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• High sensitivity of the CSF to climate
change and ecological restoration.

• Water budget and precipitation are the
main factors affecting the change in the
CSF.

• The CSF in China showed a decreasing
trend.

• Mixed sedimentary rocks and the Pearl
River Basin have the highest CSF, re-
spectively.

• Spatiotemporal distribution and dy-
namic change of the CSF.
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Theweathering carbon sink (CS) of rocks has a sensitive response to different influencing factors, and it is impor-
tant to accurately distinguish this response in the global carbon cycle. However, no quantitative analysis of the
response mechanism has been performed. In this study, the CS of the 12 types of terrestrial rocks in China
from 2000 to 2014 is estimated using the GEM-CO2 model. The relative contribution rates of climate change
and ecological restoration to the CS are quantitatively evaluated using the Lindeman-Merenda-Gold model. Re-
sults showed that: (1) The CS of terrestrial rocks in China was 17.69 Tg C yr−1, and the CS flux (CSF) was
2.53 t C km−2 yr−1; mixed sedimentary rocks had the highest CS (6.89 Tg C yr−1), and carbonate rocks had
the highest CSF (5.8 t C km−2 yr−1). (2) The average annual CSF slightly decreased at a rate of 5.4 kg C
km−2 yr−1; the areas of the CSF that decreased in the south were the areas where water budget decreased sig-
nificantly, and itwas the areaswith a reducedwater budget and ecological deterioration in the north. (3) The rel-
ative contribution rates of water budget and precipitation reached 57% and 35%, respectively; the response of the
CSF to temperaturewas evident in areaswith lowor decreasing temperatures, and the influence of fractional veg-
etation cover (FVC) on the CSF in low value area was evident. (4) Mixed sedimentary rocks and carbonate rocks
displayed a more evident reduction trend in the CSF than other rocks. This research verified the applicability of
the GEM-CO2model in China and presented a scientific basis for quantitative assessment of the impact of climate
change and ecological restoration on the CSF.
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1. Introduction

The increase in atmospheric carbon dioxide (CO2) has an important
impact on the greenhouse effect. It is expected to not only affect global cli-
mate change but also cause serious environmental disasters (Leighton,
2011; Burton-Chellew et al., 2013). Therefore, the global carbon cycle
has become a trending topic in global change research. A key issue in
the current carbon cycle research indicates that the carbon sink (CS) do
not balance with the carbon source, and the number of “missing CS” is
large (Schimel, 1995; Kheshgi et al., 1996; Kennedy, 2001). Fromobserva-
tions of ground vegetation, monitoring of atmospheric CO2/O2 concentra-
tion, informationof satellite remote sensing, and simulations of ecological/
atmospheric models, researchers have suggested that the mid-high lati-
tude terrestrial ecosystems of the Northern Hemisphere are a significant
CS (Schimel et al., 2001; Steven, 2001). Rock weathering exchanges car-
bon with the atmosphere to consume CO2 in the atmosphere/soil, and it
participates in the short-term and long-term global carbon cycle. The
study of the mechanism and influencing factors of the rock CS is crucial
to carbon cycle studies. It can not only partially solve themissing CS prob-
lem but also contribute to improving carbon cycle models.

At the global scale, researchers, such as Gaillardet (Gaillardet et al.,
1999), Gombert (Gombert, 2002), Liu (Liu et al., 2010), and Martin
(Martin, 2016), have calculated the carbonate CS using different
methods. In China, Qiu used the GEM-CO2 model to estimate the
weathering CS of rocks and their spatial distribution (Qiu et al., 2004).
Liu and Zhao estimated the magnitude of the rock CS in China using
the hydrochem-discharge and carbonate-rock-tablet-test methods and
the diffusion boundary layer (DBL) model (Liu and Zhao, 2000). Li also
estimated the magnitude and distribution of the carbonate CS in China
using the maximum potential dissolution method (Li et al., 2019a). Re-
searchers have also studied the rock CS in the Pearl River, the Yangtze
River, and other river basins (Li and Zhang, 2003; Qin et al., 2013; Fan
et al., 2014; Zhang et al., 2016; Liu and Han, 2020).

On the premise of the remarkable research results performed by other
researchers, most of the current studies have focused on the carbon con-
sumption of carbonate rocks and silicate rocks weathering (Gaillardet
et al., 1999; Amiotte et al., 2003). Furthermore, previous studies have con-
sidered the distribution pattern, but have not been involved in its evolu-
tion characteristics. In addition, the limitations of the existing methods
complicate the large-scale application of the hydrochem-discharge and
carbonate-rock-tablet-test methods at the national or global scales.
With the worsening of global climate change, people have explored and
analyzed the response mechanism of the rock CS on climate change and
ecological restoration. Generally, the increase in global temperature will
affect the hydrologic cycle by changing precipitation and fractional vege-
tation cover (FVC), and this will subsequently affect chemical weathering
of terrestrial rocks. Therefore, theweathering carbon sinkflux (CSF) is po-
tentially sensitive to ongoing climate and land-use changes (Post et al.,
1992; Beaulieu et al., 2012). Although some researchers have studied
the impact of climate change and other factors on the weathering CS of
rocks, the relative contribution rates of influencing factors have not
beenquantified todetermine the different responses of the rockCS to var-
ious influencing factors. Therefore, the recent quantifications of the
weathering CS of rocks must be re-estimated, and the response of the
CS on climate change and ecological restoration must be qualitatively
and quantitatively explored and analyzed.

In this study, the Lindeman-Merenda-Gold (LMG) model is used to
quantitatively evaluate the responsemechanism of the rock CS to climate
change and ecological restoration in China from 2000 to 2014. The objec-
tives of this study are presented as follows: (1) to calculate themagnitude
and flux of the terrestrial rock CS in China and explore the differences in
the CSF from lithologies in the different basins based on the GEM-CO2

model; (2) to analyze the spatiotemporal distribution and dynamic
changes of the CSF and its influencing factors; (3) to quantify the relative
contribution rates of various factors that affect the CSF and to explore the
main controlling factors and the response mechanism of the CSF
evolution; (4) to discriminate the temporal evolution characteristics of
different lithologic CSFs and their sensitivity to various impact factors,
and to analyze the similarities and differences in the relative contribution
rates of different lithologies and influencing factors.

2. Data and methods

2.1. Data

In this study, temperature (Gaillardet et al., 2018; Romero-Mujalli
and Hartmann, 2018), precipitation (Zeng C et al., 2016; Zeng S et al.,
2016), evapotranspiration, and water budget were selected as the indi-
cators of climate change. The daily maximum and minimum tempera-
ture data were derived from the global daily temperature datasets
provided by the Climate Prediction Center of the National Oceanic and
Atmospheric Administration (NOAA CPC) with a spatial resolution of
0.5°. The daily total precipitation data were analyzed from Global Uni-
fied Gauge-Based Analysis of Daily Precipitation dataset with a resolu-
tion of 0.5°. The evapotranspiration data were collected from the
monthly evapotranspiration datasets with a resolution of 0.25° in the
GLDAS 2.1 Noah dataset from the Goddard Earth Sciences Data and In-
formation Services Center (GES DISC). The GLDAS data combine satellite
and ground-based observations and utilize the land surface model
(LSM) and the technology of data assimilating to provide multiple
types of high quality datasets. FVCwas chosen as the standard for quan-
tifying the ecological restoration effects (Fang et al., 2001; Fang et al.,
2014). It was derived from the global 1 km-resolution of 10-day FVC
product provided by the Copernicus Global Land Service supported by
the EuropeanCommission's EarthObservation Programme. Considering
the availability of thedata and the accuracy of the results, the above data
were selected for the study period (2000–2014). The lithology map of
China was obtained from the PANGAEA database with a resolution of
0.5°, and the watershed map was derived from the Resource and Envi-
ronment Data Cloud Platform.

The monthly and annual average temperatures were collected using
the daily minimum and maximum temperature raster data. The annual
total precipitation and evapotranspiration were calculated using the daily
precipitation and monthly evapotranspiration, respectively. Ignoring the
influence of surface runoff and underground runoff on water budget, the
water budget data were computed as the difference between the precipi-
tation and evapotranspiration data. The magnitude reflected the extent of
water budget and the degree of dry and wet climate (Liu and Zhao, 2000;
Cao et al., 2011; Gao and Xu, 2015). All of the data were resampled to the
same spatial resolution (0.5°) using the data assimilation model.

2.2. Methods

2.2.1. GEM-CO2 model
Amiotte and Probst reported that the amount of CO2 consumed by

rock weathering is influenced by rock surface water flow, atmospheric
temperature, and rock types (Probst et al., 1992; Amiotte and Probst,
1993). To estimate the amount of carbon consumed by rockweathering
and the weathering speed of terrestrial rocks, these authors analyzed
the surface runoff and riverwater chemistry data published byMeybeck
(Meybeck, 1979; Meybeck, 1987) for 232 mono-lithologic drainage ba-
sins among France. They also established a model to estimate the mag-
nitude of atmospheric CO2 consumed by weathering of all types of
natural rocks. This model is a major achievement of the International
Geological Contrast Project 404, and it has been widely popularized
and verified in Europe, South America, and Africa. Its formula is
expressed as follows:

FCO2 ¼ a� Q ð1Þ

where FCO2
is the consumption of CO2 (mmol km−2 s−1); Q is the water

flow on the rock surface (l km−2 s−1), which is the difference between
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precipitation and evapotranspiration; a is the empirical coefficient,
which varies by rock types.

2.2.2. Trend analysis method
The regression trend analysis method was used to analyze the spa-

tial evolution trend of the CSF and its influencing factors in China from
2000 to 2014. The calculated gradient reflects the evolution of the CS,
where a gradient greater than zero indicates that the pixel has an in-
creasing value during the study period, and the reverse is a decline
trend. The magnitude of the gradient reflects the intensity of the in-
crease or decrease in the value of a pixel. A large absolute gradient
value indicates a high degree of change. The formula of the gradient is
presented as follows (Zhang et al., 2014):

θ ¼
n�∑n

i¼1 i� CSFið Þ− ∑n
i¼1i

� �
∑n

i¼1CSFi
� �

n�∑n
i¼1i

2− ∑n
i¼1i

� �2 ð2Þ

where θ is the change trend, i is the current year, n is the study period,
and CSFi is the weathering CS of rocks in year i.

2.2.3. Relative contribution rate and correlation evaluation
To evaluate the response index of the weathering CS to various fac-

tors in China, the LMG model was used to quantitatively assess the rel-
ative importance of climate hydrology and ecological restoration factors
to the weathering CS of rocks. The relative importance refers to quanti-
fying the contribution of individual regression factors to multiple re-
gression models. The relative contribution rates of each factor to the
CSF in the model were then calculated by averaging all of the possible
marginal contributions to the variables and by decomposing the depen-
dent variable variance. Finally, the Pearson coefficient correlation was
used to evaluate the correlation between the CSF and its factors. The
LMG formula is defined as follows (Sen et al., 1981; Ulrike, 2006):

LMG xj
� � ¼ 1

p

Xp−1

k¼0

X
S⊆ x1;…; xp

� �
= xj
� �

n Sð Þ ¼ k

seqR2 xj
� �jS� �

Ck
p−1

ð3Þ

where x is the regression variable, S is the set of variables that were en-
tered into the model, and R2 is the goodness of fit of model. Therefore,
the LMG is the expectation of the marginal contribution of regression
variable xj in all sequences.

3. Results

3.1. Spatial distribution of the rock CSF and its impact factors

3.1.1. Magnitude of weathering CSFs in the different basins
The distribution characteristics of rock CSFs in each basin were ana-

lyzed using the difference in the CO2 consumption of various types of
rocks in the different basins (Table 1). The average annual magnitude
of the rock CS in China during 2000–2014 was 17.69 Tg C yr−1; the
CSF was 2.53 t C km−2 yr−1. During the study period, mixed sedimen-
tary rocks (6.89 Tg C yr−1) and carbonate rocks (4.42 Tg C yr−1) had a
higher CS than other rocks. The area of both rocks accounted for 18%
and 10% of China's rock distribution, respectively. Their CSs accounted
for 39% and 25% of the national CS. Their CSFs were 2.1 and 2.29 times
that of the national CSF. Among the nine major river basins, the CSF of
the Pearl River Basin (5.96 t C km−2 yr−1) was the highest, and the
CSF of the Songhua-Liaohe River Basin (0.83 t C km−2 yr−1) was the
lowest, with a difference of approximately seven times. The Southeast
Basin, the Yangtze River Basin, and the Southwest Basin had high CSFs.
The type of rock in the different basinswith the highest CSFwas carbon-
ate rocks. Therefore, exposed lithologies significantly influenced the
magnitude of the weathering CS of rocks. The CSF of the basins was
greater in the southern regions than in the northern regions, and the
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CSF produced by the same lithologies varied significantly from region to
region. Thus, other influencing factors had a non-negligible influence on
the weathering CSF of rocks.
3.1.2. Spatial distribution of the CSF and its influencing factors
Based on the GEM-CO2 model, the weathering CSF of rocks in China

was estimated from 2000 to 2014 (Fig. 1A). This did not include the un-
utilized areas in the northwest region and the Qinghai-Tibet region. The
spatial distributions of the average annual CSF in the remaining areas
were significantly different. Overall, the CSF was higher in most areas
of the south and in southwestern Tibet. Particularly, areas with high
CSFwere distributed at the junction of Hunan, Guangxi, and Guangdong
Provinces and the south of Shigatse. A CSF of less than 1 t C km−2 yr−1

accounted for approximately 47% of the Chinese terrestrial areas,
whereas amounts that less than 5 t C km−2 a−1 accounted for approxi-
mately 82%.
Fig. 1. Spatial distribution of the CSF and its influencing factors in China. CSF: Carbon Sink Flux; F
P-E: Water Budget.
As shown in Fig. 1B, the spatial distribution of China's annual average
FVC was divided by the Hu Huanyong Line. It was characterized as low
in the northwest and high in the southeast. The high-value areas were
located in the northeastern region and the middle and upper reaches
of the Yangtze River. Moreover, the low-value areas were located in
the Xinjiang Basin. From 2000 to 2014, the average annual FVC was
0.52, with 42% of the FVC area less than 0.5 and 39% of the FVC area
greater than 0.7.

Climate observations showed that the average annual temperature
in China from 2000 to 2014 was in the range of −5.74 °C to 23.77 °C.
Furthermore, China's temperature had evident regional characteristics
in the spatial distribution. Regions below 0 °C were distributed in the
Qinghai–Tibet Plateau, northeastern Inner Mongolia, and northeastern
Heilongjiang. Regions above 20 °Cwere distributed in Hainan, Southern
China, and southern Yunnan. The annual average precipitation was be-
tween 20 and 2922 mm. The characteristics of precipitation increased
from the northwest to southeast. The northwest region was a low-
VC: Fractional Vegetation Cover; T: Temperature; P: Precipitation; ET: Evapotranspiration;
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value area of precipitation, whereas Hainan, Taiwan, and southern Tibet
were the high-value areas of precipitation. The monsoon climate, rain
belt movement, and climate change were the main atmospheric factors
that led to the uneven spatial distribution of precipitation in China (Lü
et al., 2018). The annual average evapotranspiration was between 31
and 1258 mm. This value decreased from the southeast coast to the
northwest inland. The Continental Basin was the area of minimum
evapotranspiration, whereas the Hainan, Taiwan, southern Yunnan,
and southeastern coastal areas were areas with the maximum evapo-
transpiration. Precipitation is closely related to evapotranspiration,
and it affects evapotranspiration by affecting the surface soil water con-
tent. A comparison of the spatial distribution of precipitation and evapo-
transpiration determined that the spatial distribution of the annual
average water budget was more in the southeast and less in the north-
west (Fig. 1C–F).

During the study period, the spatial distribution showed that the CSF
was greater in the south and less in the north. FVC, temperature, precipi-
tation, evapotranspiration, and water budget were all low in the south-
east, but high in the northwest. The abovementioned results indicated
that the spatial distribution of themagnitude of the CS had a feedback ef-
fect on the spatial distribution of factors, such as climate change and eco-
logical restoration. The areas with mid-high values of FVC, temperature,
precipitation, evapotranspiration, and water budget were also areas
with mid-high values of the CSF distribution. In addition, areas with
high-value precipitation andwater budgetwere areaswith themaximum
CSF. However, Tibet, an area with low-value FVC and temperature also
had a mid-high CSF given the distribution of carbonate rocks and mixed
sedimentary rocks in the area. Moreover, the response sensitivity of the
CSF for different influencing factors varied under diverse environments.

3.2. Spatiotemporal evolution of the CSF and its influencing factors

In terms of time evolution (Fig. 2), China's annual average CSFwas in
the range of 2.13–2.89 t C km−2 yr−1 during the study period, withmin-
imal interannual variation. It reached itsmaximum in 2002 and reached
its minimum in 2011, generally decreasing at a rate of 5.4 kg C
km−2 yr−1. The results showed that the annual average weathering CS
slightly fluctuated in China and showed a slight decreasing trend.

Overall, the vegetation cover in China displayed a slight increasing
trend, and the growth rate was approximately 7.8 × 10−3 yr−1. More-
over, the incrementwas 0.056, and the increasewas 12%. Themaximum
Fig. 2. Temporal evolution, fitting curve, and 5% erro
year for the average FVC was 2009, and theminimum year for the aver-
age FVCwas 2004. The change in vegetation cover was primarily due to
the implementation of numerousworld-class key ecological restoration
projects in China in addition to the implementation of the first round of
the Grain-for-Green Project, which began in 1999. This resulted in an
overall improvement in vegetation cover during the study period. How-
ever, China's average annual FVC showed a slight slowing down from
2010 to 2014. To adhere to the policy of a red line of 1.8 billion Mu
(1.2 million km2) farmland area, the project was suspended in 2007.
The second phase of the project was restarted in 2014. There were sig-
nificant achievements in China's ecological construction projects given
the implementation of numerousmajor ecological protection and resto-
ration projects during the study period.

The annual average temperature in China showed slow cooling after
warming up. It reached a maximum value (9.1 °C) in 2007. The rate of
warming during the study period was 0.01 °C yr−1. The annual average
precipitation showed a weakening trend prior to 2004 and reached a
minimum(486mm) in 2004. After this, it increased in volatility. Overall,
it continued to rise at a rate of 3.4 mm yr−1. The annual average evapo-
transpiration displayed a fluctuating upward trendwithin 15 years, and
its growth rate reached 3.76 mm yr−1. From 2000 to 2004, the annual
average water budget decreased slowly and became an upward trend
after 2004. The overall fluctuationwas large, andwater budget dropped
slowly at a rate of −0.211 mm yr−1.

The study period was relatively short for the observation of climate
change, which may have resulted in the occurrence of years with out-
liers in the climate change factors. In general, the CSF and water budget
displayed decreasing trends from 2000 to 2014, and the years in which
they had peaks and valleyswere 2000 and 2011. The total trends of FVC,
temperature, precipitation, and evapotranspiration were all rising, in
which the fluctuations in precipitation and water budget were signifi-
cant. The correlation coefficient between the CSF and water budget
was the highest, reaching 0.82, and the correlation coefficient between
the CSF and precipitation was 0.65. Both coefficients showed positive
correlations with the CSF. Temperature, evapotranspiration, and FVC
were less correlated with the CSF, and their correlation coefficients
were 0.25, 0.1, and 0.1, respectively. On this basis, the weathering CS
of rocks displayed a sensitive response on climate change, especially
for precipitation and water budget.

By further examining the evolution trend of the CSF and its influenc-
ing factors, the spatial distribution of the CSF evolution possessed
r interval of the CSF and its influencing factors.
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evident regional characteristics, and 57% of the CSF area showed an in-
creasing trend. The largest increase in the CSFwas located in the border
area between Sichuan, Chongqing, and Guizhou. The areas with the
largest reductions were Hunan, Yunnan, and southwestern Tibet
(Fig. 3A).

As seen in Fig. 3B, the change areas of FVC were based on the low
and high vegetation cover areas. Moreover, the stable areas were
dominated by the middle cover area. The area ratio of FVC increasing
was 86%. The Yangtze River Basin, the Pearl River Basin, the South-
west Basin, and the Yellow River Basin were areas where FVC obvi-
ously improved. FVC decreased significantly in northeast Inner
Mongolia and northwest Xinjiang. In addition, accelerated urbaniza-
tion and climate change has led to the deterioration of the ecological
environment, thereby resulting in the sporadic reduction of regional
FVC. In general, with the continuous increase in the national ecolog-
ical and environmental protection efforts, the ecological environ-
ment in China has improved comprehensively, but the acceleration
of urbanization will lead to a slight deterioration of the ecological en-
vironment in some areas (Fig. 3C–F).
Fig. 3. Spatial evolution trend of the
During the study period, the area ratio of the temperature increase
was 63%. The regions with significantly elevated temperatures were
located in the Qinghai-Tibet Plateau and Yunnan. Also, the Songhua-
Liaohe River Basin and the Haihe River Basin showed a significant
decreasing trend. The areas that displayed anupward trend in precipita-
tion accounted for 82% of the total area, which was much larger than its
reduced area. The areas that displayed a significant increase in precipi-
tation were located along the borders of Jiangsu, Zhejiang, Guangxi,
and Guangdong. In addition, the areas that displayed reduced precipita-
tion were located in Yunnan. The area of evapotranspiration that
showed an increasing trend accounts for 81%, with obvious increases
reported in the northeast region and the Pearl River Basin. The area
that displayed a decreasing trend in water budget was larger than the
areawith a decreasing trend in precipitation. In addition, the decreasing
regional ratio of water budget was 51%, which was 2.8 times the area of
precipitation reduction.

By comparing the spatial distribution of the CSF and its influencing
factors, the reduced area in the southern part of the CSF was a region
where water budget was shown to be significantly reduced, and it was
CSF and its influencing factors.
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also an areawhere the temperaturewas shown to be rising and the pre-
cipitation decreasing. The areas of decreased CSF in the northwere loca-
tions with reduction areas of water budget and FVC. The area with a
large increase in the CSF was the area where water budget, precipita-
tion, and evapotranspiration were shown to be increasing. The spatial
distribution of the CSF evolution trendwas affected by the spatial distri-
bution of the evolution of its influencing factors. Therefore, the
weathering CS of rocks can rapidly respond to climate change and eco-
logical restoration. However, different factors have various effects on
the weathering CS of rocks, and the response of the weathering CS to
each factor is different in different areas. Therefore, the influence of
the factors of the CSF in different areas needs to be assessed quantita-
tively to accurately analyze the driving factors of the weathering CS of
rocks.

3.3. Impact of climate change and ecological restoration on the CS

The effects of temperature, precipitation, evapotranspiration, water
budget, and FVC on the CSF of rock weathering were analyzed, and
the relative contribution rates of each factor to CSF were obtained.
Fig. 4 shows that the response of the CSF to various influencing factors
varied significantly in the different basins. However, in addition to the
Continental Basin, precipitation andwater budgetwere the decisive fac-
tors that affected the CSF, and they had a proportional contribution. The
relative contribution rate of temperature in the Southwest Basin
reached 28%, and its values in the Haihe River Basin and the Songhua-
Liaohe River Basin, where the temperature drops significantly, was
19% and 14%, respectively. Therefore, the CSF responds to the tempera-
ture changes evidently in the low-temperature and temperature-drop
areas. The relative contribution rate of evapotranspiration was higher
in the Haihe River Basin and the Yangtze River Basin than in the other
basins, and its contribution rate was less than 6% in the other basins.
In the Continental Basin, where FVC was low overall and precipitation
was poor, the relative contribution rate of FVCwas the largest, reaching
74%. The Continental Basin had large areas of CSF with null values, and
these areas were also the low-value areas for precipitation,
Fig. 4. Relative contribution rates of the impac
evapotranspiration, water budget, and FVC. Therefore, the relative con-
tribution rate of other factors, except FVC, was low in these areas. At the
national scale, water budget was the most important driving factor of
the CSF, with a relative contribution rate of 57%. In addition, the re-
sponse of the CSF to precipitation change was also evident, reaching
35%. The CSFwas also affected by other factors. The relative contribution
of temperature was 6%. Evapotranspiration and FVC accounted for only
1%. Therefore, the CSF is not primarily controlled by the
abovementioned three factors.

According to the analysis of the relative contribution of the factors to
the CSF at different scales, it appears that precipitation and water bud-
get were the decisive factors that affected the weathering CS of rocks.
The relative contribution rates of temperature and evapotranspiration
were less than the abovementioned decisive factors, but they also pro-
duced an important impact on the CSF. The relative contribution rate
of temperature was higher in the low-temperature and temperature-
decreasing areas than in other areas. The relative contribution rate of
evapotranspiration in the different basins did not show a certain regu-
larity. Therefore, the water environment characteristics in a region
must be considered in combination with the precipitation conditions
to accurately determine its influence on the CSF. Furthermore, an im-
proved water environment signifies an increasingly active weathering
process. In comparison with the abovementioned factors, the relative
contribution rate of FVC to the CSF was primarily weak. However, in
the low-value areas of FVC, FVC had important influences on the CSF.
By quantifying the relative contribution rates of the various influencing
factors, it was demonstrated that CSF could respond rapidly to climate
change and ecological restoration, thereby affecting the global carbon
cycle and the carbon budget.

3.4. Evolution comparison and response of the weathering CSF in different
lithologies

3.4.1. Evolution comparison of the CSF in different lithologies
By analyzing the different time evolutions of the CSF in the 12 types of

rocks in China during the study period (Fig. 5), the CSFs of carbonate
t factors to the CSF in the different basins.



Fig. 5. Temporal evolution characteristics of the CSF with different lithologies. SC: Carbonate Rocks; SM: Mixed Sedimentary Rocks; PA: Acid Plutonic Rocks; PI: Intermediate Plutonic
Rocks; PB: Basic Plutonic Rocks; VA: Acid Volcanic Rocks; VI: Intermediate Volcanic Rocks; VB: Basic Volcanic Rocks; SU: Unconsolidated Sediments; SS: Siliciclastic Sediments Rocks;
PY: Pyroclastic; MT: Metamorphic Rocks.
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rocks, mixed sedimentary rocks, basic volcanic rocks, intermediate volca-
nic rocks, siliciclastic sediments rocks, andmetamorphic rocks all showed
decreasing trends. In contrast, the CSF of the remaining rocks showed an
increasing trend. Mixed sedimentary and carbonate rocks had more evi-
dent reduction trends in the CSF than in other rocks, and their decreasing
rates were −0.0246 and −0.022 t C km−2 yr−1, respectively. The most
significant increase in the CSFwas in acid volcanic rocks, with an increase
rate of 0.0186 t C km−2 yr−1. The annual average CSF of carbonate rocks,
mixed sedimentary rocks, unconsolidated sediments, and siliciclastic sed-
iments rocks reached their peaks in 2002.Moreover, the CSF of carbonate
rocks, basic plutonic rocks, intermediate plutonic rocks, intermediate vol-
canic rocks, siliciclastic sediments rocks, pyroclastic, and metamorphic
rocks all reached their valleys in 2011. In addition, numerous similarities
were observed in the evolutionary trends of carbonate rocks and mixed
sedimentary rocks, and the CSF evolution trends of basic plutonic rocks
and intermediate plutonic rocks also showed some similarities. Different
rocks have various lithologies, but the tendency to change the CSF
under the combined effects of climate change, ecological restoration,
and other factors remains consistent. Therefore, the weathering CS of
rocks is controlled by their lithology, but they also have a sensitive re-
sponse on external environmental changes.

3.4.2. Impacts of climate change and ecological restoration on the CS under
different lithologies

In Fig. 6, the responses of the different lithological CSFs to each im-
pact factor were different. However, in addition to basic volcanic rocks
and intermediate volcanic rocks, water budget and precipitation had
relatively high contribution rates to the CSF of other lithologies. The
CSFs of carbonate rocks, mixed sedimentary rocks, intermediate plu-
tonic rocks, acidic volcanic rocks, and unconsolidated sediments
showed some feedback on temperature and evapotranspiration. Fur-
thermore, the influence of FVC on the abovementionedfive types of lith-
ological CSFs was weak. For basic plutonic rocks, siliciclastic sediments
rocks, pyroclastic, andmetamorphic rocks, except for the significant im-
pacts fromwater budget and precipitation, temperature also accounted
for a certain proportion of the relative contribution rate. However, the
relative contribution rates of evapotranspiration and FVC were low.
The relative contribution rate of water budget to acid plutonic rocks
was the most significant, followed by precipitation, FVC, temperature,
and evapotranspiration. The contribution rates of FVC, temperature,
and evapotranspiration were low. The effect of temperature on the
CSF was significantly higher in basic volcanic rocks and intermediate
plutonic rocks than in other types of rocks, and the effect of precipita-
tion on the abovementioned two types of rocks was less than the influ-
ence of temperature.

Therefore, the different types of rocks with scattered distributions had
obvious responses to water budget and precipitation changes. Tempera-
ture and evapotranspiration also accounted for a certain proportion of
the relative contribution rate. The influence of FVC on the CSF was weak.
These results were different from those obtained using the basin division,
primarily because the relative contribution rate of FVC in the Continental
Basin was abnormally high. Therefore, the relative contribution rate of
each impact factor to the CSF was different under various division modes.

4. Discussion

4.1. Comparison with other related studies

The results obtained in this study were compared with the relevant
research results from different scales to explain the accuracy and reli-
ability of the calculation results further. Qiu used the same GEM-CO2

model as this study to investigate the weathering CS of rocks in China
(Qiu et al., 2004). This author calculated the CS in China as 14.1 Tg C
yr−1 and the CSF as 1.64 t C km−2 yr−1. In contrast, the results obtained
in this study were 17.69 Tg C yr−1 and 2.53 t C km−2 yr−1, correspond-
ingly. Considering Chinese rock species were divided into 9 species in
Qiu's research, whereas 12 rock species were used in this study. The dif-
ferences in the research period, source, and accuracy of data could also
lead to differences in results. Liu (Liu and Wolfgang, 2012) and Li (Li
et al., 2019a) calculated the carbonate CS in China using the



Fig. 6. Distribution of different lithologies and the relative contribution rate of each impact factor to the CSF of various lithologies in terrestrial China.
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hydrochem-discharge method and the maximum potential dissolution
method. The carbonate CSF obtained using the two methods were
10.4 and 5.02 t C km−2 yr−1, and the result of this study was 6.41 t C
km−2 yr−1, which is between the above two results. This indicates
that different models, input data, and research focus can underestimate
or overestimate the CSF. Some differences were also observed between
the results of this study and those of other studies based on different ba-
sins. This was likely due to differences in the regions that were studied,
themethods of estimation, and other factors. Currently, most studies on
the weathering CS of rocks in China have focused on the weathering
process of carbonate rocks and silicate rocks, and studies on the
weathering CS of other types of rocks have been relatively scarce. There-
fore, only the currentmagnitudes of CSs and CSFs of carbonate rocks and
silicate rocks were compared, as shown in Table 2. The results of this
study differed somewhat from those of other studies, but these differ-
ences were due to a combination of different factors. A comparison of
CSs and CSFs in different basins and lithologies showed that the GEM-
CO2 model had a high reliability in China, and the results of this study
have a high degree of credibility and feasibility.

In studying the effects of climate change and other factors on the
weathering CS of rocks, Gislason concluded that in the eightwatersheds
of Iceland, chemical weathering increased by 4%–14% with an increase
in the air temperature of 1 °C (Gislason et al., 2009). Liu estimated
that global warming may lead to a 21% increase in the global carbonate
CS by 2100 (i.e., approximately 0.18 Pg C yr−1) (Liu and Wolfgang,
2012). Beaulieu suggested that a high sensitivity of CO2 consumed by
terrestrial weathering to climate and land-use changes (Beaulieu et al.,
2012). Zeng confirmed the importance of climate influence in the



Table 2
Comparison of rock CSs at different scales.

Areas 
CS 

(Tg C yr-1) 

CS in this study 

(Tg C yr-1) 

CSF 

t C km-2 yr-1) 

CSF in this study 

t C km-2 yr-1) 

Yangtze River Basin 

(Amiotte et al., 2003) 

4.82c 1.83c 4.95c 6.62c 

0.48s 

0.92s 

0.61s 

1.41s Yangtze River Basin 

(Gaillardet et al., 1999) 

1.28s 0.71s 

Yellow River Basin 

(Fan et al., 2014) 

0.31s 0.11s 0.42s 0.47s 

Yellow River Basin 

(Li and Zhang, 2003) 

1.06c 0.86c 5.74c 2.18c 

Pearl River Basin 

(Cao et al., 2011) 

1.85c 1.28c 11.68c 8.79c 

Guizhou 

(Zeng et al., 2016) 

1.56c 1.12c 10.3c 7.12c 

China 

(Qiu et al., 2004) 

14.1a 17.69a 1.64a 2.53a 

7.45c 

4.42c 

7.49c 

5.8c 

China 

(Liu and Wolfgang, 

2012) 

36c 10.4c 

China 

(Liet al., 2019) 

11.37c 5.02c 

Green columns: other studies; blue columns: this study.
a: all kinds of rocks; c: carbonate rocks; s: silicate rocks.
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carbonate CS by analyzing the correlation between changes in the car-
bonate CS and climate change in Southwest China from 1970 to 2013.
This researcher also reported that runoff depth and precipitation were
the primary driving factors for CS changes in carbonate rocks. Temper-
ature and the equilibrium concentration of carbonate rocks also affect
the strength of the CS of karstification, but the carbonate CS in South-
west China was not main controlled by these two factors (Zeng et al.,
2016b). Li considered that themean runoffmodulus (q)was a key factor
that affected the carbonate CS, which was primarily influenced by fac-
tors such as climate, topography, and vegetation (Li et al., 2019b).

4.2. Response mechanism and significance of the weathering CS in rocks

By combining the temporal change and spatial distribution of the
evolution trend of the CSF and its influencing factors, it was shown
that a decreasing water budget had a negative impact on the
weathering CSF in rocks, and an increase in temperature also led to a de-
crease in the CSF. In the distribution of the spatial evolution, reductions
in precipitation and evapotranspiration decreased the CSF. In the evolu-
tion of time, precipitation displayed an increasing trend during the
study period, but the CSFwas slightly reduced. The reason is that evapo-
transpiration increased, and the combined effect of precipitation and
evapotranspiration led to a decrease inwater budget, so that the CSF re-
duced. The restoration of FVC had a positive impact on the CSF. But FVC
showed a low relative contribution rate to the CSF, and the influences of
the other factors counteracted its effect.

The conclusion is drawn from the factors mentioned above, that
water availability is a key to chemical rock weathering, and high water
availability promotes chemical rock weathering. The relative contribu-
tion of water budget to the CSF was high in this study because positive
water budget increased water availability. Water availability is also af-
fected by other factors, precipitation and evapotranspiration affect
water availability by affecting water budget. High temperature could
generally reduce water availability by causing quicker evaporation
both from soil and vegetation. FVC could be more important in arid
areas because of the water retention functions of vegetation increase
water availability. Therefore, water availability could be considered as
an important factor for the CSF. Therefore, various factors should be com-
prehensively considered together to determine how the CSF is affected.

The difference between the carbon source (carbon emission) and the
CS is termed a missing CS (Schimel, 1995). Houghton estimated that the
anthropogenic carbon emission to the atmosphere (7.1 Pg C yr−1) was
more than the sum of carbon accumulated in the atmosphere (3.3 ± 0.2
Pg C yr−1) and absorbedby the ocean (2.0±0.8 Pg C yr−1). Therefore, the
missing CS was approximately 1.8 Pg C yr−1 (Houghton et al., 1998).
Melnikov and O'Neill found that the large terrestrial missing CS was 2.8
Pg C yr−1 (Melnikov and O'Neill, 2006). The weathering CS (17.69 Tg C
yr−1) in terrestrial rocks in China, which was calculated in this study,



11S. Gong et al. / Science of the Total Environment 750 (2021) 141525
accounted for 1% and 0.6% of the above missing CS, respectively. Accord-
ing to Xu, the magnitude of the carbon emission was 1.01 Pg C yr−1

(2000–2004) in China (Xu et al., 2006). Therefore, the weathering CS in
terrestrial rocks was equivalent to 1.8% of carbon emission.

To explore themechanism and location of the terrestrial missing CS,
many researchers have focused on the roles of the soil CS (Liu et al.,
2020) and the vegetation CS. According to this study, the weathering
CS of rocks was equivalent to 7%–9% of the total terrestrial ecosystem
CS (0.19–0.26 Pg C yr−1) (Piao et al., 2009) and equivalent to 25%–
43% of the soil CS (41–71 Tg C yr−1) (Fang et al., 2007) in China. In ad-
dition, China accounted for approximately 6.44% of the world's land
area, and its CS was equivalent to 6.8% of the global CS of rocks (0.26
Gt C yr−1) (Suchet and Probst, 1995). Whether in China or in the
world, the weathering CS of rocks is a significant portion of terrestrial
ecosystem CS. It also occupies a certain proportion of the missing CS
and carbon emission. Thus, it is very significant to explore the magni-
tude, distribution, evolution, and influencing factors of the weathering
CS of rockswhen researching on the carbon cycle and its global changes.

4.3. Limitations of the study and future scope

In this study, some problems emerged in data selection and data
matching of different precisions. The sources of input data are different,
the accuracyof result estimation is therefore different.Hence, the reliability
of the selected data must be improved. Simultaneously, the model itself
may have some limitations, and its empirical coefficient amust be verified
by numerous actual experimental results and repeated verification in the
future to improve its accuracy and applicability to different regions. Thus,
improving theestimationability of themodel is the emphasis anddifficulty
of present and future research. There is no unique unchallenged metric of
relative importance in case of correlated regressors (Ulrike, 2006). There-
fore, the LMG model that was used to estimate relative importance also
had some limitations, and this may have led to some deviations in the cal-
culation of the relative importance results. Thedevelopmentof amorepro-
cedure to evaluate the relative importance is the goal of future work.

The calculation of water budget should take into account the water
transfer due to runoff and other factors. This study referred to the calcu-
lation of theweathering carbon sink of rocks by other researchers, so this
factor was not considered in water budget. But runoff is not only impor-
tant towater budget, but also affects the weathering carbon sink of rocks
(Raymond, 2003; Raymond et al., 2008). Other environmental factors,
such as the PH of precipitation (Oliva et al., 2003), respiration of plants
and soil microorganisms (Davidson and Janssens, 2006; Wan et al.,
2007), exposed rock area (Probst et al., 1994), and physical erosion pro-
cesses (West et al., 2005; Gaillardet et al., 1999) will also impact the rock
CS. In this study, only several factors were considered, and the relative
contribution rate of each factor will change accordingly when other rele-
vant factors are added. Therefore, the results obtained in this study are
not very comprehensive. The influencing factorsmust be fully considered
in the future research. In addition, interactions between the influencing
factors on the weathering CS of rocks must be further explored.

5. Summary

The weathering CS of terrestrial rocks in China from 2000 to 2014
was estimated using the GEM-CO2 model. The results showed that:

(1) For the time period of 2000–2014, the CS of terrestrial rocks in
China was 17.69 Tg C yr−1, and the CSF was 2.53 t C km−2 yr−1.
Mixed sedimentary rocks had the highest CS (6.89 Tg C yr−1) of
the 12 types of rocks, and carbonate rocks had the highest CSF
(5.8 t C km−2 yr−1). In the nine major river basins, the Pearl
River Basin had the highest CSF (5.96 t C km−2 yr−1), whereas
the CSF in the Songhua-Liaohe River Basin was the lowest (0.83 t
C km−2 yr−1), and the difference between the two was approxi-
mately seven times.
(2) Theweathering CS of rocks in Chinawas high in the south and low
in the north according to the spatial distribution, and the high-
value areas were distributed at the junction of Hunan, Guangxi,
and Guangdong and the south of Shigatse. FVC, temperature, pre-
cipitation, evapotranspiration, and water budget were all high in
the southeast but low in the northwest. The spatial distribution of
the magnitude of the CS had a significant feedback effect on the
spatial distribution of climate change and ecological restoration.

(3) In terms of time evolution, the CSF during the study period de-
creased slowly at a rate of 5.4 kg C km−2 yr−1 in China, and
water budget also displayed a downward trend. However, the gen-
eral trends of FVC, temperature, precipitation, and evapotranspira-
tion all increased. Furthermore, the correlation coefficient between
water budget and the CSFwas the highest (reaching 0.82), and the
correlation coefficient between precipitation and the CSFwas 0.65.
For the spatial evolutionary trend, the reduced area in the southern
part of the CSF was a region where the water budget was signifi-
cantly reduced. It was also an area where the temperature in-
creased and the precipitation decreased. The areas of decreasing
CSF in the north had reduced water budget and FVC.

(4) At thenational scale, the relative contribution rates ofwater budget
andprecipitationwere 57%and35%, respectively, followedby tem-
perature, with a contribution rate of 6%. The contribution rates of
evapotranspiration and FVC were only 1%. The relative contribu-
tion rate of temperature was higher in the low-temperature and
temperature-decreasing area than in other areas. The relative con-
tribution rate of FVC to the CSF was primarily weak. However, in
the Continental Basin, where FVCwas lowoverall, the relative con-
tribution rate of FVC was the largest, reaching 74%. Additionally,
the above factors influenced rock weathering by jointly affecting
water availability. Itwas verified that theCSF could respond rapidly
to climate change and ecological restoration by quantifying the rel-
ative contribution rates of the various influencing factors, thereby
affecting the global carbon cycle and the carbon budget.

(5) During the study period, the CSF of six types of rocks displayed de-
creasing trends, whereas that of the remaining rocks displayed in-
creasing trends. The two types of rocks with more evident
reduction trends in the CSF than other rocksweremixed sedimen-
tary and carbonate rocks, and their reduction rates were−0.0246
and −0.022 t C km−2 a−1, respectively. The most significant in-
crease in the CSF was from acidic volcanic rocks, with a slope of
0.0186 t C km−2 a−1. With the exception of the evident responses
from basic volcanic rocks and intermediate volcanic rocks to tem-
perature changes, the relative contribution rates of water budget
and precipitation to different lithologic CSFs were dominant. The
contribution rates of temperature, evapotranspiration, and FVC
were all low.
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