Direct measurement of carbon dioxide removal due to enhanced weathering
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Abstract

Enhanced weathering (EW) is a durable carbon removal strategy with clear pathways to
produce significant global supply on a decadal scale. Despite increasing interest and
investment in this process, there have been limited direct, continuous observations of
instantaneous carbon removal rates from feedstock dissolution. In this study, we monitor
a soybean plot amended with basalt in Southeast Virginia using continuous in-soil CO2
monitors, a method not previously applied in agricultural EW trials. We provide clear
evidence of COy flux reduction within the soil profile, equivalent to 1.04 tCO9 ha! yr-l.
This removal is most substantial in the growing season, following significant rain pulses.
This work supports that direct, continuous gas-phase measurements could play an
important role in advancing our understanding of biotic and abiotic influences on
enhanced weathering rates, and demonstrating enhanced weathering to be a rigorous,

scalable method of durable carbon removal.
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Synopsis: This study provides direct evidence of gas-phase CO2 removal in enhanced

weathering through measured reductions in the soil CO3 concentration profile.
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Introduction

There is a significant gap between current global emissions and Paris Agreement goals to
remain below 2°C of warming!. Carbon dioxide removal (CDR) has become incorporated
in the projected greenhouse gas budgets of many nations for the coming century?3.
There has been accompanying global investment in durable CDR, with many countries
supporting demonstration projects and developing related policy?*. Despite notable
advances in project deployment within the past decade, there is still a massive

discrepancy between global estimates of durable CDR demand and supply?°7.

Enhanced weathering (EW) is a geochemical CDR strategy with a pathway to hit
gigaton-scale removal this century, with recent estimates projecting up to 0.5 GtCOz yr!
of removal by 2070%. EW builds on our understanding of natural silicate weathering, a
climatic feedback on geologic timescales. In EW deployments, crushed, reactive silicate
rock is applied to terrestrial environments to foster rapid dissolution rates, ultimately
increasing the alkalinity of the system by releasing major base cations?. The resulting
pH and micronutrient increase from this reaction have been of particular interest for
terrestrial agricultural systems, where low soil fertility is a persistent issue that will only

be exacerbated by climate change!0-13,

Current best-practice EW field quantification methods rely on aqueous and solid phase
cation measurements to quantify CDR rates in EW deployments'416. Aqueous phase
measurements, such as porewaters or stream catchment samples, can be measured
directly for total alkalinity (TA)%% 1. However, generating continuous, accurate data
from aqueous measurements is not currently possible, and traditional methods are labor-
intensive!. Further, watershed signals can be highly dilute in large catchments and may
require geochemical tracers to provide evidence of weathering product transport!?. Soil-
based cation mass balance approaches will intrinsically give a maximum estimation of
CDR within the system, and there may be significant time delays between soil signals

and decreased CO fluxes due to cation sorption within the soil column!8.

CO2 gas flux measurement is an obvious complement to aqueous and solid phase
methods of tracking EW rates. This method provides the most direct measure of field-
scale carbon removal rates. Previously, EW gas measurements have focused on using
aboveground flux chambers and eddy covariance towers to approximate dissolution.
These methods have high signal-to-noise ratios due to diurnal vegetation CO2 pulses and

high surface heterogeneity, making it difficult to produce a substantial signal'®-22. The



use of in-soil CO3 sensors is a well-established technique for understanding changing soil
carbon dynamics?*25. However, monitoring of in-soil COs has yet to be studied in an

agricultural EW system.

Here, we provide direct, gas-phase evidence of COy removal within the soil profile during
feedstock dissolution, using a plot-level experiment over a half-year of monitoring in
Southern Virginia, USA. We use a dataset of continually logged soil CO2 concentration
([COg2]), volumetric water content (), temperature, and pressure to give a conservative

estimate of immediate CO2 removal due to enhanced weathering.

Materials and Methods
Site Description

The research site is located on a no-till corn-wheat-soybean agricultural farm in
Clarksville, VA, in the Piedmont region of Southside Virginia. The soil across the study
region is a fine, mixed, subactive, thermic, oxyaquic hapludult, with a parent material of
alluvial capped felsic granite. The Ap horizon continues to 22 cm, followed by an E
horizon to 40 cm, and various B horizons continuing to 130+ cm (SI Fig.1). Soils are
homogenous across the study region, with 0-2% slope over the area. For the study
season, winter wheat was harvested in early June and soybeans planted in late June. A
Farmblox weather station providing temperature and atmospheric pressure data was
installed on-site. Precipitation data for the Clarksville area was taken from the quality-
controlled NOAA-NWS database, with measurements being taken every 20 minutes from
a local weather station located approximately 9 miles from the research site. Regional
long-term data has been logged by a local USGS weather station since 2010 (SI Fig. 2)

Following the planting of Pioneer conventional soybeans and herbicide application in
June 2024, a 50 ft x 108 ft region with homogeneous soils and even prior-season growth
was removed from normal practices to use for the gas monitoring array, 15 ft from a
service road (SI Fig. 3). Within the plot, three 28 ft x 36 ft blocks with 6 ft alleys
between them were demarcated, with each block holding sixteen 7 ft x 9 ft plots. Within
each block, eight plots were randomly selected for basalt application, with a dry
application rate of 44.8 t ha'l. No additional fertilizer or amendments were directly
applied to the field within the measurement period. There was an irrigation event and
nitrogen application event on the adjoining farmland on September 6, 2024. Soybeans
were harvested by hand on October 12, 2024, and rye cover crop was immediately

applied.



Feedstock Analysis

Applied basalt (Aly41Fep11(Mg16Ca 14)Sii.1702) was sourced from Roxboro, North
Carolina, with a BET SSA of 5.37 £ 1.2 m? g'!, and p80 = 89.92 um. The BET SSA was
determined via a three-point N2 absorption analysis conducted by Particle Technology
Labs, and the PSD was derived from Microtrac Sync by averaging diffraction and
dynamic image analysis. The basalt has a TIC content of 0.00196 + 0.0031 % and was
analyzed using an Eltra CS-580A Analyzer. Based on XRD analysis, the basalt is
comprised of 68.6% plagioclase, 14% smectite, 9.4% augite, 3.8% forsterite, 2% kaolinite,
1% chlorite, 1% talc, and 0.2% quartz. The XRD analysis was performed by ActLabs on
a Bruker D8 Endeavour diffractometer equipped with Cu X-ray source and operating at
the following conditions: 40 kV and 40 mA; range 4-70 deg 26 for random specimens and
3 — 30 deg 2 0 for oriented specimens; step size 0.02 deg 2 8; time per step 0.5 sec; fixed
divergence slit, angle 0.3°; sample rotation 1 rev/sec. The PDF4/Minerals ICDD
database was used for mineral identification. The quantities of the crystalline mineral

phases were determined using the Rietveld method.
Soil Analysis

For each individual plot, fifteen 0-10 cm cores were collected and aggregated into one
sample. Soil samples were collected in June 2024 prior to spreading, then again in
October 2024 following soybean harvest. Bulk density samples were collected in
December 2024 for each block, with two cores being collected for each block every 5 cm,
then all values were averaged to give a 0-10 cm value for each block. The standard
deviation of all bulk density samples was low (£ 0.14 g cm™ for 0-10 ¢cm, and + 0.1 g cm-
3 for 10-20 cm samples), reflecting high homogeneity across blocks for an agriculturally
managed system. All soil samples were analyzed for organic matter (% LOT at 600°C),
CEC (Mehlich-3 extraction), pH (DI water), and buffer pH (Mehlich-3 extraction).

Soil Profile Monitoring

Prior to application, 2 control and 2 basalt plots on each block, totaling 6 total control
plots and 6 total basalt plots, were selected for in-soil CO2 installation. Within these
blocks, a 4-inch-diameter hole was augured to a depth of approximately 40 cm. At 10
cm, a Vaisala GMP343, fitted with a horizontal diffusion adapter, was installed pointing
north within the soil profile. The probes measure up to 2% COs with + 2% measurement
error. Probes were connected to Farmblox auto-loggers, which recorded raw [CO4],

filtered [CO2|, temperature, and error status every 30 seconds. This continuity in



measurement (seconds) is more conservative in frequency than other studies using
comparable methods (minutes to hours)?*27. Auto-logging Farmblox soil

moisture /temperature/electrical conductivity probes were installed at 10 cm, measuring
properties every 3.5 minutes. [COs2| at all points at 10 cm was recorded from September
2024 to February 2025.

Analysis

Soil CO2 profiles are dynamic on a daily to weekly timescale. However, in short time
intervals, the system can be assumed to behave like a steady state system. Macro-scale
state shifts, such as erosion, soil production, litter production, porosity, and atmospheric
COa2, can be considered negligible changes. Micro-scale shifts, such as diurnal CO3
production, barometric pressure, temperature, and 6, can be considered as temporal
shifts that are incorporated into the flux estimation itself. Within this framework, the
profile is assumed to be steady within a fixed depth and time interval. The use of the
gradient method for a steady-state system has been shown to have good agreement in

estimating soil COy flux with continuous monitoring?*.

The CO3 flux within the soil profile can be solved using Fick’s first law:

dc
F(x) = _Dsa
With Dg being given by?5:28:29;
—0 2.5
=007,
p=1-2=ct0

T

D, = 0.00001381 ( T )1'81 (1000
o 273.15 P )

With € = air-filled porosity (cm? cm3), ¢ = total soil porosity (cm? cm3), pg =
soil bulk density (g cm™), p, = particle density (2.65 g cm™), 8 = measured volumetric

water content (%), T = air temperature (K), and P = air pressure (Pa).

Fo.10 (nmol CO2 m s1) is approximated using comparisons of atmospheric [CO2| (421
ppm) and averaged soil [COsq|, T, and 6 over 15-minute intervals. Values with [COq]
>30000 ppm, 6 > 40%, Fo.10 > 40 pmol m2 st or a n <2 for control and treatment

were removed. Significance was determined using a Mann-Whitney test using all



replicate measurements binned in 2-hour intervals between control and treatment blocks.
There was a data outage from September 26, 2024, to October 9, 2024, due to Hurricane
Helene. This data was estimated by fitting an exponential curve to both control and
basalt datasets, with the fit data beginning on September 15, 2024. Modeled data from
these curves (RZcontrol = 0.89, R2%pasait= 0.80) was then generated for the time of interest
and used to calculate the cumulative flux. The remaining missing values (all with <12
hours of measurement outage) were interpolated linearly. The full dataset was then

integrated to give cumulative values. Error is expressed as SEM.
Cation export efficiency

Enhanced weathering will only lead to an immediate decrease in CO2 fluxes when the
weathering products are exported below the diffusional active zone of soils. Cations
moving onto sorption sites in the upper soil column temporarily reverse the weathering
reaction'®. We generate the efficiency of instantaneous (within a season) weathering
product export by comparing the shift in sorbed cations relative to the CO2 sensor-
based flux estimate. Specifically, we translate the change in sorbed cation concentration
between spreading (June 20, 2024) and resampling (October 20, 2024) for basalt and
control treatments to a CO3 flux estimate. For a yearly rate, this value was divided by
the fraction of the year between sampling events. This does not consider cations sorbed
outside of the sampled interval, making it a minimum estimate of the total cation

addition into the system. Error is expressed as SEM.
Results and Discussion

Basalt dissolution is indicated in the solid phase through significant increases in pH
(p<<0.0001) and base saturation (p=0.0007) from June 2024 to October 2024. There was
no significant change in organic matter (Fig. 1). The basalt base saturation (%)
increased by 10.08 + 5.6 %, while the control increased by 3.37 + 7.04 %, equating to a
minimum EW rate of 0.44 + 0.04 tCOs ha'l, or 1.34 tCO2 ha'lyr! £ 0.13 tCO2 halyrl.
This base saturation estimate is conservative; it does not consider cations transported

past 10 cm.

There is no significant difference in 8 between treatments, but 8 did vary over time,
directly controlled by regional rainfall (Fig. 2a, 2b). A one-time irrigation event in early
September on adjacent active farmland appeared to cause a notable rise in 8, though the

volume of water applied to this experimental plot is unknown. The CO; flux was overall



most prominent in the growing season (August 2024 to November 2024), with rates

staying relatively consistent following cover cropping (November 2024) (Fig. 2c).
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Figure 1. Agronomic soil properties prior to and following the growing season for control plots (gray) and
basalt-amended plots (blue). A, B) Relative changes in soil pH and base saturation (BS %) of the post-
harvest samples relative to pre-planting. C) The total organic matter (%) of the control and basalt-

amended plots for each sampling month is shown. Bars represent mean + one standard error.

The flux difference at the beginning of the year is the most prominent, with the
maximal difference in flux equating to -1.23 pmol COs m™2 s!, and an average decrease
of -0.07 pmol CO m2 s (Fig. 2¢, 2d). This can largely be attributed to the active crop
growth during this period, leading to high respiration rates from root matter, and
continuous additions of organic compounds, leading to higher CO2 production by
microbes in soils3033. There are also clear pulses in difference aligning with local rainfall
and 6@, indicating the clear relationship between weathering product transport,
bicarbonate generation, and water availability within soils3435. F(.1o pulses, attributed to
freeze-thaw cycling, were seen for both basalt and control within the winter months, but

no differences were seen with treatment.

Periods of exceptionally high CDR demonstrate the roles that water availability, season,
and crop activity play in regulating dissolution and transport rates within agricultural
systems, concepts well-established in literature surrounding silicate weathering?6:37. The
empirical evidence of these connections presented here highlights the important role of
land management in moderating EW rates. Specifically, a farmer’s choice in planting,
irrigation, and pH management, as well as inherent local climate conditions, may
significantly control the dissolution rates within a deployment, as well as the retention

and transport of generated bicarbonate spatially and temporally®3438,



g 3 8

g

&

Rainfall - mm day !
8

N
3

3

0 I || . I M | anl -I II | 2

—— B¢

~—— Control

—— Basalt
Control Replicate
Basalt Replicate

30
-
1
wn
~
'E 25
°
€
220
S
]
15
1.0
05
0.0
—— AFg—Fc
10 Block Replicate
- 05
1
%)
o~
)
g
S oo -.‘I' Kl o Lp o
€
3
'
(S}
w
| -os
<
< |
!
-10
|
|
“1s '
Sep Oct Nov Dec Jan Feb

Figure 2: Comparisons of daily precipitation, volumetric water content % (0), COs flux (gmol m? s!), and

difference between basalt flux (Fp) and control flux (F¢) (umol m= s!) for control and basalt-amended



plots over the measurement period. Times marking the beginning of precipitation accumulating greater
than 1 cm have been marked with blue dashed lines, and the point of harvest is marked with a green
dashed line. A one-time irrigation and nitrogen application event in September on adjacent land is marked
with a gray dashed line. A) Rainfall (mm day™') shows NOAA estimates for daily cumulative average
rainfall from a local weather station less than 10 miles away. B) 0 over time is represented as an average of
monitored control (light green) and basalt (dark green) plots, respectively, with error being < 1% C) The
CO; flux (umol m? s1) over time shows overall averages for control (gray) and basalt (blue) in bold, with
individual replicate values for each plot shown. D) AFp-F( over time shows overall average subtraction in
bold, with individual replicate subtractions for blocks also shown. ****p<0.001, ***p<0.005, *p<0.05.

At the beginning of February 2025, the cumulative control flux was 2.92 + 0.33 tCO2 ha
1 and the cumulative basalt flux totaled 2.46 + 0.35 tCO2 ha'! (Fig. 3a). In total, there
is a cumulative decrease of 0.46 £ 0.5 tCO2 ha!, equating to a conservative immediate
EW rate of 1.04 tCO2 ha'! yr-t. This estimate is lower than previous estimates of EW
rates in North American field studies using basalt, but should be considered a minimum
estimate, given that most cations on a short time scale are predicted to move onto
sorption sites!?:20:39, The observed shift in base saturation indicates that at least half of
the cations released during EW are moved onto sorption sites in the uppermost portion
of the soil column. This process releases acid into soil waters, temporarily reversing the
COy uptake!®40, Despite this reversal, the persistent decrease in F(.;9 demonstrates that

there is still cation transport through these exchange sites.

This CO2 flux-based CDR estimate highlights the dominance of CO2 removal originating
from soil respiration, as opposed to from rainwater directly. This aligns with previous
studies demonstrating that mineral dissolution occurs rapidly in COs-rich environments
as opposed to atmospheric concentrations*!. Further, the pronounced reduction in soil
CO3 with basalt addition during the growing season highlights a clear connection
between active root respiration, which elevates the pCO2 within the soil, and decreasing
COs fluxes. The loss of CDR following the growing season, however, supports that
reduced respiration and precipitation in cool conditions are not enough to lead to
appreciable EW rates (Fig. 3b).
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Figure 3. Cumulative emissive flux of COy (tCOs ha'l) over a half-year monitoring timeframe for control
(grey) and basalt (blue) amended plots. A) The total average cumulative flux at the end of January, with
bars representing mean + one standard error. B) The average cumulative change over time is shown in
bold, with control and basalt SEM for the measurement period respectively shaded.

This study has a shorter analysis window than long-term EW field studies, which limits
its ability to provide a robust annual CDR estimate!%:17:19.2042 While it is evident that
the summer months make up for the most weathering over the presented monitoring
period, the initial major months of weathering (June, July, August) are not included in
the analysis due to a major lightning strike in July shorting several sensors, making any
CDR estimates from that period unrepresentative. As such, the results of this study may
not include the most reactive phase dissolution, adding to the conservative nature of the
stated CDR estimate?!42. This estimate also assumes complete transport of bicarbonate
generation through the system, with no account for potential losses downstream or re-
equilibration?#, Further work should include intercomparisons with data models and
complementary methods to formally show relationships between dissolution rates and

carbon removal estimates, both in the near-field zone and downstream.

This method is most applicable in the initial years of enhanced weathering monitoring,
as there are likely to be the highest rates of dissolution, and soil organic carbon and pH
fluctuations on multi-year scales may alter the comparability of respiration signals3!:45:46,
More work is necessary to understand the extent of time over which this method could

be employed, the extent to which microbial respiration might change at depth with



basalt application, and the resolvability of the signal under different crop regimes3?.
Published work has shown initial evidence that respiration increases with basalt and
carbonate mineral dissolution, but there have been no long-term, continuous studies
focusing on respiration with silicate application20:42. Additionally, further work on
understanding the limits of the steady-state assumption made in this initial study,
particularly during periods with rapid system fluctuations caused by rapid crop growth
and high precipitation, could provide further resolution in building a robust CDR

estimate from this method.

The clear exponential fluctuation in EW-derived CDR, even within a month time scale,
demonstrates the importance of continuous monitoring, as opposed to temporally
isolated measurements, in understanding gas-phase signals. This work calls into question
whether sporadic soil water or gas-phase measurements can be used to properly track
carbon fluxes. This work supports that embedded soil CO2 sensors can give robust
minimum estimates of CDR rates and provides an additional line of evidence for
significant rapid weathering with basalt addition to croplands. If implemented at scale,
this method has the potential to provide real-time evidence of dissolution, which could
increase confidence in the CDR potential for EW as it moves towards large-scale

deployments.
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Supporting Information

Figure 1. Full soil profile of experimental region. Soil horizons are demarcated at each horizon boundary.

Beyond 1m, the soil moved to saprolite.
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Figure 2. Local regional monthly precipitation pattern from 2011-2025. Long-term data is generated by a
USGS weather station at the John H. Kerr Reservoir Dam near Boydton, VA. Average is shown by the

blue bars, and standard deviation is shown by the error bars.
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Figure 3. Experimental design of the applied region. Each application plot is an individual 7 ft by 9 ft

rectangle, with sixteen plots per block in 3 total blocks, totalling 23 control plots and 25 basalt plots. In-

soil COs, sensors, demarcated by an “X”, were randomly embedded in 2 control and 2 basalt plots per

block, totalling 6 basalt and 6 control replicate measurements over the area. Blocks were separated by 6 ft

vertical buffers of soybeans, and a 10 ft buffer of soybeans was left between normal operations to the

south. A 6 ft buffer was left to the north, with natural grasses left in the remaining 15 ft to the service

road.
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