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A B S T R A C T   

The chemical weathering of silicate rocks can yield bicarbonate which is transported via rivers to the ocean, 
followed by the deposition of carbonate, acting as a carbon sink on long time scales. The dissolution of carbonate 
minerals and the participation of exogenous acids (e.g., sulfuric acid and nitric acid) also affect the chemical 
weathering process. However, their effects have rarely been quantified at the global scale. Here, based on a 
compilation of time series datasets of hydro-chemistry samples from 3573 monitoring sites and high-resolution 
hydro-meteorological datasets, we quantified the effects of carbonate minerals and exogenous acids on the 
carbon fluxes from the chemical weathering of granite and basalt. The calculated true carbon fluxes of the 
chemical weathering of granite and basalt were approximately 28.72 Tg C/yr and 30.42 Tg C/yr on the global 
grid scale. Although the effects of exogenous acids to the true carbon fluxes of the chemical weathering from 
granite and basalt were similar, corresponding to 30% and 28% of the estimated cation fluxes, respectively, the 
effect of carbonate minerals on the chemical weathering of granite was approximately twice the effect on the 
chemical weathering of basalt. These discrepancies were caused by the differences in the chemical weathering 
characteristics and the laws that integrated the different effects of basalt and granite. Our results address the 
roles of carbonate minerals and exogenous acids in the global carbon cycle and their link to CO2 consumption via 
the chemical weathering of silicate rocks.   

1. Introduction 

The chemical weathering of silicate rocks can absorb atmospheric 
and soil CO2 and can form a negative feedback mechanism with climate 
change on geological time scales (Berner et al., 1983; Ebelmen, 1845; 
Walker et al., 1981). As a stabilizer of the evolution of geological sys-
tems, the chemical weathering of silicate rocks (e.g. granite and basalt) 
also releases key biological nutrients that are conducive to plant growth, 
further drawing down additional atmospheric CO2 (Chadwick et al., 
1999; Hartmann et al., 2013; Vicca et al., 2022). Therefore, chemical 

weathering of silicate rocks plays a critical role in the global nutrient 
cycle, environmental changes, and even in the energy balance of the 
Earth’s surface on long time scales (Bai et al., 2023; Ibarra et al., 2016; 
Xiong et al., 2022). 

At present, numerous attempts have been made to evaluate the rates 
of the chemical weathering of silicate rocks and the associated fluxes of 
carbon sinks at the regional and global scales (Caldeira, 1992; Caves 
Rugenstein et al., 2016; Mackenzie and Garrels, 1971; Maher and 
Chamberlain, 2014). Exogenous acids and carbonate minerals are 
believed as to have important effect on the estimations of the carbon 
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fluxes of the chemical weathering of silicate rocks (Bufe et al., 2021; 
Hilton and West, 2020; Jacobson and Blum, 2000; Kanzaki et al., 2020; 
Liu and Han, 2020; Torres et al., 2016). In addition, carbonate minerals 
refer to calcite and dolomite in the regions primarily consisting of sili-
cate rocks (Capo et al., 2000; Drever and Hurcomb, 1986). Previous 
studies have suggested that carbonate minerals generally contribute 
approximately 40–90% to the chemical weathering of silicate rocks 
(Blum et al., 1998; Jacobson et al., 2002; Jacobson et al., 2015; Mast 
et al., 1990). The chemical weathering of trace carbonate minerals 
(accessory calcite) in silicate rocks accelerates the release of excess 
calcium, thus increasing the overall CO2 consumption in these areas 
(White et al., 1999; White et al., 2005). However, some studies have 
attributed this excess calcium to secondary carbonate phases associated 
with carbonate rock formation (strata) and carbonate mineral in Qua-
ternary sediments, especially for the rivers with relatively large basin 
areas (Bickle et al., 2005; Chen et al., 2022). 

Furthermore, exogenous acids refer to sulfuric acid and nitric acid 
from natural inputs and human activities (Hübner, 1986; Perrin et al., 
2008; Xu et al., 2021). Specially, sulfuric acid is mainly produced by 
natural pyrite oxidation and anthropogenic emissions from fossil fuel 
combustion, while nitric acid is mainly produced by processes such as 
reduced nitrogen fertilizer oxidation, atmospheric deposition, and mi-
crobial nitrification (Kendall, 1998; Lerman et al., 2007; Liu et al., 
2018). Exogenous acids (sulfuric and nitric acids) promote the chemical 
weathering of both silicate and carbonate rocks (Spence and Telmer, 
2005; Tranter et al., 2002). However, on long time scales (> 5–10 ka 
and < 10 Ma), the involvement of exogenous acids may lead to the 
release of CO2 into the atmosphere, which in turn counteracts the 
removal of atmospheric CO2 during the chemical weathering of silicate 
rocks (Kemeny et al., 2021; Relph et al., 2021; Torres et al., 2014). 
Existing studies have suggested that sulfide oxidation may account for 
20–48% of the cation flux during the chemical weathering of silicate 
rocks (Calmels et al., 2011; Das et al., 2012; Galy and France-Lanord, 
1999; Liu et al., 2016b). Granite and basalt are the two typical repre-
sentative types of silicate rocks (Amiotte Suchet and Probst, 1993; 
Mackenzie and Garrels, 1971; Meybeck, 1987). Numerous studies have 
explored the granite- and basalt-related CO2 consumption fluxes, pat-
terns, and driving factors at different spatial scales (Hartmann et al., 
2014; Ibarra et al., 2016; Taylor et al., 2015; Zhang et al., 2021). 
Numerous efforts have been made to account for the effects of sulfide 
oxidation and carbonate minerals on silicate chemical weathering (Bufe 
et al., 2021; Ferris et al., 1994; Torres et al., 2014). However, effectively 
quantifying the effects of exogenous acids and trace carbonate minerals 
on the chemical weathering on a global scale remains challenging in 
granite- and basalt-dominated regions. This is mainly due to the limi-
tations of the in hydro-chemistry data and methods, as well as the 
interaction of multiple environmental factors. Nevertheless, the resolu-
tion of this issue is crucial to effectively assessing the true carbon sink 
potential of the chemical weathering of granite and basalt. 

In this study, we compiled a hydro-chemical database and a spatial 
hydro-meteorological database and designed a systematic research 
workflow (Fig. S1). The primary research goals of this study were to 
estimate the magnitudes of the CO2 consumption fluxes and cation 
fluxes of the chemical weathering of granite and basalt and to quantify 
the effects of carbonate minerals and exogenous acids on the CO2 con-
sumption fluxes of the chemical weathering of granite and basalt. The 
results of this study will provide insights into the effects of exogenous 
acids and carbonate minerals on the chemical weathering carbon sinks 
of granite and basalt, and help to advance carbon cycle studies related to 
the chemical weathering carbon sinks of silicate rocks. 

2. Material and methods 

2.1. Data collection and processing 

The main ion concentration database ([Cl− ], [Ca2+], [Mg2+], [Na+], 

[K+], [HCO3
− ], and [SO4

2− ]) of global major catchments compiled in this 
study comprised three data sources. The first one was provided by the 
GEMS/Water data center operated by the International Water Resources 
and Global Change Center. These data were from the United Nations 
Environment Program (2017), the Global Freshwater Environmental 
Monitoring System Program (GEMS/Water) GEMStat database, and 
Koblenz International Water and Global Change Center. The second 
source was the GLObal RIver CHemistry (GLORICH) database, with 
approximately 17,000 monitoring sites. The third source was the GEMS- 
GLORI database, in which hydro-chemistry data from the 555 global 
rivers were compiled, and the area of every river basin monitored ex-
ceeds 10,000 km2. Given the relative lack of data on NO3

− concentration 
in comparison with other major ions, NO3

− were not considered in this 
study. Furthermore, based on the above data sources, monitoring data 
for the concentrations of HCO3

− (61,557 samples) (1992–2010) were 
compiled from 3573 monitoring sites (Fig. 1). 

Rock samples from the granite (1398 samples) and basalt (5613 
samples) (MgO, CaO, Na2O, Mg, Ca, and Na) came from the Geochem-
istry Library (ECL) (https://search.earthchem.org/). To reduce the ef-
fects of some outlier rock samples, we selected 10% to 90% of all 
samples, including 1224 samples of granite and 4267 samples of basalt, 
and calculated the average values of Ca/Na and Mg/Na from this culled 
dataset (i.e., a trimmed mean). Granite and granodiorite are the primary 
composition of acid plutonic rocks, accounting for approximately 1/3 
and 2/3 (Berner and Berner, 1996), and basalt and andesite are the main 
composition of basic volcanic rocks, accounting for approximately 1/4 
and 3/4 (Dürr et al., 2005; Hartmann and Moosdorf, 2012). Here, both 
lithological distributions (acid plutonic rocks and basic volcanic rocks) 
are regarded as the main distributions of granite and basalt. At the 
watershed scale, we subsampled rock samples of granite and basalt 
through the global lithology map, and only retained river basins with the 
area proportion of granite or basalt >0. The entire compilation survived 
with 130 granite samples and 95 basalt samples after filtering. Mean-
while, to reduce the confounding effects between different lithologies, 
we performed the analysis under three scenarios, as described in 2.2 
Forward model ((e) Calculation of the RCO2 value). We collected multi- 
source environmental factors at the global scale (Table S1). These 
datasets consisted primarily of runoff (q), precipitation (PRE), temper-
ature (TEM), actual evapotranspiration (ET), soil volume water content 
(SWC), normalized difference vegetation index (NDVI) and digital 
elevation model (DEM). To make these raster datasets from distinct 
sources convenient for spatial simulations or predictions, all raster 
datasets were re-sampled to 25 km. Combined with the period of hydro- 
chemistry data collected, the research period of this study was from 
1992 to 2014. 

2.2. Forward model 

The forward model initiated by Mackenzie and Garrels (1971) is one 
of the classical models used to allocate each solute to the dissolution of a 
rock type following a series of steps based on hydro-chemistry data 
(Gaillardet et al., 1999; Liu et al., 2016a; Meybeck, 1987). The main 
calculation steps used in this study are as follows. 

(a) Site selection. The compiled global hydro-chemistry monitoring 
samples were selected according to the lithological map (granite and 
basalt) and vector boundaries of river basins. The site chemistry data 
was selected effectively to reduce the effects of the chemical weathering 
of other rocks. 

(b) Sea salt correction. The method of sea salt correction is the 
primary method used to determine marine aerosol and precipitation 
chemistry (Keene et al., 1986). The model is carried out to subtract the 
effects of chloride ions from the atmosphere, which originates from sea 
salt and human activities (Sherwood, 1989). The correction of the molar 
concentrations of chloride ions is used ([Ca2+]/[Cl− ] = 0.019, [Mg2+]/ 
[Cl− ] = 0.097, [Na+]/[Cl− ] = 0.859, [K+]/[Cl− ] = 0.019 and [HCO3

− ]/ 
[Cl− ] = 0.004) (Wilson, 1975). Wilson (1975) has shown a low deviation 
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of major ion concentrations in seawater (about 0.1%). As a result, the 
uncertainties do not need to be considered in the calculation process 
(Keene et al., 1986). Here, the atmospheric input components were 
calculated using the [Cl− ] critical approach (Formula (1)) and sub-
tracted from the hydro-chemistry data (Gaillardet et al., 1999). The 
minimum concentrations of [Cl− ] ([Cl− ]min) at each monitoring station 
was multiplied by a factor from each river basin. The factor represented 
the effect of evapotranspiration on the concentrations of [Cl− ], and it 
was calculated by dividing PRE by precipitation minus ET (Grosbois 
et al., 2000). However, when the values of PRE minus ET were lower 
than zero, the average concentrations of [Cl− ] in the river basins of the 
monitoring stations were used instead of the minimum concentrations of 
[Cl− ]. 

[X]atm = [Cl− ]min ×
PRE

PRE − ET
×

[
X

Cl−

]

rain
(1) 

Wherein, [X]atm means the concentrations of the atmosphere input. 
And X means major ions ([Ca2+], [Mg2+], [Na+], [K+], and [HCO3

− ]). 
[Cl− ]min means the minimum concentration of [Cl− ]. [Cl− ]×

[
X
Cl

]

rain 
means the concentration ratio of the ions mentioned above to concen-
tration of [Cl− ] in rainwater. PRE means precipitation, and ET means 
actual evapotranspiration. 

(c) Subtracting the effect of exogenous acids. The concentrations 
of cations ([K+], [Ca2+], [Mg2+], or [Na+]) might be affected by the 
chemical weathering of carbonate and silicate rocks through the sulfuric 
acid (H2SO4), nitric acid (HNO3), as well as carbonic acid (H2CO3). Bi-
carbonate was derived primarily from the chemical weathering of sili-
cate rocks through H2CO3, and the chemical weathering of carbonate 
rocks through H2CO3, H2SO4, and HNO3 (Bluth and Kump, 1994; 
Johnson et al., 1972). After subtracting the part from atmospheric input, 
the ratio of bicarbonate to the equivalent of main cation (2[Ca2+] + 2 
[Mg2+] + [K+] + [Na+]) could at least effectively subtract the effects of 
exogenous acids (H2SO4 and HNO3) on the chemical weathering of 
granite and basalt in this study. In addition, the chemical weathering of 
carbonate by exogenous acids was not excluded (Han and Liu, 2004; Li 
et al., 2019a). The specific derivation formula is as follows (Formula 
(2)). 

α =
[HCO3

− ]riv− atm

[Cation]riv− atm
=

[HCO3
− ]

H2CO3
sil+carb + [HCO3

− ]
H2SO4+HNO3
carb

[Cation]H2CO3
sil+carb + [Cation]H2SO4+HNO3

sil+carb

(2) 

Where α means the ratio of bicarbonate ions ([HCO3
− ]) to cations in 

the river basins after subtracting atmospheric input (riv-atm), which is 
chosen to subtract the effects of some exogenous acids, including the 
effects of sulfuric acid (H2SO4) and nitric acid (HNO3) on the chemical 
weathering of rocks. The cation is equivalent to (2[Ca2+] + 2[Mg2+] +
[K+] + [Na+]), and sil and carb represent the chemical weathering of 
silicate (granite and basalt) and carbonate rocks. The α of granite or 
basalt is calculated separately by this formula (2). 

(d) Subtracting the effect of carbonate minerals. As weathering 
cations may come from carbonate minerals and the chemical weathering 
of granite and basalt, it is necessary to subtract the effect of carbonate 
minerals. Here, Ca/Na and Mg/Na of granite and basalt were selected, 
and the method was called “Ca-Mg excess” (Clow et al., 1997; Hart-
mann, 2009). Assuming all the remaining [Na+] came from granite and 
basalt, and the ratios of Ca/Na and Mg/Na of granite and basalt were 
relatively stable, the potential concentrations of [Ca2+] and [Mg2+] 
from the chemical weathering of granite and basalt could be calculated 
according to the ratios of Ca/Na and Mg/Na of granite and basalt, thus 
[Ca2+] and [Mg2+] generated by the chemical weathering of carbonate 
minerals could be subtracted effectively. The concentrations of major 
ions of the chemical weathering of silicate rocks could be calculated 
(Formula (3) to (7)). The ratios of Ca/Na and Mg/Na of granite and 
basalt were calculated using compiled data of rock samples (Table S2). 
The estimated values of Ca/Na and Mg/Na of granite were 0.87 ± 0.04 
and 0.33 ± 0.01, while those of basalt were 2.94 ± 0.09 and 1.77 ±
0.11. 

[Na+]sil = α[Na+]riv− atm (3)  

[K+]sil = α[K+]riv− atm (4)  

[
Ca2+]

sil = [Na+]sil ×

([
Ca2+]

[Na+]

)

rock
(5)  

[
Mg2+]

sil = [Na+]sil ×

([
Mg2+]

[Na+]

)

rock
(6)  

[HCO3
− ]sil = [Na+]sil + [K+]sil + 2

[
Ca2+]

sil + 2
[
Mg2+]

sil (7) 

[X]sil refers to the ion concentrations generated by the chemical 
weathering of silicate rocks (granite and basalt). And X means major 

Fig. 1. Compilation of hydro-chemical data in global major river basins and a rock database of granite and basalt. There are 3573 stations (61,557 samples) for HCO3
−

concentration data, rock samples of granite and basalt (7011 samples). 
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ions ([Ca2+], [Mg2+], [Na+], [K+], and [HCO3
− ]). These ion concentra-

tions of granite or basalt were calculated separately. α refers to the ratio 
of bicarbonate ions ([HCO3

− ]) to cations in the river basin after sub-
tracting atmospheric input (Formula (2)). [X]riv-atm refers to the average 
of the ion concentrations in the river basin via subtracting the concen-
trations of atmospheric input. [X]rock refers to the weight of ion con-
centrations in rock samples. 

(e) Calculation of the RCO2value. RCO2 refers to the ratio of at-
mospheric CO2 consumption of granite and basalt to bicarbonate ions in 
the river basins, which was equal to the ratio of the concentrations of the 
weathering cations of granite and basalt to the concentrations of total 
cations. Here, RCO2 was calculated after subtracting the effects of at-
mospheric input and exogenous acids (Formula (8)). To reduce the RCO2 
calculation deviation caused by mixing of different lithologies in the 
river basins, three scenarios were designed in this study: (a) the area 
proportion of granite and basalt was greater than zero, (b) the area 
proportion of granite and basalt was >50% and (c) the area proportion 
of carbonate rock was <0.05, and the area proportion of granite (or 
basalt) was greater than that of basalt (or granite). Finally, the RCO2 
from the chemical weathering of granite or basalt was calculated, 
respectively. If there was no interference from other lithologies, the 
remaining values (1–RCO2) were considered as the contribution rates to 
the chemical weathering of carbonate minerals. 

RCO2 =
[HCO3

− ]
H2CO3
sil

α[Cation]riv− atm
=

[Cation]H2CO3
sil

[HCO3
− ]riv− atm

(8) 

[X]sil
H2CO3refers to the ion concentrations ([Cation] and [HCO3

− ]) 
generated by the chemical weathering of silicate rocks (granite and 
basalt) via carbonic acid (H2CO3). α refers to the ratio of bicarbonate 
ions ([HCO3

− ]) to cations after subtracting atmospheric input (Formula 
(2)). [Cation] is the sum of 2[Ca2+], 2[Mg2+], [Na+] and [K+]. 
[HCO3

− ]riv-atm is the average of the concentrations ([HCO3
− ]) in the river 

basins via subtracting the concentrations of atmospheric input. 
(f) Calculation of weathering cation fluxes of granite and basalt. 

After subtracting the effects of the atmosphere input, exogenous acids, 
and carbonate minerals, we calculated the total weathering cation 
concentrations of silicate rocks (granite and basalt) (2[Ca2+] + 2[Mg2+] 
+ [K+] + [Na+]). The weathering cation fluxes of granite and basalt 
were then calculated, respectively. 

Tcat− gra =
(
[Na+]gra + [K+]gra + 2

[
Ca2+]

gra + 2
[
Mg2+]

gra

)
× q×A (9)  

Tcat− bas =
(
[Na+]bas + [K+]bas + 2

[
Ca2+]

bas + 2
[
Mg2+]

bas

)
× q×A (10) 

Tcat-gra and Tcat-bas represent the total fluxes of weathering cations of 
granite and basalt, with the unit of kg C/yr. [X]gra and [X]bas represent 
the ions concentrations of major cations produced by the chemical 
weathering of granite and basalt, with the unit of mg/L. Here, X means 
major ions ([Ca2+], [Mg2+], [Na+], and [K+]). q represents the average 
annual runoff of the river basins, with the unit of mm. A represents the 
area (km2) of the river basins. 

2.3. FHCO3
− -RCO2 method 

According to the data of bicarbonate and chloride ion concentrations 
compiled from the major stations in the world, the effect of bicarbonate 
generated by atmospheric inputs to the chemical weathering of rocks 
was eliminated via the sea salt correction method, and the bicarbonate 
ion fluxes (FHCO3

− ) were calculated via the corrected bicarbonate ion 
concentrations multiplied by the runoff (q). FHCO3

− was multiplied by 
the area (A) of the regions to calculate the total bicarbonate ion fluxes 
(THCO3

− ). Based on PRE, TEM, ET, q, NDVI, and SWC, the spatial dis-
tribution of FHCO3

− at the global scale was simulated by random forest 
algorithm, and the tenfold cross validation was carried out. This method 
has been successfully applied to the simulation of spatial ion 

concentration (Li et al., 2019b; Li et al., 2018). 
The random forest method for both classification and regression 

proposed by Breiman (2001) is a tree-based ensemble algorithm, and it 
is robust against over-fitting. It has been widely used in the spatial 
simulation of critical factors (Li et al., 2022; Terrer et al., 2021). We 
predicted the spatial distribution of FHCO3

− using random forest 
regression algorithm (See the Appendix). Moreover, based on FHCO3

− - 
RCO2 method (Formula (11) and (12)), we calculated the total fluxes of 
true CO2 consumption from the chemical weathering of global granite 
and basalt. 

Tgra = [HCO3
− ]riv− atm ×RCO2gra × q×A = [HCO3

− ]
H2CO3
gra × q×A (11)  

Tbas = [HCO3
− ]riv− atm ×RCO2bas × q×A = [HCO3

− ]
H2CO3
bas × q×A (12) 

Wherein, [HCO3
− ]riv-atm is the concentrations ([HCO3

− ]) via sub-
tracting the concentrations of atmospheric input, with the unit of mg/L. 
RCO2graand RCO2basrefer to the ratios of CO2 consumption from granite 
and basalt to bicarbonate concentrations (Formula (8)). 
[HCO3

− ]
H2CO3
gra and[HCO3

− ]
H2CO3
bas refer to the ion concentrations generated 

by the chemical weathering of granite and basalt via carbonic acid 
(H2CO3), with the unit of mg/L. q represents the average annual runoff 
(mm). A represents the area (km2) of granite and basalt. 

2.4. West model 

The total amount of the chemical weathering of silicate rocks mainly 
depends on the amount of materials entering the weathering layer, the 
residence time of minerals in the weathering layer, and the rate of the 
chemical weathering (Gabet, 2007). Most studies have shown that 
mineral-supply-limited and kinetically-limited are two important 
weathering regimes to quantify the relationship between physical 
erosion and chemical weathering (Gabet and Mudd, 2009; Hilley et al., 
2010). Subsequently, a one-dimensional dynamic vertical model has 
been established by the concept of reactive transport in granitic and 
granodioritic rocks (West, 2012). This model, named the West model, 
provides an estimation of the weathering cation in silicate rock areas, 
which is coupled with climatic conditions and physical erosion rate. The 
physical erosion rate is calculated by combining the large-scale catch-
ment comprehensive method (BQART model) (Syvitski and Milliman, 
2007) with the small-scale river power law (SPIM) (Davy and Crave, 
2000; Howard, 1994) (See the Appendix). And the West model has been 
well applied in silicate rocks around the world (Maffre et al., 2018). The 
specific formula of the West model is as follows. 

Fcat = χm • E •

{

1 − exp

[

− K • (1 − exp( − kwq) )

• exp
(

−
Ea

R

(
1

Tk
−

1
T0

))

•
(z/E)σ+1

σ + 1

]}

(13) 

Some parameters of the model and descriptions of the corresponding 
calculation models are shown in Table S1. Although the ranges of six 
critical parameters (χm, K, Ea, kw, z, and σ + 1) of granite were calculated 
(West, 2012), but these parameters remained certain uncertainties due 
to the limitation of observational data. Maffre et al. (2018) fitted six 
critical parameters in silicate rocks around the world, but the parame-
ters for specific granite and basalt are not distinguished. Therefore, the 
critical parameter range of basalt may still be unclear. To calculate 
effectively the fluxes of the weathering cation of granite and basalt on 
the global scale, we re-estimated the spatial ranges of these parameters 
based on more hydro-chemical data. Here, we mainly used nonlinear 
methods (Levenberg-Marquardt (LM) and universal global optimization 
(UGO) algorithms). LM is a nonlinear optimization method based on the 
Gauss-Newton method and the gradient descent method, and the solu-
tion typically accelerates to the local minimum (Lourakis, 2005; Mar-
quardt, 1963). UGO is the core algorithm of 1stOpt software, which 
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overcomes the problem that the iterative method must give the initial 
value, and can effectively obtain the optimal solution. Using 1stOpt 
software package (http://www.7d-soft.com/en/), we simulated the 
main parameters based on the LM and UGO algorithms. Finally, we 
estimated the weathering cation of global granite and basalt (2[Ca2+] +
2[Mg2+] + [K+] + [Na+]) by the West model. 

2.5. Trend analysis and F-test 

The inter-annual variability trends of the chemical weathering of 
granite and basalt were analyzed by the linear regression method and F- 
test on the global grid scale. The calculation formula is as follows (Xiao 
et al., 2023). 

θslope =
n ×

∑n
i=1(i × τi) −

∑n
i=1i

∑n
i=1τi

n ×
∑n

i=1i2 −

(
∑n

i=1
i
)2 (14) 

In the formula, n is the total number of years (n = 23), i is the year (i 
= 1, 2, …23); and τi are the grid values for year i. If θslope is greater than 
zero, the overall τ exhibited an increasing trend from 1992 to 2014. The 
absolute values of the θslope magnitude represent the strength of the 
change in τ. To further clarify the spatial distribution patterns of the 
changes, the F test and significance levels (0.01 and 0.05) were used to 

divide quantitatively the variability trends. The calculation formula for 
the F test is as follows. 

F =
(n − 2) ×

∑n
i=1(τi − τm)

∑n

i=1

(
τi− f τi

)2
(15) 

Where n is the total number of years (n = 23), fτi are the grid values of 
the corresponding years, and τm is the multi-year average. F represents 
the preliminary calculation result of the F test. By testing the results of F 
at the significance levels of 0.01 and 0.05, the results are divided into 
five possible variations, namely extremely significant increase (ES-I) (P 
≤ 0.01), significant increase (S–I) (P ≤ 0.05), basic stability (B–S) (P >
0.05), significant decrease (S–D) (P ≤ 0.05), and extremely significant 
decrease (ES-D) (P ≤ 0.01). 

2.6. Calculation method of uncertainty propagation 

Detailed analysis of error propagation is conducive to evaluating the 
accuracy of a calculation and plays an important role in understanding 
the relative weight of each part of the error sources. The uncertainty 
propagation method used here is the square root of the sum of squares, 
which is widely used in error propagation analysis (Karlsson et al., 2021; 
Li et al., 2018; Wang et al., 2014). The error propagation function of the 

Fig. 2. Spatial distribution of FHCO3
− flux (A) and the latitudinal anomalies (departure from average) of the main factors: (B) FHCO3

− , (C) q, (D) TEM (TEM =
Tk–273.15), (E) NDVI, (F) SWC, (G) ET, and (H) PRE. The pink zones represent the three high anomalies in the latitudinal distribution of the FHCO3

− flux. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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uncertainty is as follows (Formula (16)). 

λ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

ε2 + β2 + γ2
√

(16) 

In the formula, the final uncertainty (λ) is measured by integrating 
the fundamental errors in the data sources compiled (ε), simulation 
method (β) and process analysis (γ), and it is assumed that the errors are 
mutually independent. 

3. Results 

3.1. Global CO2 consumption via the chemical weathering of granite and 
basalt 

Based on the compiled bicarbonate concentration database and the 
hydro-meteorological spatial database, we simulated the spatial varia-
tions in the bicarbonate fluxes (FHCO3

− ) at the global scale using the 
random forest algorithm (Fig. 2). The spatial variations in the FHCO3

−

(mean 3.71 ± 0.19 t/km2/yr) were primarily controlled by runoff and 
precipitation. Asia had the largest THCO3

− value (approximately 0.20 
Pg/yr), accounting for 30.43% of the total global amount, and the flux 
(FHCO3

− ) (6.20 ± 0.31 t/km2/yr) was the highest among all the conti-
nents. The maximum of FHCO3

− values were distributed in the warm 
temperate zone according to the global Köppen climate types classifi-
cation (Peel et al., 2007). The flux in the warm temperate zone was 
approximately six times that in the arid zone, indicating that the mois-
ture content restricted the distribution of the FHCO3

− . 
To evaluated the reliability and accuracy of the simulated bicar-

bonate flux, tenfold cross validation of the observed value and the 
simulated value was performed (mean R = 0.70, mean RSME = 4.40) 
(Fig. 3). Based on two indicators (%IncMSE and IncNodePurity), we 
assessed the relative importance of the factors (Tk, PRE, ET, q, NDVI, 
and SWC). We found that q, Tk, and SWC were of relatively more 
important, while PRE, ET, and NDVI were of relatively little importance 
to the other factors (Fig. 3B). The average of FHCO3

− flux in North 
America was 3.56 ± 0.18 t/km2/yr, which was slightly lower than that 
reported by Moosdorf et al. (2011) (3.96 ± 0.2 t/km2/yr). However, the 
FHCO3

− flux was 0.62 times higher than that reported by Hartmann 
(2009) (6.61 t/km2/yr). Moreover, the average of FHCO3

− for the 
Mackenzie Basin (2.54 t/km2/yr) was very close to the previous results 
reported by Beaulieu et al. (2012) (1.20–4.03 t/km2/yr). Compared with 
the data for 23 major river basins around the world compiled by Cai 
et al. (2008), we found that our simulation results for the total 

bicarbonate ion fluxes (THCO3
− ) were close to the results for the existing 

compiled river basins (Fig. S2). 
Then, we analyzed and calculated the RCO2 under three distinctive 

lithology scenarios (Table S3). The probability densities of the RCO2 
calculation results for granite under the three scenarios were analyzed 
(Fig. S3). Compared with the first two scenarios (Graratio > 0 and Graratio 
> 0.5), the average of RCO2 calculated for the third scenario exhibited a 
nearly normal distribution. Therefore, the RCO2 value of the chemical 
weathering of granite (approximately 0.52) calculated for the (Carbratio 
< 0.05) and (Graratio > Basratio) scenario was finally selected. The second 
scenario was selected (Basratio > 0.5) to estimate the basaltic RCO2 
(approximately 0.96). It should be noted that the calculated granitic 
RCO2 value was slightly lower than the range of the results (0.58–0.88) 
estimated by some scholars (Moosdorf et al., 2011). Similarly, we found 
that it was closer to the basaltic RCO2 value (0.87–1) calculated using 
the Ca–Mg excess method (Hartmann, 2009), but the values were 
within the same range. 

We determined the spatial distributions of the carbon fluxes from the 
chemical weathering of global granite (Fgra) and basalt (Fbas) (Fig. 4), 
with average values of 2.35 ± 0.95 t/km2/yr and 4.08 ± 1.66 t/km2/yr. 
The Fgra value for South America was the highest among all the conti-
nents, with an average of 3.48 ± 0.17 t/km2/yr. Moreover, the top five 
countries (Canada, Brazil, Russia, China, and the United States) 
accounted for 55.15% of the total carbon fluxes from the chemical 
weathering of granite (Tgra) (Fig. S4). The Tgra value for Canada was 
mainly attributed to the fraction of its area accounted for by its largest 
granite area (25.65%). The combined total carbon sink of the chemical 
weathering of basalt in the top seven countries (i.e., Russia, the United 
States, India, Brazil, Ethiopia, Canada, and Iceland) was approximately 
2.82 ± 1.15 Tg C/yr, accounting for 64.96% of the total global carbon 
flux from the chemical weathering of basalt. 

3.2. Global weathering cation fluxes of granite and basalt 

The spatial distribution of the physical erosion rate (E) was very 
heterogeneous (Fig. S5). Approximately 12.3% of the regions had E 
values of >500 t/km2/yr. The total global physical erosion rate was 
30.47 Pg/yr from 1992 to 2014. On the river basin scale, there was a 
correlation between the simulated E value and the monitored E values 
(R2 = 0.54, P < 0.001) (Milliman, 1995) (Fig. S6). In addition, the best 
fitting results for Fcat-gra and Fcat-bas demonstrated that the con-
structed models were effective (R = 0.67, (P < 0.01); R = 0.79, (P <
0.01)) (Fig. S7). The optimal values of the fitting parameters (χm, K, Ea, 

Fig. 3. Verification of calculation results of bicarbonate flux (FHCO3
− ). (A) Tenfold cross validation of FHCO3

− inversion results using random forests method. (B) 
Evaluation of the relative importance of major predictors. Where %IncMSE is the average reduction value of precision calculated based on out-of-bag (OOB) error 
rate, which means the importance in the sense of decreasing mean square error, while IncNodePurity is the average reduction value of non-purity of nodes calculated 
by Gini index, which means the importance in the sense of decreasing residual square sum. 
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kw, z, and σ + 1) for the chemical weathering of granite were 0.01, 2.99 
× 10− 3, 45.04 kJ/mol, 1.79 × 10− 4 mm/yr, 9.86 × 106 t/km2, and 0.96, 
respectively (Table S4). The ranges of the six parameters fitted in this 
study are slightly smaller than the results of West (2012), and they are 
closer to the results of Maffre et al. (2018). However, the activation 
energy (Ea) (45.04 kJ/mol) of granite is closest to the results of West 
(2012). Previous studies have suggested a value of 48.7 kJ/mol (Oliva 
et al., 2003). The optimal ranges of the six parameters for the chemical 
weathering of basalt were compared with those of Maffre et al. (2018) 
(Table S5). We found that the parameter ranges for the carbon sink 
fluxes of the chemical weathering of basalt were within those ranges 
reported by Maffre et al. (2018). 

Based on the simulation and verification results of the physical 
erosion rate and the six critical parameters, we mapped the spatial ex-
tents of the cation fluxes of the chemical weathering of granite (Fcat-gra) 
and basalt (Fcat-bas) (Fig. S8). The warm and humid climatic conditions 
and large topographic relief significantly enhanced the chemical 
weathering of granite and basalt (Macdonald et al., 2019). By sorting the 
grid values of the total cation fluxes of the chemical weathering of 
granite and basalt in descending order and based on analysis of the 
cumulative percentage areas, we found that 56.25–94.83% of the total 

cation fluxes of the chemical weathering of granite (Tcat-gra) were 
distributed within 10–50% of the granite areas (Fig. S9), while 
approximately 47.19–90.89% of the total cation fluxes of the chemical 
weathering of basalt (Tcat-bas) were distributed in 10–50% the basalt 
areas. The correlations between of the weathering cations of granite and 
basalt and each factor were significantly different (Fig. S10). There was 
a close correlation between the weathering cation fluxes and E for the 
granite areas (R2 = 0.96). This may be attributed to physical erosion rate 
having a greater effect than climate in the granite areas (Riebe et al., 
2004; Riebe et al., 2001). However, the correlation between q and Fcat- 
bas was much larger in the basalt areas (R2 = 0.72) than in the granite 
areas (R2 = 0.26). This implies that the chemical weathering flux of 
basalt increases with increasing runoff, which is consistent with the 
results of previous studies (Hartmann et al., 2009; Ibarra et al., 2016). In 
addition, we further tested the sensitivities of these factors and found 
that the Fcat-gra was more sensitive to E, while Fcat-bas was more 
sensitive to q (Fig. S11). In contrast to the CO2 consumption fluxes 
caused by the chemical weathering of granite, the CO2 consumption 
fluxes caused by the chemical weathering of basalt slightly decreased 
from 1992 to 2014 (Fig. S12). It was further determined that the runoff 
in the basalt areas decreased (− 0.26 mm/yr). 

Fig. 4. Spatial and latitudinal variations in the CO2 consumption caused by chemical weathering of granite (A and B) and basalt (C and D). Fgra means carbon fluxes 
from the chemical weathering of granite, and Fbas means carbon fluxes from the chemical weathering of basalt. The red lines (B and D) indicate the average fluxes. 
The upper graphs in B and D are the plots of the latitudinal distributions. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.) 
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3.3. Roles of exogenous acids and carbonate minerals 

The contribution rates of exogenous acids to the chemical weath-
ering cation flux of granite and basalt were approximately 30% and 
28%, respectively. This indicates that the effects of exogenous acids 
produced by human activities and pyrite oxidation on the chemical 
weathering of granite and basalt were similar on average at the global 
scale. Still, the estimated average value of the effect of exogenous acids 
on the chemical weathering of granite and basalt was approximately 0.2 
± 0.07 t/km2/yr at the watershed scale. 

In this study, the effect of carbonate minerals was extrapolated to the 
spatial grid scale (Fig. 5A). The contributions of the carbonate minerals 
to the chemical weathering of granite and basalt exhibited obvious in-
consistencies (Fig. 5B). We found that the highest contribution rate 
(>90%) of carbonate minerals to the chemical weathering of granite 
accounted for the largest area proportion, approximately 32.12%, while 
the lowest contribution rate (<10%) of carbonate minerals to the 
chemical weathering of basalt accounted for the largest area proportion, 
approximately 28.44%. Moreover, the average contribution rate of 
carbonate minerals to the chemical weathering of basalt was approxi-
mately 38% (1.2 ± 0.5 t/km2/yr). In contrast, the global average 
contribution rate of carbonate minerals to the chemical weathering of 
granite was 61% (2.41 ± 1.00 t/km2/yr), which was far greater than the 
contribution rate of carbonate minerals in the basalt areas. We speculate 
the main reasons for this were the chemical weathering characteristics 
and laws of the granite and basalt. The chemical weathering charac-
teristics are mainly reflected by the chemical weathering rate. The 
chemical weathering rate of basalt is higher than that of granite 
(Amiotte Suchet et al., 2003; Avila et al., 2022; Balagizi et al., 2015; 
Dessert et al., 2001; Gislason et al., 1996; Millot et al., 2002). Most 
studies have discussed the chemical weathering laws of granite and 
basalt (Dessert et al., 2001; Lasaga et al., 1994; Oliva et al., 2003). We 
also found that the factors effecting the chemical weathering of granite 
and basalt were obviously different, that is, basalt was more vulnerable 
to runoff, and granite may have been more vulnerable to physical 
erosion (Fig. S10). Owing to the mass balances, the chemical weathering 
of the granite areas may have been more susceptible to the chemical 
weathering of carbonate minerals than the basalt areas (Blum et al., 
1998; Sverdrup and Warfvinge, 1995). 

4. Discussion 

4.1. Effects of exogenous acids and carbonate minerals 

Exogenous acids, especially sulfuric acid, have a more significant 
effect on carbonate dissolution than that of silicate rocks (Anderson 
et al., 2000; Emberson et al., 2018; Liu et al., 2022). Thus, exogenous 
acids accelerate the chemical weathering of carbonate minerals 
disseminated in silicate rock areas and may also be associated with the 
release of CO2 (Torres et al., 2014). Spence and Telmer (2005) proposed 
that approximately 48% of the CO2 consumption during the chemical 
weathering of silicate rocks may be offset by the CO2 released via the 
dissolution of carbonate by sulfuric acid in the Canadian Cordillera, and 
Relph et al. (2021) estimated that approximately 70% of the CO2 con-
sumption of that may be offset in the Mekong River Basin. Based on data 
compiled for major rivers around the world, we found that the contri-
butions of exogenous acids to the chemical weathering cation flux of 
granite and basalt were similar, approximately 30% and 28%, respec-
tively. These results are comparable with the existing contributions of 
sulfide oxidation (20–48%) (Calmels et al., 2007; Calmels et al., 2011; 
Das et al., 2012; Galy and France-Lanord, 1999). We speculated that 
these similar contributions were largely due to the dissolution of small 
amounts of carbonate minerals rather than granite or basalt. Further 
quantification of the effects of different types of acid production may be 
required in the future. It is important to emphasize the need to effec-
tively exclude the effects of exogenous acids in the assessment of the 
chemical weathering fluxes of global granite and basalt, as well as in 
long-term carbon cycle studies (Calmels et al., 2007; Das et al., 2012; 
Torres et al., 2014). 

In addition, carbonate chemical weathering rates are significantly 
faster than silicate rock chemical weathering rates (Brantley et al., 2008; 
Tipper et al., 2006; Wolfgang, 2012; Zhang et al., 2019). Based on mass 
balance calculations, carbonate mineral weathering often dominates the 
solute fluxes in rivers in silicate regions (Jacobson et al., 2003; Jiang 
et al., 2018; Oliva et al., 2004; White et al., 1999; White et al., 2005; 
Zeng et al., 2022). Furthermore, due to the differences in their fracture 
densities and permeabilities, the chemical weathering rate of basalt is 
higher than that of granite (Navarre-Sitchler and Brantley, 2007; Wor-
thington et al., 2016). There are also significant differences in the 
chemical weathering laws of granite and basalt (Dessert et al., 2001; 
Lasaga et al., 1994; Oliva et al., 2003). Moreover, there are differences in 
the primary factors influencing the chemical weathering of granite and 
basalt, that is, basalt is more susceptible to runoff and granite may be 
more susceptible to physical erosion. Thus, the chemical weathering 

Fig. 5. Effect of carbonate minerals on the chemical weathering of granite and basalt. (A) The effect of carbonate minerals on the chemical weathering of granite and 
basalt; (B) The contribution percentage of granite and basalt under different grid area. 
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characteristics and laws may explain the differences in the effects of 
carbonate minerals on the chemical weathering of basalt and granite 
identified in this study, with the former being approximately twice as 
large as the latter. The contributions of carbonate minerals to the 
chemical weathering of granite and basalt are comparable to existing 
estimates (Blum et al., 1998; Galy and France-Lanord, 1999; Jacobson 
et al., 2015; Mast et al., 1990). In conclusion, the accurate quantification 
of the effects of exogenous acids and carbonate minerals is not only 
important for the accurate assessment of the carbon sinks of the chem-
ical weathering of silicate rocks, but it also contributes to the accurate 
quantification of carbon sinks in global terrestrial ecosystems (Ferris 
et al., 1994; Relph et al., 2021). 

4.2. Comparison with previous estimates and prospects for the future 

The critical strengths of our study are the exclusion of exogenous 
acids and carbonate minerals and the estimation of the true CO2 con-
sumption of the chemical weathering of granite and basalt. To evaluate 
the reliability of the simulated CO2 consumption fluxes, we compared 
them with the results of existing studies (Table S6). The CO2 consump-
tion fluxes of chemical weathering of granite and basalt were close to 
those reported in related studies (Dessert et al., 2003; Louvat et al., 
2008; Tao et al., 2011). The total CO2 consumption fluxes of the 
chemical weathering of granite and basalt were within the total carbon 
sink range of silicate rock weathering reported in previous studies 
(Gaillardet et al., 1999; Meybeck, 1987; Moon et al., 2014; Zhang et al., 
2021). Furthermore, based on a comparison of the estimated results with 
those of previous studies on the global net terrestrial carbon sink, the 
vegetation carbon sink, and the soil carbon sink, we determined that the 
true carbon sinks from the chemical weathering of granite and basalt 
(approximately 60 Tg C/yr) are approximately 5% that of the estimated 
global net vegetation carbon sequestration (approximately 1.1 Pg C/yr) 
and 4–15% that of the global cultivated land and grassland carbon sink 
(Lal, 2001; Smith et al., 2008). 

However, we noted that there were some differences in the estimated 
silicate rock areas in previous studies. There were differences in the 
methods, and the results were slightly different. Thus, it was necessary 
to analyze the uncertainties and errors propagation. Based on the 
sensitivity tests, the discharge, limited samples, and inverse model se-
lections for the source differentiation, accounted for approximately 
30–40% of the errors in the estimations of the silicate chemical weath-
ering rates on the catchment and global scales in previous studies (Moon 
et al., 2007; Moquet et al., 2011). Therefore, we estimated a mean un-
certainty of 35% for the discharge, limited samples, end-member esti-
mates, and inverse model selections for the source differentiation. In 
addition, the precise uncertainty of the lithologic map (distribution of 
basalt and granite) was approximately 5% in this study. The Ca/Na and 
Mg/Na ratios associated with the chemical weathering of granite and 
basalt are also related to non-stoichiometric weathering of silicate 
minerals, especially in kinetically limited regimes where granite and 
basalt are susceptible to grinding and pulverization (Mitchell and 
Brown, 2008; Moore et al., 2013; Taylor et al., 2000). Nevertheless, it is 
currently still difficult to effectively quantify the increase in the cation 
fluxes of the non-stoichiometric weathering of granite and basalt. 
Moreover, there may also be the uncertainty in the ion exchange, such as 
the Na+ yield of the chemical weathering of basalt and granite (Hodson 
et al., 2002). Recently, Tipper et al. (2021) found that due to the supplies 
of Na+ from large-scale exchange pools with non-silicate origins, the 
global silicate weathering flux may be overestimated by 12–28%. Here, 
we calculated the analytical uncertainties as the average of the existing 
study (approximately 20%). We assumed that the uncertainties dis-
cussed above were independent of each other. Using a simple uncer-
tainty propagation method (square root of the sum of squares), we 
obtained an uncertainty of ±41%. 

This uncertainty range is applicable to both the simulation of the 
magnitudes of the CO2 consumption of the chemical weathering of 

granite and basalt. Therefore, the final global carbon sink fluxes of the 
chemical weathering of granite and basalt were calculated to be 2.35 ±
0.95 t/km2/yr and 4.08 ± 1.66 t/km2/yr, respectively. Similarly, we 
quantified the uncertainties of the propagated errors of the estimation 
results of the exogenous acids and carbonate minerals, which were 35% 
and 41%, respectively. Owing to the limitations of the hydro-chemical 
data, such as the aluminum and potassium concentrations, quantifying 
the contributions of inconsistent weathering and consistent weathering 
was difficult in this study. Although considering the main mineral types 
in granite and basalt were considered in the global lithologic database 
based on existing research results, precise quantification of the classi-
fication purity of the two rock types is lacking, which may depend on the 
availability of more rock sample data and a higher resolution global 
lithological map. For future studies, it will be necessary to strengthen 
both dynamic global river monitoring and hydro-chemical data collec-
tion. Furthermore, we need to optimize the model in the future to 
constrain and distinguish the effects of natural and human related 
exogenous acids on the chemical weathering carbon sinks of different 
rocks, and continue to explore the scientific application of machine 
learning algorithms in the field of the carbon sinks of the chemical 
weathering of continental rocks. 

5. Conclusions 

By combining multiple hydro-chemical databases and high- 
resolution hydro-meteorological spatial datasets, we estimated the 
true CO2 consumption during the chemical weathering of granite and 
basalt and quantified the differences in the contribution rates of exog-
enous acids and carbonate minerals. The total CO2 consumption fluxes 
of the chemical weathering of granite and basalt were estimated to be 
28.72 ± 11.67 Tg C/yr and 30.42 ± 12.36 Tg C/yr, respectively. The 
effects of exogenous acids on the true CO2 consumption of the chemical 
weathering of granite and basalt were similar, but the effect of carbonate 
minerals on the chemical weathering of granite (61%) was approxi-
mately twice that of the chemical weathering of basalt (38%). The likely 
causes of these differences in the chemical weathering characteristics 
and the differentiation law of granite and basalt. Overall, the results of 
our study demonstrate that exogenous acids and carbonate minerals are 
external factors that cannot be ignored in the accurate estimation of the 
CO2 consumption of the chemical weathering of silicate rock. In the 
future, we plan to compile more hydro-chemical data and to optimize 
the numerical model. In addition, machine learning may become the 
future direction of carbon sink modeling and understanding of conti-
nental rock weathering. 
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