDS Std Ca’+Mg®™ Std Na® Std HCO;~ Std  TDS  Std
Yellow River (YR)
YR @ longmen 3,274 138 4,569 221 4,657 328 742 32 0.40 0.14 051 0.23 0.22 0.067 042 0.15
YR @ lijin 2,833 79 5,109 199 3,584 143 729 20 0.65 033 042 0.21 0.64 0.45 0.57 0.26
Changjiang River (CR)
CR @ datong 1,568 63 931 132 1896 64 252 9 311 0.61 0.79 0.24 10.48 4.40 3.57 0.70
Min River 1,487 50 787 106 2,223 35 252 7 7.59 203 0.72 0.21 8.87 1.26 6.30 1.27
CR @ qingxi 1739 78 655 75 2,419 56 289 11 3.88 1.81 256 2.23 5.29 1.66 4.35 1.86
Wujiang River 1931 45 406 33 2,522 26 295 7 20.73 6.45 097 0.20 47.26 12.83 18.37 5.02
Longchuan River 2,113 58 675 34 3,616 58 364 6 1.19 0.18 0.88 0.35 1.19 0.18 1.12 018
Pearl River (PR)
PR @ wuzhou 1,357 82 233 20 2028 119 208 12 3.47 092 0.89 0.16 4.45 1.37 3.61  0.92
Hongshui River 1,862 94 344 53 3,049 250 326 21 4.28 147 220 146 2.72 1.09 287 094

Both of them indicate that high HCO5;™-Dag,,. values give rise to invariant HCO3™~ values responding to
changing runoff conditions, and higher HCO; -Da,,, and HCO; -b values were observed in Chinese
monsoonal rivers compared to global rivers (Figure 3b). This fast dissolution and precipitation kinetics of
carbonate minerals in the weathering zone appear to dominate the inorganic carbon transport in these
rivers.

Minerals with fast dissolution kinetics always have short timescales needed to approach equilibrium
(Gaillardet et al., 2018; Romero-Mujalli et al., 2018; Tipper et al., 2006; Zhong et al., 2018). There are high
area-normalized weathering rates in the rivers of south China, which might be caused by high reactivity
(Zhong et al., 2018). Although hydrology is important during high-flow conditions due to transport limita-
tion, thermodynamic equilibrium can also be affected by temperature (Gaillardet et al., 2018), as well as soil
pCO, (Romero-Mujalli et al., 2018; Winnick & Maher, 2018). During the monsoon seasons, high pCO, from
intense soil respiration, because of the wet and warm climate conditions, may also accelerate chemical
weathering rates (Romero-Mujalli et al., 2018). Therefore, waters near saturation with respect to net weath-
ering reactions result in weathering fluxes being controlled by mass transport laws rather than kinetic laws,
and thus, the transit time distribution of fluids is a critical control on WF (Ibarra et al., 2016; Maher, 2011;
Maher & Chamberlain, 2014).

The effect of HCO5;™ -Dag,,. on HCO3;™ -WF,,,,, Was assessed in Figure 4a, revealing a positive relationship
(Figure 4a). Highly affected by carbonate weathering, Chinese monsoonal rivers showed much higher
HCO3 -Dagye and HCO; ™ -WF,,,,, values than most other global rivers (Figure 4a). We found that the
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N »
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Figure 3. (a) The relationship between HCO3™ -CV/CVy and HCO3™ -Dagye; (b) the relationship between HCO3™ -b and
HCO3™ -Dagy,. Global data were from Ibarra et al. (2017) and Moon et al. (2014).
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Figure 4. (a) HCO3 -WF,,,qx as a function of HCO3 -Dagye; (b) HCO3™ -WPy,4,, as a function of HCO3™ -Dw. The
global data were from Ibarra et al. (2017) and Moon et al. (2014).

asymptote tended to ~10°, with the highest Cpnax X qave values in Wujiang River (Figure 4a). Both high (T})ave
and low T, would cause high HCO3™-Daygy., and high dissolution kinetics would cause low T,,. Therefore,
hydrologic conditions and reaction rates are the main controls on chemical weathering fluxes. Globally,
HCO;™ -WF,,q are significantly controlled by HCO3™ -Dagy., and high (Ty)ay./ Teq ratios would induce high
HCO; ™ -WF,,,0x. The positive slope of the HCO; -WP,,,,,, and HCO;™ -Dw relationship was reported in
Figure 4b and suggested that HCO3; ™ -WP,,,,, is highly affected by HCO;™-Dw. Generally, rivers with high
HCO;3™-Dw values produce high HCO;™ -WP,,,,,,. However, because g, was much lower in the YR than
most global rivers (see section 3), the HCO3;™-WP,,o,y, in the YR was much higher than the average trend line
of global rivers (Figure 4b).

The first factor to play a crucial role in weatherability is rock type, influencing the mineral susceptibility to
weathering (Amiotte Suchet et al., 2003; Gaillardet et al., 1999; Goudie & Viles, 2012). Changes in global
weatherability due to variations in runoff should be shaped by the distribution of bedrock (Ibarra et al., 2016;
Torres et al., 2015; Winnick & Maher, 2018). As carbonate is dominant in the CR and PR basins compared to
most global rivers, and the water chemistry of the YR is highly affected by loess distribution in the catch-
ment, higher ion concentrations were observed in Chinese rivers than most global rivers (Gaillardet
et al., 1999; Moon et al., 2014). Because of the faster dissolution kinetics compared to silicates, carbonate
weathering flux has a higher sensitivity to runoff variabilities (Tipper et al., 2006; Torres et al., 2015;
Zhong, Li, Tao, Yue, et al., 2017; Zhong et al., 2018). Furthermore, the CR and the YR originate from the
Qinghai-Tibetan Plateau, a tectonically active region. Mountainous regions are efficient chemical weather-
ing systems, because they result in high HCO3™-Da,,,, values and large discharge driven by orographic pre-
cipitation (Gaillardet et al., 2012; Maher & Chamberlain, 2014; West et al., 2005). Taken together, the climate
dependence of weathering fluxes tends to be much higher in Chinese rivers than most global rivers, which
we suggest is primarily due to fast dissolution kinetics.

Lithologic differences give rise to different ion concentrations in the river systems and variable weathering
fluxes of the Earth's surface (Amiotte Suchet et al., 2003; Gaillardet et al., 1999; Goudie & Viles, 2012). As a
peculiarity of the Earth versus other planets in the solar system (Gaillardet et al., 2018), carbonate rocks can
react with biological or atmospheric CO,, which represent a major component in global carbon cycling
(Gaillardet et al., 2018; Zhong, Li, Tao, Yue, et al., 2017). The areal proportion of carbonates in these
Chinese monsoonal rivers is much higher than most other global rivers (Figure 5). We find that areal propor-
tions of carbonates had positive correlations with HCO3 ™ -Dw and HCO3 ™ -Da,,,. (Figures 5a and 5b), which
is likely due to carbonate-rich catchments having short T, for HCO5™. Therefore, catchments with high
areal proportions of carbonates are always easy to supply HCO3™ to the river water under changing hydro-
logic conditions. Positive correlations between areal proportions of carbonates and HCO;™ -WF,,,, and
HCO;™-WF,,s were also observed in our data set (Figures 5c and 5d), indicating that high areal proportions
of carbonates induce high HCO;™ flux globally, because of the faster dissolution kinetics of carbonate rela-
tive to silicate (Gaillardet et al., 2018; Tipper et al., 2006; Zhong, Li, Tao, Yue, et al., 2017). Chinese
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Figure 5. Areal proportion of carbonates as a function of chemical weathering. The relationship between areal
proportion of carbonates and (a) HCO3™ -Dw, (b) HCO3™ -Dagye, (¢) HCO3™ -WF, 4y, and (d) HCO3z ™ -WF,p,. The areal
proportion of lithologic classes of Chinese rivers were from Hartmann and Moosdorf (2012), and the areal proportion of
lithologic classes and data of global rivers were from Moon et al. (2014).

monsoonal rivers in this study show stable HCO;~ concentrations responding to changing hydrologic
conditions and high area-normalized weathering rates compared to global rivers. These results confirm
that globally, carbonate weathering plays a controlling role in HCO;~ production and transport.

4.3. Implications for Quantifying Future Global Weathering Fluxes

The role of monsoonal rivers in the global weathering fluxes has important implications for understanding
the feedback of global climate change on Earth surface weathering (Meyer et al., 2017; Zhong et al., 2018).
Monsoonal systems delivery seasonally uneven rainfall and temperature regimes, which induce an asym-
metric distribution of discharge. Intense precipitation is usually accompanied by high air temperature
during the monsoonal seasons in Asia, inducing large increases in instantaneous chemical weathering rates
(Lietal., 2010; Zhong et al., 2018). Because of the fast kinetics of mineral weathering in Chinese monsoonal
rivers, water chemistry appears to reach equilibrium rapidly and exhibit chemostatic behaviors in response
to climate variabilities up to a point (Kim et al., 2017; Zhong, Li, Tao, Yue, et al., 2017). The temporal varia-
tions of HCO;3™ concentrations in Chinese monsoonal rivers will likely be more stable than most global riv-
ers as future river discharge increase (Pendergrass & Knutti, 2018; Figures 4a and 4b). Therefore, the solutes'
fluxes will be more sensitive to hydrologic conditions in Chinese monsoonal rivers than most global rivers.

Maher and Chamberlain (2014) demonstrated that chemical weathering is controlled by hydrologic regula-
tion, rather than directly by temperature. Although the climate model shows wide predictions, the increase
in global mean temperature (GMT) will intensify the hydrologic cycle (increase precipitation) and result in
attendant increases in runoff (Maher & Chamberlain, 2014; Manabe et al., 2004). The GMT sensitivities for
the hydrologic cycle are 6.8%/°C, 4.8%/°C, and 3.2%/°C for high-latitude, midlatitude, and low-latitude
regions, respectively (Manabe et al., 2004). Here, we used the runoff sensitivity of 4.8%/°C to estimate the
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Figure 6. Sensitivity of HCO3™ fluxes to GMT changes, which shows the

changes in HCO3 fluxes for a doubling runoff at present runoff conditions.
The global data were from Ibarra et al. (2017) and Moon et al. (2014), and the
data sets of basalt and granite rivers were from Ibarra et al. (2016).

changes in HCO3™ fluxes for GMT increase, so a doubling of runoff
was associated with a GMT increase of 20.8°C. Although HCO;™
fluxes were observed to be nonlinear over large temperature changes,
over a small change of runoff, the percentage changes of HCO;™
fluxes per GMT increase were assumed to be linear (Figure 6;
Maher & Chamberlain, 2014). Based on the assumption, we calcu-
lated the GMT sensitivity on HCO;™ fluxes (the percentage change
in HCO;™ flux per degree temperature increase) for present runoff
conditions. The GMT sensitivity is 4.4%/°C for the Chinese rivers,
which is much higher than the global average of 3.6%/°C
(Figure 6). The high GMT sensitivity on HCO;~ fluxes in Chinese riv-
ers is due to high Dw values which afford large changes of runoff
before achieving WF,,4x.

This SPM provides further insights into the sensitivity of chemical
weathering to future global climate change. Under the modern
ongoing global warming and attendant heavy precipitation, future
climate change will induce asymmetric changes in the distribution
of precipitation with disproportionately heavy rain (Pendergrass &
Knutti, 2018). Because Chinese monsoonal rivers show higher Dw
values and weathering potential than most other global rivers

(Figure 4b), they will be more sensitive to the asymmetric changes in the distribution of precipitation
(Pendergrass & Knutti, 2018). In other words, Chinese monsoonal rivers will play an increasingly important
role in CO, regulation via mineral weathering for future anthropogenic climate change. This study high-
lights the sensitivity of short-term climate variabilities on solute production and transport in Chinese mon-
soonal rivers. Predicting future long-term chemical weathering and aquatic ecosystem dynamics using
solute production modeling frameworks (such as the one employed in this study) will benefit understanding
how changing hydrology will impact solute generation regimes in the soil-regolith weathering zone.

The strength of Earth surface weathering feedback is crucial for global carbon cycling models used for pre-
dicting future atmospheric CO, concentrations (Clow & Mast, 2010; Gaillardet et al., 2018; Romero-Mujalli
et al., 2018) but is still highly uncertain at global scale. This study evaluated the weathering feedback pat-
terns (i.e., C-q relationships) in Chinese monsoonal rivers, providing insights into the high sensitivity of
weathering rates to hydrologic conditions in monsoonal regions. Moreover, additional specific studies are
needed to quantify the effects of climate variabilities on Earth surface weathering in monsoonal regions

globally.

5. Conclusions

This study provides insights into spatiotemporal variabilities of controlling factors on major ions in Chinese
monsoonal rivers using C-q relationships. We showed that solute concentrations were highly affected by
changing seasonal hydrologic conditions, quantified here using both power law relationships and a SPM.
Further, variations in C-q relationships were regulated by ion sources and lithology among Chinese monsoo-
nal rivers. Hydrologic flushing shaped the major ions' concentrations by changing the transit time, and the
weathering intensity increased with increasing discharge, due to increasing reactive surface area. HCO;™ in
Chinese monsoonal rivers showed higher chemostatic behaviors than most global rivers due to the domi-
nance of carbonate, and as a result weathering fluxes were more sensitive to global climate change than most
other global rivers. Rock type in the Chinese monsoonal river catchments plays a primary role in weather-
ability and the response of weathering fluxes to hydrologic variabilities. Furthermore, Chinese monsoonal
rivers will play an increasingly important role in CO, consumption via mineral weathering in response to
global climate change over the anthropocene. Under the conditions of climate warming and attendant
amplification of hydrologic cycle, Chinese rivers show much stronger sensitivity (4.4%/°C) than the global
average (3.6%/°C). However, the SPM does not include a direct climate-biology feedback, which plays a cri-
tical role on chemical weathering. Also, it remains out of reach in the present study to separate quantitatively
the effects of discharge and temperature on chemical weathering rates, both of which can affect soil pCO,, a
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critical factor in driving chemical weathering fluxes. Finally, the observations of this study emphasize the
effects of runoff and thus transit times on chemical weathering to provide key insights into solute production
and transport in rivers under ongoing and geologic global climate change. Future studies should be mainly
focused on climate-biology feedback on chemical weathering, and the chemical weathering processes under
a variety of climate conditions are also needed to better constrain climate-weathering feedback at the global
scale.
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