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HIGHLIGHTS GRAPHICAL ABSTRACT

e The field influence of farmland ERW in
different humid regions was explored

e Farmland ERW increased crop yield in
the humid region by 13.5 + 5.2 %

e Carbon sequestration of farmland ERW
in China reached 0.28-0.40 Gt CO, yr™*

e Precipitation and soil pH drive the field
effect of ERW

e Contribution of management factors,
especially fertilization, cannot be
disregarded

ARTICLE INFO ABSTRACT

Editor: Jay Gan Enhanced rock weathering (ERW) in farmland is an emerging carbon dioxide removal technology with crushed
silicate rocks for soil improvement. However, due to climatic variability and field data limitations, uncertainties

Keywords: remain regarding the influence of ERW on food security and soil carbon pools in temperate regions. This study

Climate change focused to evaluate the crop productivity and carbon sequestration potential of farmland ERW in China by

Enhanced basalt weathering
Soil inorganic carbon

Crop productivity

Soil acidification

conducting field monitoring in different humid regions and ERW performance model. Additionally, the contri-
bution of climate, soil, and management factors to ERW-mediated yield and carbon sequestration changes was
explored using random forest and correlation networks. Field monitoring indicated that farmland ERW signifi-
cantly improved crop yield in humid region (13.5 + 5.2 %), along with notable improvements in soil pH and
available nutrients. Precipitation (10.4-16.7 %) and soil pH (9.7-16.8 %) had the highest contribution on ERW
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mediated yield and carbon sequestration changes, but the contribution of management factors (24-26.2 %),
especially N input (2.7-7.0 %), should not be disregarded. The model evaluation demonstrated that the carbon
sequestration rate of farmland ERW in China can reach 0.28-0.40 Gt yr~}, thereby presenting an opportunity to
expand and accelerate the nationally determined contributions of China. The mean sequestration cost of farm-
land ERW was 633 + 161 CNY ¥ t-CO3, which was an attractive sequestration price considering the positive
benefits of rock powder on soil pH and nutrients. Deploying ERW in acidified and mineral nutrient deficient
regions was able to serve as an alternative to lime and part chemical fertilizers to improve yield and maximize
agricultural sustainability and resource co-benefits. Farmland ERW also has the potential to resource silicate
waste to assist traditional, difficult-to-decarbonize industries to reduce carbon emissions. As a result, a
comprehensive assessment of existing artificial silicate waste materials could further expand the application of

farmland ERW.

1. Introduction

Considering the dependence of various sectors on carbon emissions
and the urgent international emission reduction targets, negative
emission technology (NET) becomes a more prominent role in future
climate stability strategies (Rogelj et al., 2016; Amann and Hartmann,
2019; Nugroho et al., 2023). As the world’s largest land user (Solinas
et al., 2021), NETs based on agriculture had considerable potential on a
global scale. For example, soil organic carbon sequestration could
contribute around 5 Gt yr~!, while bioenergy with carbon capture and
storage, as well as biochar, could contribute 0.5-5.0 Gt yr_1 and 0.5-2
Gt yr’1 (Fuss et al., 2018; Renforth, 2019; Rinder and Hagke, 2021).
However, studies have traditionally tended to focus only on the soil
organic carbon sequestration pathways, while research about improving
inorganic carbon was relatively lacking. Soil inorganic carbon (SIC)
played a vital role in providing ecological service by balancing soil pH,
improving nutrients and organic carbon (Wang et al., 2015; Raza et al.,
2020). The loss of SIC was an essential sign of soil acidification and
reduced fertility (Dang et al., 2022; Tao et al., 2022). Several studies
have emphasized the rapid loss of SIC in agricultural soil, but this hidden
danger is currently remaining under-appreciated (Zamanian et al., 2018;
Song et al., 2022). Therefore, seeking a means to mitigate SIC losses has
positive implications for food security and climate change.

The recent proposal of enhanced rock weathering (ERW) strategies
has provided new ways for promoting inorganic carbon in farmland soils
(Kohler et al., 2010; Hartmann et al., 2013; Beerling et al., 2020).
Farmland ERW refers to the application of artificially crushed silicate
rocks or materials on farmland to improve crop productivity and SIC
(Renforth, 2012; Hartmann et al., 2013; Beerling et al., 2020). Silicate
rock powder had the function of slow-release fertilizer, providing a
variety of essential mineral nutrients (e.g., K, Ca, Mg, Fe, Mn) to the crop
over a long period (Beerling et al., 2018). These mid- and micronutrients
were often overlooked in the conventional commonly applied NPK
fertilization programs (Swoboda et al., 2021). The addition of silicate
also could correct soil acidity, reduce aluminum toxicity, and supply
available silicon (Dietzen et al., 2018; Jariwala et al., 2022). Moreover,
the theoretical carbon sequestration efficiency of ERW was substantial
(Renforth, 2012; Moosdorf et al., 2014). Taking anorthite as an example
(Eq. (1)), the weathering of primary silicate minerals produced sec-
ondary minerals (kaolinite), alkaline cations (Ca2+), and promoted the
conversion of atmospheric CO5 to dissolved inorganic carbon (DIC) in
the form of bicarbonate (HCO3) (Penman et al., 2020; Cipolla et al.,
2021; Rinder and Hagke, 2021).

CaAl,Si, O3 +2CO0, + 3H,0—ALSi,05(0OH ), + 2HCO; + Ca** (9]

Ca?* and DIC increased the carbonate saturation state, thereby
promoted calcium carbonate as well as its subsequent preservation and
burial in sediments (Eq. (2)):

Ca** +2HCO; —CaCO; + CO, + H,O 2

It is evident that silicate rocks can fix at least one mole of carbon
dioxide for every two moles of positive charge released. Silicate rocks

were distributed widely and contained a variety of mineral nutrients, so
large-scale ERW on farmland was viable and essential to solving food
security and climate change (Deer et al., 2013; Fuss et al., 2018).
However, the current research was mainly focused on tropical regions,
where the rock type was mainly ultrabasic rocks with rapidly weathered
(such as dunite and wollastonite). While the research was relatively
lacking with more commonly slowly-weathered silicate rock under
different climatic conditions.

Ultrabasic rocks were relatively expensive and scarcely. Conse-
quently, farmland ERW strategies based on such rocks were inevitably
limited by costs and resources, even if they had a faster weathering rate
and higher calcium and magnesium content. Moreover, ultrabasic rocks
may be contained high levels of Ni and Cr elements, which may lead to
the enrichment of heavy metal elements in crops (ten Berge et al., 2012;
Amann et al., 2020; Kelland et al., 2020). Basalt was an ideal material for
farmland ERW due to its wide distribution and including various nu-
trients as well as lower Cr and Ni (Beerling et al., 2018; Dalmora et al.,
2020; Rinder and Hagke, 2021). Evaluative research based on the in-
tegrated performance models revealed that ERW with basalt at the
farmland scale could potentially remove 0.5-2 Gt-COy yr~! globally
(Beerling et al., 2020). However, field evidence of farmland ERW was
infrequent. Although exogenous silicate rock powder was able to
improve crop growth in strongly weathered soils of the tropics (Haque
etal., 2019; Swoboda et al., 2021), the effect on larger areas of neutral or
calcareous soils remained unclear. Stripping the soil conditions of strong
acidity and high water flux, the nutrient benefits and carbon seques-
tration potential of the basalt may be limited. Therefore, a compre-
hensive field monitoring analysis encompassing different climate
regions is necessary to further promote ERW technology at a larger scale.

China, as a major carbon-emitting country, is in a critical situation to
achieve nationally determined contributions (NDCs) (Fu et al., 2015;
Xiao et al., 2020; Zuo et al., 2023). The implementation of farmland
ERW can contribute to fulfilling NDCs and alleviating the pressure of
emission reduction policies (Beerling et al., 2020). We thus conducted a
set of field monitoring experiments across semi-arid, semi-humid, and
humid regions in China to evaluate the crop productivity and carbon
sequestration of farmland ERW. We hypothesized that while the field
performance of ERW may be somewhat dependent on precipitation and
soil pH, basalt could still improve crop yield and SIC in a wider range of
Chinese farmlands. The specific objectives of this study included: (1)
exploring the response of crop growth, soil biogeochemistry, and inor-
ganic carbon storage to ERW, (2) analyzing the environmental factors of
yield and inorganic carbon change mediated by ERW, and (3) evaluating
carbon sequestration and cost of farmland ERW in China based on an
ERW performance model.

2. Materials and methods
2.1. Field experiment
2.1.1. Distribution of field experiment sites

The distribution of field experimental sites involved three climate
zones in China: semi-arid, semi-humid, and humid regions (Fig. 1). The
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basis for the regional division was the dry and wet conditions (precipi-
tation 200-400, 400-800, and > 800 mm). The field experimental sites
in the humid region were arranged in April 2019, with 12 sample sites,
mainly concentrated at the junction of Shaanxi Province, Hubei Prov-
ince, and Chongqing municipality. The field experimental sites in the
semi-humid region were also deployed in 2019, distributed mainly in
the Loess Plateau of northern Shaanxi and the Guanzhong Plain, with a
total of 11 sites. The experimental sites in the semi-arid region were laid
out in April 2021, concentrated around Liangcheng County in Inner
Mongolia Autonomous Region and Yongjing County in Gansu Province,
with the number of sites being 8. The climate and soil properties of field
sites in each region is shown in Fig. S1 and Fig. S2.

2.1.2. Source and characteristics of mixed silicate rock powder

A mixed silicate rock powder was made through five different
sources of basalt gravel. The sources were Liangcheng of Inner Mongolia
Autonomous Region (112.191°E, 40.509°N), Pingding of Shanxi Prov-
ince (112.042°E, 37.037°N), Neixiang of Henan Province (111.688°E,
33.067°N), Jingshan of Hubei Province (113.209°E, 31.196°N) and
Yongjing of Gansu Province (103.512°E, 36.022°N), respectively. To
improve the nutrient supply and sequestration potential, we further
added one plauenite, two phosphorus-bearing silicates (andesite and
diabase), and two ultramafic rocks (peridotite and serpentine). Rocks
were uniformly crushed twice (jaw and cone crusher), milled once (high
energy ball milling), and passed through a 200-mesh sieve. Each rock
powder was mixed in equal mass proportions and used for farmland.

Rock particle size was measured with the laser particle sizer (Mas-
tersizer 2000, Malvern) (Arriaga et al., 2006), and the Brunauer-
Emmett-Teller (BET) specific surface area was measured based on the
BET Nj-adsorption method (Brunauer et al., 1938) with the specific
surface area and pore size distribution analyzer (V-sorbx2800p, Gold
APP). The average P80 (rock mass ratio with particle size less than this
value reached 80 %) of the mixed rock powder was 38.4 + 4.5 pm, and
the mean BET specific surface area was 13.8 + 2.7 m? g~!. The main
element composition of the rock was analyzed by X-ray fluorescence
(XRF, SPECTRO, MIDEX) and melting method (Amann et al., 2020;
Haque et al., 2020). The trace element (Cd, Hg, As, and Pb) was analyzed
by microwave digestion and the inductively coupled plasma optical
emission spectrometer (ICP-OES; ARCOS, SPECTRO) (SAMR and SAC,
2020). The inorganic carbon content in rocks was measured using the
combination method automatic carbon and nitrogen analyzer (Primacs
SNC100, Skalar) to remove the influence of carbonate minerals. Rock
powder mineral composition was measured by an X-ray diffractometer
(XRD, D8 ADVANCE A25, Bruker) (Chung, 1974), Jade. 9 and standard
card library PDF-4 + 2009 was adopted to analyze crystalline mineral
phases. The chemical composition of basalt glass (Table S1) was deter-
mined based on the electron probe microanalyzers (JXA-8100, JEOL)
(Sun et al., 2011). The minerals and elemental composition are shown in
Table 1, and the specific analysis and XRD curve of each rock was
referred to Guo et al. (2023).

2.1.3. Experimental design and sampling

At each field experiment site, three 5 m x 5 m monitoring quadrats
were set for ERW treatment (Tgrw) with 10 kg m 2 (100 t ha~!) mixed
rock powder. Mixed rock powder was manually spread and incorporated
into the 0-20 cm soil layer by tillage. The control treatments (T¢) were
randomly placed in untreated areas of the same field and the replicates
were three. Except for the mixed rock powder, other mineral-type soil
amendments (such as lime) were avoided in all treatments.

Plant samples were collected in November and June each year. Based
on the five-point sampling method (Gong, 2000; Ming, 2013),1m x 1 m
sampling plots were set at the quadrat diagonal intersection and four
corners located 1.0 m from the boundary, and all aboveground biomass
in the five plots was collected (Fig. S3). This study involved four crops:
corn, wheat, potatoes, and soybeans. Except for potato tubers, the plant
samples were killed at 95 °C for 30 min and dried at 65 °C for 48 h to
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measure the dry weight. Potato yield referred to 20 % of the fresh weight
of tubers, and other crop yield referred to the seed’s dry weight.

The accumulation of soil inorganic carbon (TIC) in the surface layer
(0-40 cm) and the DIC changes in 40-200 cm soil water samples leached
from the surface layer were considered stable carbon sequestration
items in this study. The reasons based on such depth were because (1)
crop roots and nutrient supply were mainly distributed in 0-40 cm soil
layers (Dong et al., 2016; Gai et al., 2018; Hao et al., 2018; Zhao et al.,
2020), (2) the change of soil inorganic carbon (TIC) was relative sensi-
tive in 0-40 cm soil layers (Li et al., 2007; Qiu et al., 2016; Han et al.,
2018; Tao et al., 2022), (3) the infiltration depth of annual rainfall was
between 80 and 180 cm in the study region (Li, 1983). Soil samples of
0-40 cm soil layer were taken in November every year from the center of
each 1 x 1 sampling plot with a soil drill (10 cm increments). The soil
water sample was collected in November 2022 using the clay tubes
negative pressure collector. Clay tube heads (6 cm in length and 2 cm in
diameter) were buried into the depth of 50, 70, 100, 140, and 180 cm at
the soil sampling plot by a vacuum pump.

2.1.4. Analysis of soil and water samples

Sample analyses were conducted in the Key Laboratory of Plant
Nutrition and the Agri-environment of the Ministry of Agriculture in
Northwest China. To obtain direct and reliable field evidence, TIC in soil
samples and DIC in soil water samples were directly measured by the
TOC analyzer (TOC-L03030135, Shimadzu). Soil exchange nutrients (P,
K, Ca, Mg, and Si) and cation in water samples (Ca, Mg, and Si) were
measured using ICP-OES. For acid and neutral soils (inorganic carbon
<1.2 gkg™1), samples were extracted with 1 mol L™ ammonium acetate
solution (pH = 7) (MoA, 2006). For calcareous soils (inorganic carbon
>1.2 g kg™1), samples were extracted by 0.1 mol L™ 'ammonium chlo-
ride (pH = 8.5)-ethanol solution (70 %) (MoA, 2008). Soil exchangeable
P was extracted with 0.5 mol L™!NaHCOs. Soil pH was measured by
FE28 pH Meter (Bao, 2000). In all analyses, each soil sample was
repeated three times, and the maximum relative error (MRE) and rela-
tive standard deviation (RSD) were both <5.0 %.

The cumulative value of the layer-by-layer change was adopted to
assess the effect of ERW. For example, the TIC sequestration caused by
ERW was calculated by Eq. (3):

i=1 c

ATIC = (Z {d[ x TICTERW=TC BD;) X AZ;OE — [%COy X Ry 3)
where, ATIC is the soil inorganic carbon sequestration caused by ERW (t-
CO, ha™! yr™1); d; is the depth of soil layer i (m); TICT*RW~TC is the TIC
difference between T¢ and Tgrw in soil layer i (g kg’1 yr’l); BD; is soil
bulk density (g em™2); Mcoz and M is the molecular masses of CO, and
C; %CO; is the mass percentages of the CO; in the rock; Ry is the
application rate of rock powder.

2.2. Environmental impact analysis

2.2.1. Collection of climate and management data

The data types and sources in this study are listed in Table S2. The
climate impact factors dataset was collected from the National Meteo-
rological Information Centre (NMIC, 2017), which included surface
pressure, solar radiation, temperature, prelcipitation, relative humidity,
and wind speed. The evapotranspiration of each site was calculated
based on the FAO-PM model (Allen et al., 1998). Farmland management
factors were collected by surveying administrators and farmers,
including slope, tillage method, planting pattern, fertilization, and
irrigation.

2.2.2. Measurement of initial soil data

Soil impact factors measured included soil particle composition
(sand and clay), moisture, pH, carbon component, cation exchangeable
content (CEC), and available N, P, and K. The soil particle composition
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Fig. 1. Farmland area and the location of field experiments in different regions (a), and the spatial distribution of soil temperature (b), water infiltration (c), soil type

(d), net primary production scaling (e), and rock source (f).

was measured using a laser particle sizer (Mastersizer 2000, Malvern)
(Arriaga et al., 2006; Sochan et al., 2012). International classification
standards were used to classify soil particles as sand (0.02-2 mm), and
clay (<0.002 mm). Soil moisture was measured with the drying method,
and soil available nitrogen was extracted using 1 mol L™! KCl and
measured using the AA3 continuous flow analyzer (AA3, SEAL) (Bao,
2000). The measurement of soil exchangeable cation and available P, K
is referred to Section 2.1.3.

2.2.3. Evaluating the contribution based on the random forest algorithm
The feature importance of the random forest regression algorithm
(Breiman, 2001; Elith et al., 2008; Li et al., 2021) was used to quantify
the contribution of climate, soil, and management influence on yield,
TIC, and DIC change. We optimized two hyperparameters of the RF
model: the number of trees (n_estimators) and the random seed (ran-
dom_state). Grid searching was utilized to find the optimal combination
of hyperparameters (Table S3). The random forest was implemented

Table 1

Average mineralogy and elemental composition of mixed rock powder.
Mineral Formula Weight Oxide Weight Trace element Content

%) (%) (mg kg™

Plagioclase Cag esNag 32Al1 68Si2.3208 31.9 £ 20.3 Si0y 49.7 +£ 5.6 Ccd 0.9 + 0.6
Augite Cag.7sMgo.8sNao,01Mn,01Tio.01Alo.0s8F€0.32511.0406 18.0 + 11.2 AlLO; 13.4 £ 6.5 Hg 0.4+0.4
Hornblende Caj gNag sMga oFesAl; 4Si6 4022 2(0H)1 3.4+ 45 Fe,03 7.8 + 4.0 As 5.2+ 6.1
Montmorillonite Cag 2Al;Mg5Si4012.2(0H)2-2H,0 1.4+22 CaO 7.2+ 43 Pb 50.5 £+ 35.0
Chlorite Mgo.sFeo.6Al3.25Si6.32020.24(0H)15.72 1.1+21 MgO 10.6 + 12.9 Cr 402.3 + 223.8
K-Feldspar KAISizOg 10.6 + 23.9 K>;0 1.7 £3.1 Ni 248.6 + 264.9
Forsterite Fey.3Mg; 75104 12.9 + 235 NayO 22+13 Sr 477.4 + 296.9
Lizardite Mg5Siz05(0H), 7.6 + 22.7 P,0s 1.2+ 1.4
Apatite Cas(P0O4)3(OH) 2.6 + 3.4 MnO 0.5+ 0.4
Ilmenite FeTiO3 1.9+25 TiO, 1.5+ 1.6
Basaltic-glass Nag,08Cao,1Mgo.04Ko.1Fe0.11Al0.25512.505.74 6.4 +£13.0 LOI 35+1.1
Quartz SiO, 1.5+ 2.0 Total 99.3 +£ 0.5
Calcite CaCO3 0.8+1.3 COy 0.6 £ 1.1

Note: The mineral and elemental composition of mixed rock powder is the arithmetic average of ten rock powders, the specific analysis of each rock was mentioned in

Guo et al. (2023).



F. Guo et al.
using the scikit-learn (version 1.1.0) package in Python 3.8. The

explained variance (R2) and relative root mean square error (rRMSE)
were used to evaluate model performance as follows:

4

)

rRmsE = M5E ®

where x(i) and y(i) are the observed and predicted values, respectively;
X and y denote the average observed and predicted values, respectively;
and n is the number of samples.

2.2.4. Correlation network analysis of environmental impact factor

The correlation network analysis was adopted to visualize the co-
linear relationships between the variables (Leroux et al., 2022). We
calculated the direct correlations of climate, soil, and management
drivers to yield, TIC, and DIC change, as well as the indirect correlations
between climate and management drivers. Pearson correlation was used
to calculate correlation coefficients between all paired variables, and
only significant correlations were shown in the correlation network (p <
0.05).

2.3. Evaluating the ERW carbon sequestration potential in China
farmland

2.3.1. Description of ERW performance model

The ERW performance model (Beerling et al., 2020) was used to
evaluate the sequestration potential of farmland ERW strategies in three
regions of China. The model was adopted is due to (1) the simplified
single average particle diameter was replaced with the logarithmic
normal particle distribution of rocks, (2) the fractal dimension of surface
roughness was used to link the reaction surface with the change of basalt
mass, (3) it was able to reflect various influencing factors including rock
dissolution kinetics (Table S4), chemical affinity, soil hydrology, tem-
perature, pH, and crop growth. The core of the model consists of a solute
transport equation and a mass balance equation. The solute transport
equation (Eq. (7)) was used to determine the dissolved concentration of
mineral i (¢; mol L™D:

dc;

de; ci
GE— 7Qa—Z+Ri(17CW_> 7

where 0 is soil moisture (m> m’3), tis time (year), Q is vertical water flux
(m yr’l), 2z is vertical distance (m), R; is the weathering rate of mineral i
(mol L™? yr‘l), and C,g; is the solution concentration in equilibrium with
mineral i.

The mass balance equation was used to monitor the exogenous
minerals mass change, as Eq. (8):

3M,-: 7R,»<lfc'.) ®

ot Cegi

where M,; is the exogenous minerals mass (mol L.
An additional Ca ions transport equation (Eq. (9)) was employed to
calculate secondary carbonate precipitation:

doCa

0Cay, | &
o5 - QTZ+ ;R(Mi)Mcai (C)]

where Ca (mol L’l) is the concentration of Ca ions retained in the soil,
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Cas (mol L™Y) is the concentration of Ca ions in the soil solution, n is the
number of minerals in rock powder, R(M;) is the weathering rate of
mineral i at a mass change of M;, and Mg; is the number of moles of Ca in
mineral i. Cag,; is the minimum value of both Ca and Cay, and Ca ions in
the secondary precipitation, Caprecjp (mol L™ = Ca - Cay.

The total weathered mixed rock powder was the sum of dissolved
minerals:

n L if
Mo =Y ® / Cilt, 2)dz + / Ci(t, L)dt 10
=0 t

i=1 z =0

where, L is the total depth, and ¢f is the total time.
Moreover, in cyclic modeling, under-weathered minerals will
continue to weather in the next cycle with the newly added minerals.

M(z):/omfl(tr) St F)eeeeeedr an

where fi(tr) is exogenous mineral mass and its particle size distribution
in the first cycle, fa(t r) is exogenous mineral mass and its particle size
distribution in the second cycle. The spatial dataset used for the model
operation is listed in Fig. 1 and Table S2, and for a more detailed model
description see Beerling et al. (2020).

2.3.2. Boundary condition, calibration and validation

The Dirichlet boundary condition in the soil surface was set as dis-
solved concentration ¢ = 0 at soil depth z = 0, and the Neumann
boundary condition at the bottom where the concentration gradient was
zero. The applied mixed rock powder was evenly distributed in the 0-20
cm soil layer, and the concentration of minerals in the soil water solution
is set to O at time t = 0.

The chemical affinity term of plagioclase was calibrated through the
comparison of changes in dissolved products and secondary calcium
carbonate between field monitoring and model simulation (Fig. S4),
while the affinity term of other minerals was no longer considered
because of low content proportion and long simulated weathering cycle.
The relationship of P80, specific surface area, and grinding energy
consumption was also recalibrated using rock data from this study
(Fig. S5). Based on a compilation of mineral dissolution rates (Brantley
et al., 2008), we validated the ERW performance model for basalt,
olivine, and K-feldspar (Fig. S6).

2.3.3. Carbon sequestration statistics

The carbon sequestration caused by ERW was calculated through the
accumulation of cations (Ca®>" Mg?* Na* and K*) in the subsoil layer
(leaching depth > 40 cm) and soil layer (0-40 cm). In the former, the
capture of CO, was calculated through Eq. (12):

DIC = (2(Cgp+ + Cpygev ) + Ci + Crgr ) X @0 X My, 12)

where DIC is CO; sequestration in soil drainage (t ha™! yr’l), Ceg2t»
Cug+» Cx+ and Cyg+ is the weathering cation flux in soil drainage (mol
ha ! yr™1), w is (0.85, referring to previous studies) is the additional
cation flux loss through ocean carbonate chemistry (Renforth, 2012;
Amann et al., 2020), Mco, is the the molecular mass of COz. In the
carbonate precipitation, the accumulation of one mol Ca?" corre-
sponded to the capture of one mol of CO,.

2.3.4. Determination of secondary emission and costs

The carbon emissions were generated in four processes: rock mining,
processing, transportation, and application. Carbon emissions were the
product of the amounts of rock powder applied and the emission factors.
The energy consumption coefficient and emission factor are listed in
Table S5. The energy consumption during the processing process was
exponentially related to the logarithm of rock P80 in the ERW perfor-
mance model (see Fig. S5). The transportation distance was simplified as
the linear distance between each grid and the rock source (Fig. S7). Due
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to considerations of mining restrictions and environmental policies in
China, rock sources were only referred to the existing silicate quarry in
China (NGA, 2019) (Fig. 1f). The total cost included the operating costs
of quarries, electricity, and oil costs during the rock production process.
A mining component cost assessment framework was localized through
gross national income and diesel prices of China in 2019 (Table S6)
(Beerling et al., 2020). The electricity price refers to the sales electricity
price of each province’s industrial (voltage level is 1-10 kV) average
period (Fig. S7).

2.3.5. Baseline and different scenarios

The baseline was based on the field monitoring experiment in Sec-
tion 2.1. The mixed rock powder was applied with 100 t ha™! per 5 years
and simulated continuously for 20 years to calculate the multi-year
average sequestration rate (Fig. S8). The P80 of rock particle size was
set to 38.5 um. The electric energy emission factor adopted the emission
factor of operation margin (EFOM, which reflected a pessimistic energy
policy dominated by fossil fuels). The transportation method is heavy
diesel trucks. On a baseline basis, different scenarios were established by
adjusting application rate (50, 25 t ha™! per 5 years), P80 (increased by
5 times, decreased by 5 times), electric energy emission factor of build
margin (EFBM, optimistic emission factor calculated based on 20 % new
power plants in China), and transportation mode.

2.4. Statistical analysis

The non-parametric Kruskal-Wallis test (p < 0.05) was used to
analyze significance because this test requires no normally distributed
data. This analysis was performed by utilizing the statsmodels (version
0.12.2) package in Python 3.8.

3. Results
3.1. Field experiment

3.1.1. Crop productivity response to enhanced rock weathering

The comparison results of yield and biomass (Fig. 2) indicated that
Tgrw displayed considerable crop yield increases effects (13.5 & 5.2 %)
in the humid region, which contributed to offsetting the costs associated
with mixed rock powder application. In the semi-arid region, ERW
significantly (p < 0.05) increased the spring wheat yield (13.9 + 5.6 %),
but there was no significant difference in regional mean yield (Fig. S9).
In humid region, the yield of corn, winter wheat, and soybeans all
significantly increased (p < 0.05), and the mean yield and biomass of
Tgrw increased by 0.53 4 0.19 t ha™! and 0.92 + 0.21 t ha ! (17.9 +
5.6 %).

3.1.2. Soil and leachate biogeochemistry response to enhanced rock
weathering

The improvement of soil pH and exchangeable nutrients (Table 2)
may explain the differences in crop yield changes among different re-
gions. Tgrw significantly increased (p < 0.05) soil pH only in humid
region, with an increase of 0.17 + 0.13 units yr . This result supported
the view that ERW can prevent soil acidification and replace lime in low
soil pH regions (Dietzen et al., 2018; Kelland et al., 2020). The com-
parison of soil exchangeable nutrients revealed that Tgryw exhibited
more considerable multiple nutrient effects in the humid region, but the
significant influence in the semi-arid and semi-humid regions was only
concentrated on Mg and Si. P, K, Ca, Mg, and Si were all significantly (p
< 0.05) increased in humid region. The increment of P and K in the
humid region was equivalent to 10 and 19 % of the average annual
fertilizer input. Chemical analysis of the leachate showed that Tgrw
significantly (p < 0.05) increased the leachate pH in the semi-humid and
humid region by 0.13 and 0.24 units yr~1, respectively. Soluble element
analysis showed that Ca and Mg showed significant changes (p < 0.05)
in the semi-humid and humid regions. The element of Si was without
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significant changes in the leachate of the three regions.

3.1.3. The effect of enhanced rock weathering on carbon sequestration

The measured results of inorganic carbon (Table 2) indicated that the
carbon sequestration caused by Tggrw in three regions was between 1.22
and 2.80 t-COy ha™! yr1, but only the semi-humid and humid regions
had significant statistical significance (p < 0.05). The T sequestration in
the semi-humid region was 1.63 + 1,17 t-CO, ha™! yr’l, and TIC
sequestration was 1.36 + 0.86 t-CO, ha™? yr’1 (p < 0.05). The total
carbon sequestration in our humid region was mainly DIC, with a total of
2.8 + 0.90 t-CO5 ha! yr™!, and DIC accounted for 65.7 + 39.3 % (p <
0.01). Comparing the sequestration amount of inorganic carbon and
organic carbon (Fig. S10), it was found that the former was 0.68 to 1.5
times greater than the latter.

3.2. Environmental impact factor analysis of farmland ERW

3.2.1. The relative contributions of environmental impact factor

The feature importance of the random forest models was used to
determine the relative contributions of environmental factors to the
yield, TIC, and DIC changes (Fig. 3a-c). Based on climate, soil, and
management factor, the RF model explained 81-89 % (rRMSE =
13.5-18.6 %) predictive variables change.

The factor contribution analysis showed that soil was the dominant
aspect affecting the yield increase (51 %), together with the TIC (41 %)
and DIC (42 %) accumulation. Contribution analysis of climate factors
indicated that precipitation was dramatically more influential than
other climate factors, accounting for 10.4, 13.5, and 16.7 % of the
changes in yield, TIC, and DIC, respectively. The soil factor contribution
analysis showed that the main soil factors affecting ERW yield, DIC, and
TIC change included soil pH (9.7-16.8 %) and soil moisture (7-8.2 %).
Contribution analysis of management factors showed that the P (7.3 %)
and K input 6.6 %) contributed the most to the ERW yield increase. N
input (7 and 5.8 %) and rotation (4.2 and 4.3 %) were the greatest
contributors to TIC and DIC changes.

3.2.2. The correlation network analysis of impact factor

The correlation network of environmental factors is shown in Fig. 3d-
f. The impact factor with the highest correlation to yield change (Fig. 3d)
was soil pH (r = —0.77, p < 0.001), while the other mainly included the
soil exchangeable K (r = —0.65, p < 0.001), exchangeable P (r = —0.57,
p < 0.001), precipitation (r = 0.54, p < 0.001) and P (r = —0.6, p <
0.01), Kinput (r= —0.48, p < 0.05). For TIC change (Fig. 3e), the impact
factor with the highest correlation was precipitation (r = 0.61, p < 0.01),
and the correlation coefficients r of other factors were all <0.5. For DIC
change (Fig. 3f), soil pH was also the most relevant factor (r = —0.61, p
< 0.001), while others mainly included CEC (r = —0.58, p < 0.001),
exchangeable Ca (r = —0.55, p < 0.01), soil moisture (r = 0.54, p <
0.001), precipitation (r = 0.53, p < 0.01). The matrix of correlation
coefficients among all factors is displayed in Fig. S11.

3.3. Evaluation of carbon sequestration of ERW in China

3.3.1. Carbon sequestration potential of ERW strategy in different regions

Based on the layout conditions of field experiments (100 t ha—! rock
powder every five years and P80 = 38.5 pm), the annual average carbon
sequestration. The total carbon sequestration in the whole region
reached 441.7 + 69.3 Mt. yr 1, and carbon sequestration was concen-
trated in humid areas, accounting for 62.1 % (Table 3), especially in
Anhui, Hubei, Hunan, and Jiangxi provinces due to high farmland area
and water infiltration (Fig. 4a). The total carbon emission in whole re-
gion was 156.9 + 24.5 Mt. yr~ .. The proportion of processing emissions
was the highest, up to 74.7 % (Table 3). Detailed data on carbon emis-
sions are summarized in Table S7. High carbon emitting farmland was
concentrated in the Northeast region, mainly in Heilongjiang and Jilin
provinces, due to the less approved rock sources for mining at present
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(Fig. 4b). The net carbon sequestration of ERW in the whole region was
284.8 + 93.8 Mt. yr~! (Table 3). The spatial trend of net sequestration
was consistent with that of total carbon sequestration, concentrated in
humid areas (67.2 %) (Fig. 4c), and >50 % of farmland net carbon
sequestration rates exceed 1.73 t-CO5 ha™! yr™1,

The sequestration cost of ERW in the whole region ranged from 300
to 1500 CNY ¥ t-CO3 ! (equivalent to 43.6 to 218 US $), with an average
of 632.9 +£ 161.1 CNY ¥ t-COE1 (Table 3). The spatial distribution
showed that the sequestration cost of the humid region was lower due to
higher net sequestration (Fig. 4d). The frequency distribution indicated
that the median of carbon emissions was 643 CNY ¥ t-CO5 1

3.3.2. Scenario analysis

Net carbon sequestration was further evaluated under different
application rates, particle sizes, electricity emission factors, and trans-
portation methods. Overall, net carbon sequestration was more sensitive
to changes in particle size and electricity emission factors (Fig. 5).

As the application amount decreases, the net carbon sequestration
also substantially decreased. Under the scenarios of 50 and 25 t ha™!
(every five years), the net carbon sequestration in the whole region was

100°0.'0" E 110°00"E
L
t
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159.7 and 87.1 Mt. yr !, respectively (Fig. 5a, b). The comparison of
different particle sizes showed that a 5-fold increase in P80 increased
carbon sequestration by 33 %, while the finer particle sizes (5-fold
reduction) resulted in a decrease of 8.2 % (Fig. 5c, d). This indicated that
the secondary emissions caused by grinding were higher than the posi-
tive benefits brought by the increase in specific surface area of rock
powder at the pessimistic energy policy. The statistics based on EFBM
further emphasized the importance of energy policies for ERW deploy-
ment. Under optimistic electricity emission factors, the net carbon
sequestration of ERW in the whole region increased by 42.6 % (Fig. 5e).
The impact of different transportation methods on net carbon seques-
tration was relatively low. In the scenarios of railways, medium diesel,
and heavy gasoline trucks, the net carbon sequestration changed by 5.7,
—8.6, and — 2.1 %, respectively (Fig. 5f-h).

4. Discussion
4.1. Comparison of field experiment results and other research

The results of crop yield indicated that farmland ERW supports the
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Fig. 2. The annual average yield and biomass change distribution (a, b) and the comparison of the control treatment (T¢) and enhanced rock weathering treatment

(Tgrw) on crop yield (c) and biomass (d) in the semi-arid, semi-humid, humid and the
p < 0.001.

whole region, respectively. * denote p < 0.05, ** isp < 0.01 and *** represent
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Table 2
Soil, leachate biogeochemistry changes and carbon capture caused by enhanced rock weathering (ERW).
Region Semi-arid Semi-humid Humid
PHyoit (yr 1) 0.02 £+ 0.08 0.08 +0.15 *0.17 £0.13
Exc-P (kg ha~lyr 1) 0.98 + 2.11 -0.32 £ 1.73 #*5.71 4+ 1.92
Exc-K (kg ha~lyr™1) 3.6 + 24.2 7.7 + 28.7 *34.1 + 20.5
Exc-Ca (kg ha lyr 1) 383.0 + 468.3 521.2 + 483.6 *#%993.3 + 205.9
Exc-Mg (kg ha yr ) *545.2 + 278.1 *%630.7 + 141.9 *#%]038.6 + 102.7
Soil Biogeochemistry change Exc-Si (kg ha~lyr™1) **64.8 + 16.0 *87.4 £+ 23.2 **97.8 + 33.1
PHicachate (¥1 h 0.04 £+ 0.07 *0.13 £ 0.06 *0.24 £ 0.08
Lea-Ca (kg ha’lyr’l) 34.5 £129.2 92.7 £123.2 **427.3 +£119.2
Lea-Mg (kg ha~lyr 1) 18.3 + 42.9 *56.5 + 28.3 *%279.5 + 35.4
Leachate chemistry change Lea-Si (kg ha 'yr ™) -3.93 +16.2 3.9 +£13.7 17.9 + 33.8
TIC (t-CO5 ha~'yr™) 1.13 + 1.52 *1.36 + 0.86 *0.96 + 0.47
Carbon capture by ERW DIC (t-CO, ha™lyr™1) 0.09 + 0.13 0.27 4+ 0.31 **1.84 + 0.43

Note: Exc- is the soil exchange state, and Lea- denotes the dissolved state in leachate. Carbon capture included the change of total soil inorganic carbon (TIC) in the 0-40
cm soil layer and the dissolved inorganic carbon (DIC) leached to the 40-200 cm soil layer.

sustainable goals of the Paris Agreement and can promote climate
adaptation and low GHG emissions development in a way that does not
threaten food production (Beerling et al., 2018; Lefebvre et al., 2019;
Rinder and Hagke, 2021; Swoboda et al., 2021). In humid areas, ERW on
farmland was also an effective management strategy that maximized
agricultural sustainability and resource co-benefits by improving crop
yield (13.5 + 5.2 %) and replacing lime and part chemical fertilizers
(Plata et al., 2021). Haque et al. (2019) reported a substantial yield
increase for corn and soybean (90 and 177 %) in wollastonite-amended
(221 %) acidic soils. Therefore, ERW has taken on a more attractive
function in more targeted soils or crops. However, the yield increase
reported was mostly <30 % in conventional farmland, such as 21 + 9.4
% in sorghum yield (Kelland et al., 2020), 15.6 % in ryegrass biomass
(ten Berge et al., 2012), and 18.4 % in wheat grain (Rudmin et al., 2019),
all of which were close to our results.

Terw significantly increased (p < 0.05) soil pHby 0.17 +0.13yr ' in
the humid region (Fig. 2), which was beneficial for inhibiting Al toxicity
and improving nutrient availability (Malik et al., 2018; Haque et al.,
2019; Mi et al., 2019; Dang et al., 2022). In general, the interference
ability of silicate rocks on soil pH was lower than that of carbonate rocks
(Harvey, 2008; Zeng et al., 2022). Dietzen et al., 2018reported that in a
three-month soil culture experiment, lime increased the pH of strongly
acidic soil (pH = 3.56) by 2.51 units, while olivine only increased by
1.13-1.63. However, the reaction between carbonates and soil acidic
substances can cause CO to return to the atmosphere, as well as the
latter does not contain the beneficial element Si (Hartmann et al., 2013;
Dietzen et al., 2018; Kelland et al., 2020). Adequate soil availability Si
was beneficial for improving crop resistance to diseases, pests, toxic
elements, and drought (Adrees et al., 2015; Liu et al., 2017; Dietzen
et al., 2018; Rinder and Hagke, 2021). For high-demand Si crops such as
rice, it was necessary to regularly apply Si fertilizer to compensate for
the loss of soil Si (Ma, 2004; Sun et al., 2019). The vast majority of
studies on the soil improvement with silicate rock powder had reported
an increase in soil Si (Swoboda et al., 2021), this study also showed that
Si has been significantly improved (7.8-14.2 %) in all climatic regions.

The Mg dissolution was an important index for assessing the minerals
weathering because Mg was present in comparatively active minerals,
and was less affected by plant uptake and secondary precipitation than
Ca (Kelland et al., 2020). The Mg dissolution rate of mixed rock powder
was roughly calculated based on the changes in the soil exchangeable
pool and leachate, which were 10721022 and 10 *®* molm 25 lin
semi-arid, semi-humid, and humid, respectively. These results were
close to the Mg release rates (107118 _107137) of ultrabasic (olivine) and
basic (basalt) rock in mesoscale experiments (Renforth et al., 2015;
Amann et al., 2020; Kelland et al., 2020).

Due to the different trial preconditions (rock dosage, particle size,
duration, etc.) and statistical methods, carbon sequestration rates in

prior studies ranged from 0.023 to 39.3 t-COz ha™! (0.10 x 103 t0 0.31
t-COy t-rock ™) (ten Berge et al., 2012; Dietzen et al., 2018; Haque et al.,
2019; Amann et al., 2020; Kelland et al., 2020; Swoboda et al., 2021).
Under the uniform rock types and modification conditions, the carbon
sequestration caused by ERW in semi-arid, semi-humid, and humid re-
gions reached 1.2, 1.6, and 2.8 t-CO5 ha~! yr ! (0.039, 0.052 and 0.09 t-
CO, t-rock ! yr’l) (Table 2), which were similar to the unit mass
weathering rate of basalt (0.024-0.03 t-CO4 t-rock ™! yr’l) and olivine
(0.021-0.287 t-rock ! yr’l) in the mesoscale experiment (ten Berge
et al., 2012; Kelland et al., 2020).

4.2. Evaluating of driving factors for yield and carbon sequestration
change

Contribution analysis and correlation networks both indicated that
precipitation and soil pH were the dominant factors affecting ERW yield
and carbon sequestration change (Fig. 3). The importance of precipita-
tion and soil pH has been emphasized in silicate natural feedback
(Maher, 2010; Swoboda et al., 2021; Zhang et al., 2021), they were also
critical factors affecting pedogenic carbonate accumulation (Zamanian
et al., 2016; Zeng et al., 2022). Precipitation controlled the localization
of weathering product by affecting the depth of leaching accumulation,
carbonate supersaturation, soil respiration, and evapotranspiration
(Borchardt and Lienkaemper, 1999; Eswaran et al., 2000; Retallack,
2005; Khormali et al., 2012). Precipitation renewed various chemical
balances in soil water, and reduced carbonate saturation in soil pores,
thereby increasing the chemical difference between the soil water and
the surface of rock particles (Goudie and Viles, 2012; Shi et al., 2012;
Anda et al., 2013). Soil pH directly reflected the type (H20O or H") and
magnitude of catalytic media in the rock weathering environment
(Palandri and Kharaka, 2004; Cipolla et al., 2021). Seriously insufficient
reserves of weatherable minerals and their soluble weathering products
in acid or strongly acid soil also accelerated the rapid dissolution of
exogenous silicate rock powder (Hartmann et al., 2013; Zamanian et al.,
2016; Swoboda et al., 2021).

Contribution analysis (Fig. 3) also demonstrated that management
factors had a non-negligible impact on the farmland ERW (24-26.2 %).
Fertilizer and irrigation were directly related to yield and soil inorganic
carbon changes. P and K inputs play an important role in ERW yield
increase by controlling the available nutrients in the soil. For sites with
low P and K inputs, the potential for ERW to increase yield was
considerable. N input contributed considerably to changes in TIC and
DIC because a large amount of N input was able to provide additional
active H' for farmland soil (Monger and Kraimer, 2015; Zamanian et al.,
2018; Raza et al., 2020; Koester et al., 2021). Organic fertilizer can add
organic acids to the soil and provide various organic colloids that in-
crease the solubility of soil base ions (Eswaran et al., 2000). Previous
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experiments had also shown that the combined application of rock
powder and organic materials (such as compost and manure) acceler-
ated K release (de Souza et al., 2018) and SIC accumulation (Manning
et al., 2013). Crop rotation in this study referred to planting winter
wheat from November to May. The planting of winter wheat not only
increased fertilizer and irrigation input but also provided a longer
rhizosphere effect to the rock dissolution, which had clear effects on the
TIC and DIC change (Fig. 3). Irrigation ranked fourth in its management
contribution to changes in DIC and TIC. Similar to precipitation, timely
irrigation can adjust the chemical state of soil moisture and relieve the
supersaturated state of salt bases in the soil aqueous solution (Hartmann
et al., 2013).

4.3. Potential and feasibility of enhanced rock weathering in Chinese
farmland

Simulation analysis of three regions in China showed that ERW can
capture nearly 0.28 Gt CO; per year (Table 3). If the simulation is
considered on an optimistic energy policy basis, net carbon sequestra-
tion could reach 0.40 Gt CO; per year (Fig. 4). Furthermore, this value
will be more attractive. if the application rate or frequency is promoted.
Beerling et al. (2020) evaluated that farmland enhanced basalt weath-
ering in China could sequester 0.13 to 0.52 Gt CO, yr ! (application area
from 10 to 55 %) at an application rate of 40 t ha™! yr™! (equivalent to
twice the amount of this experiment). The discrepancy may be due to
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Table 3
Carbon sequestration potential and sequestration cost statistics in three climate regions of China.
Region Semi-arid Semi-Humid Humid Whole
Carbon sequestration TIC 14.0 £23 63.6 + 4.4 85.2+19.9 162.9 &+ 26.6
(Mt-CO4 yrfl) DIC 10.7 £ 1.2 79.4 £9.1 188.9 + 32.4 278.9 +42.7
TC 24.6 + 3.5 143.0 +£13.5 274.1 £52.3 441.7 + 69.3
Carbon emission Mining 0.8 + 0.03 39+04 5.3+0.6 100+ 1.1
(Mt-CO4 yrfl) Processing 9.3+04 46.1 + 4.9 61.8 £7.0 117.2 £ 12.3
Transport 23+1.0 9.9 +3.3 13.2 +5.7 25.4 £ 10
Application 0.3 +0.2 1.6 £ 0.4 24+0.5 43+1.1
Total 127 £ 1.6 61.5 +9.0 82.7 £13.8 156.9 + 24.5
Net sequestration (Mt yr— 1) 119 £5.1 81.5 £ 225 191.4 £+ 66.1 284.8 +93.8
Sequestration cost (CNY ¥ t—CO2l) 707.9 +119.4 733.0 +139.2 553.7 + 147.1 632.9 +161.1

Note: TIC was the carbon sequestration by soil inorganic carbon in 0-40 cm soil layer, DIC denotes the carbon sequestration with dissolved inorganic carbon in leachate

below 40 cm soil layer, and TC is total carbon sequestration.
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Fig. 4. The spatial distribution of annual average carbon sequestration (a), carbon emissions (b), net carbon sequestration (c), and sequestration cost (d) to enhance
rock weathering during 20 years in China. The rock application rate was 100 t-rock every five years, The P80 of rock particle was set at 38.5 pm.

different rock mineralogy, more conservative and pessimistic energy
policies, and the farmland in the arid region was not considered. The
deployment of the ERW strategy resulted in secondary emissions of 0.16
Gt yr !, with processing accounting for the highest proportion,
exceeding 74.7 % (Table 3). After increasing the P80 of the rock powder
by five times, it was found that the net sequestration increased by 33 %
(Fig. 5), which indicated that under pessimistic energy policies, the
secondary emissions generated by grinding were higher than the posi-
tive benefits brought about by the increase in the specific surface area of
rock powder. It can be seen that finer particle sizes (namely faster
sequestration effects) required cleaner energy policies to support.

The sequestration cost of farmland ERW was 632.9 + 161 CNY ¥ t-
COz' (92 + 23.4 US $ t-CO3 1), which was slightly lower than BECCS
(100-200 US $ t-COQl) and direct air capture and storage (100-300 US $
t-COz 1), but remain higher than China’s currently large-scale develop-
ment soil organic carbon sequestration (0-10 US $ t-CO3 ') and greening
engineering (< 100 US $ t-CO3Y) (Fuss et al., 2018; Strefler et al., 2018;
Beerling et al., 2020; Yin et al., 2022). However, compared to large-scale
greening projects, ERW technology will not compete for land resources
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with farmland, and it can be co-configured with various strategies
mentioned above for carbon sequestration (Amann and Hartmann,
2019; Rinder and Hagke, 2021). In addition, the following scenarios
may make the deployment cost of farmland ERW more attractive and
market competitive: (1) replacing lime to control large area soil acidi-
fication in humid regions of China and reduce the secondary emissions
from the lime industry, which accounted for up to 15 % of the total
greenhouse gas emissions of China (Shan et al., 2016); (2) as slow-
release fertilizer in paddy soil to replace part expensive water-soluble
silicon fertilizer (Chen et al., 2011); (3) providing natural mineral nu-
trients for 2 million hectares of organic agriculture in China (FiBL and
[FOAM, 2014); (4) reducing costs through the reuse of a large amount of
silicate waste rocks, tailings, or artificial waste resources; and (5) higher
carbon trading prices were predicted in the future. According to World
Bank predicted, the price of carbon trading will reach 100-150 US $ t-
CO5 1in 2050 (Beerling et al., 2020). However, the specific ERW stra-
tegies for any purpose require conducting experiments in advance to
assess their potential and risks.
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Fig. 5. The spatial distribution of annual average net carbon sequestration in different application rates, rock particle sizes, electricity emission factors, and transport
types. In the baseline, the application rate was 100 t-rock every five years, P80 = 38.5 pm, Electricity emission factor was operation margin (EFOM) and transport
was heavy diesel truck (Loat 30 t). P80 denotes the rock mass ratio with particle size less than this value reached 80 %. EFBM is the electricity emission factor of the

build margin.
4.4. Uncertainty analysis

For field monitoring experiments, the stability and persistence of TIC
and DIC required to be further evaluated through a longer-term obser-
vation. TIC in soil surface may dissolve to form DIC or form CO; again,
which can affect the quantification of carbon sequestration. Moreover,
the carbon sequestration measured in this experiment was only a
snapshot of the total carbon sequestration of ERW. Due to the slow
dissolution rate, minerals will still capture carbon for a long time in the
future, especially in semi-arid region (observed only for one year).

For simulation analysis, the most uncertain factor came from the
diversity of rock mineralogy. Further large-scale surveys were required
to grasp the mineral composition and elemental content of silicate rocks
in different regions of China to further quantify sequestration potential
and risks. Reasonable rock application rates also required further
determination through conducting relevant field experiments for
different purposes. The amorphous silicon-rich surface formed during
the dissolution process of rocks can cause passivation and inhibit the
weathering process. The lack of a detailed description of this process
also brings some uncertainty to the simulation analysis (Beerling et al.,
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2020). Furthermore, as indicated by the analysis of impact factors,
further experiments are required to quantify the impact of different
farmland management methods, especially fertilization.

5. Conclusion

The yield benefits and carbon sequestration potential of farmland
ERW were analyzed in the semi-arid, semi-humid, and humid region of
China with unified minerals types and particle distributions. The results
demonstrated that farmland ERW can improve crop yield, soil pH, and
multi-nutrient effectiveness in a wider range of subtropical and
temperate farmland. The carbon sequestration of farmland ERW in
China was substantial, up to 0.28-0.40 Gt yr~, which had the potential
to contribute to agricultural carbon neutralization. This study provided
more detailed field data for farmland ERW under different climatic
conditions, which contributed to quantifying the relationship between
multiple environmental factors and rock weathering. However, it is
crucial to note that the stability and persistence of the sequestration
phase require a more extended monitoring period to be adequately
assessed. The field benefits of rock powder were driven by precipitation
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and soil pH, but management factors, such as fertilization, also played
an important role. Further experiments are yet required to find defini-
tive evidence that field management accelerates rock weathering and
effective means of quantifying these effects.
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