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Large invisible carbon sink potential of global clay minerals to

mitigate climate change

Abstract: The chemical weathering of clay minerals widely distributed in the soil
have great potential of carbon sink (CS), but the magnitude and influence mechanisms
of this CS are unclear. Here we analyse recent changes in five major clay minerals
(chlorite, smectite, mica, illite, and vermiculite) carbon sink and its driving factors,
using a process-based model (PROFILE) and satellite data assimilation. We show that
magnitude of CS in five major clay minerals is about 0.11 Pg C yr! from 0 to 2m
depth of soil, which is one third of CS in rocks and also may be mainly responsible
for the world's missing carbon sink. According to our simulations, the linear trend of
CS during 1970-2018 showing that CS in 56% of the world increasing significantly,
although the intensification of CS cannot be explained by soil moisture (SM) or soil
temperature (STMP) alone, they are the dominant cause of the intensification of CS in
the high latitude area and the decrease of CS in parts of the tropics, while in areas
where SM is drier, STMP may weaken the former’s negative effect on CS. Besides,
simulation results based on medium emission scenarios indicating that CS may
increase by about 36% by the end of this century. These results highlight that a more
comprehensive understanding of the magnitude and driving mechanism of the soil

minerals’ CS is the key to realizing their potential as a nature-based climate solution.

Key words: Chemical weathering; Carbon sink; Soil minerals; Climate change;

carbon budget
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Introduction

There is still a carbon imbalance of about 0.1-0.6 Pg C yr'! in the current carbon
cycle system(Stocker et al., 2013, Fig. 1), previous studies have regarded the carbon
sink (CS) produced by chemical weathering of rocks as the key to solving the carbon
imbalance problem, and have estimated the magnitude and pattern of the CS of
various rocks based on this (Hartmann, 2009; Li et al., 2018; Romero-Mujalli et al.,
2018; Xi et al., 2021). However, due to the shielding effect of the soil layer, the
chemical weathering flux budget of the underlying bedrocks often loses more than
40% under natural conditions (Hartmann et al., 2014), and the main reason is the
incomplete weathering of rocks, resulting in the formation of smaller primary and
secondary minerals distributed in the soil, such as feldspar, pyroxene, chlorite,
smectite and mica, etc (Zolkos et al., 2018). These minerals can not only store about
600Pg of organic carbon per year (Ferdush and Paul, 2021), but also absorbing a
certain scale of inorganic carbon through chemical reaction with CO, in the
atmosphere/soil (Doetterl et al., 2018), especially for most clay minerals with silicate
as the main component, they are not only widely distributed, but also having a large
specific surface area for reaction, resulting in a high degree of stability of the carbon
sink effect on the geological time scale (Bibi et al., 2016; Whitfield et al., 2018).
Therefore, estimating the magnitude and pattern of the weathering CS of clay
minerals can not only provide new ideas for solving the problem of carbon budget
imbalance, but also will hopefully update the understanding of soil carbon pools.

The weathering of minerals in the soil can not only generate CS, but also can
release lots of basic cations, which play a key role in maintaining the development of
terrestrial ecosystems and mitigating the harm of acid deposition. Therefore, scholars

have done a lot of modeling and inversion for the chemical reaction kinetics of
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various minerals in the soil (Goddéris et al., 2006; Olsson et al., 1993; Sverdrup and
Warfvinge, 1993; Sverdrup and Belyazid, 2014), and then estimated the ability of the
minerals to release cations (that is, the weathering rate of the soil). For example,
Erlandsson et al estimated the soil weathering rate at the site scale based on long-term
measured results and the PROFILE model (Erlandsson et al., 2016), similarly, Roy et
al used the same model and the ISRIC-Wise database to estimate the ratio of basic
cation to Al concentration on a global pixel scale (Roy et al., 2012). At the watershed
scale, Goddéris et al (2006) considered the migration of chemical elements between
different layers of soil, and using the WITCH model to estimate the weathering rate of
the soil on the granite bedrock, on this basis, Roelandt et al (2010) and Beaulieu et al
(2011) estimated the distribution characteristics of weathering rate and CS in pixels
based on the spatial distribution map of minerals in the soil, respectively. Therefore, it
can be seen from previous studies that based on a suitable kinetic model and soil
mineral distribution map, it is expected to estimate the spatial distribution pattern of
CS produced by chemical weathering of minerals in the soil. It can be seen from
previous studies that based on a suitable kinetic model and the soil minerals
distribution map, it is expected to estimate the spatial distribution pattern of CS of soil
minerals. However, due to the lack of data on the spatial distribution of soil physical
properties and mineral composition at the global scale, only a few studies have
discussed the CS of minerals weathering in soil at the site and small watershed scales
(Beaulieu et al., 2011; Goddéris et al., 2013), studies on the magnitude and temporal
and spatial distribution of weathering CS of soil minerals, especially clay minerals,
have not yet been discussed on the global pixel scale.

In addition, the weathering of minerals in the soil is very sensitive to the

disturbance of climate change. For example, the experimental results of Akselsson et
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al (2016) in Sweden showed that warming temperature can increase the weathering
rate of minerals in the soil by more than 20%, and the study by Yu et al (2020) in the
subtropical regions of China found that regional warming reduced the basal cation
concentration of soil weathering. Previous studies have shown that soil water is also
an important factor affecting soil weathering (Kronnés et al., 2019), but as soil
moisture (SM) in most regions of the world decreases (Deng et al., 2020), Not only
the chemical weathering process of rocks may be weakened (Xi et al., 2021), the
weathering of soil minerals is also affected (Yu et al., 2020), especially in arid and
semi-arid areas, SM is not only an important factor in controlling the soil carbon pool
(Zhao et al., 2019), but the drought can cause a large amount of soil carbon pool loss,
especially the bottom soil carbon pool (Canarini et al., 2017; Soong et al., 2021; Su et
al., 2020). Therefore, in the context of global warming and soil drying (Deng et al.,
2020), evaluating their respective effects on CS of soil minerals is of great
significance for correcting soil weathering models and re-understanding soil inorganic
carbon pools.

Hence, based on the widely used steady-state soil geochemical profile model
(PROFILE model), and using the newly released spatial distribution map of the global
clay mineral content (Ito and Wagai, 2017), we estimated the monthly-scale CS of
clay-grade minerals in the global soil from 1970 to 2018, aiming to discuss the
following questions: 1) What is the magnitude, pattern and evolution trend of the CS
of the chemical weathering of clay minerals in the soil? 2) What are the spatial
characteristics of the effects of global warming and soil drying on CS of soil minerals?

3) How does the CS of soil minerals compare with other CS?
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Fig. 1 Schematic diagram of the global carbon budget from 2008 to 2019

Results
Spatial differentiation of carbon sink

In terms of magnitude, combined with the chemical formula of typical mineral
weathering (Goddéris et al., 2006), we have summarized the CS of clay minerals in
soils at depths of 0-200 cm around the world. It was also found that the annual
average carbon sink flux (CSF) of five types of clay minerals (including chlorite,
smectite, illite, mica, and vermiculite) was about 0.50 t C km?, and the total CS was
about 110.86 Tg C yr'!', which accounts for about 34% to 42% of the CS of rocks
(Hartmann., 2009) and about 18% of the missing carbon sink (Xi et al., 2021), in
addition, the magnitude of this CS is basically equivalent to the CS of global silicates
(Zhang et al., 2021). Based on the statistics of climate zones, it is found that the CSF
(2.43 t C km™) and carbon storage (59.69 Tg C yr!) in tropical are much higher than
other climate regions, followed by temperate (20.83 Tg C yr!), arid (18.17 Tg C yr),
cold zone (11.60 Tg C yr!') and polar zone(0.58 Tg C yr!) (Table S1). In addition,

affected by the mineral content, the capacity of CS clay minerals in the soil is
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positively correlated with soil depth, the average CS at depths of 0-10cm, 10-40cm,
40-100cm, and 100-200cm are about 6.77 Tg C, 21.22 Tg C, 33.10 Tg C, 49.77 Tg C,
etc. (Fig. 3), the CSF increases with depth, and the average values of CSF are 0.03 t C
km2,0.10 t C km?2,0.15t C km?2, and 0.23 t C km™, respectively.

In terms of spatial distribution, the high-value areas of CSF are mainly
concentrated in the range of 30° north-south latitude, and the low-value areas are
mainly distributed in areas above 30°N in the northern hemisphere, such as Russia,
Canada, and Alaska. Affected by soil thickness, there are differences in CS at different
depths in the same area. For example, in the karst area of southwest China, despite
abundant hydrothermal conditions, most of the soil thickness in this area is less than 1
meter (Li et al., 2020), so the high value of CSF is mostly only within the depth of 0
to 100cm, while the CS potential of minerals at the depth of 100-200cm is greatly
reduced (Fig. 2d). However, in the Amazon River Basin in South America, due to the
large runoff and serious surface soil erosion (Flores et al., 2019), the mineral content
in the soil is low, so the CSF of the minerals in the surface soil is also very low (Fig.
2a), but the CS of soil below 40cm starts to increase (Fig. 2¢). In addition, near the
Congo Basin in Africa, high temperature and drought have reduced the water content
of the topsoil (Zhu et al., 2021), which will also limit the CS of potential of the topsoil,
while in the subsoil, with the increase of soil moisture Increase, this restriction has
been alleviated.

At different latitudes, the CSF presents an obvious three-peak distribution.
Taking the latitude profile of CSF at a depth of 0 to 200 cm as an example (Fig. 2e),
the CSF of world’s major clay minerals first increase and then decrease from north to
south, among them, the average CSF in the 30°N-60°N latitude zone is mostly lower

than 1 t C km™. From 30°N to the south, the CSF gradually increases, in the range of



141 17°N to 24°N, the average CSF is higher than 2.0 t C km™, and in this latitude zone,
142 the CS of it accounts for about 7.4% of the global. Moreover, the CSF reached its first
143 peak (2.80 t C km) near 18°N. Thereafter, to the south, the CSF first decreased and
144  then increased, and reached the second peak (3.47 t C km™?) near 8°N. The average

145 CSF in the range of 7°N to 11°N is higher than 3 t C km?, and the CS in this latitude

146 zone accounts for a higher proportion (9.7%). The third peak appeared near 3°S (3.31

147t C km™), and the average CSF in the latitude zone between 0°S and 5°S reached 2.75

148t C km?, and the CS accounted for about 10.64%.

a: 0-10cm 120°W 60°W  0°  60°E 120°E o b: 10-40cm 1200W 60°W 60°E  120°E 90°N
P — ——— 0 R IR

N 0.20 60°N
0.6
30N o5 30N & . : - L e 0.5
5 0.4
0 0.10 (3 03
= y 0.2
30°8 0.05 e 2 . . b ) 308
30°8 3 v 0.1
60°5. 0.00 60°5 0.0
0.01 0.03 0.05 0.1 02 03 05 (tkm?yr') —
¥ 005 0.1 02 03 05 08 1  (tkm?yr') R YO

¢z 40-100cm ~120°W 60°W  0°  60°E 120°E
==
1.50
125
1.00
0.75
0.50
0.25
0.00
0.05 0.1 0.3 0:5 08 1 12 (tkm?yr') WS.T 0.1 03 0:5 0:8 1 15 2 (t km?yr') 90°8 3
A
0" 0" o OE O]
e: 0-200cm 120 XV“ 60°W o. 60 120°E 90°N
P
600N  Tm
60°N
: . N 3.0
300N A - S : o
e ¥ , N il 25
: | _ b | 2.0
0° =1 : - \-‘ﬁ; 5= - 0°
. / . , : 15
b £ ; \ y : 1.0
3008 = 3 TR b= — R - 27 7 30°S
: ; 0.5
_____ N 6ies 0.0
01 03 05 1 15 3 5  (tkmiyr') 90°8y ¢

149

150  Fig. 2 Spatial and latitude distribution map of global weathering carbon sink of major clay

151 minerals
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Spatial differentiation of carbon sink trends

Clarifying the temporal and spatial evolution characteristics of CS of soil
minerals is of great significance for understanding the fluctuations of regional or
global soil inorganic carbon storage. To this end, we analyzed the magnitude and
spatial evolution trends of CS of five major types of clay minerals in the world from
1970 to 2018. The results show that the change trend of CS of clay minerals at
different depths basically shows a fluctuating upward trend, and the change trend is
significant (Fig. 3). The growth rate increases with soil depth, from 0.007 Tg C yr! to
0.1 Tg C yr!" in 0 to 200 cm deep soil, and the average growth rate of global CS is
0.17 Tg C yr'!. This rate is higher than the change trend of CS of major rocks in recent
years (0.1 Tg C yr!), but lower than that of carbonate rocks (0.31 Tg C yr!) (Xi et al.,

2021).
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Fig. 3 Change trend of carbon sink of clay minerals at a depth of 0 to 2m from 1970 to 2018

Spatially, we estimated the changing trend of CS in soil at different depths on a
pixel scale (Fig. 4), and founding that the trend of CS in clay minerals is opposite to
that of silicate rocks (-0.027 t C km yr') (Zhang et al., 2021), in the 0-200cm depth
of soil, the CS of clay minerals in about 56.47% of the world has shown a significant
increase. Since 1970-2018, about 1.4 kg of more carbon can be sequestered per
kilometer per year on average. In addition, the growth rate of CS in the bottom soil
(100-200cm) is about 8 times that of the surface soil (0-40cm), which indicating that

the carbon storage of minerals in the bottom soil has been increasing in the past half
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century, and the role of balancing the carbon cycle of the minerals in the bottom soil
is growing. Most of the CS in the northern hemisphere above 30°N are
growth-oriented, and the high-value areas of growth are mainly concentrated in the
Indian Peninsula, the Nile River Basin, the Amazon River Plain, South America near
the Caribbean, and the middle and lower reaches of the Yangtze River in China.

Combined with the climate zoning map, we found that in tropical regions, the
significant increase or decrease of surface soil (0-40cm) is basically the same, and the
rate of CS is negative, indicating that the carbon sequestration capacity of surface soil
in tropical regions is weakening. However, the growth rate of CS in the bottom soil
can offset the deceleration of CS in the surface soil, eventually, the CS in the tropics
are still mainly increasing. In addition, although the CS in the temperate zone is
higher than that in the arid zone, the growth rate of the CS in this region is smaller,
which indicating that the potential CS of minerals in the soil is gradually increasing in
the arid zone. In the cold and polar zone, the CS of 71.89% and 55.17% of the regions
are increasing significantly, respectively.

In the latitude zone, the overall trend of CS increasing firstly and then decreasing
from north to south. Taking the profile of the CS trend at a depth of 0-200 cm as an
example (Fig. 4e), in the range of 20°N to 60°N, the trend of CS is mostly positive. In
the range of 5°N to 15°N, the rate of CS is mostly greater than 4.5 kg C km yr!, and
a peak value (8.05 kg C km™ yr!) appears near 14°N, and then, the change trend of
CS turned negative as the latitude decreased, and the lowest value (-3.57 kg C km?
yr'!) appeared near 11°S. The decreasing trend in the southern hemisphere did not
gradually turn positive until around 35°S, and reached a peak again around 52°S (8.65

kg C km?2 yr).
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Fig. 4 Spatial and latitude differentiation of the change trend of clay mineral weathering carbon
sink
The influence of soil moisture on carbon sink of clay minerals

Evaluating the impact of changes in soil hydrothermal properties on the CS of
clay minerals at different soil depths is of great significance for understanding and
improving the response mechanism of soil inorganic carbon storage to climate change.
Based on the method mentioned in 2.2.3, we separated the relative contribution of SM
and STMP to the CS of clay mineral weathering. The relative contribution of SM at a
depth of 0-200cm is shown in Fig. 5. Although the area of the positive contribution
area (52.91%) is slightly larger than the negative contribution area (47.08%), the

average pixel value is -2.4%, which indicating that the SM has a negative effect on
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the weathering of clay minerals as a whole.

Spatially, the area where soil moisture is negatively affected are mainly
concentrated in the southern hemisphere. Except for Western Australia, Western
Africa, and Western South America, the influence of SM in other areas is mostly
negative, while in areas above 30°N north latitude, the area where the soil moisture
has a positive contribution is larger. In terms of latitude, the negative influence area of
SM is mainly concentrated in the latitude zone of 30°N to 25°S. The highest value of
the relative contribution of SM appears near 70°N (29%), and the lowest value
appears near 12°S (-34%)).

In climatic zones, the contribution of SM varies greatly in space. In tropical and
temperate zones, the SM is mostly shows a negative contribution, especially in the
soil with a depth of 0 to 100cm, the negative contribution of SM in the tropics is the
highest (-24.28%). In the arid zone, the contribution of surface soil moisture is
negative, but as the soil depth increases, the contribution of SM becomes positive,
which further illustrating the potential of CS of minerals in the deep soil of the arid
zone. In cold and polar zones, SM has a positive contribution, which may be related to
the moistening of the soil in the high latitudes of the northern hemisphere in recent
years (Deng et al., 2020).

Combining with the change trend of soil moisture (Fig. S1), we found that in the
0 to 100cm depth of soil, the average relative contribution of the area with reduced
SM is -23.59%, and the average contribution of about 78.4% of the regional soil
moisture is negative. The average contribution of 78.4% of the SM in this area is
negative, which indicating that the surface soil moisture does weaken the weathering
CS of clay minerals when there is a drying trend. However, in the bottom soil, this

weakening effect is somewhat reduced, with a relative contribution of about -11.48%
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238 Fig. 5 Spatial differentiation of the relative contribution of soil moisture

239 The influence of soil temperature on carbon sink of clay minerals

240 The relative influence of STMP is shown in the figure below (Fig. 6). The results
241  show that in the 0-200cm deep soil, the average value of the STMP is 3.29%, and
242 more than half of the area shows a positive contribution (55.90%) ), which indicating
243  that STMP accelerates the chemical weathering of minerals in soil, which is consistent
244  with previous research conclusions (Akselsson et al., 2016).

245 In terms of spatial distribution, areas where STMP shows a negative contribution
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are mostly consistent with SM, but the contribution of STMP is less than that of SM.
The positive contribution of the high value of STMP is mainly concentrated in the
middle and high latitudes of the northern hemisphere, and the overall characteristics
are similar to the relative contribution of SM. In terms of latitude differentiation, the
overall characteristics of STMP are less significant than that of SM. The average

contribution of STMP in most latitude zones is around 0, while the average value in

areas above 60°N is mostly shows positive. However, the variability in areas above

75°N is extremely large, which may be disturbed by the data itself, but the CSF in
these areas is low, so it has little impact on the overall situation.

In climatic zones, the contribution of STMP is quite different (Fig. 6b). It can be
seen that the contribution of STMP in tropical and temperate zones is all negative,
while the contribution in the arid, cold and polar zones are basically positive, and the
average contribution in the arid zone is the highest (8.23%), which indicating that in
arid regions, SM and STMP both promote the carbon sequestration of soil minerals.
Combining with the spatial map of the change trend of STMP (Fig. S2), we further
found that in areas where STMP is rising, the average relative contribution of STMP
is 10.51% (0-40cm), and there are about 70.55% of the area showed a positive
contribution on the whole. Although the average relative contribution in mid to deep
soil is only 0.5% (40-200cm), in areas where the soil is warmed in the middle and
deep layers, there is still 61% of the area where the contribution of STMP is positive.
It further shows that when the STMP is warming, it does promote the CS of clay

minerals, and this effect mainly occurs in the surface soil.
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Fig. 6 Spatial differentiation of the relative contribution of soil temperature
Discussion

Evaluation of our results

In order to verify our estimated results, we carried out comparisons and
discussions from site monitoring results, simulation results of other models, and
research results of other scholars, respectively. Since there is no research on the global
CS of clay mineral weathering, we first compared the soil weathering cation site data
published in the National Nitrogen and Sulfur Deposition Database (Fig. 7a). This
data set consists of the estimation results of multiple models and a summary of the

measured data. The average value of cationic weathering at these sites is 1046.23 eq
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ha!, and our result is 174.92 eq ha’!, with an average proportion of 20.65% and a
median of 9.70% (Fig. 7b), and it can be seen that the ratio is lower in the western
United States, while higher in the eastern United States, which may be caused by
higher soil temperature and soil moisture in the eastern United States than in the
western United States. In general, the results of this paper are lower than the data of
the site, but since only five types of minerals are considered, and the more easily
weathered feldspar, pyroxene and other minerals are not considered, the estimated
result is definitely lower than the overall weathering rate. However, because the
values are in the same magnitude, the results have a certain degree of reliability as a
whole.

In order to further verify the reliability of the model and the results, we
compared the calculation results of two different models. First, we estimated the
weathering rate of chlorite, mica and vermiculite with reference to a simple mineral
model (Sverdrup and Warfvinge, 2018) with some site data in the ISRIC database (Fig.
7¢), it turns out that our result is slightly smaller than the estimation result of the
simple mineral model, and the average is about 0.8 times that of the latter, but most of
the sample points are at the same magnitude. This further implies that our estimation
results are more reliable.

In addition, we also used another set of more general model to characterize soil
weathering in watersheds which named WITCH (Goddéris et al., 2006). This model
assumes that each layer of soil is an independent box shape, and the weathering
module of it also considering the weathering kinetics of silicate minerals, and this
model can be used to simulate the soil weathering rate at the pixel scale in a small
watershed (Roelandt et al., 2010). Therefore, we used this model to estimate the CS of

smectite and illite (Fig. 7d, e). The results show that the CSF of smectite estimated
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using the WITCH model is smaller than that of the PROFILE model, but the CSF of
illite is higher than the latter. Due to the complexity of soil minerals, the parameter
settings between different models are quite different. Previous studies have also found
that the estimation results between different models can differ by several orders of
magnitude (Erlandsson et al., 2016), but our research show that the results between
different models are almost on an order of magnitude, which once again shows that

our results are highly reliable.
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Fig. 7 Comparison of results. The Fig. 7a shows the distribution of the US nitrogen and sulfur
deposition database, the Fig. 7b shows the ratio of the estimated results to the site data, the Fi. 7c
shows the comparison of the weathering rate estimated by the PROFILE model and the typical
mineral model, and the Fi. 7d and Fi. 7e show the comparison of the carbon sink flux estimated by

the PROFILE model and the WITCH model.

In addition, we have also compared the research results of other scholars (Table
1). In terms of CS, our results are basically consistent with the deduction results of

other studies, and are equivalent to CS of silicate, but smaller than the CS of rocks. In
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terms of CSF, we compared with the CS results of mineral weathering in loess and
founding that our results are within its range, however, since carbonate minerals that
are more susceptible to weathering were not considered, the value was low. In
addition, although the CS is equivalent to that of silicate rocks, due to the limited
distribution of silicate rocks, its CSF is higher than our results. In terms of weathering
rate, we compared the weathering rate on site and regional scales. Although the
weathering rate is lower than the results of other studies, the ratio is in the range of
13% to 32%. Therefore, this result is more consistent with the comparison result of

the US National Nitrogen and Sulfur Deposition Database.

Tablel Comparison with other research

Compared

Object Region This Study  Others’ References
Target
Andrews and
Soil 0.12
Schlesinger, 2001
Carbon Sink
Silicate Global 0.11 0.13 Zhang et al., 2021
(Pg C)
Rocks 0.32 Xietal., 2021
Carbon Sink Loess America 0.7 0.6~2.4 Goddéris et al., 2013
Flux
2
(t C/kam?) Silicate ~ Global 0.5 1.67 Zhang et al., 2021
Akselsson et al.,
Sweden 44 224~332
2016
Weathering Vistra
Rate Forest 169 530~575
Soil Torup
(Eq/ha) Kronnis et al., 2019
_ 47 152~180
Hissmossa
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Synergistic and Trade-off effects of SM and STMP on CS

Under natural conditions, soil moisture and soil temperature do not individually
affect the weathering of minerals, and they interact to promote or limit the weathering
process of minerals. For this reason, we further discussed the synergistic and offset
effects of SM and STMP on the CS of clay mineral weathering. By superimposing the
distribution map of the relative contribution of SM and STMP, we found (Fig. 8) that
the land area driven by the two together accounted for about 43.17% of the total land
area. It can be seen that the area of the main control area of STMP is higher than that
of SM (Fig. 8b). Among them, the areas where both soil moisture and soil temperature
contribute positively accounted for about 28.7%, with an average relative contribution
of 44.9%. They are mainly distributed in the northern hemisphere, especially in high
latitudes. This phenomenon is consistent with the results of other scholars (Zolkos et
al., 2018), which may be related to the significant warming in the high latitudes of the
northern hemisphere in recent years. The melting of frozen soil in high latitudes not
only exposes minerals, but also makes the soil environment warm and humid, which
is very conducive to weathering reactions (Cuozzoa et al., 2020).

The area where SM and STMP are both negatively contributing account for
about 14.47%, and the average contribution on the pixel is -51.04%. That is to say,
both SM and STMP have led to a reduction of more than half of the CS of clay
minerals in this area, which is mainly distributed in most parts of the southern
hemisphere, especially in climatic regions such as tropical and temperate zones, the
reason may be that the soil moisture in these areas is greatly reduced (Deng et al.,

2020).
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Fig. 8 The synergistic effect of soil moisture and soil temperature. Fig. 8a is the area where soil
moisture and soil temperature are both promoted or weakened, and Fig. 8b is the main control area

of different factors

Combined with the change trend of SM, we further found that in areas where SM
dries out and SM is negatively affected, the average relative contribution of STMP is
1.60%, and in 55.06% of this area, the influence of STMP is positive (Fig. 9a, b),
indicating that in more than half of the area, STMP may offset part of the negative
impact of soil moisture drying on the CS of clay minerals.

However, combined with the change trend of soil temperature, we found that in
areas where soil warming and the contribution of STMP is positive, the average
relative contribution of SM is 20.21%, and these areas are mainly concentrated in the
high latitudes of the northern hemisphere (Fig. 9c, d), the reason further validates the

findings in the previous section that warming can lead to soil warming and soil
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wetness in high latitudes, which to some extent accelerates the chemical weathering

process of minerals in the soil.
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Fig. 9 The offset effect of soil moisture and soil temperature. The Fig. 9a shows the relative
contribution of soil moisture in the soil desiccation area, the Fig. 9b shows the relative
contribution of soil temperature in areas where the soil is drying and soil moisture is showing a
negative contribution, the Fig. 9c shows the relative contribution of soil temperature in the soil
warming area, the Fig.9d shows the relative contribution of soil moisture when the soil is warming
up and the soil temperature is positively contributing to the area.

Trends of CS in future scenarios

Referring to the SM and STMP data based on the medium emission scenario
RCP4.5, we used the PROFILE model to extend the global CS of clay minerals from
2051 to 2100 (Fig. 10). Under the RCP4.5 scenario, the average weathering CS of the
world’s major clay minerals is about 0.15 Pg C yr!', which means that after
government intervention, the high concentration of carbon dioxide emitted in the
future can still increase the capacity of CS in clay minerals by about 36%. In general,
CS of clay minerals shows a trend of rapid increase first, and then a slow decrease,

however, there are slightly differences in different climate zones. For example, in
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tropical with the largest amount of CS, the trend is basically a continuous increase,
but in temperate areas, CS shows a trend of first increasing and then decreasing.

In addition, combined with the future trends of SM and STM, we extracted the
percentage changes of CS in drier and warmer soil regions. The results show that the
trend of CS in these regions is basically the same as that of CS that have not been
partitioned, which shows that under the future medium emission scenario, the CS will
be affected by soil desiccation and soil warming slightly less than the current impact.
The reason for this phenomenon may be related to the high concentration of carbon
dioxide emitted. For example, in the study of Roelandt et al (2005), it was found that
high concentration of CO; can increase the cations released by minerals after
weathering by about 20%. Furthermore, the positive impact of soil warming on
weathering may also offset the negative impact caused by the reduction of SM, for
example, based on future climate simulation experiments, Akselsson found that by
2050 the temperature rising can increase the weathering rates of soil minerals by up to
30% (2016).

High-concentration carbon emissions not only mean an increase in climate
warming, but also accelerating the growth rate of vegetation (Chen et al., 2021),
which in turn will indirectly participating in the weathering reaction of minerals by
affecting the hydrological environment of soil. The changes in these environmental
factors in the future will have a certain degree of impact on the weathering process of
minerals. However, due to the limitation of data resolution, we did not conduct a
detailed analysis and only estimating the change trend of CS in clay minerals in the
future, and the above results suffice to illustrate the potential of clay minerals in the
soil as a stable carbon-sequestrated method in the context of possible intensified

climate warming in the future.
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Fig. 10 Time series of CS and its trends under the medium emissions scenario RCP4.5 in the
different areas. The top four maps represent the distribution of global clay minerals' carbon sink
flux in different climatic regions. The line chart shows the changing trends of carbon sink in the
world and in different climatic regions. Among them, except that the unit of the ordinate of the
first line chart is carbon sink, the rest are expressed as the percentage of changes in carbon sink in

other years compared with the carbon sink in 2050.

The uncertainty of this study

Given that the chemical formula of the mineral itself is extremely complex, our
study only refers to the typical chemical formula of the mineral determined in the
laboratory by the predecessors (Goddéris et al., 2006). However, the actual situation is
very complicated and the weathering evolution stage between different minerals is not
considered, for example, the mica may be weathered first to form illite and then
subjected to secondary weathering. So our thinking is consistent with estimating the
CS response of the weathering of the bedrock, that is, the estimated CS after the

minerals are completely reacted (Hartmann et al., 2009). Therefore, the results
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estimated in this paper are theoretically potential CS.

Although the content distribution map of clay-grade minerals has been widely
cited (Ito and Wagai, 2017), under natural conditions, this set of data still has certain
uncertainties. By summarizing the uncertainty of the mineral content on the surface
and bottom grids, we know that the average value on the pixel is about 36.52%.
Therefore, the estimated CS based on this data set should also have a considerable
degree of uncertainty.

The PROFILE model itself has a high degree of uncertainty. Even under the
premise of ensuring the quality of the input data, the error of the model can reach
about 40% (Jonsson et al., 1999), when compared with the soil weathering results of
other models, the error can reach 33%~300% (Futter et al., 2012), which is mainly
affected by the input data. Although some remote sensing and hydrological data are
used in this paper, there are still uncertainties. For example, the error of
evapotranspiration data in the land surface model assimilation data product (GLDAS)
in East Asia can be as high as 40% (Khan et al. , 2018), and the SM is lower than the
observed value (Deng et al., 2020). In addition, due to the low resolution of some data,
downscaling methods such as resampling have to be used, and it is found that the
average error in our data preprocessing process is about 6.22% through calculations,,
and these errors are all errors generated in the data production process.

In addition, we only estimated the relative contribution of soil moisture and soil
temperature, but we know from Fig. 8b that the main controlling factors in most areas
have not yet been determined. Factors such as vegetation, CO» concentration, acid
deposition, human activities and other factors will affect the process of soil
weathering. For example, vegetation can control soil weathering by controlling soil

hydrology, and the high CO> concentration of deep soil can increase the weathering
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rate by at least 15% (Roelandt et al., 2010), moreover, nitrogen deposition can cause
global soil acidification and destroy the weathering reaction of carbonate minerals in
the soil, causing the soil to release a large amount of CO; (L. Deng et al., 2020; Raza
et al., 2020), therefore, all of the above factors will play a key role in the weathering
of minerals in the soil.

In summary, due to the constraints of the original model, input data, influencing
factors, etc., there are still a lot of uncertainties in our research results. However, after
comparing with sites, other models, and other research results, we found that the
results of CS in this paper have a certain degree of credibility. The greatest value of
this paper is that we have produced a dataset of clay mierals in soil with high temporal
and spatial resolution, and clarifying the contribution of the CS produced by the
weathering of clay minerals to the carbon imbalance. These data and research results
will provide more novel and unique ideas for re-understanding the soil inorganic
carbon pool and improving the carbon cycle framework.

Materials
Clay minerals

This article refers to the latest global spatial distribution map of clay-grade
minerals released by Ito and Wagai (2017), this data set compiles data including the
content of the main clay minerals in the soil and their soil bulk density, etc.According
to the classification of soil genesis, the percentages of minerals including kaolinite,
smectite, vermiculite, chlorite, illite, mica and quartz were estimated, respectively.
This data set is divided into two sets of surface and deep data, with spatial resolution
ranging from 2'to 2°, and has been widely cited in the field of geochemical simulation
(Charbonnier et al., 2020; Dabat et al., 2019).

Soil attribute dataset
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The soil moisture (SM), soil temperature (STMP) and other data used to simulate
the CS of clay minerals come from the GLAS Noah 2.0 and GLAS Noah 2.1 data sets
released by Global Land Data Assimilation System (LDAS-NASA) of NASA. Among
them, the GLAS Noah 2.0 data set was used from 1970 to 1999, and the GLAS Noah
2.1 data set (https://1das.gsfc.nasa.gov/gldas/) was used after 2000. This set of data is
divided into 0-10cm, 10-40cm, 40-100cm, 100-200cm and other different soil layers
according to the soil depth from top to bottom, with a spatial resolution of 0.25°, it
mainly combines satellite and ground observation data, and uses advanced data
assimilation and ground simulation technologies, which has been widely cited in the
field of chemical weathering simulation research on rocks (Li et al., 2018; Gong et al.,
2021).

In addition, since the weathering reaction of clay minerals is limited by soil
temperature, in frozen soil areas, too low temperature will inhibit the weathering
process. Therefore, this paper estimates the percentage of frozen soil at the pixel scale

from 1970 to 2018 based on soil temperature. The calculation formula is as follows:

12
> con(T,,;, >0,1,0)
_ _i=l

12

(1)

r

Where, r is the annual percentage of frozen soil with %, and Tsoil is the soil
temperature with K.

The soil bulk density data of the surface and bottom layers comes from the
global clay mineral and its attribute database compiled by Ito and Wagai (2017).
Compared with a single soil bulk density data, this data can finely describe the
difference in soil bulk density between the surface and bottom soils. Among them, the
average bulk density of the top soil is 1.32 g/cm?, and the average bulk density of the

bottom soil is 1.38 g/cm’.



502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

The soil covered by rock weathering often results in uneven soil thickness due to
differences in lithology and local hydrothermal conditions. If the CS of global clay
minerals is estimated at a thickness of 2m, the estimation result will inevitably be too
high. To this end, this paper uses the absolute soil thickness data released by Oak
Ridge National Laboratory (Pelletier et al., 2016) to correct the rate of mineral
weathering in areas with different soil thicknesses.

Climate attribute dataset

As an important indicator of CO> concentration in soil, this paper uses
evapotranspiration data to estimate the CO; partial pressure characteristics in the
atmosphere/soil month by month (Li et al., 2019; Zeng et al., 2019). The formula is as

follows (2):

log(pCO,) =-3.7+2.09x (1—e "7 (2)

Here, ET is evapotranspiration with mm. The monthly scale evapotranspiration
data from 2001 to 2014 comes from the MODI16/ET data set released by the
University of Montana. Based on the 8-day resolution, monthly scale data with a
global resolution of 0.05°x0.05° was produced. The evapotranspiration data for other
years comes from the GLDAS Noah 2.0 and Noah 2.1 data sets provided by NASA.

In addition, in order to calculate the spatial differentiation of CS of clay minerals,
we also used the latest Koppen climate classification map (Beck et al., 2018), this
climate zoning data represents the current (1980-2016) climate background, with a
spatial resolution ranging from 0.0083° to 0.5°.

Site data

This study refers to the soil weathering rate in the Critical Load Database of

Nitrogen and Sulfur Deposition (NCLD) in the United States to compare with our

estimated results of the weathering rate of clay-grade minerals, this database was
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developed by the United States Scientific Committee on Atmospheric Deposition
Critical Load (Lynch, J.A et al., 2020), based on a set of databases shared by the
United States Atmospheric Deposition Program (NADP). Among them, the key
element used to evaluate the critical load is the weathering rate of minerals in the soil.
In this database, a number of measured data including soil weathering rate, nitrogen
and sulfur deposition are recorded in detail. The details of the site are shown in Figure
Ta.

In order to verify our estimation results, we also used the WITCH model to
recalculate, and used the site data in the ISRIC database (Batjes et al., 2020), this data
set includes key parameters such as soil texture, soil temperature, and soil moisture on
the site.

Methods
POFILE Model

We used the steady-state soil geochemical profile model (PROFILE) to estimate
the weathering rate and CS of global clay minerals in soil. The PROFILE model is a
steady-state mechanical soil biogeochemical model (Sverdrup and Warfvinge, 1993),
it can be used not only to estimate the rate of soil weathering, but also to determine
the critical load of acid deposition in soil and surface water (Erlandsson Lampa et al.,
2020). This model couples independent reactions between minerals and different
media, making it not only able to simulate the reaction process of minerals with a
single medium, but also combining environmental data such as soil temperature and
soil moisture, making the scale expansion is possible (Whitfield et al., 2018). In
addition, the model also considers the influence of time on the weathering process,
and can simulate the weathering rate under a long time sequence. The core formula is

as follows:
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minerals

R CO, = ZRiwaxxl.x¢><Z 3)
i=1

Where, RwCO:; is the total weathering rate of the chemical reaction of clay
minerals in which carbonic acid participates, and Ri is the weathering reaction rate of
the i-th type of clay minerals (Equations 4, 5), Aw is the reaction contact area of the
mineral (Equation 6), x; is the content of the i-th clay mineral in the soil, ¢ is the soil
moisture saturation (Equation 7), and Z is the soil thickness with m. The weathering
kinetics module of the PROFILE model takes into account the reaction of soil

minerals with water, CO,, exogenous acid H* and organic acids. The formula for

estimating the reaction rate of minerals with CO; at 8°C is as follows:

P

co, )}’lCOZ
1+ fco2 x (P002 + PCOzLimit)

(4)

R = sz x(

Where, Risg is the mineral reaction rate measured at 8° C in the laboratory, and

KCO: is the mineral dissolution kinetic constant, and its value is often related to the
temperature (Equation 8), PCO; is the partial pressure of carbon dioxide in the
atmosphere/soil (Equation 2), PCOziimit is the limit of carbon dioxide absorption,
nCO:z is the reaction order, and fCO; is the suppression constant 1. After temperature
correction, the following formula can be used to estimate the mineral reaction rate at

room temperature:

R[—S XAWX( : - 1 )
— Tlab ];oil
R. =e (5)

Here, A is the Arrhenius index factor, with a fixed value of 3600K, T is the

laboratory temperature of 8°C (281.15 k), and T is the soil temperature in K. The

mineral reaction contact area Ay is mainly related to the content of clay, sand, and silt

in the soil (Erlandsson et al., 2016). The estimation formula is as follows:
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Aw :SxXclay +2'2XXslit +O'3XXsand (6)

The moisture saturation ¢ in the soil is related to the soil water content, soil

density, etc., and can be estimated in combination with the following formula:

— prsoil
Iosoil _Il)i + gxpwater

(7)

Among them, 0 is soil moisture, psoil is soil density, pwater is Water density, and p;
is soil bulk density.
Trend analysis

We use time as the independent variable, and the year-by-year carbon sink flux at
the pixel as the dependent variable, and combined the unary linear regression and
F-test to estimate the change slope of the weathering CS of the world's major clay
minerals from 1970 to 2018 (Li et al. al., 2019; Zhang et al., 2021). Based on this
result, we discuss the change trend of the weathering CS of clay minerals in the past

half century. The core calculation formula of the unary linear regression is as follows:

nxi(ixm—ﬁ(i)in
nxi(z‘z)—(i(i»z

0

(8)

Where, 0 is the evolution slope of the CS y on the pixel, and 6>0 indicates that
the CS vy has an overall increasing trend within the current research time limit. i is the
current year, n is the overall period of the study, and yi is the value of the CS vy in the
i-th year at a certain pixel.

Separation the effect of SM and STMP

In order to quantify and distinguish the effects of the two key driving factors, soil

moisture and soil temperature, on the CS of the main clay mineral weathering, this

paper sets up two independent experiments to simulate the impact of soil moisture
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changes and soil temperature changes on CS (Liu et al., 2019), in the simulation
driven by changes in soil moisture, by limiting the soil temperature, CO:
concentration and the percentage of frozen soil in 1970, and combined with the soil
moisture data from 1970 to 2018 year by year, the carbon sink CS(smy based on soil
moisture is estimated, that is, the simulated CS(sm) from 1970 to 2018 is driven by soil
moisture. In the same way, the CSstvmp) driven by the soil temperature is simulated.

In order to further analyze the relative contribution of soil moisture/soil
temperature/residual factors to the CS of clay minerals, we uses the time as the
dependent variable, and use actual CS/the CS driven by SM/the CS driven by STMP
as independent variables to do a linear regression analysis to estimate changes in CS
under different scenarios. Taking the CS driven by soil moisture (CSism)) as an
example, the calculation formula is as follows:

y=o,+at+t 9)

Among them, y is the CS based on SM simulation with t C km (CSsm)); t is the
corresponding year, oo is the intercept, a1 represents the change trend of CS driven by
SM (ACSswm)) , T is the residual error.

In the same way, the actual weathering CS of clay minerals and the change trend
of CS driven by soil temperature can be obtained, which are represented by ACS and
ACSstvp), respectively. In addition, the change trend of clay mineral weathering CS
(ARes), which is not driven by the remaining factors explained by soil moisture and
soil temperature, is calculated by subtracting the sum of ACSstvp) and ACS(smy from
the change trend of actual CS ACS. Finally, the relative contributions of soil moisture,

soil temperature, and remaining factors are calculated by the following formulas:

A
Contr.S.Moi = [ACS g | x 100 % (10)

|ACS g, |+ | ACS g |+ | ACS g |
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|ACSSM |+ | ACjSST | + | A(’WSRES |

Contr.S.Tem =

x100% (11

|ACSRES |
|ACSSM |+|ACSST |+|ACSRES |

Contr.S.Res = x 100 % (12)

Data availability. All relevant data are available upon request from the authors.
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