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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 
weathering rates. In this study, we monitor a basalt-applied soybean plot in Southeast 
Virginia using continuous in-soil CO2 monitors. We provide clear evidence of CO2 flux 
reduction within the soil profile, equating to 1.04 t ha-1yr-1. This removal is most 
substantial in the active growing season and following significant rain pulses. This work 
supports that direct and continuous gas-phase measurements will play an important role 
in advancing our understanding of the timescale of enhanced weathering rates, and 
demonstrating enhanced weathering to be a rigorous, scalable method of durable carbon 
removal. 
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Synopsis: There has been a lack of direct evidence of CO2 drawdown from enhanced 
weathering. This study demonstrates that basalt addition in agricultural fields leads to 
soil CO2 profile reductions. 
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Introduction 

There is a significant gap between current global emissions and Paris Agreement goals to 
remain below 2°C of warming1. Carbon dioxide removal (CDR) has become incorporated 
in the projected greenhouse gas budgets of many nations for the coming century2,3. 
There has been accompanying global investment in durable CDR, with many countries 
supporting demonstration projects and developing related policy2,4. Despite notable 
advances in deployment within the past decade, there is still a massive discrepancy 
between global estimates of durable CDR demand and supply2,5–7. 

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 GtCO2 yr-1 
of removal by 20708. 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 weathering rates, ultimately 
increasing the alkalinity of the system by releasing major base cations9. The resulting 
pH and micronutrient increase from this reaction has been of particular interest for 
terrestrial agricultural systems, where low fertility is a persistent issue which will only be 
exacerbated by climate change10–13.  

Current best-practice EW field quantification methods rely on aqueous and solid phase 
cation measurements to quantify CDR rates in EW deployments14–16. Aqueous phase 
measurements, such as porewaters or catchment samples, can be measured directly for 
total alkalinity (TA)6,9–11. However, generating continuous accurate data from aqueous 
measurements is not currently possible, and traditional methods are labor intensive15. 
Further, watershed signals can be highly dilute in large catchments, and may require 
geochemical tracers to provide evidence of weathering17. 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 CO2 fluxes due 
to cation sorption within the soil column18.  

CO2 gas flux measurement is an obvious complement to aqueous and solid phase 
methods of tracking weathering 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 
weathering. 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 



signal19–22. The use of in-soil CO2 sensors is a well-established technique for 
understanding changing soil carbon dynamics23–25. However, long-term monitoring of in-
soil CO2 has yet to be studied in an EW system. 

Here, we provide direct, gas-phase evidence of CO2 removal within the soil profile during 
weathering, 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 ([CO2]), 
volumetric water content (𝜃), temperature, and pressure to give a conservative estimate 
of immediate CO2 removal due to enhanced weathering.  

Methods 

Site Description 

The research site is located on a no-till corn-wheat-soy agricultural farm in Clarksville, 
VA, in the Piedmont region of Southside Virginia. The soil across the study region is a 
fine, mixed, subactive, thermic, oxyaquatic hapludult, with a parent material of alluvial 
capped felsic granite. The Ap horizon continues to 22cm, 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.  

Following the planting of Pioneer conventional soybeans and herbicide application in 
June 2024, a 50’ x 108’ region with homogenous soils and even prior-season growth was 
removed from normal practices to use for the gas monitoring array, 20’ from a service 
road. Within the plot, three 28’x36’ blocks with 6 ft alleys between them were 
demarcated, with each block holding sixteen 7’x9’ plots. Within each block, 8 plots were 
randomly selected for basalt application, with a dry application rate of 44.8 t ha-1. No 
additional fertilizer or amendments were applied to the field within the measurement 
period. Soybeans were harvested by hand on October 12, 2024, and rye cover crop was 
immediately applied. 

Feedstock Analysis 

Applied basalt (Al0.41Fe0.11(Mg.16Ca.14)Si1.17O2 based on a total digest of the feedstock) 
was sourced from Roxboro, North Carolina, with a BET SSA of 5.37 ± 1.2 m2/g, and 
p80 = 89.92µm. The BET SSA was given from a 3-point N2 absorption 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.  

Soil Analysis 

For each individual plot, 15 0-10cm cores were taken and aggregated. 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 2 
cores being collected for each block every 5 cm, then all values being averaged to give a 
0-10 value for each block. All soil samples were analyzed for organic matter (% LOI at 
600oC), 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” hole was augured to 15 in. 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% CO2 with ± 2% error. Probes were connected to Farmblox 
auto-loggers, which recorded raw [CO2], filtered [CO2], temperature, and error status 
every 30s. Auto-logging Farmblox soil moisture/temperature/electrical conductivity 
probes were installed at 10 cm, measuring properties every 3.5 minutes. CO2 
concentration at all points at 10 cm was recorded from September 2024-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, with macro-
scale state shifts, such as erosion, soil production, litter production, porosity, 
atmospheric CO2, being considered negligible changes, and micro-scale shifts, such as 
diurnal CO2 production, barometric pressure, temperature, 𝜃, considered as temporal 
shifts that can be 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 CO2 flux with continuous monitoring24.  

 



The CO2 flux within the soil profile can be solved using Fick’s first law: 
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With 𝜖	= air-filled porosity (cm3/cm3), 𝜙 = total soil porosity (cm3/cm3)  𝜌!	= soil bulk 
density (g/cm3), 𝜌& 	= particle density (2.65 g/cm3), 𝜃	= measured volumetric water 
content (%), T = air temperature (K), and P = air pressure (Pa). 

F0-10 (µmol m-2 s-1) is approximated using comparisons of atmospheric CO2 (421 ppm) 
and averaged soil [CO2], T, and 𝜃 over 15-minute intervals. Values with [CO2] >30000 
ppm, 𝜃  > 40%, F0-10 > 40 µmol m-2 s-1 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 09-26-2024 to 10-09-2024 due to a hurricane. This data was 
estimated by fitting an exponential curve to both control and basalt datasets, with the 
fit data beginning at 9-15-2024. Modeled data from these curves (R2control = 0.89, 
R2basalt= 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 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 
reaction16. 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) and resampling (October 20) for basalt and control 
treatments to a CO2 flux estimate. For a yearly rate, this value was divided by the 
fraction of 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-October 2024. There was no 
significant change in organic matter (Fig. 1). The basalt base saturation (%) increased 
by 10.08 ±  5.6 %, while control increased by 3.37 ±  7.04 %, equating to a minimum 
weathering rate of 0.44 ± 0.04 tCO2 ha-1, or 1.34 tCO2 ha-1yr-1 ± 0.13 tCO2 ha-1yr-1. This 
base saturation estimate is conservative; it does not consider cations transported past 10 
cm. 

There is no significant difference in 𝜃 between treatments, but 𝜃 did vary over time, 
directly controlled by precipitation events within the region (Fig. 2a). The CO2 flux was 
overall most prominent in the growing season (08/2024-11/2024), with rates staying 
relatively consistent following cover cropping (11/2024) (Fig. 2b). The flux difference at 
the beginning of the year is the most prominent, with the maximal difference in flux 
equating to -1.23 µmol m-2 s-1, and an average decrease of -0.07 µmol m-2 s-1 (Fig. 2b, 
2c). 

 

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. 



Figure 2: Comparisons of volumetric water content % (q), CO2 flux (𝜇mol m-2 s-1), and difference 
between basalt flux (FB) and control flux (FC) (𝜇mol m-2 s-1) for control and basalt-amended 
plots over the measurement period. A) q over time is represented as an average of monitored 
control (light green) and basalt (dark green) plots, respectively, with error being ≤ 1% B) The 
CO2 flux (𝜇mol m-2 s-1) over time shows overall averages for control (gray) and basalt (blue) in 
bold, with individual replicate values for each plot shown. C) DFB-FC 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. 



This can largely be attributed to the active crop growth during this period, leading to 
high respiration rates from root matter, and continuous additions in organic compounds 
leading to higher CO2 production by microbes in soils28–31. There are also clear 
prominent pulses aligning with 𝜃, indicating the clear relationship between weathering 
and water availability within soils32,33. F0-10 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 weathering demonstrate the roles 
that both water availability, season, and crop activity play in regulating weathering 
rates within agricultural systems. Differences in these site-specific factors likely lead to 
divergence in weathering rates between current field trial deployments as well as highly 
engineered mesocosm studies. 

 

Figure 3. Cumulative emissive flux of CO2 (tCO2 ha-1) over a half-year monitoring timeframe for 
control (grey) and basalt (blue) amended plots. A) The total average cummulative flux at the 
end of January with bars representing mean ± one standard error. B) The average cummulative 
change over time is shown in bold, with control and basalt SEM for the measurement period 
respectively shaded. 
 

At the beginning of February 2025, the cumulative control flux was 2.92 ±  0.33 t ha-1, 
and the cumulative basalt flux totaled to 2.46 ± 0.35 t ha-1 (Fig. 3a). In total, there is a 
cumulative decrease of 0.46 ± 0.5 t ha-1 equating to a conservative immediate weathering 
rate of 1.04 t ha-1yr-1. This estimate is lower than previous estimates of weathering 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 sites10,20,34. The observed shift in base saturation indicates that at least half of 
the cations released during weathering are moved onto sorption sites in the uppermost 
portion of the soil column. This process releases acid into soil waters, temporarily 
reversing the CO2 uptake18,35. Despite this reversal, the persistent decrease in F0-10 
demonstrates that there is still cation transport through these exchange sites.  

This CO2 flux-based CDR estimate highlights the importance of CO2 originating from 
soil respiration, as opposed to from rainwater directly. This aligns with previous studies 
demonstrating that mineral dissolution occurs rapidly in CO2-rich environments as 
opposed to atmospheric concentrations36. The loss of weathering following growing 
season, however, demonstrates that soil organic matter respiration and precipitation in 
cool weathering conditions are not enough to lead to appreciable weathering rates (Fig. 
3b).  

The clear fluctuation in weathering rate, even within a month time scale, also 
demonstrates the importance of continuous monitoring, as opposed to instantaneous 
measurements, in understanding gas-phase signals. This work calls into question if 
sporadic soil water or gas phase measurements can be used to properly track carbon 
fluxes. However, this work supports that embedded soil CO2 sensors can give robust 
minimum estimates of weathering rates and provide an additional line of evidence for 
significant rapid weathering with basalt addition to croplands. 
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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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