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Abstract Enhanced rock weathering (ERW), the
application of crushed silicate rock to soil, can remove
atmospheric carbon dioxide by converting it to (bi)
carbonate ions or solid carbonate minerals. However,
few studies have empirically evaluated ERW in field
settings. A critical question remains as to whether
additions of crushed rock might positively or nega-
tively affect soil organic matter (SOM)—Earth’s
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largest terrestrial organic carbon (C) pool and a mas-
sive reservoir of organic nitrogen (N). Here, in three
irrigated cropland field trials in California, USA, we
investigated the effect of crushed meta-basalt rock
additions on different pools of soil organic carbon
and nitrogen (i.e., mineral-associated organic mat-
ter, MAOM, and particulate organic matter, POM),
active microbial biomass, and microbial community
composition. After 2 years of crushed rock additions,
MAOM stocks were lower in the upper surface soil
(0-10 cm) of plots with crushed rock compared to
unamended control plots. At the 2 sites where base-
line pre-treatment data were available, neither total
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SOC nor SON decreased over the 2 years of study in
plots with crushed rock or unamended control plots.
However, the accrual rate of MAOM-C and MAOM-
N at 0-10 cm was lower in plots with crushed rock
vs. unamended controls. Before ERW is deployed at
large scales, our results suggest that field trials should
assess the effects of crushed rock on SOM pools,
especially over multi-year time scales and in different
environmental contexts, to accurately assess changes
in net C and understand the mechanisms driving
interactions between ERW and SOM cycling.

Keywords Enhanced rock weathering - Soil
organic matter - Soil carbon - Microbial community -
Mineral-associated organic matter - Carbon removal

Introduction

To keep planetary warming below 2 °C this century,
the global economy must be rapidly decarbonized
by reducing greenhouse gas emissions (Shukla et al.
2022). To meet this target, most Integrated Assess-
ment Models also require direct removal of carbon
dioxide (CO,) from the atmosphere—both to remove
excess CO, that has accumulated in the atmos-
phere and to offset emissions that cannot be abated
(Fuss et al. 2018; Minx et al. 2018). Enhanced rock
weathering (ERW) in soils has recently attracted
much interest as a CO, removal approach due to its
relatively low cost, scalability, and potential co-ben-
efits—especially on croplands (Kantola et al. 2017,
2023; Beerling et al. 2018). ERW accelerates the nat-
ural process of silicate weathering by adding finely-
crushed silicate rock to soils, which can then react
with dissolved atmospheric CO,, generating (bi) car-
bonate ions or carbonate minerals (Renforth 2012).
As crushed silicate rock dissolves, base cations like
the magnesium cation (Mg?*) and calcium cation
(Ca**) are released, increasing net alkalinity in the
surrounding soil pore water (Gillman 1980; Holzer
et al. 2023b). This increase in alkalinity ultimately
removes CO, from the atmosphere by increasing
the amount of dissolved inorganic carbon (C) stored
in groundwater, rivers, and the ocean. Some inor-
ganic C may also persist as solid carbonates in soils,
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subsurface geologic deposits or sediments (Kohler
et al. 2010; Guo et al. 2023). Modeling studies sug-
gest that ERW could remove 0.5-2 billion tons of
atmospheric CO, per year if deployed on suitable
croplands at a global scale (Beerling et al. 2020). At
the same time, nutrients released from weathering
crushed rock may also boost soil fertility and crop
yields (Haque et al. 2019; Kelland et al. 2020) and
could help displace some need for agricultural liming
(Dietzen et al. 2018). However, while the theoretical
potential of ERW is dramatic, few field studies have
verified modeled estimates of CO, removal or quanti-
fied how crushed rock interacts with biogeochemical
cycles in working agricultural soil systems (Moosdorf
et al. 2014; Goll et al. 2021; Vicca et al. 2022).

The effect of crushed rock additions on soil
organic matter (SOM) pools is one critical unknown
for quantifying the net C removed via ERW (Vicca
et al. 2022). Soil organic matter is Earth’s largest ter-
restrial C pool and a key source of nitrogen (N) and
other essential nutrients that fuel ecosystem produc-
tivity (Scharlemann et al. 2014). While increases to
SOM with crushed rock could enhance the C removal
benefits of ERW by drawing down more atmospheric
CO,, reductions in SOM could diminish or negate
its C drawdown benefits. Understanding the effects
of crushed rock on SOM stocks is a critical gap in
the measurement, reporting, and verification of C
removed through ERW (Holzer et al. 2023a; Suhrhoff
et al. 2024). Moreover, potential positive or nega-
tive effects of crushed rock on soil organic nitrogen
(SON) has key implications for soil fertility and crop
productivity in agroecosystems (Kantola et al. 2023).
Amidst rapidly growing interest and investment in
ERW from federal governments and voluntary C mar-
kets, it is vital that measurement, reporting, and veri-
fication protocols for ERW are informed by field stud-
ies that account for the full range of effects of crushed
rock on the soil system.

Enhanced rock weathering may lead to SOM
accrual or loss through a suite of interconnected
pathways. Weathered silicate rocks not only release
base cations, but also generate reactive secondary
minerals. These reactive secondary minerals are
the primary location where organic matter (OM)
is stored in agricultural soils—known as ‘mineral-
associated organic matter, or MAOM (Cambardella
and Elliott 1992; Sokol et al. 2022b). On aver-
age, ~80% of SOM in global croplands is MAOM;
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the remaining portion exists as particulate organic
matter, or POM (Sokol et al. 2022b). Newly cre-
ated reactive mineral sites that are produced from
weathered silicate rock could increase the amount
of MAOM in soil by providing more surface sites
for OM to bind (Slessarev et al. 2021). Rock weath-
ering can also release Ca** ions, which can enhance
SOM accrual via sorption of OM on mineral sur-
faces via cation bridging, co-precipitation with
carbonate minerals, and production of microbial
biofilms involved in MAOM formation (Rowley
et al. 2018; Shabtai et al. 2023; Buss et al. 2024).
Crushed rock amendments could also shift soil bio-
geochemical processes in ways that cause net OM
mineralization (Yan et al. 2023), potentially leading
to decreased SOM stocks or reduced rates of SOM
accrual. For instance, an increase in pH or in the
release of micro-nutrients under ERW can induce
higher microbial activity, leading to decomposition
of SOM (Fang et al. 2023). At the same time, if the
addition of crushed rock leads to increased produc-
tion of organic acids by plant roots or soil microbes
to chemically weather the rock and gain access to
nutrients, these organic acids could destabilize
mineral-organic associations and lead to SOM loss
(Keiluweit et al. 2015). The emergence of positive
or negative ERW-SOM effects will likely be influ-
enced by the activity and functional capacity of the
soil microbial community, since soil microorgan-
isms are key agents in the formation and decompo-
sition of SOM—particularly MAOM (Kallenbach
et al. 2015; Sokol et al. 2022a, 2024). In addition
to their impacts on SOM cycling, soil microbes are
intimately associated with rock weathering, often
residing on the surfaces of soil minerals and accel-
erating mineral dissolution via biological weather-
ing (Uroz et al. 2009).

Here, in a series of ERW field trials on three
different croplands in the Central Valley of Cali-
fornia, USA, we examined how two years of meta-
basalt crushed rock amendments affected SOM
pools and soil microbial communities. We assessed
the impacts of ERW treatments on SOC and SON
stocks, MAOM and POM pools, active soil micro-
bial biomass, and microbial community com-
position at two depth increments (0-10 cm and
10-30 cm). We asked: (1) What are the impacts
of ERW on total SOC and SON stocks and on dif-
ferent SOM pools (MAOM vs. POM)? (2) What is

the effect of ERW on active soil microbial biomass
and bacterial and fungal community composition?
(3) How do these effects vary across the three field
trials, each with different soil properties, cropping
systems, and management approaches?

Methods
Experimental design and soil sampling

Research was conducted at three ERW field trials on
different croplands in the Central Valley of Califor-
nia, USA, all initiated in fall 2019 and managed by
the Working Lands Innovation Center, administered
by the University of California, Davis, Institute of the
Environment (Fig. S1, Table S1). The ‘Yolo® ERW
field trial was located at the UC Davis Campbell Tract
Agricultural Research Station in Davis, Yolo County,
California (38° 31'53.96”N, 121°46'54.15”W; mean
annual temperature=15.6 °C; mean annual pre-
cipitation=449 mm; data obtained from California
Irrigation Management Information System station
#6, 1983-2022). The Yolo site was on a field annu-
ally cropped with corn (Zea mays L.) in 2020 and
2021, following the start of the ERW field trial in
fall 2019. The other ERW field trials (‘Merced-1’
and ‘Merced-2’) were located on two different fields
on a private farm in Los Banos, Merced County,
California (37° 7'10.099”N, 120°44'38.41”W;,
MAT=16.7 °C, MAP=174 mm; data obtained
from California Irrigation Management Information
System station #124, 1996-2022). The Merced-1
site was on a field continuously cropped with alfalfa
(Medicago sativa L.) since the start of the field trial
in fall 2019. The Merced-2 trial was on a field with
an annual crop rotation of corn (2019), tomato (2020;
Solanum lycopersicum L.), and cilantro (2021; Cori-
andrum sativum L.). Soils at the Yolo site are coarse-
loamy, mixed, superactive, nonacid, thermic Mol-
lic Xerofluvents. Soils at Merced-1 are fine-loamy,
mixed (calcareous), thermic Typic Haplaquolls; and
soils at Merced-2 are fine-loamy, montmorillonitic
(calcareous), thermic Typic Epiaqualfs. The Yolo
site was irrigated via subsurface drip irrigation, while
Merced-1 and Merced-2 were irrigated via furrow/
flood irrigation. Further site details—including soil
properties and site management information—are
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described in Table S1. The Yolo site has also previ-
ously been described in Holzer et al. (2023b).

Crushed meta-basalt rock was sourced from Spe-
cialty Granules LL.C, from the Ione mine in Ama-
dor County, California (Ione, CA, USA). The rock is
derived from Late Jurassic volcanic units that include
meta-basalt and meta-andesite with minor dacite and
rhyolite (Gutierrez et al. 2015; Holland 2016). The
median grain size of crushed rock was 102-107 pm;
elemental composition was determined using lith-
ium borate fusion followed by inductively coupled
plasma optical emission spectroscopy (ICP-OES;
Bureau Veritas Mineral Laboratories, Richmond, BC,
Canada; Table S2). In fall 2019 and fall 2020, 40 t
ha™! of crushed rock were applied to experimental
plots (n=3 at the Yolo site; n=5 at the Merced-1
and Merced-2 sites). Following application, crushed
rock was tilled in at all three field sites; paired con-
trol plots (without crushed rock amendments) were
also tilled and managed in the same way as plots
with crushed rock. Merced-1 received a crushed rock
application only in fall 2019, since alfalfa—a peren-
nial crop—was grown on this field. At the Yolo site,
plots with crushed rock were 0.045 ha in size, con-
trol plots were 0.09 ha (Fig. S1). At the Merced sites,
plots with crushed rock and control plots were both
0.6 ha in size. In total, there were 26 plots across the
three field trials: n=13 plots with crushed rock and
n=13 control plots (Fig. S1; Table S1).

In November/December 2021, soil cores were
collected at approximately equal intervals along the
length of each plot using handheld augers, separated
into 0-10 cm and 10-30 cm depth increments, and
then thoroughly homogenized to generate one com-
posite sample for each plotxdepth increment. Soil
cores were collected at least 9 m away from the edge
of the field and 2 m from adjacent plots. Five cores
were collected per plot at Yolo, and 10 cores were
collected per plot at Merced (due to differences in
plot size). From this composite sample, a~10 g sub-
sample was stored at —80 °C in a Whirl-Pak bag for
subsequent DNA extraction. A separate~100 g sub-
sample of fresh soil was immediately brought back
to the lab to measure gravimetric soil water content,
water holding capacity, active microbial biomass,
and cumulative respiration measurements (described
below). The remaining soil was air-dried until reach-
ing constant moisture, then passed through a 2-mm
sieve for further edaphic analyses. In December 2021,
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a Geoprobe (Geoprobe Systems, Saline, KS, USA)
was deployed at the sites to determine plot-specific
bulk density on soil cores that were extracted at 0—10
and 10-30 cm depths.

Soil analyses

Soil pH and electrical conductivity (EC) were meas-
ured using a benchtop pH meter on 10-g samples
of air-dried soil mixed 1:2 with deionized water
(Thomas 1996). Gravimetric soil water content was
determined as the mass difference between a fresh
soil sample and a soil sample dried at 105 °C for
48 h. To determine water holding capacity (WHC),
fresh soils were wet to 100% field capacity by saturat-
ing a subsample of soil and then allowing each sam-
ple to drain for 2 h. Water holding capacity was deter-
mined as the mass difference between wet soils and
soils dried at 105 °C for 48 h (Strickland et al. 2019).

Soil organic matter (SOM) was separated via a
physical fractionation assay into three fractions: (1)
dissolved organic matter (DOM), (2) mineral-asso-
ciated organic matter (MAOM), and (3) particulate
organic matter (POM; Bradford et al. 2008). First,
10-g of air-dried soil was weighed into a 50-mL fal-
con tube; 40-mL of deionized water was added to the
tube and the soil solution was vortexed and placed on
a shaker table for 15 min at 200 rpm. After shaking,
samples were centrifuged for 15 min at 3400 rpm;
the supernatant was then filtered through a 0.45-pm
syringe filter (the <0.45-um extract was defined as
DOM). To separate the POM and MAOM fractions,
30-mL of 5% sodium hexametaphosphate (NaHMP)
was added to the soil pellet at the base of each 50-mL
falcon tube. Samples were vortexed and placed on
a shaker table for 16 h at 200 rpm. After shaking,
the soil solution was passed through a 53-um sieve.
The < 53-um fraction (clay + fine silt fraction; defined
as MAOM) and the>53-um fraction (sand, coarse
silt, and large organic matter fragments; defined as
POM) were oven-dried to constant mass at 105 °C.
Dried samples were finely ground to a powder-like
consistency with a mortar and pestle.

An acid fumigation method was used to differen-
tiate between organic and inorganic C in the solid-
phase MAOM and POM fractions (Brodie et al.,
2011). Two separate aliquots of each dried and
ground MAOM and POM sample were prepared for
elemental analysis. The first set of aliquots (‘non-acid
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fumigated’) were immediately weighed into tin cap-
sules. The second set of aliquots (‘acid-fumigated’)
were weighed into glass 20-mL scintillation vials,
then placed in a vacuum-sealed glass desiccator con-
taining a glass beaker with 50-mL of 12 mol L™!
hydrochloric acid. Samples were fumigated for 48 h;
the duration was determined by analyzing a subset
of soil samples at 12, 24, 48, and 96 h of fumigation,
and selecting the minimum time in which all carbon-
ates were removed (Komada et al. 2008). Following
acid-fumigation, samples were dried at 60 °C for
16 h, cooled at room temperature in a desiccator cabi-
net, stirred with a glass rod to return the sample to a
fine powder, and weighed into tin capsules.

All samples were analyzed for elemental (%C,
%N) and isotope composition (8"C, 8"N), on an
elemental analyzer coupled to an isotope ratio mass
spectrometer (EA-IRMS). Elemental and isotopic
analyses were conducted at the Yale Analytical and
Stable Isotope Center (New Haven, Connecticut,
USA). The amount of inorganic C was calculated as
the difference in %C between the non-acid fumigated
(i.e., soil containing organic and inorganic C) and the
acid-fumigated aliquot (i.e., soil containing organic
C only) in each MAOM and POM sample. The acid-
fumigated aliquots of MAOM and POM were used
for organic C, 83C, N and 8N measurements.
Below, we present SOM data in two different ways:

(1) SOM stocks at the final timepoint (Fall 2021):
Stocks of C and N in MAOM, POM, and total
SOM (MAOM +POM) in fall 2021 were calcu-
lated using the concentrations of C and N in each
fraction, the plot-specific bulk density value (cor-
rected for the volume of crushed rock per g of
soil, as well as the mass of coarse fragments), and
the thickness of the sample layers (i.e., 10-cm or
20-cm), so that they were expressed in g C or N
m~2 at a given depth increment (i.e., 0-10 cm or
10-30 cm; Sokol et al. 2017). Plot-specific bulk
density values for 2021 were corrected for the
added mass of crushed rock in soil by subtract-
ing the mass of crushed rock estimated to be in
each gram of soil, adjusted for the proportion
of crushed rock estimated to be in the 0-10 cm
increment and the 10-30 cm increment. At the
Yolo and Merced-2 sites, 50% of added crushed
rock was assumed to be in the 0—10 cm depth

increment and 50% in the 10-30 cm depth incre-
ment, based on the depth of tillage at these sites.
At Merced-1, all crushed rock was assumed to
be in the 0-10 cm depth increment. On aver-
age, crushed rock accounted for a small portion
(<3%) of the total soil volume.

(2) Plot-specific two-year change in SOM concen-
trations: At two of the three sites (Yolo and
Merced-2), pre-treatment baseline soil samples
were collected in each plot in early fall 2019,
before the experimental period began. We per-
formed the same SOM fractionation procedure
described above on these samples to determine
plot-specific baseline concentrations of SOM
pools for all experimental plots (bulk density val-
ues were not collected at this time point, so it was
not possible to calculate stocks). We used these
pre-treatment baseline measurements to calcu-
late plot-specific changes through time in SOM
concentrations (MAOM, POM, and total SOM)
at Yolo and Merced-2 over the two-year period,
by subtracting the pre-treatment baseline value
(i.e., the value from early fall 2019) from the final
value (i.e., the value from fall 2021).

Baseline data at Yolo indicated that control
plots had higher initial SOM concentrations than
plots where crushed rock was subsequently applied
(Table S3). At Merced-2, there were no significant
differences in initial SOM concentrations between
control plots and plots where crushed rock was sub-
sequently applied (Table S3). These initial differences
at Yolo were explicitly accounted for when measuring
plot-specific changes in SOM concentrations through
time, as described above. However, these differences
may have biased differences in SOM stock values at
Yolo in 2021, by leading to an overestimation of the
effect of crushed rock on SOM pools. To account for
these initial differences at Yolo when calculating dif-
ferences in SOM stocks in 2021 between rock and
control plots, we included a correction factor when
measuring the % difference between SOM stocks in
rock versus control plots in 2021. The corrected %
differences for each SOM pool at Yolo in 2021 was
calculated as:

% Differencesoy poor 2021, — % Differenceson poor 2019)

= Corrected % Differencesoy poor 2021)
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where ‘% Difference goyp pooL 021y 18 the average
difference in a given SOM pool between plots with
crushed rock versus control plots, and % Difference
soM PooL (2019) 18 the average baseline difference
between these plots, before treatments were applied
(Table S5). In the Results section below, we present
both the uncorrected and corrected % difference for
SOM stocks at Yolo in 2021. While no baseline data
was collected at Merced-1, the experimental design
at Merced-1 was similar as Merced-2 (i.e., staggered
treatments plots, in contrast with Yolo where control
plots were clustered toward one end of a field; see
Fig. S1). This experimental design minimized dif-
ferences in pre-treatment baseline values between
treatment plots at Merced-2; we therefore assumed
that differences in pre-treatment baseline values at
Merced-1 were also not significantly different from
one another.

Dissolved organic matter and elemental abundances

Dissolved organic matter (from samples extracted
with deionized water, as described above) was ana-
lyzed on a TOC Analyzer for total C and on a Gas-
Bench (Thermo Delta Plus XP) for §'C at the Yale
Analytical and Stable Isotope Center (New Haven,
CT, USA). The DOM extract was also analyzed for
elemental abundances of 7 elements: magnesium
(Mg), calcium (Ca), sodium (Na), silicon (Si), alu-
minum (Al), iron (Fe), and phosphorous (P) using
inductively-coupled plasma mass spectrometry (ICP-
MS), on ThermoScientific XR High-Resolution ICP-
MS at Lawrence Livermore National Laboratory
(Livermore, CA, USA).

Microbial analyses

Active microbial biomass was estimated using the
substrate-induced respiration (SIR) method on 10-g
of fresh soil (Fierer et al. 2003). Autolyzed yeast
extract solution (12 g L") was added to the soil
sample in a sealed jar with a rubber septum (2:5
soil:liquid ratio by mass), and the CO, respiration rate
was measured from 0.5 to 3 h using an infrared gas
analyzer (LiCOR Biosciences; Li850; Slessarev et al.
2020). Cumulative CO, respiration was measured on
10-g of fresh soil, adjusted to 65% WHC, and incu-
bated in a sealed mason jar for 60 days at 20°C. The
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cumulative CO, production was measured using an
infrared gas analyzer (LiCOR Biosciences; Li850).

We extracted DNA from frozen soil samples using
a Qiagen DNEasy PowerSoil Pro kit (following the
manufacturer’s instructions) on three separate 0.5-g
aliquots per sample, which were then combined into
a single composite replicate. Microbial community
profiling was performed on an Illumina MiSeq 2 as
paired end for 2 X250 cycles, at Lawrence Livermore
National Laboratory (Livermore, CA, USA). The V4
region of 16S rRNA gene was targeted for bacteria
and the ITS2 region was targeted for fungi on an Illu-
mina Miseq platform. The V4 region of 16S rRNA
gene was amplified using primers 515F (5-GTGYCA
GCMGCCGCGGTAA-3") and 806R (5-GGACTA
CNVGGGTWTCTAAT-3') and the ITS2 region of
fungi were amplified using the primers 5.8S-Fun (5'-
AACTTTYRRCAAYGGATCWCT-3") and ITS4R
(5'-AGCCTCCGCTTATTGATATGCTTAART-3";
Apprill et al. 2015; Parada et al. 2016; Taylor et al.
2016). Once raw sequences were obtained, ‘cuta-
dapt’ (Martin 2011) was used to remove primers and
‘dada2’ was used for further processing of sequences
(Callahan et al. 2016). For analysis, 16S rRNA gene
forward reads were truncated to 250 base pairs (bp)
and reverse reads to 200 bp based on quality profile
plots. Reads were truncated when the quality score
was below 30. The fungal ITS sequences did not have
their forward and reverse reads truncated to a specific
length since the ITS region is known to be highly
variable in length (Feibelman et al. 1994; Schoch
et al. 2014); trimming and filtering were conducted
using the same parameters as 16S. After quality pro-
cessing, paired sequences were dereplicated and the
‘dada’ function was used to denoise the unique reads
based on the error rates calculated with the ‘learn-
Errors’ function (Callahan et al. 2016). Once paired
sequences were merged and chimera were removed,
the SILVA database (Quast et al. 2013) and UNITE
database (Nilsson et al. 2019) were used to assign
taxonomy to 16S and ITS sequences, respectively.
All 16S rRNA sequences that were assigned to chlo-
roplast, eukaryota, and mitochondria were removed
prior to statistical analyses.

Statistics

Statistical analyses were conducted in R 4.4.0 (R
Core Team 2024). The effect of crushed rock on
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SOM fractions (both SOM stocks in 2021 and 2-year
change in SOM concentrations), active microbial
biomass, cumulative respiration, and other soil prop-
erties were calculated with linear mixed effect mod-
els using the Ime4 package (Bates et al. 2015). For
all models, treatment (rock versus control) and site
(Yolo, Merced-1, Merced-2) were included as fixed
effects; plot was included as a random effect. Non-
significant interaction terms were dropped from the
model. Models for each depth increment (0-10 cm
and 10-30 cm) were fit separately (Slessarev et al.
2020). All models were screened for normality of
residuals (Shapiro—Wilk test) and heteroscedastic-
ity of residuals (visual assessment of residual plots).
For microbial community data (16S and ITS), differ-
ences in bacterial and fungal community (Bray—Cur-
tis and Euclidean) were assessed through permuta-
tional multivariate analysis of variance (Permanova).
Beta diversity was visualized by principal coordinates
analysis (PCoA) based on Bray—Curtis dissimilarity.
Differential abundance analysis of bacterial and fun-
gal ASVs was conducted using the “DeSeq2” pack-
age (McMurdie and Holmes 2013; Love et al. 2014).
For all models, p<0.05 was considered significant,
and p<0.1 was considered marginally significant.

Results
Soil organic matter pools

After two years of crushed meta-basalt rock appli-
cations, total SOC and SON stocks were lower
in the surface soil (0-10 cm) of plots amended
with crushed rock relative to paired control plots
(p=0.02 and p=0.007, respectively; Table S4).
There was no effect of crushed rock on total SOC or
SON at 10-30 cm (p=0.2 and p=0.7, respectively,
Table S4). The effect of crushed rock on surface soil
SOC and SON stocks was driven by lower MAOM,
which comprised a majority of the SOM pool at the
three field sites (MAOM was ~65% of total SOM; the
remaining ~35% was POM). At the end of the two-
year experimental period (fall 2021), crushed rock
was associated with lower surface soil MAOM-C
stocks at 0—10 cm depth by 159 +37 g C m~? across
the three sites (p=0.001; Table S4; Fig. 1). On aver-
age, MAOM-C stocks at 0—-10 cm depth were lower
in plots with crushed rock by 16+5% at Merced-1,

by 11 +6% at Merced-2, and by 13+ 12% at Yolo (or
by 30+12% at Yolo when no correction factor was
applied, see Methods above; Table S5). In fall 2021,
crushed rock was associated with lower surface soil
MAOM-N stocks by 17+5 g N m~2 across the three
sites (p=0.001; Table S4). On average, MAOM-
N stocks were lower in plots with crushed rock by
14 +4% at Merced-1, by 11 +8% at Merced-2, and by
13+6% at Yolo (or 27 +4% at Yolo when no correc-
tion factor was applied, Table S5).

On average, there were no net losses of total
SOM, SON, MAOM or POM fractions over the
2-year experimental period in both crushed rock
and control plots. At Yolo and Merced-2 (the two
sites where pre-treatment baseline data was avail-
able), the 2-year changes in MAOM-C and MAOM-
N concentrations were net positive in crushed rock
and control plots (Fig. lc,d; Table S7). However,
the 2-year change in MAOM-C concentration (i.e.,
the accrual rate) was lower in plots with crushed
rock versus control plots, and this effect varied by
site (site*treatment interaction, p=0.07; Table S6).
At Merced-2, the accrual rate of MAOM-C was
lower in plots with crushed rock by an average of
0.67+0.26 mg C g soil™!' over the 2-year period,
while at Yolo, the accrual rate of MAOM-C was
lower in plots with crushed rock by an average of
0.12+0.17 mg C g soil~! (Table S6).

There was no significant effect of crushed rock
at 0-10 or 10-30 cm depths on POM-C or POM-N
stocks in fall 2021 (Table S4). Similarly, there
was no significant effect of crushed rock on the
2-year change in POM-C or POM-N concentra-
tions at 0—10 or 10-30 depth (Table S6). While the
POM pool did not exhibit a consistent, significant
response to crushed rock, it did trend either toward
a positive response in the presence of crushed rock,
or a less negative response than the MAOM fraction
(Table S5, S7). The contrasting responses of the
POM and MAOM pools influenced how the total
SOM pool responded to crushed rock amendments.
At all three field trials, responses of total SOC and
SON stocks were more muted than the response
of MAOM-C and MAOM-N pools (Table S5). At
Merced-1, for example, MAOM-C stocks were
16 + 5% lower in plots with crushed rock compared
to control plots, whereas total SOC stocks were
only 9+4% lower in plots with crushed rock com-
pared to control plots (Table S5). Moreover, while
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Fig. 1 Mineral-associated organic matter C and N in upper
surface soil (0-10 cm) of plots with crushed meta-basalt
rock versus unamended control plots across three cropland
enhanced rock weathering field trials in California, USA.
Stocks of a mineral-associated organic matter C (MAOM-
C), and b mineral-associated organic matter N (MAOM-N) at
0-10 cm depth in plots amended with crushed rock (orange
bars) relative to control plots (blue bars) in fall 2021. Stocks
are expressed as g C (or N) m™2 by thickness of soil layer (i.e.,

the 2-year change in MAOM-C and MAOM-N con-
centrations were significantly lower in plots with
crushed rock relative to control plots at 0-10 cm
depth (Fig. lc, Table S6), there was no significant
difference between crushed rock and control plots
in total SOC and SON concentrations at 0—10 cm
depth (p=0.5; Table S7).

There was no effect of crushed rock on the size
of the DOC pool at 0-10 cm or 10-30 cm depth
(Table S4), though the 8'°C value of the DOC
fraction was more enriched in 8'°C in plots with
crushed rock relative to control plots at 10-30
cm depth (p<0.05; Table 1). There was no effect
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10 cm). There were 13 replicates (n=13) per treatment across
all field trials. At the sites where baseline data was available
(Yolo and Merced-2), we calculated plot-specific changes in
the concentration of ¢ MAOM-C (mg C g soil™') and d
MAOM-N (mg N g soil™!) over the two-year period. There
were 8 replicates (n=2_8) across the two field trials with base-
line data. Changes in MAOM-C or N over time were measured
by change in concentration (mg C or N g soil™") in fall 2021
versus pre-treatment baseline values in early fall 2019

of crushed rock on the 8'3C or 8"°N values of the
MAOM or POM fraction at either 0-10 cm or
10-30 cm depth (Table S8, S9).

Soil inorganic carbon and soil properties

At Yolo and Merced-2 (the two sites with pre-treat-
ment baseline data), the 2-year change in soil inor-
ganic C (SIC) concentration was greater in plots with
crushed rock relative to control plots at 0-10 cm
(Fig. 2f; Table S6). In fall 2021, there was no effect
of crushed rock on SIC stocks at 0-10 cm, though
SIC stocks trended higher in plots with crushed rock
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Table 1 Modeled regression coefficients of the effect of site and treatment (crushed rock) on several soil variables in three temperate
cropland enhanced rock weathering (ERW) field trials in California, USA

Coefficient estimate + SE p value

(a) pH at 0-10 cm
Intercept 7.88+0.06 <0.0001**
Site (Merced-2) - 0.26+0.06 0.00027%*
Site (Yolo) —0.84+0.07 <0.0001%*
Treatment (crushed rock) 0.1+£0.05 0.06*

(b) Gravimetric Soil Water Content at 0—~10 cm (% soil moisture)
Intercept 0.2+0.005 <0.0001**
Site (Merced-2) 0.03+0.006 0.0003**
Site (Yolo) —0.15+0.007 <0.0001%*
Treatment (crushed rock) —0.01+0.006 0.07*

(c) Water Holding Capacity at 10-30 cm (% soil moisture)
Intercept 30.56+0.7 <0.0001**
Site (Merced-2) -3.92+0.76 <0.0001%*
Site (Yolo) —-241+09 0.01°%*
Treatment (crushed rock) - 1.3+0.7 0.06

(d) 8*C-DOC at 10-30 cm
Intercept —25.30+041 <0.0001**
Site (Merced-2) 0.71+£0.50 0.17
Site (Yolo) 1.67+0.58 0.008**
Treatment (crushed rock) 1.48+0.44 0.003%*

Coefficient estimates (+ standard error, SE) from linear mixed effect models where crushed rock had a significant effect on: (a) soil
pH at 0-10 cm, (b) gravimetric soil water content at 0-10 cm (% soil moisture), (c) soil water holding capacity at 10-30 cm (% soil
moisture), (d) 8'3C of DOC at 10-30 cm. There were 13 replicates (n=13) per treatment across all field trials. (p <0.1 is considered
marginally significant and indicated by a single asterisks*; p<0.05 is considered significant and indicated by two asterisks**)

at 10-30 cm (p=0.1; Fig. 2¢). Crushed rock was
associated with higher pH in the upper surface soil
(0-10 cm) relative to control plots by 0.1 +0.05 units
(p=0.09; Table 1). At 0-10 cm, gravimetric soil
water content was lower in plots with crushed rock
relative to control plots in fall 2021; at 10-30 cm,
water holding capacity was lower in plots with
crushed rock relative to control plots (Table 1). There
was no effect of crushed rock on electrical conductiv-
ity (EC) at either depth, or on total elemental abun-
dances (Mg, Ca, Si, Na, Al Si, P) in the DOM extract
from bulk soil (Table S10).

Microbial biomass and community composition

Active microbial biomass in surface soil was lower
in plots with crushed rock than control plots (Fig. 3a;
Table S10). There was a strong positive linear rela-
tionship between active microbial biomass and

MAOM-C stocks in fall 2021 at 0-10 cm (Fig. 3b,
?=0.74, p<0.005). In contrast, active microbial
biomass at 10-30 cm was greater in crushed rock
than control plots (Table S10). There was no signifi-
cant effect of crushed rock on cumulative CO, efflux
over a 60-d incubation period, measured on fresh
soil harvested in fall 2021 at 0-10 cm or 10-30 cm
(Table S10).

Despite differences in bacterial and fungal com-
munity composition among the three sites and two
depths in fall 2021, there was no effect of crushed
rock on microbial community composition (Fig. 3c,
Table S11). Differential abundance testing indi-
cated that a small number of bacterial and fun-
gal taxa were more abundant in the presence of
crushed rock relative to control plots (Table S12).
At 10-30 cm, three alphaproteobacterial taxa in the
family Sphingomonadaceae, and a strain of Actino-
bacteria classified in class Thermoleophilia, were
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Fig. 2 Total soil organic C and N and soil inorganic C in plots
amended with crushed rock versus unamended control plots
across three cropland enhanced rock weathering field trials in
California, USA. Stocks of total a soil organic carbon (SOC)
and b soil organic N (SON) at 0-10 cm depth, and ¢ stocks of
soil inorganic C at 10-30 cm depth measured in fall 2021 in
plots with crushed rock versus control plots. At the two sites
where baseline data was available (Yolo and Merced-2), we
calculated the plot-specific change through time in the concen-

more abundant in plots with crushed rock relative to
control plots (Table S12). At 0-10 cm, two fungal
taxa—~Microscales and Pezizales (both in Ascomy-
cota)—were more abundant in plots with crushed
rock (Table S12).

Discussion

Before enhanced rock weathering (ERW) is deployed
at large scales in cropland soils, it is critical to char-
acterize the full suite of its impacts on the ecosystem
C balance (Goll et al. 2021). Here, we examined the
effects of ERW on soil organic matter (SOM) pools.
We demonstrated that after two years of crushed
meta-basalt rock amendments across three ERW
cropland field trials in the Central Valley of Califor-
nia, USA, total SOC and SON stocks were lower in
the upper surface soil (0-10 cm) of plots amended
with crushed rock relative to control plots (Table S4).
This effect was the result of lower mineral-associated
organic matter (MAOM)—the largest pool of OM
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Changes in SOM pools over two years were measured as the
change in concentration (mg C or N g soil™!) in fall 2021 com-
pared to pre-treatment baseline values in fall 2019. There were
13 replicates (n=13) per treatment across all field trials, and 8
replicates (n=38) across the two field trials with baseline data.
Stocks are expressed as g C or N per m~2 by thickness of soil
layer (10 cm or 20 cm); concentrations are expressed in mg C
orNg soil ™!

in these soils (~65% of total SOM), and typically
the slower-cycling pool of SOM (Heckman et al.
2022). At the end of the 2-year experimental period
(i.e., in fall 2021), crushed rock amendments were
associated with lower surface soil MAOM-C stocks
and MAOM-N stocks relative to unamended control
plots by 159+37 ¢ C m™ (p=0.0001; Table S4)
and 17+5 ¢ N m~2 (p=0.001; Table S4) at 0-10 cm
depth. We did not find evidence that lower MAOM-C
stocks at 0—10 cm depth led to a net loss of SOC or
SON; rather, the 2-year change in plot-specific SOC
and SON concentrations were net positive at the two
sites where pre-treatment baseline data was available
(Fig. 2d). However, the accrual rate of MAOM was
lower in plots with crushed rock relative to control
plots over the 2-year period (Fig. 1; Table S7). Below,
we discuss the effects of ERW on soil inorganic and
organic C pools, how the microbial community may
help explain the effects of crushed rock on SOM, and
identify key next steps to better understand the inter-
actions between rock weathering and OM cycling.
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Fig. 3 Active microbial biomass and microbial community
composition in upper surface soil (0-10 cm) of plots with
crushed meta-basalt rock versus control plots across three
cropland enhanced rock weathering field trials in California,
USA. a Active microbial biomass (measured via substrate-
induced respiration) at 0—10 cm depth in plots with crushed
rock relative to control plots. b Linear relationship between
active microbial biomass and stocks of mineral-associated
organic matter (MAOM-C) at 0—10 cm depth. ¢ Principal coor-
dinate analysis (PCoA) plots showing the compositional differ-
ences (via Euclidean distances) of ASVs for bacteria and fungi
at 0-10 cm and 10-30 cm, respectively. There were 13 repli-
cates (n=13) per treatment across all field trials

The 2-year change in soil inorganic C (SIC) con-
centrations was higher in sites with crushed rock
amendments compared to unamended controls
by 0.68+0.23 mg C g soil™' (p=0.017; Fig. 2f,
Table S6). Since the cations released from weathered
rock can form pedogenic carbonates under relatively
high pH conditions (Huang et al. 2024), increased soil
inorganic C can indicate effective ERW (Haque et al.
2020a). In particular, ERW should primarily yield
solid phase carbonates at sites with calcareous soils,
where soil water may be near saturation with respect
to the excess cations released during weathering
(Haque et al. 2020a). Indeed, SIC stocks and accrual
rates were most pronounced in the calcareous soils
of the Merced sites (Fig. 2c, f; Table S6, S7). Simi-
lar increases in SIC have been observed in some agri-
cultural soils under ERW—for example, an increase
in SIC of~1.83 g CO, kg soil ™! was observed over a
2-year period in a cropland in Ontario, Canada under
wollastonite application (Haque et al. 2020b). Impor-
tantly, increases to solid phase carbonates are cer-
tainly not always observed under ERW, such as below
a threshold pH value (Haque et al. 2019; Guo et al.
2023).

Surface soil SOM pools at 0-10 cm depth showed
contrasting responses to additions of crushed rock.
While MAOM stocks were consistently lower in
plots with crushed rock than control plots at 0—10 cm
(Fig. 1a), POM stocks at 0-10 cm depth trended
higher in plots with crushed rock in surface soil (par-
ticularly at the Merced-1 and Yolo sites; Table S5).
The contrasting responses of the MAOM and POM
pools dampened the response of the total SOM pool
to ERW (Fig. 2). For instance, while MAOM-C
stocks at 0-10 cm ranged between 11 +6% to 16 +5%
lower in plots with crushed rock additions, total SOC
stocks at 0-10 cm ranged between 4 +6 and 9+4%
lower in the presence of crushed rock. Moreover,
while the 2-year change in MAOM-C concentration
(i.e., the accrual rate) at 0—10 cm was lower in plots
with crushed rock by an average of 0.5+0.2 mg C g
soil ™! (p=0.03; Table S4), there was no significant
difference in the accrual rate of total SOC between
control plots and plots with crushed rock at 0-10 cm
(p=0.5; Table S6). To understand how and why the
POM pool may dampen the effect of ERW on total
SOM, it will be critical to monitor the responses
of the MAOM and POM pools over longer time
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scales and across a range of site conditions, and to
assess consequences for total SOM.

Overall, the effects we observed of crushed rock
on SOM pools are roughly commensurate with how
other agricultural management approaches—such
as liming—may affect SOC pools over similar time-
scales. In our plots, we found that surface soil SOC
stocks were lower in plots with crushed rock by an
average of 140 g C m~2 at 10 cm depth (p=0.02;
Table S4). After three years of lime incorporation
in an Australian Oxic Paleustalf, surface soil SOC
stocks were~3.6 t C ha™! (360 gC m~?) lower than
un-limed controls, which was equivalent to a~13%
reduction in SOC stocks (Chan and Heenan 1999).
After three lime applications in a Brazilian Planosol,
SOC in the top 15-cm was reduced by 9-15% (Kow-
alenko and Thnat 2013). Critically, as we discuss fur-
ther below, the magnitude and the direction of effects
of liming on SOC can change over longer time-scales
and ultimately become positive in some contexts
(Paradelo et al. 2015). Thus, it will be crucial to cap-
ture longer-term effects of ERW on SOM pools.

The different responses of surface soil MAOM and
POM pools to ERW over the 2-year period may be
partially explained by the activities of the soil micro-
bial community. Soil microorganisms are key agents
of SOM accrual and decomposition; in particular,
they are closely involved in the formation of MAOM
(Kallenbach et al. 2015, 2016; Sokol et al. 2024).
Given that active soil microbial biomass was signifi-
cantly lower in the surface soil of plots with crushed
rock (Fig. 3a)—and that active microbial biomass
and MAOM-C stocks were strongly positively cor-
related across the three field trials (Fig. 3b)—lower
active microbial biomass may help explain reduced
MAOM accrual in these plots. One key microbial
pathway for MAOM formation is decomposition of
POM into smaller biomolecules that subsequently
associate with mineral surfaces (Liang et al. 2017).
One possibility is that the lower active microbial bio-
mass associated with ERW translated into decreased
microbial-mediated transformation of POM to
MAOM. As a result, there would be less formation
of MAOM and greater accumulation of POM in the
presence of crushed rock. In support of this hypoth-
esis, we found that POM-C stocks and accrual rates
often trended higher in crushed rock than control
plots across sites (though this effect was not signifi-
cant; Table S4-S8). At Yolo—the site with the lowest

@ Springer

active microbial biomass (Fig. 3a)—we observed the
greatest accrual of POM and the lowest accrual of
MAOM (Fig. 1; Table S7). Moreover, we found no
significant changes in SOM pools at 10-30 cm depth,
where active microbial biomass was substantially
lower than in the 0-10 cm increment. It is unclear if
lower active microbial biomass in the surface soil of
plots with crushed rock was a function of physico-
chemical changes induced to the soil, such as altered
mobility and availability of nutrients with shifts in
pH (Min et al. 2021). Alternatively, ERW may have
reduced SOM by non-microbial mechanisms, and
lower SOM led to reduced active microbial biomass,
since microbial biomass and SOM tend to be strongly
correlated (Liang et al. 2024). It will be important
for future mechanistic studies to untangle the causal
direction of these effects.

Other microbial mechanisms may explain
decreased MAOM under ERW. While active micro-
bial biomass was lower under ERW, it is possible
that a subset of the microbial community exhibited
greater microbial activity in the presence of crushed
rock, due to changes in the physical and chemical
environment. Heightened microbial activity under
ERW could stimulate decomposition of a portion of
the MAOM pool, leading to decreased net MAOM
accrual rates in plots with crushed rock compared to
control plots. For instance, soil pH was higher in the
upper surface soil (0-10 cm) of plots with crushed
rock by 0.1+0.05 units (p=0.06; Table 1), and prior
soil-water measurements conducted at the Yolo site
demonstrated higher bicarbonate alkalinity in plots
with crushed rock relative to control plots at 0—10
cm depth (Holzer et al. 2023b). Increased pH and
alkalinity may stimulate microbial activity through
several means, such as alleviating acid retardation of
microbial growth and SOM consumption (Malik et al.
2018). As one parallel, agricultural liming has been
linked with enhanced microbial activity and micro-
bial priming of SOM stocks over shorter time scales
(Paradelo et al. 2015). Short-term enhancement of C
mineralization rate has been also reported in recent
mesocosm studies on ERW (Yan et al. 2023). In sup-
port of enhanced microbial activity under ERW, we
found a more enriched 8'°C value of DOC in plots
with crushed rock at 10-30 cm (Table 1), which can
indicate greater microbial activity and priming of
SOM (Kriiger et al. 2023).
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One key question is whether certain microbial
taxa may exhibit greater activity under ERW, as
microbial populations colonize fresh mineral sur-
faces, and simultaneously decompose OM to gain
access to nutrients. If ERW selects for certain taxa
that chemically weather rock but also destabilize
organo-mineral interactions, these taxa may lead to
decreased MAOM accrual. Differential abundance
analysis on amplicon sequence data (16S and ITS)
suggested that specific taxa were more abundant in
the presence of crushed rock, even while commu-
nity composition did not significantly differ between
the two treatments (Fig. 3c). Bacterial taxa in the
Sphingomonadaceae and Thermoleophilia families
were more abundant in the presence of crushed rock
(Table S12); these families are known to play roles
in mineral weathering (Huang et al. 2014; Wang
et al. 2017; Varliero et al. 2021). Additionally,
fungi in the genera Microscales and lodophanus
were more abundant in plots with crushed rock
(Table S12). Iodophanus has been reported to posi-
tively respond to Ca?* jons (Diorio 1999). Such
data can help guide future efforts to more directly
target specific microbial taxa involved in ERW and
SOM cycling, using methods like quantitative stable
isotope probing (qSIP; Hungate et al. 2015).

Our findings raise several critical questions and
identify mechanisms for future research to explore.
Overall, our results suggest that ERW may reduce
the accrual rates of MAOM in irrigated semi-arid
croplands, necessitating studies that disentangle the
various factors that influence how crushed rock may
impact SOM pools. These factors include crop type,
soil properties, climate, management strategies like
irrigation and cover cropping, and the composi-
tion and amount of crushed rock, as well as appli-
cation frequency and incorporation method of the
crushed rock. As one key example, irrigation has
been associated with increased SOC in California
and other arid/semi-arid croplands, especially in
upper surface soil (Mitchell et al. 2017; Emde et al.
2021; Ball et al. 2023). While we observed MAOM
accrual over time in both control and crushed rock
plots in our irrigated sites, it is possible that in
other contexts—such as in non-irrigated croplands
in other climate regions, where SOC losses over
time are more common (e.g., some parts of the
midwestern United States) —ERW could cause or
exacerbate these losses of total SOC. Future ERW

field trials should not only include comprehensive
measurements of different SOM pools with robust
baseline data taken before treatment, but also assess
these SOM pools over multiple years and across
various soil depths, since effects on SOM can vary
substantially over time and at different soil depths.
For instance, a 19-year field trial in California
showed that SOC gains at 0-30 cm from winter
cover crops under conventional management were
offset by losses at 30—200 cm, resulting in a net C
loss (Tautges et al. 2019). And, while liming can
have negative effects on SOC over shorter time
scales (i.e., months to a few years), these effects can
change direction and eventually become positive
over longer durations (Paradelo et al. 2015). Fur-
thermore, it will be crucial to not only evaluate the
longer-term effects of ERW on total SOM, but also
to untangle how crushed rock may differentially
affect MAOM and POM pools. For example, while
MAOM pools may continue to exhibit decreased
rates of accrual over time, they may instead ulti-
mately increase in response to higher weathering
rates, as is known to occur over the time scale of
soil formation (Slessarev et al. 2021), and has also
been observed in some shorter-scale microcosm
studies (Buss et al. 2024).

Field and laboratory studies are needed to mecha-
nistically address the interactions between crushed
rock, OM, and soil microorganisms, to understand
the drivers of C gains or losses, and determine which
microbial taxa enhance dissolution of crushed rock
or formation of MAOM (Buss et al. 2024). Tools
like gSIP can yield more precise insights into which
microbial taxa are active in the presence of crushed
rock; measurements of community-level traits can
help inform which traits may enhance inorganic and
organic C drawdown, such as production of extra-
cellular polymeric substances or altered carbon-use
efficiency (Hungate et al. 2015; Lybrand et al. 2019;
Sokol et al. 2022a). Beyond microbial priming, vari-
ous biotic and abiotic mechanisms may influence
SOM cycling. For example, elevated root-induced
priming of OM under ERW could have also contrib-
uted to lower MAOM accrual (Fang et al. 2023) if
nutrients released from the weathered rock stimulated
more root growth and/or more exudation of particular
compounds like organic acids (Keiluweit et al. 2015).
Co-applying organic amendments with crushed rock
may offer potential benefits in mitigating or reversing
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negative impacts on SOM pools. Identifying the most
suitable blend of crushed rock and OM additions may
hold promise for optimizing microbial-mediated inor-
ganic and organic C removal (Corbett et al. 2024).

Overall, our results highlight that it will be criti-
cal for future studies to monitor SOM stocks, espe-
cially over long enough periods to realistically assess
net C removal and effects of ERW on soil fertility. As
more data becomes available, the effects of ERW on
OM pools should be included in C accounting frame-
works and models to calculate net C removal. Cou-
pling measurements of both inorganic and organic C
data—especially in field trials that span diverse soil
types, crop types, and climate regions—is crucial for
parameterizing the next generation of models that
integrate inorganic C dynamics via both rock weath-
ering and OM cycling. Moreover, this data will be
vital to inform measurement, reporting, and verifica-
tion standards. Amidst growing investment in ERW
as a scalable C removal approach for drawdown of
excess atmospheric CO,, the full suite of effects on
the soil system must be evaluated before ERW is
deployed at broad scales.
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