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ABSTRACT: Enhanced rock weathering (ERW) is a promising CO2 removal (CDR)
strategy that aims to accelerate the natural process of silicate weathering to increase soil pore
water alkalinity and sequester CO2. However, the measurement, reporting, and verification
(MRV) of ERW remains challenging due to existing limitations of aqueous-phase sampling
methodologies, such as passive and tension lysimeters, which may not fully capture
weathering fluxes across varying soil moisture conditions. This study assesses the potential
of a centrifugation-based pore water extraction method to improve the accuracy and
reliability of ERW measurements. Using a forest ERW trial in Wales, UK, we compared the
chemistry of soil pore waters obtained via lysimeters and centrifugation from feedstock-
amended and control plots. The centrifugation method detected elevated total alkalinity and
Ca concentrations in soil pore waters from feedstock-amended soils, whereas the effect of
feedstock amendment was not detectable in pore waters extracted with lysimeters. The high
tensions applied during centrifugation likely capture weathering products dissolved in meso-
and micropore water, which lysimeters cannot extract. These findings suggest that centrifugation provides a scalable, low-cost
approach for ERW monitoring, with implications for improving existing MRV protocols.
KEYWORDS: carbon dioxide removal, pore water, alkalinity, monitoring, enhanced weathering, land-based

1. INTRODUCTION
Carbon dioxide removal (CDR) must be implemented to limit
the effects of climate change.1,2 There is a need for CDR
technologies to be both scalable and durable.3 One CDR
method that shows such potential is enhanced rock weathering
(ERW). ERW accelerates silicate weathering of Ca- and Mg-
rich feedstocks to capture atmospheric CO2 through surface
geochemical reactions within the soil column, producing base
cations (e.g., Ca2+, Mg2+) and dissolved inorganic carbon
(DIC, principally HCO3

−). These weathering products are
then transported through the soil profile and either precipitate
as pedogenic carbonates or are eventually transported via
ground or surface waters to the ocean, where they may be
sequestered for thousands of years.4−12

Given the urgent need to implement CDR and the
immaturity of technology-driven CDR strategies, such as
direct air capture, a broad consensus has emerged advocating
for the rapid upscaling of ERW.4,5,13−19 This will require new
methods for accurate, low-cost, and scalable measurement,
reporting and verification (MRV) of CO2 capture via ERW.
However, it is currently challenging to assess the efficacy of
ERW due to the lack of a universally agreed-upon method for
in situ quantification of rock weathering.

Multiple methods are currently employed to estimate the
extent of ERW-induced CDR at a given site, including solid-
and aqueous-phase approaches.18 Aqueous-phase approaches

typically involve collecting soil leachate or pore water with
rhizon samplers or soil lysimeters (suction cup or tension) at
set depths within the soil column.20,21 These enable in-field
measurements of base cation release from weathering rock and
indirect quantification of DIC via total alkalinity (TA) and
pH.22 Moreover, anion concentration measurements (e.g., Cl−,
NO3

−, SO4
2−) can determine whether weathering reactions are

driven by carbonic acid (which results in the capture of CO2)
or strong acids (which weather rock without directly
sequestering any carbon).4,21−23 By contrast, solid-phase
approaches determine reactant24,25 (e.g., Ca2+, Mg2+) losses
from mineral phases26,27 and do not directly quantify inorganic
carbon fluxes (although it is possible to measure changes in soil
carbonates). These produce time-integrated weathering rate
estimates but cannot provide information about the export of
these products from weathering sites.18 Current MRV
protocols for the ERW sector use both methods.28 Because
each has specific advantages and limitations,20 integrating their

Received: March 19, 2025
Revised: November 3, 2025
Accepted: November 19, 2025
Published: December 15, 2025

Articlepubs.acs.org/est

© 2025 The Authors. Published by
American Chemical Society

27305
https://doi.org/10.1021/acs.est.5c03699

Environ. Sci. Technol. 2025, 59, 27305−27315

This article is licensed under CC-BY 4.0

D
ow

nl
oa

de
d 

vi
a 

94
.7

.1
8.

18
5 

on
 J

an
ua

ry
 7

, 2
02

6 
at

 1
7:

00
:1

8 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gregory+Jones"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ziyan+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Katherine+Clayton"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lena+Lancastle"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Athanasios+Paschalis"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bonnie+Waring"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bonnie+Waring"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.est.5c03699&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.5c03699?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.5c03699?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.5c03699?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.5c03699?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.5c03699?fig=agr1&ref=pdf
https://pubs.acs.org/toc/esthag/59/50?ref=pdf
https://pubs.acs.org/toc/esthag/59/50?ref=pdf
https://pubs.acs.org/toc/esthag/59/50?ref=pdf
https://pubs.acs.org/toc/esthag/59/50?ref=pdf
pubs.acs.org/est?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.est.5c03699?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/est?ref=pdf
https://pubs.acs.org/est?ref=pdf
https://creativecommons.org/licenses/by/4.0/


benefits could provide a more holistic perspective on CDR via
ERW.

This study focuses on advancing aqueous-phase method-
ologies to address current challenges in monitoring and
quantifying ERW-induced CDR. Aqueous-phase measure-
ments offer a relatively inexpensive method for estimating
weathering fluxes and enable the identification of weathering
hotspots, together with a better understanding of whether and
how weathering products are exported from the feedstock
application site. However, widely used lysimeters and rhizon
samplers may not accurately capture the weathering flux from
heterogeneous soil layers, as they typically extract water from a
limited soil volume, which may not represent broader spatial
variability.29 For example, passive lysimeters only collect
gravitationally drained water, which may not capture the
influence of finer pore-scale interactions in the soil matrix,28−30

where much of the chemical dissolution relevant to ERW
occurs.32,33 Lysimeters and rhizon samplers also disturb soil
structure, influencing natural flow paths and potentially
affecting collected pore water composition.34 Such alterations
may artificially perturb dissolution kinetics and weathering
rates, impacting CDR estimates.

Moreover, the timing and frequency of lysimeter and rhizon
sampling are limited to periods when the soil water content
(SWC) is sufficiently high for pore water extraction, which
may lead to temporal gaps in data (Figure 1). This can result in

an incomplete understanding of weathering processes at the
site of feedstock application and temporal fluctuations in
CDR.35,36 Therefore, it is essential to develop an aqueous-
phase method that captures the temporal variability of pore
water chemistry and enables sample collection at SWC levels
where lysimeters are typically ineffective (Figure 1).

Combining some of the benefits of solid-phase approaches,
such as ease of field sampling18 with the advantages of aqueous
sampling techniques, we propose a novel aqueous-phase
extraction approach, the centrifugation pore water extraction
sampling method, to obtain and analyze soil pore waters.

Centrifugation extraction has long been employed to obtain
interstitial water from rock and soil samples31,37,38 and could
act as an accurate, low-cost method to determine terrestrial
CDR via ERW. The central tenet of this approach involves
centrifuging soil samples at high angular velocities to extract
interstitial pore water. This water can then be examined
following typical aqueous-phase analytical pathways (e.g., by
examining total alkalinity (TA), base cation, and anion
concentrations) to quantify CDR rates. In contrast to
lysimeters, which apply between 0.04 and 0.1 MPa, and rhizon
samplers, which apply approximately 0.05 MPa,39 centrifuga-
tion exerts pressures up to 1.5 MPa,31 exceeding the
permanent wilting point of most soils.38 Therefore, centrifu-
gation extraction may extract meso- and micropore water,
revealing additional weathering products and insights into
feedstock dissolution dynamics combined with more robust
CDR estimates.

The objective of this study was to evaluate whether (1) the
chemistry of the pore water derived via centrifugation
extraction was comparable to that of lysimeters and (2) the
soil centrifugation pore water extraction method provides a
reliable method for sample extraction necessary for accurate
CDR estimations through silicate feedstock weathering.

2. METHODS
2.1. Site and Treatment Description. The experimental

area was located in Cynghordy, south Wales (52°3′49″ N,
3°44′44′′ W, 219 m a.s.l.). The land was used as sheep pasture
for at least 100 years before a reforestation experiment was
established in 2019. The mean annual temperature was 9.6 °C,
and the mean annual precipitation was 1566 mm (30-year
climate averaging period, Met Office). The soil was classified as
a well-draining fine loam, specifically a Chromic Mollic
Endokeletal Umbrisol, within the MANOD (611c) soil
association.40,41 The soil comprised of 36% sand, 24% clay,
and 5.1% soil organic C.42,43

The study used a randomized block design (n = 4 blocks
sampled for this experiment; Figure 2). Each block consisted of
nine experimental plots, representing different treatment
combinations of tree type (mixed native broadleaf or Sitka
spruce), feedstock application (added or not), a microbial
inoculation treatment (added or not), and a control treatment
where no trees were planted and no feedstock was added.44 We
only sampled plots from the “control” soil inoculation
treatment for the measurements described in this paper.
With 4 plots per block (factorial combination of feedstock
addition and forest type) and 4 blocks, our final sample size
was 16 plots per sampling time point. While the 16 plots varied
in shape, the mean plot area was 1,598 m2 (range: 1,145 to
1,649 m2). Although treatments were applied across entire
plots, samples were extracted from a central 20 × 20 m (0.04
ha) area. Trees were planted at a density of 2,500 trees ha−1 in
May through June of 2021. Coniferous plots exclusively
contained Picea abies (Sitka spruce), while broadleaf plots
included Sorbus aucuparia (6%), Prunus avium (19%), Populus
tremula (5%), Betula pubsesns (35%), Alnus glutinosa (22%),
and Quercus robur (13%).

A metabasalt from Builth Wells (Supplementary Section 1)
was surface applied using a miniature bucket spreader in
November 2020 (40 t ha−1, 4 mm mean particle size, median
particle size 27 μm, Figures S1 and S2) and June 2023 (24 t
ha−1, 2 mm mean particle size). Feedstock elemental
composition was analyzed via X-ray fluorescence (XRF)

Figure 1. Sampling time points appropriate for lysimeter pore water
extraction (orange shaded regions) in relation to soil water content
(SWC) and corresponding daily precipitation. An SWC sampling
threshold (SWC > 0.31) corresponds to an estimated water potential
of approximately −30 kPa. Data was taken from ERA5-Land41 and
corresponds to conditions at our field site in July 2023 (see Methods,
Section 2.2 for further details).
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spectroscopy (Zetium, Malvern Panalytical Ltd., UK) (n =
4).44 X-ray diffraction (XRD) analysis was performed on
randomly oriented powder samples (n = 5) using a Rigaku
miniflex diffractometer, with semiquantitative analysis via
PANalytical Highscore Plus and ICDD PDF-4+ database
(Table S1).
2.2. Aqueous Weathering Measurements. 2.2.1. Field

Sampling Approaches. Pore water sampling with lysimeters
and the centrifugation approach started in January 2023 and
continued until August 2024. Suction cup lysimeters (SK20;
Meter, USA) were installed in the center of each plot, at 40 cm
depth, below the main root zone to monitor the influence of
plant inputs on solute composition. The maximum suction
applied by a lysimeter equals 0.1 MPa.

Measurements from the lysimeters began in 2021 and
involved extracting pore water from lysimeters across all plots
during each site visit. However, SWC levels significantly
influenced pore water extraction success rates. When soils were
not saturated, many lysimeters failed to yield sufficient sample
volumes for analysis. The proportion of successful extractions
fluctuated between sampling campaigns, depending on the
SWC at each lysimeter location (see Figure 1 as an example).

To combat this issue, the 16 plots described in Section 2.1
were selected for planned sampling campaigns, during which
soil pore waters were extracted from soils via lysimeters and
soil centrifugation. During each sampling time point, 20 L of
water from an on-site aquifer were applied to a 1 m2 area
around each lysimeter using a back-mounted sprayer to
emulate a 20 mm rainfall event. The Green−Ampt equation45

was used to estimate the time needed for the water to reach the
lysimeter cup and soil block depth (Figure S3 and equations S1
and S2). The initial soil water deficit was set at 0.3, while
saturated hydraulic conductivity was prescribed at 5 mm h−1,

and the initial soil water potential was defined as 1000 mm.
These parameter values were derived from soil textural and

organic matter (SOM) observations (Section 2.1). SOM
content was estimated from soil organic C using the van
Bemmelen factor.46 After the predicted time interval, soil
blocks were excavated to a 10 cm depth for centrifugation, and
lysimeters were sampled by applying vacuum suction. This
method enabled direct comparison between lysimeter and
centrifugation extraction approaches, even in drier soil
conditions that typically hindered sampling efforts.

Planned sampling was conducted in March 2023, October
2023, January 2024, and May 2024. Aquifer water samples
used for irrigation were periodically collected and analyzed for
their TA (n = 3) (Figure S4) and cation concentrations (n = 5)
(Figure S5).
2.2.2. Soil Centrifugation Protocol. During the planned

lysimeter sampling campaigns, a single soil block (10 × 10 ×
10 cm) was excavated from the 1 m2 area encompassing each
lysimeter (n = 16 plots), after which lysimeters were sampled.
Each block was wrapped in plastic to prevent water
evaporation and stored at 4 °C.

In the laboratory, we homogenized soil from within each
plot,47 filled 50 mL Falcon tubes with the soil (n = 6) and
weighed them. These aliquots were then centrifuged at 6000
rpm with a 7.125 cm rotation axis length (z300 K; Hermle
LaborTechnik GmbH) for 20 min31 to extract pore water.37 A
time limit of 20 min was chosen, as after this point, water could
not be sufficiently extracted from the field-saturated soils
(Figure S6). Syringe filters with a 13 mm diameter and 0.45
μm pore size (Whatman Uniflo 13; Cytiva Ltd.) were used to
remove particulate organic matter from the resultant super-
natant.
2.2.3. Analysis of Pore Waters. Centrifugation- and

lysimeter-derived pore water samples underwent identical
chemical analyses. Pore water TA was immediately determined
following sample preparation via acidimetric titration.22 The
pH probe (ISE HI 422, Hanna Instruments Ltd.) was
calibrated for every 25 samples to ensure measurement
precision and accuracy. HCO3

− concentrations were derived
from pore water TA values.22 Base cation concentrations were
quantified via ICP-OES (Avio 500, PerkinElmer Inc.), using
samples preserved in 1% HNO3. For ICP-OES, measurements
were within 0.01% of known concentrations. The accuracy and
precision of analyses were verified using multielement
standards.
2.3. Assessing Potential Centrifugation-Induced

Perturbations to Pore Water Alkalinity. The centrifuga-
tion method of pore water extraction differs from the lysimeter
method because additional mechanical force is applied to the
whole soil sample, which could perturb pore water chemistry.
There are two mechanisms by which centrifugation could alter
the chemistry of soil pore waters in an ERW context. First,
there is mechanical disruption of soil pore structure through
the compression and collapse of pore networks, which release
chemical constituents from mesopores and micropores which
would not typically be extracted with lysimeters. Second, there
is mechanical dissolution of feedstock grains that are held in
the soil matrix. We assume that centrifuging soil samples that
do not contain feedstock can generate mechanical soil
disruption only, while centrifuging samples with feedstock
results in both mechanisms. Therefore, two extraction
coefficients (Ce) were derived to quantify the magnitude of
perturbation due to centrifugation, as described below.
2.3.1. Determining an Extraction Coefficient to Account

for the Effects of Centrifugation on Pore Water Chemistry.

Figure 2. Experimental design of the Glandwr Forest study, displaying
the arrangement of different treatment areas. Shaded regions denote
plots present at the site but not sampled in this study.
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To assess the effects of centrifugation on soil pore water
chemistry, we performed an experiment where soil subsamples
were fully saturated in 50 mL centrifuge tubes (n = 6) with
known quantities of ultrapure water, which had negligible
alkalinity (Figure S4). Half of the samples were centrifuged at
6000 rpm for 20 min, using a centrifuge with a 7.125 cm
rotation axis length (z300 K; Hermle LaborTechnik GmbH).31

This time frame assumes that sufficient mixing of pore waters
from different pore size fractions occurs during centrifugation,
enabling the extraction of composite samples that are
comparable across feedstock application treatments. The
physical redistribution and mixing process during centrifuga-
tion occurs rapidly relative to the time scale of mineral
dissolution and ion exchange reactions, ensuring that the
extracted pore water reflects the chemical composition
established through slower weathering processes, rather than
transient disequilibrium conditions induced by the extraction
method itself. The negligible TA increase following the
centrifugation of feedstock in ultrapure water (Figure S7)
also confirms that the 20 min extraction period captures
existing pore water TA, such that the centrifugation method is
able to detect mineral weathering that occurred under field
conditions. The remaining samples were set aside and
remained stationary for 20 min to represent a control group.
Note that the purpose of adding ultrapure water to all soils is
to ensure that water can be recovered from the stationary
control group, which otherwise would not provide sufficient
volume for analysis. Both groups of solutions were then syringe
filtered (13 mm diameter and 0.45 μm pore size; Whatman
Uniflo 13; Cytiva Ltd.) and sampled for TA via acidimetric
titration.22 Figure 3 displays a schematic of this experiment.

From this experiment, we derived an extraction coefficient
for mechanical disturbance (Ce) as the ratio of TA in the
centrifuged versus non-centrifuged samples, as follows:

C
V V V

V V V

TA ( )

TA ( )e
c soil,nc soil,c add,c

nc soil,c soil,nc add,nc
=

· · +
· · · (1)

Where TA (meq L−1) corresponds to the total alkalinity of
the specific centrifugation treatment (nc = not centrifuged, c =
centrifuged). V corresponds to the initial soil water volume
(L). Vadd relates to the volume of added ultrapure water that
enables the soil samples to reach saturation. However, this
term is only necessary when soils are saturated in the
laboratory, to provide comparisons between centrifugation
and lysimeter pore waters. Detailed equation derivations can
be found in Supplementary Section 6.

Ce was calculated separately for samples from plots with
(Ce,mech,diss) and without (Ce,mech) feedstock , under the
assumption that a difference in the magnitude of Ce between
sample types would reflect weathering-induced alterations to
meso- and micropore water chemistry. Ce,mech is used to
quantify mechanical disruption of soil only, while Ce,mech,diss is
used to quantify the chemical impacts of the mechanical
disruption of soils containing weathered feedstock. Despite the
large variability in gravimetric soil moisture (GSM) among
samples used to derive extraction coefficients (Figure S9), the
variability among Ce,mech values remain small (0.89 ± 0.11).
Notably, Ce,mech is approximately an order of magnitude less
than Ce,mech,diss (9.77 ± 0.68), demonstrating that mechanical
effects of centrifugation are negligible, and highlighting the fact
that feedstock alters the chemistry of water in meso- or
micropores, which can only be extracted under high tension.

The magnitude of extraction coefficients was unrelated to
soil moisture content (p > 0.05) (Figure S8), indicating that
variation in Ce is not systematically related to soil saturation.
Therefore, we applied a mean extraction coefficient to field-
derived TA data to account for the effects of centrifugation and
enable comparisons with lysimeter-extracted pore water TA,
using the following equation:

C
TA

TA
corr

e
=

(2)

where TAcorr (meq L−1) represents transformed TA values,
calculated by dividing original TA values (TA; meq L−1) by the
mean extraction coefficients (Ce,mech or Ce,mech,diss ) derived
from four samples (n = 4 for each coefficient).

For soil samples collected in plots without feedstock, Ce,mech
converges to approximately one, indicating negligible effects of
centrifugation on soil disaggregation and its impact on pore
water TA. Therefore, we did not apply the extraction
coefficient, Ce,mech , to samples from these plots prior to
comparison with lysimeter-derived data. This convergence also
indicates that TA is relatively uniformly distributed across
macro- and micropores in soils that have not been amended
with feedstock. However, Ce,mech,diss is approximately an order
of magnitude higher, demonstrating that centrifugation extracts
pore water with higher TA than gravimetrically drained
macropore water (considered analogous to lysimeter-derived
pore water, based on the tension it exerts). Since centrifugation
applies a higher tension, this disparity suggests that feedstock-
derived alkalinity is preferentially concentrated in micropores.
2.3.2. Accounting for the Mechanical Disturbance of

Feedstock via Centrifugation. The centrifugation method
could artificially elevate the alkalinity of soil pore waters in
samples from feedstock-amended plots, thereby inflating the
treatment signal, if undissolved feedstock grains in the soil are
mechanically weathered by centrifugation. To control for this,
we performed a sub-experiment to quantify alkalinity

Figure 3. A pictographic description of the method used to obtain soil
pore water and determine coefficient-transformed total alkalinity
values resulting from centrifugation.
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perturbation due to the mechanical dissolution of feedstock
during the 20 min extraction process. For this experiment, 50
mL of ultrapure water was decanted into 50 mL centrifuge
tubes (n = 6), followed by increasing rates of feedstock
addition (0.008, 0.022, 0.052, 0.066, and 0.080 g mL−1, with
the uppermost value equivalent to 40 t ha−1 field application
rate) (Figure S7). The solution was agitated gently by
inversion and allowed to settle for approximately 24 h. A 5
mL supernatant subsample was then syringe filtered (13 mm
diameter and 0.45 μm pore size; Whatman Uniflo 13; Cytiva
Ltd.) for TA analysis. The remaining sample was centrifuged at
6000 rpm for 20 min, using the procedure described in Section
2.2.2 and sampled again for TA via acidimetric titration.22

We regressed the difference in TA between centrifuged and
non-centrifuged samples against the concentration of feedstock
in each pair, finding a significant positive relationship (R2 =
0.72, p < 0.05). The slope of this regression indicates that
centrifugation artificially increases measured TA values in
feedstock-treated soils at a rate of 5.5 × 10−4 meq g−1 feedstock,

at the centrifugation speed and timing used for our
experiments. Assuming a maximum feedstock concentration
of 0.08 g mL−1 at the 40 t ha−1 field application rate (which
reflects the assumption that all feedstock remained in the top
10 cm of soil excavated for centrifugation), this would imply
that mechanical weathering of feedstock grains in our sampled
soils would contribute 0.04 meq L−1 to our TA measurements.
This value is approximately an order of magnitude smaller than
the measured TA values and falls within the measurement
uncertainty for TA (Section 3.1).
2.4. Statistical Analyses. Simple linear regressions were

used to evaluate the relationship between lysimeter-derived
TA, the original centrifuge-derived TA (TAc) and coefficient-
transformed TA (TAcorr,mech). Separate one-tailed t tests were
performed on centrifugation and lysimeter data sets to assess
whether in situ feedstock application affects pore water TA and
base cation concentrations. Base cation concentrations
sampled via centrifugation were not coefficient-transformed,
as Ce was only determined in terms of TA.

Figure 4. In situ soil pore water total alkalinity (TA) using centrifugation and lysimeter extraction methods from feedstock (gray) and no feedstock
(blue) treatments.

Figure 5. Relationship between lysimeter- (a) original and (b) extraction coefficient-transformed centrifugation-derived soil pore water total
alkalinity (TA) from plots with (gray) and without (blue) feedstock applied. Adjusted R2 is the adjusted coefficient of determination. RMSE is the
root-mean-square error. The red dotted line represents a 1:1 association between the extraction approach TA. The hollow points represent
statistical outliers.
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Statistical outliers were identified using Cook’s distance and
Bonferroni outlier tests. Observations were removed from the
analysis if a Bonferroni test p-value was <0.05 or a Cook’s
distance value was >1. All parametric tests were checked to
ensure that the data at least displayed homogeneity of variance
using Levene’s test. If this assumption was violated, the data for
the response variables were Box-Cox transformed. All statistical
analyses used R version 4.1.1,48 using the Tidyverse49 and car50

packages.

3. RESULTS AND DISCUSSION
3.1. Pore Water Extraction Method Comparison. Pore

water TA varied by extraction method. In soils from feedstock-
amended plots, lysimeter-extracted pore waters displayed TA
values ranging from 0.0202 to 0.110 (mean: 0.076 ± 0.009)
(Figure 4), while soils from non-feedstock-amended plots
displayed TA values between 0.030 and 0.0898 (mean: 0.063
± 0.006). By contrast, centrifugation-extracted pore waters
from feedstock-amended soils exhibited a greater range of TA
values, from 0.111 to 0.606 (mean: 0.343 ± 0.056). Similarly,
non-feedstock-amended soils subject to centrifugation dis-
played pore water TA values ranging from 0.061 to 0.575
(mean: 0.210 ± 0.052).

Feedstock addition significantly elevated TA by 39% in pore
waters sampled via centrifugation (t = 2.04, p = 0.03; Figure 5).
However, no effect of feedstock addition was observed in the
extraction coefficient-transformed TA (t = −3.37, p = 1; Figure
5). Similarly, lysimeters could not discern differences in TA
between feedstock treatments (t = 1.15, p = 0.13; Figure 5).

Feedstock application increased Ca concentrations by 49%
(t = 2.97, p < 0.01) in pore waters sampled via centrifugation.
However, no effect was observed on other base cation
concentrations (p > 0.05; Table S2). Feedstock application
did not influence base cation concentrations in pore waters
sampled via lysimeters (p > 0.05; Table S2).

Lysimeter and centrifugation TA values were unrelated in
both feedstock-amended (p = 0.76) and non-amended soils (p
= 0.36; Figure 5a), and this remained true after coefficient
transformation (p = 0.76 and p = 0.36, respectively; Figure 5b).
However, the coefficient-transformed TA values in feedstock-
amended soils ranged from 0.011 to 0.062 (mean: 0.035 ±
0.006), whereas in non-amended soils, centrifugation-extracted
values remained higher, ranging from 0.061 to 0.575 (mean:
0.210 ± 0.052). This suggests that while lysimeter and
centrifugation methods yield systematically different values,
coefficient-transformation can align their distributions in
feedstock-treated soils, although individual sample variability
remains evident.

Centrifugation pore water extraction provides a robust way
to detect alkalinity release from feedstock dissolution under
field conditions, revealing elevated pore water TA and Ca
concentrations resulting from feedstock dissolution in an
ecosystem-scale ERW experiment (Figure 4). The centrifuga-
tion method also demonstrated adaptability and potential to
address current limitations in aqueous-phase sampling
approaches.49−51 However, there was poor agreement between
TA in pore waters sampled with centrifugation versus the
traditional lysimeter-based method. Below, we first consider
why the two methods may yield different estimates of pore
water alkalinity. Then, we assess potential sources of error in
pore water chemistry induced by centrifugation and explain
why the method is likely robust to these errors. Finally, we
discuss why the centrifugation approach may be a more

sensitive and flexible option to assess weathering rates in
situ.52,53

3.2. Differences in Pore Water Chemistry Measured
with Lysimeters versus Soil Centrifugation. Pore water
TA and base cation concentrations extracted via centrifugation
were approximately 4 to 50 times higher than in water
extracted with lysimeters. Moreover, the relationship between
pore water TA measured via the two methods was poor, with
non-significant relationships found in all cases (p > 0.05)
(Figure 5). The two methods exert different soil water tensions
and sample different soil pore size classes, which may contain
water with different ion concentrations. Centrifugation at 6000
rpm, with a rotation axis length of 7.125 cm, applies a suction
of 0.3 MPa to the soil, generating aforce that can extract water
from pores as small as 0.1 μm in diameter.31,37 This is well
below the micropore size threshold of 30 μm,54 indicating that
centrifugation extracts alkalinity from both macro- and
micropores. As water moves through the sample during parts
of the centrifugation process, soil compaction occurs,55 further
impacting pore size distribution and potentially liberating
alkalinity from micropores.

Meanwhile, the maximum tension exerted by lysimeters is
approximately 0.1 MPa, typically only sufficient to extract
water from the largest pore size classes.37 Due to the high
surface area-to-volume ratios of micropores, weathering
products can remain trapped until the soil becomes sufficiently
saturated for drainage to occur at low matric potentials.56 The
extent of soil saturation depends on rainfall frequency and
intensity,57,58 meaning weathering products may only be
flushed from micropores during periods of heavy rainfall.
Lysimeters can sample water exiting the vadose zone and
estimate the export of weathering products from the soil
column. However, these products may only be transported
from micropores into macropores and detected by lysimeters
during high-rainfall events. In contrast, by generating high
capillary pressures, centrifugation provides an aqueous-phase
estimate of the potential export of weathering products under
hydroclimatic conditions that are not otherwise conducive to
lysimeter sampling (refer to Figure 1 as an example).

The variation in pore water chemistry between extraction
methodologies may also be attributable to different sampling
depths associated with each method and corresponding
variations in soil physicochemical and hydraulic proper-
ties.10,59−61 Soils for centrifugation were excavated to 10 cm
depth, whereas lysimeters were installed from 30 to 40 cm
depth. When we quantified TA variation with depth in 3 soil
cores sampled from a non-feedstock amended plot, we found
that TA was 85% higher in the top 10 cm of soil versus the
10−20 and 20−30 cm depth increments (Figure S10, F2,6 =
81.0, p < 0.001). This pattern probably reflects complex
changes in decomposition, cation sorption, and secondary
mineral formation with depth. Therefore, the higher TA values
obtained via centrifugation likely reflect, in part, the shallower
depths at which pore water was sampled with this method in
feedstock and non-feedstock amended plots alike.

The variation in soil pore water chemistry with depth, if also
present in feedstock-amended plots, could reflect the dilution
of weathering products by higher SWC in deeper layers. To
investigate this possibility, ERA5-Land reanalysis data41 were
used to estimate SWC at depths corresponding to lysimeter
and centrifugation sampling. ERA5-Land SWC is determined
for discrete soil depths. As such, the centrifugation depth was
represented as 0−7 cm, while the lysimeter depth was 7−28
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cm. However, we did not find support for the hypothesis that
SWC varied systematically through the profile. Nonetheless, as
the feedstock was applied to the soil surface, a greater
proportion of it may be located in upper soil layers, leading to
considerably greater pore water TA upon dissolution in the
field. Although weathering products migrate vertically through
the soil profile, smaller amounts are typically observed within
deeper soil layers. For example, following wollastonite
application to soil columns with varying irrigation regimes,
Khalidy et al.62 observed reduced leachate Ca2+ and Mg2+

concentrations with increasing soil depth. Te Pas et al.63

conducted a 64-day mesocosm experiment using grassland soil
and observed that the majority of weathering products were
retained within the soil matrix. Only a minimal fraction of
weathering products entered the soil leachate, suggesting
limited vertical transport. Similarly, Hasemer et al.64 found that
soils from a pine forest and a clay loam exhibited comparable
retention, with most weathering products remaining in situ.
Under field conditions, Taylor et al.6 reported that HCO3

−, Si,
and base cations derived from silicate amendments in forest
soils showed limited translocation beyond 30 cm depth.
Together, these studies highlight an expanding line of empirical
observations suggesting that a substantial fraction of ERW
products is retained in the upper soil column, particularly on
short- to midterm time scales. However, the number of long-
term, field-scale investigations exploring the mobility of
weathering solutes through soil profiles remains limited.
Future work should aim to resolve the time scales over
which solute export occurs and assess whether specific soil
types or climatic regimes enhance downward fluxes of
weathering products, as well as the vertical variation in
leachate properties.65,66

Moreover, soil physicochemical properties that vary with
depth, such as porosity, pore size distribution, soil texture, and
organic matter content,63,64 may influence the export of
weathering products from soil pores. For example, upper soil
(O and A) horizons typically contain more organic matter and
a larger proportion of macropores, in contrast to subsoils (B
and C horizons), which often have lower porosity and
hydraulic conductivity,67,68 reducing the rate of weathering
product leaching from the soil column. This variation
highlights the need to account for solute transport across the
soil vertical profile to robustly estimate variation in leachate
properties.
3.3. Pore Water Chemistry Measured via Soil

Centrifugation is Robust to Mechanical Perturbation.
To use centrifugation as a reliable method for soil pore water
extraction, it must be ensured that centrifugation does not
perturb soil pore water chemistry in ways that might affect
subsequent analyses. Such perturbations could occur if: (1) the
rotational force applied further dissolves rock grains, artificially
augmenting the enhanced weathering signal, or (2) the process
of centrifugation has mechanical effects on soil structure,
resulting in the release of sorbed compounds from clays and
soil organic matter surfaces.69 We demonstrate that neither of
these scenarios occurred.

As detailed in Section 2.3.2, centrifugation of pure feedstock
grains slightly elevated pore water TA. Given the observed
release of alkalinity (standardized to feedstock concentration)
and a feedstock application rate of 40 t ha−1 at our study site,
the maximum TA generated by mechanical weathering could
be calculated. However, this value is approximately an order of
magnitude lower than the observed difference in TA from plots

with and without feedstock (Figures 4, 5, and S7). We can,
therefore, conclude that the “signal” from in situ ERW is very
robust to the extremely small perturbations in pore water
chemistry that occur due to centrifuge-induced feedstock
weathering.70

We further demonstrated that soil centrifugation does not
perturb pore water TA through changes to the physical
structure of soil undergoing centrifugation (Figure S8). Mean
differences in the TA of pore water from paired centrifuged
and non-centrifuged samples were extremely small when
focusing on the subset of soils which had not received
feedstock in situ (Figure S8). By contrast, pore water TA
values varied on average 10-fold between centrifuged and non-
centrifuged samples collected from plots where feedstock was
applied. This is consistent with our conclusion above: the
products of feedstock dissolution accumulate in soil micro-
pores, which can only be released by the high soil water
tensions applied via centrifugation (but not with lysimeters).
The difference between Ce,mech and Ce,mech,diss values (Figure
S8) indicate that feedstock weathering produces spatially
heterogeneous weathering products across the soil pore size
distribution, with higher concentrations retained in smaller
pores that require greater extraction pressures. This pattern
highlights that micropores provide optimal conditions for
dissolution reactions due to prolonged water residence times
and increased mineral−water contact.71 However, the
tendency of micropore waters to reach near-saturation may
reduce dissolution rates over time as weathering products
accumulate. In contrast, macropores support rapid water
movement72 but limited mineral-water interactions. The
preferential buildup of weathering products in micropores
suggests they serve as primary reaction sites or storage
reservoirs, while macropores function mainly as transport
pathways.

For soils not amended with feedstock, centrifugation has
only minor impacts on pore water chemistry (Figure S8). The
mechanical dissolution of silicate rock and centrifuge-induced
perturbation of soil structure will vary depending on the
characteristics of the feedstock and the soil being studied.
Therefore, we suggest that researchers using the centrifugation
method follow the calibration protocol outlined in Section 2.3.

Future work could investigate the application of extraction
coefficients to centrifugation-derived values across a wider
range of soil types, feedstock, hydroclimatic conditions, and
centrifugation parameters to ensure robustness and applic-
ability. For example, the effects of feedstock dissolution rates
on TA are influenced by mineralogy and particle size, with
finer particles weathering faster,10 potentially impacting the
extent to which centrifugation augments the enhanced
weathering signal. Furthermore, soils with different physico-
chemical properties, such as texture and water content, may
respond differently to the mechanical forces exerted during
centrifugation, potentially yielding extraction coefficient values
that differ from those observed in this study. This suggests the
need to tune extraction coefficients based on site-specific
conditions. As weathering rates are highly climate-dependent,
primarily driven by precipitation and temperature,8 regional
adjustments may also be necessary for MRV protocols.
3.4. Comparative Advantages of the Soil Centrifuga-

tion Approach. Seasonal variations in soil water content can
preclude water sampling with low-tension lysimeters, limiting
the ability to monitor continuous weathering fluxes. Temporal
gaps in data often obscure the relationship between hydro-
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climatic conditions and weathering rates.73 By applying high
tension to pore water, centrifugation successfully extracted
sufficient sample volume across various soil moisture
conditions. This ensured data collection across a wider
temporal range of environmental conditions, which is critical
for upscaling ERW MRV protocols.20,28

The greater sensitivity of centrifugation to TA, displayed by
its ability to detect increased TA in plots with and without
feedstock amendment, suggests that it provides more detailed
insight into weathering-derived solutes in pore water (Figure
4).74 The elevated TA and Ca concentrations following
centrifugation of feedstock-treated soils suggest an increase in
HCO3

− concentrations. Therefore, when compared to
lysimeters, centrifugation may be more effective at detecting
the influence of feedstock amendment on pore water TA. This
enhances its applicability across different deployment scenarios
and highlights its suitability for use within the MRV sector.

A primary objective was to develop a protocol that can
effectively analyze pore water chemistry under any soil water
condition, and the observed increases in pore water TA
(Figure 4) and Ca concentrations (Table S2) provide valuable
insights about soil biogeochemistry regardless of the specific
mineral source of these ions. Characterization of the feedstock
(Supplementary Section 1.2) indicates that elevated Ca in pore
waters from feedstock-amended plots may result from
combined calcite and silicate mineral dissolution. Whatever
the source of the Ca (calcite or silicates), centrifugation
represents a robust detection method that is more sensitive to
changes in pore water chemistry than lysimeters. Nonetheless,
future studies would benefit from analyzing both base cation
and anion concentrations, along with detailed feedstock
characterizations, to better constrain the impact of centrifuga-
tion and lysimeters on pore water TA through alterations to
aqueous-carbonate equilibria.

The cost of implementing centrifugation for MRV must be
weighed against the benefits of improved alkalinity export
process representation. Recent assessments indicate that
protocols generating high-resolution data are more likely to
be used to validate carbon-credit claims,9,75 offsetting greater
initial costs. Centrifugation offers an accurate and low-cost
method to estimate CDR, enhancing its applicability to
scalable MRV protocols. Although the centrifugation method
is inherently destructive and involves sampling at discrete
depths, it can be incorporated into existing soil sampling
practices, utilizing existing workflows and infrastructure such as
those required to sample soil nutrients and pH. In turn, this
sampling compatibility reduces operational costs associated
with implementing a novel sampling methodology. Ultimately,
to account for the drawbacks of aqueous- and solid-phase
approaches,18 it is likely that a combination of both approaches
will be needed to quantify CDR via ERW on a site-by-site basis
robustly. Linking aqueous- and solid-phase analyses could
connect estimates of weathering rates and product export
dynamics, therefore enhancing the robustness of ERW
estimates.26

■ ASSOCIATED CONTENT
Data Availability Statement
The data and code related to this study are openly available in
Zenodo at and http://doi.org/10.5281/zenodo.17722728.
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.est.5c03699.

Additional experimental details, materials, and methods
(PDF)

■ AUTHOR INFORMATION
Corresponding Author

Gregory Jones − Department of Life Sciences, Imperial College
London, Ascot SL5 7PY, U.K.; orcid.org/0000-0001-
5896-4871; Email: g.jones21@imperial.ac.uk

Authors
Ziyan Zhang − Department of Civil and Environmental
Engineering, Imperial College London, London SW7 2AZ,
U.K.

Katherine Clayton − Department of Life Sciences, Imperial
College London, Ascot SL5 7PY, U.K.

Lena Lancastle − Department of Life Sciences, Imperial
College London, Ascot SL5 7PY, U.K.; School of Biosciences,
University of Sheffield, Sheffield S10 2TN, U.K.

Athanasios Paschalis − Department of Civil and
Environmental Engineering, University of Cyprus, Nicosia
20537, Cyprus; Department of Civil and Environmental
Engineering, Imperial College London, London SW7 2AZ,
U.K.

Bonnie Waring − Department of Life Sciences, Imperial
College London, Ascot SL5 7PY, U.K.

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.est.5c03699

Author Contributions
The following are the contributions made by each of the
authors to this work: G.J., Z.Z., A.P., and B.W. designed the
study and derived calculations corresponding to specific
methodologies. G.J., L.L., and K.C. undertook the experiments,
while G.J., A.P., and B.W. analyzed data. G.J. wrote the
manuscript with suggestions from all authors.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
We thank L.L. and K.C. for their technical support and
Heather Allen and Charles Nicholls of the Carbon Community
for access to the field site to collect soil. A.P., B.W., and Z.Z.
acknowledge funding from NERC (NE/Y000471/1). G.J. was
supported by a Grantham Foundation studentship. Figue 2 and
the table of contents graphic were produced with BioRender.

■ REFERENCES
(1) IPCC. An IPCC Special Report on the Impacts of Global

Warming of 1.5°C above Pre-Industrial Levels and Related Global
Greenhouse Gas Emission Pathways. The Context Of Strengthening
The Global Response To The Threat Of Climate Change, Sustainable
Development, And Efforts To Eradicate Poverty, IPCC, 2018.

(2) IPCC.Global Warming Of 1.5°C: IPCC Special Report On Impacts
Of Global Warming Of 1.5°c Above Pre-Industrial Levels In Context Of
Strengthening Response To Climate Change, Sustainable Development,
And Efforts To Eradicate Poverty; Cambridge University Press, 2022.

(3) Smith, S.; Geden, O.; Nemet, G.; Gidden, M.; Lamb, W.; Powis,
C.; Bellamy, R.; Callaghan, M.; Cowie, A.; Cox, E., et al. State of
Carbon Dioxide Removal -1st Edition; Open Science Framework,
2023. https://osf.io/w3b4z/(accessed 08 January 2024).

(4) Haque, F.; Santos, R. M.; Chiang, Y. W. CO2 sequestration by
wollastonite-amended agricultural soils − An Ontario field study. Int.
J. Greenhouse Gas Control. 2020, 97, 103017.

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.5c03699
Environ. Sci. Technol. 2025, 59, 27305−27315

27312

https://pubs.acs.org/doi/suppl/10.1021/acs.est.5c03699/suppl_file/es5c03699_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.5c03699/suppl_file/es5c03699_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.5c03699?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.est.5c03699/suppl_file/es5c03699_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gregory+Jones"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-5896-4871
https://orcid.org/0000-0001-5896-4871
mailto:g.jones21@imperial.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ziyan+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Katherine+Clayton"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lena+Lancastle"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Athanasios+Paschalis"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bonnie+Waring"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.5c03699?ref=pdf
https://osf.io/w3b4z/
https://doi.org/10.1016/j.ijggc.2020.103017
https://doi.org/10.1016/j.ijggc.2020.103017
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.5c03699?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(5) Kelland, M. E.; Wade, P. W.; Lewis, A. L.; Taylor, L. L.; Sarkar,
B.; Andrews, M. G.; Lomas, M. R.; Cotton, T. E. A.; Kemp, S. J.;
James, R. H.; Pearce, C. R.; Hartley, S. E.; Hodson, M. E.; Leake, J. R.;
Banwart, S. A.; Beerling, D. J. Increased Yield and CO2 Sequestration
Potential with the C4 Cereal Sorghum Bicolor Cultivated in Basaltic
Rock Dust-Amended Agricultural Soil. Global Change Biol. 2020, 26
(6), 3658−3676.

(6) Taylor, L. L.; Driscoll, C. T.; Groffman, P. M.; Rau, G. H.; Blum,
J. D.; Beerling, D. J. Increased Carbon Capture by a Silicate-Treated
Forested Watershed Affected by Acid Deposition. Biogeosciences 2021,
18 (1), 169−188.

(7) Larkin, C. S.; Andrews, M. G.; Pearce, C. R.; Yeong, K. L.;
Beerling, D. J.; Bellamy, J.; Benedick, S.; Freckleton, R. P.; Goring-
Harford, H.; Sadekar, S.; et al. Quantification of CO2 Removal in a
Large-Scale Enhanced Weathering Field Trial on an Oil Palm
Plantation in Sabah, Malaysia. Front. Clim 2022, 4, 959229.

(8) Vienne, A.; Poblador, S.; Portillo-Estrada, M.; Hartmann, J.;
Ijiehon, S.; Wade, P.; Vicca, S. Enhanced Weathering Using Basalt
Rock Powder: Carbon Sequestration, Co-Benefits and Risks in a
Mesocosm Study With Solanum Tuberosum. Front. Clim 2022, 4,
869456.

(9) Kantola, I. B.; Blanc-Betes, E.; Masters, M. D.; Chang, E.;
Marklein, A.; Moore, C. E.; von Haden, A.; Bernacchi, C. J.; Wolf, A.;
Epihov, D. Z.; et al. Improved Net Carbon Budgets in the US
Midwest through Direct Measured Impacts of Enhanced Weathering.
Global Change Biol. 2023, 29, 7012−7028.

(10) Beerling, D. J.; Epihov, D. Z.; Kantola, I. B.; Masters, M. D.;
Reershemius, T.; Planavsky, N. J.; Reinhard, C. T.; Jordan, J. S.;
Thorne, S. J.; Weber, J.; Val Martin, M.; Freckleton, R. P.; Hartley, S.
E.; James, R. H.; Pearce, C. R.; DeLucia, E. H.; Banwart, S. A.
Enhanced Weathering in the US Corn Belt Delivers Carbon Removal
with Agronomic Benefits. Proc. Natl. Acad. Sci. U.S.A. 2024, 121 (9),
No. e2319436121.

(11) Dupla, X.; Claustre, R.; Bonvin, E.; Graf, I.; Le Bayon, R.-C.;
Grand, S. Let the Dust Settle Impact of Enhanced Rock Weathering
on Soil Biological, Physical, and Geochemical Fertility. Sci. Total
Environ. 2024, 954, 176297.

(12) Xu, T.; Yuan, Z.; Vicca, S.; Goll, D. S.; Li, G.; Lin, L.; Chen, H.;
Bi, B.; Chen, Q.; Li, C.; Wang, X.; Wang, C.; Hao, Z.; Fang, Y.;
Beerling, D. J. Enhanced Silicate Weathering Accelerates Forest
Carbon Sequestration by Stimulating the Soil Mineral Carbon Pump.
Global Change Biol. 2024, 30 (8), No. e17464.

(13) Beerling, D. J.; Leake, J. R.; Long, S. P.; Scholes, J. D.; Ton, J.;
Nelson, P. N.; Bird, M.; Kantzas, E.; Taylor, L. L.; Sarkar, B.; Kelland,
M.; DeLucia, E.; Kantola, I.; Müller, C.; Rau, G.; Hansen, J. Farming
with Crops and Rocks to Address Global Climate, Food and Soil
Security. Nat. Plants 2018, 4 (3), 138−147.

(14) Beerling, D. J.; Kantzas, E. P.; Lomas, M. R.; Wade, P.; Eufrasio,
R. M.; Renforth, P.; Sarkar, B.; Andrews, M. G.; James, R. H.; Pearce,
C. R.; Mercure, J.-F.; Pollitt, H.; Holden, P. B.; Edwards, N. R.;
Khanna, M.; Koh, L.; Quegan, S.; Pidgeon, N. F.; Janssens, I. A.;
Hansen, J.; Banwart, S. A. Potential for Large-Scale CO2 Removal via
Enhanced Rock Weathering with Croplands. Nature 2020, 583
(7815), 242−248.

(15) Beerling, D. J.; Kantzas, E. P.; Lomas, M. R.; Taylor, L. L.;
Zhang, S.; Kanzaki, Y.; Eufrasio, R. M.; Renforth, P.; Mecure, J.-F.;
Pollitt, H.; et al. Transforming US agriculture for carbon removal with
enhanced weathering. Nature 2025, 638 (8050), 425−434.

(16) Goll, D. S.; Ciais, P.; Amann, T.; Buermann, W.; Chang, J.;
Eker, S.; Hartmann, J.; Janssens, I.; Li, W.; Obersteiner, M.; Penuelas,
J.; Tanaka, K.; Vicca, S. Potential CO2 Removal from Enhanced
Weathering by Ecosystem Responses to Powdered Rock. Nat. Geosci.
2021, 14 (8), 545−549.

(17) Kantzas, E. P.; Val Martin, M.; Lomas, M. R.; Eufrasio, R. M.;
Renforth, P.; Lewis, A. L.; Taylor, L. L.; Mecure, J.-F.; Pollitt, H.;
Vercoulen, P. V.; Vakilifard, N.; Holden, P. B.; Edwards, N. R.; Koh,
L.; Pidgeon, N. F.; Banwart, S. A.; Beerling, D. J. Substantial Carbon
Drawdown Potential from Enhanced Rock Weathering in the United
Kingdom. Nat. Geosci. 2022, 15 (5), 382−389.

(18) Clarkson, M. O.; Larkin, C. S.; Swoboda, P.; Reershemius, T.;
Suhrhoff, T. J.; Maesano, C. N.; Campbell, J. S. A Review of
Measurement for Quantification of Carbon Dioxide Removal by
Enhanced Weathering in Soil. Front. Clim. 2024, 6, 1345224.

(19) Khalidy, R.; Haque, F.; Chiang, Y. W.; Santos, R. M. Tracking
Pedogenic Carbonate Formation and Alkalinity Migration in
Agricultural Soils Amended with Crushed Wollastonite Ore −
Evidence from Field Trials in Southwestern Ontario. Geoderma
Regional. 2025, 40, No. e00918.

(20) Carbon Standards International. Carbon Standards Interna-
tional; Carbon Standards International: ArbazSwitzerland, 2022.
https://www.carbon-standards.com/en/standards?open=102 (ac-
cessed 08 January 2024)

(21) Almaraz, M.; Bingham, N. L.; Holzer, I. O.; Geoghegan, E. K.;
Goertzen, H.; Sohng, J.; Houlton, B. Z. Methods for Determining the
CO2 Removal Capacity of Enhanced Weathering in Agronomic
Settings. Front. Clim. 2022, 4, 970429.

(22) American Public Health Association. Standard Methods for the
Examination of Water and Wastewate; 18; APHA: Washington D.C.,
1992. https://law.resource.org/pub/us/cfr/ibr/002/apha.method.
2320.1992.html (accessed 07 March 2023).

(23) Renforth, P.; Pogge von Strandmann, P. A. E.; Henderson, G.
M. The Dissolution of Olivine Added to Soil: Implications for
Enhanced Weathering. Appl. Geochem. 2015, 61, 109−118.

(24) Buckingham, F. L.; Henderson, G. M.; Holdship, P.; Renforth,
P. Soil Core Study Indicates Limited CO2 Removal by Enhanced
Weathering in Dry Croplands in the UK. Appl. Geochem. 2022, 147,
105482.

(25) Te Pas, E. E. E. M.; Hagens, M.; Comans, R. N. J. Assessment
of the Enhanced Weathering Potential of Different Silicate Minerals
to Improve Soil Quality and Sequester CO2. Front. Clim. 2023, 4
(954064), 1−15.

(26) Reershemius, T.; Kelland, M. E.; Jordan, J. S.; Davis, I. R.;
D’Ascanio, R.; Kalderon-Asael, B.; Asael, D.; Suhrhoff, T. J.; Epihov,
D. Z.; Beerling, D. J.; Reinhard, C. T.; Planavsky, N. J. Initial
Validation of a Soil-Based Mass-Balance Approach for Empirical
Monitoring of Enhanced Rock Weathering Rates. Environ. Sci.
Technol. 2023, 57, 19497.

(27) Suhrhoff, T. J.; Reershemius, T.; Wang, J.; Jordan, J. S.;
Reinhard, C. T.; Planavsky, N. J. A Tool for Assessing the Sensitivity
of Soil-Based Approaches for Quantifying Enhanced Weathering: A
US Case Study. Front. Clim. 2024, 6, 6.

(28) Isometric. Enhanced Weathering in Agriculture �;1; Isometric:
London, 2024; pp 112−133. https://registry.isometric.com/
protocol/enhanced-weathering-agriculture/1.0 (accessed 10 July
2024).

(29) Weihermüller, L.; Siemens, J.; Deurer, M.; Knoblauch, S.;
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