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Abstract 
 
A longitudinal study on the effects and implications of agricultural enhanced rock weathering 
(ERW) in the American Midwest is in its third year of study. ERW is the process of spreading 
crushed rocks on land with the intention of speeding up the natural process of rock weathering to 
capture atmospheric carbon dioxide (CO2). Agricultural ERW has significant potential to capture 
atmospheric carbon dioxide, benefit farmers, and repurpose a mining by-product that is 
otherwise considered waste. However, the effects of ERW on greenhouse gas emissions and 
ecosystem health are still not well understood, especially at the scale of ERW deployment that is 
suggested. At Zumwalt Acres, in Sheldon, Illinois, the most robust study on ERW in active 
farmland to date is investigating basalt deployment in corn, soy, and hay fields, and cow pasture. 
Focusing on results from the 2022 growing season, soil pH was not significantly altered, 
although it began at close to neutral. Soy and corn yields remained relatively consistent, while 
hay and oat yields increased substantially with basalt application. Approximately 3.5 tons of 
carbon dioxide per hectare are estimated to have been captured six months after basalt treatment, 
however, the data was insufficient to confidently quantify carbon dioxide removal. This study 
provides key insights into data collection and analysis that should be conducted in field trials 
going forward to better understand and define the appropriate scope of enhanced rock weathering 
in agricultural settings as a negative emissions technology, and as one component in a larger shift 
of large-scale agriculture in the American Midwest to increase environmental and economic 
resiliency. At scale, rock weathering could capture gigatons of carbon dioxide, meanwhile 
improving crop yields and soil health, but the full scope of implications must be better 
understood before rolling out deployment across the country, and around the world. 
 

Introduction 
 
Enhanced rock weathering is a promising technology for vast removal of atmospheric carbon 
dioxide in order to mitigate the worst effects of climate change. The process of enhanced silicate 
weathering includes adding crushed silicate-based-rock (e.g., basalt) on land to capture CO2 
from the atmosphere and transport it as bicarbonate for permanent storage in oceans, thereby 
reducing ocean acidification.  
 
Rock weathering occurs naturally all over earth’s surface as rocks dissolve in water and react with 
acid. Compounds in the rock separate into ions, react with carbonic acid that came from CO2 in 
the atmosphere, and then form solid calcium carbonate. This reaction is governed by the Urey 
equation: 

 
 
Rock weathering is a negative feedback loop, moderating earth’s temperature. When the earth 
warms, rock weathering occurs at greater speeds, capturing CO2 from the atmosphere and cooling 
the planet (Brantley et al. 2023). However, at the current rate of anthropogenic carbon dioxide 
emissions, natural sinks cannot keep up. 
 



Terrestrial ERW speeds up this natural process by utilizing rock with a high surface area and 
fast-weathering minerals, and applying it to warm, moist land where it will be exposed to 
carbonic acid. Agricultural fields are a prime location for enhanced rock weathering because they 
are large flat surfaces that experience significant precipitation and can benefit from the rock as a 
fertilizer. Farmers in the Midwest are accustomed to spreading crushed limestone on their fields 
every four years to neutralize soil pH, so the infrastructure for spreading rock dust is generally 
available.  
 
ERW is suggested to neutralize soil pH, increase crop yields, introduce macro and 
micronutrients, reduce heavy metal uptake by plants, and mitigate N2O emissions. Hypothetical 
models indicate huge potential for carbon capture, but large-scale field-based studies must be 
conducted to understand outcomes of enhanced rock weathering under real-world conditions.  
 
Ongoing field-based research trials on agricultural ERW are being conducted by the Leverhulme 
Center for Climate Change Mitigation  (LC3M) based out of University of Sheffield, The 
Working Lands Center based out of University of California Davis, University of Copenhagen in 
Denmark, and University of Guelph in Ontario, Canada. LC3M has trials around the world 
including at University of Illinois in Champaign Urbana, Sabah, Malaysia, North Wyke, UK, and 
Harpenden, UK. 
  
Still, to date, very limited empirical data on carbon capture, soil health, and crop yields has been 
published based on farm-scale research (Almaraz, 2022; Haque 2020; Taylor 2021; Larkin 
2022). Mechanistic models have been used to predict the outcomes of ERW in agricultural 
settings (Taylor 2017; Beerling 2020; Kanzaki 2022). Laboratory and mesocosm experiments 
have also our increased understanding of feedstock dissolution, and of plant nutrient uptake 
(Amann 2020; Kelland 2020; Dietzen 2018; Renforth 2015; Pogge von Strandmann 2021; 
Jariwala 2022,;Vienne 2022). In general, these studies suggest that the potential for significant 
carbon drawdown is dependent on feedstock mineralogy and particle size, soil properties, tillage, 
irrigation, and temperature (see table 9 in section 3 for CDR reported in the literature). Studies 
also suggest co-benefits including increased plant nutrient uptake and crop yields (Beerling 
2020). Initial models and mesocosm studies also indicate reductions in N2O emissions, a potent 
greenhouse gas, as a result of ERW deployment (Val Martin 2023; Chiaravalloti in-review). 
  
These modeling, laboratory, and mesocosm studies suggest that applying basalt and other 
silicate-rocks to farms will have positive impacts for farmers, ecosystems, and climate change 
mitigation, with few negative consequences. Still, field data from working farms is necessary to 
understand how hypothetical predictions map onto real-world experience. Due to high variability 
in environmental conditions, land management, and deployment regimes in current and future 
ERW sites and within a site, a monitoring, reporting, and verification (MRV) framework is 
necessary to understand carbon capture in each deployment. Moreover, ERW impacts on soil and 
plant health can only be well understood in a field setting. Empirical data from field studies will 
both verify model, laboratory, and mesocosm studies and inform our understanding of the extent 
of variation across the ERW deployment landscape. 
  
Most studies to date have been on university-run farms (e.g. University of Illinois Energy Farm, 
University of California Davis Working Lands Innovation Center). Working on university farms 



has the benefit of more closely controlled conditions, access to specialized equipment, and 
freedom to experiment without fear of risking a farmer’s bottom-line. By conducting field trials 
on working farms, managed by active farmers, on the other hand, the challenges and 
opportunities of deployment under real world conditions become apparent. To develop robust 
MRV frameworks, it is crucial to consider the variability in conditions (e.g. changes in 
management practices from year-to-year and unpredictable planting and harvest dates) that 
farmers experience, which is often not represented by highly controlled experimental plots on 
university farms. Working with active farmland illuminates the logistical challenges of sourcing, 
transporting, and spreading that farmers might encounter. Lastly, farmers are key players in the 
roll-out of ERW across the country, so it is crucial to have their input and buy-in throughout the 
research process. The field trials at Zumwalt Acres are among the largest and most geospatially 
robust field trials on active farmland to date.  
 
In the next section, a description of the field site and deployment is described. In the following 
sections, the measured soil pH, titanium and cation concentrations, carbon dioxide removal, and 
crop yields in test plots treated with basalt, and as compared to control plots, is reported. Finally, 
considerations of the implications of this study and next steps are provided.  



Section 1: Field Site Description 
 
This study is based on farmland managed by Zumwalt Acres and neighboring farmers. The focus 
of this report is on one site of study within the larger field trial.  
 
Zumwalt Acres 
Zumwalt Acres is a community-led regenerative farm in Sheldon, IL (40.80, -87.5378). For the 
past 75 years, the land has been farmed in a conventional corn-soy rotation. The region is 
dominated by conventional agriculture, with 96% of land in the country dedicated to cropland 
(USDA 2017 Census of Agriculture). The approximate mean annual temperature is 12oC. The 
annual approximate rainfall is 850mm, making it a humid to wet climate. Three primary soil 
types are represented in our test plots, all of which are variations of loam soil. Experiments were 
done in collaboration with neighboring farmers (see www.zumwaltacres.org for more 
information). 
 
Test Sites 
Approximately 100 hectares are monitored currently to understand the multi-year impact of 
ERW on farms. In spring 2021, seven acres received basalt treatment, and corresponding control 
plots were established. In spring 2022, 21 hectares were treated with basalt. In 2023, two 
hectares will receive treatment, and in 2024, approximately 24 hectares are expected to have 
basalt applied. Site #1 is the focus of this report because it is the largest and most robust site that 
has received basalt application to date. 
 

http://www.zumwaltacres.org/


 
 

Figure 1: Map of all current test sites and sample locations. Pink, yellow, and blue squares 
indicate sample plots that range in size from 0.49ha to 1ha. Black boxes indicate zones where 
basalt has either already been applied or will receive application. Purple circles indicate where 
drainage water samples are collected from drainage tile outlets into a creak.   
 



Site #1 

 
Figure 2: Map of Site #1, a conventional corn/soy field that received basalt application in April 
2022 at two application rates (7 t/ha and 25 t/ha) in two distinct plots. Red rectangles indicate 
approximate area where manure was spread in April 2022. Blue lines indicate where drainage 
tile lies below the field. Black dots represent soil sample locations. 
 



Site #2 

 
Figure 3: Map of Site #2, a conventional corn/soy field that has not yet received basalt 
application. Baselines soil samples are being collected. Basalt application is expected in fall 
2023. Black dots represent soil sample locations. 
 
Site #3 

 



Figure 4: Map of Site #3, a conventional corn/soy field that has not yet received basalt 
application. Baselines soil samples are being collected. Basalt application is expected in fall 
2023.  

 
Site #4 

 
Figure 5: Map of site #4, a cow pasture that received basalt application at a rate of 25 t/ha in 
April 2022. 

 



Site #5 

 
Figure 6: Map of Site #5, a hay field that received basalt application in April 2021 at varying 
rates, and site #6, a field with rotating crops that received basalt application in April 2021 at 
varying rates. The type of basalt applied is noted on the right of the image.  
 
Soil composition in Site #1 
 

Slope 
(%) 

Drainage  Runoff  Ksat 
(cm/hr) 

Water 
Table 
(cm) 

Flooding
/Ponding 

Availabl
e water 
supply, 0 
- 152cm 
(cm) 

Max 
CaCO3 
content 
(%) 

Restrictive 
feature 
(cm) 

490A 0-2 Somewhat 
poorly 
drained 

Low 0.5-1.5 30-60 None/ 
None 

19.6 40 > 200 

102A 0-2 Somewhat 
poorly 
drained 

Low 1.5 - 5  30-60 None/ 
None 

18.4 10 > 200 



125A 0-2 Poorly 
drained 

Negligi
ble 

1.5 - 5 0 - 30 None/ 
Frequent 

23.6 20 > 200 

Table 1: Characteristics of the three types of soils represented in Site #1 (USDA, Web Soil 
Survey) 
 
 

Layer Depth (cm) Soil Type 

490A 1 0 - 28 Silt Loam 

102A 1 0 - 41 Loam 

125A 1 0 - 53 Loam 

490A 2 28 - 66 Clay Loam 

102A 2 41 - 81 Clay Loam 

125A 2 53 - 117 Loam 

490A 3 66 - 152 Loam 

102A 3 81-122 Sandy Loam 

125A 3 117 - 152 Stratified Loamy Sand to Silt Loam 

102A 4 122 - 152 Stratified Loamy Sand to Silt Loam 
Table #2: Depth profile of three types of soil represented in Site #1 (USDA, Web Soil Survey) 
 
Management 
Site #1 
 
Date Practice 
Fall 2020 Limestone, diammonium phosphate, potash, 

ammonium sulfate applied 
April 2021 Liquid N fertilizer + N stabilizer sprayed 
May 2021 Field cultivated, corn planted 

3 wks after planting: liquid N fertilizer (side-
dress) and herbicide applied 

June 2021 Liquid herbicide applied 
October 2021 Corn harvest 
March 2022 Baseline soil samples 
April 2022 Basalt applied, field cultivated 

Manure applied on sections of the field 
Soil samples 
 

May 2022 Field cultivated, soy planted 



June 2022 Liquid herbicide applied 
Soil samples 

July 2022 Liquid herbicide applied 
August 2022 Soil samples 
September 2022 Bean harvest 
October 2022 Soil samples 
April 2023 Soil Samples 

Liquid N fertilizer + N stabilizer sprayed 
May 2023 Field cultivated, corn planted 

Table #3: On-farm practices between fall 2020 to May 2023 
Site #2 
Management at Site #2 is comparable to Site #1 but basalt has not been applied. Limestone was 
applied in fall 2022.  
 
Site #3 
Management at Site #2 is comparable to Site #1, but basalt has not been applied. 
 
Site #4  
Cows pasture on this site approximately 12 weeks out of the year in May, July, and September. It 
has been a pasture for at least 100 years, with a combination of bluegrass and brome. 
 
Site #5 
This 8-hectare field was converted from a conventional corn/soy field to an organic hay field in 
the spring of 2021. Oats, alfalfa, and timothy were planted on 4.9 hectares in 2021. Alfalfa and 
timothy are perennial grasses, while oats are annual. The oat seed and straw, and alfalfa and 
timothy hay were harvested in 2021. Alfalfa and timothy hay were harvested again in 2022. On 
the remaining 3.1 hectares, buckwheat was planted in spring 2022, and oats, alfalfa and timothy 
were planted in spring 2023.  

 
Sourcing Feedstock 
Numerous logistical constraints impede large-scale field experiments. First, a suitable feedstock 
must be identified. In the United States, the most accessible suitable feedstocks are basaltic. The 
feedstock must be low in heavy metals to avoid contamination and it should be fast weathering, 
to allow for carbon capture on reasonable timescales. Mining operations often have fine rock 
material as a byproduct that is sifted out from the usable material. Companies that produce 
roofing shingles are common miners of basalt in the U.S.  
 
We worked with Specialty Granular (SGI), a roofing company with basalt mines in Hagerstown, 
MD, Blue Ridge Summit, PA, Waynesboro, PA, Pembine, WI, Annapolis, MO, and Ione, CA. 
We used basalt sourced from Blue Ridge Summit, PA from SGI in year one. In year one and in 
year two, we sourced basalt from Pioneer Valley, Ma, as it is igneous and faster weathering than 
the Blue Ridge metabasalt. Rock Dust Local supplied the Pioneer Valley basalt. Going forward, 
closer mine sites will be utilized to minimize transportation distance. On site 1, Pioneer Valley 
basalt was applied. The Pioneer Valley basalt that was used had  93.7% passing through a #30 
mesh sieve. See appendix for more information minerology and particle size. 



 
To date, SGI stores the fine basalt rock dust in a retired mine, filling it back up to ground level or 
above. The company then applies a few inches of topsoil, and plants grass. Instead, that rock dust 
could be spread on agricultural fields. 
 
Transportation 
To date, basalt has been transported in semi-trucks. Trucking is expensive from both an 
economic and emissions standpoint, but it is the only feasible option right now. Railways and 
barges are being explored for better transportation. As well, closer mine locations, in Wisconsin 
and Michigan, are being considered for Midwest deployment going forward.  
 
Spreading 
Standard agricultural lime spreaders can be used to spread the crushed basalt that we received. 
Full Throttle Ag Service based in Milford, Illinois was contracted (see www.longlivesoil.com for 
more information). 
 
Sampling 
Site #1 
Each plot in Site #1 has been designed to have a 70m x 70m subplot in each soil type that is 
represented in the field, as shown in figure 2. The subplot is sampled in a grid of 16 samples, 
spaced equally. Each point is geolocated so that it can be returned to for subsequent sampling. A 
Garmin GPSMAP® 65s handheld GPS was used, which allows accuracy within 15 meters 95% 
of the time. Under normal conditions, accuracy generally improves to 3 to 5 meters, depending 
on the strength of the satellite signal. 
 
In March before basalt application, all 16 points were sampled in each plot in each site using a 1" 
x 36" Hammer Head Replaceable Tip Soil Probe. In April 2022, basalt was applied to Sites 1 and 
4. 
 
In April, eight points were sampled in each plot in Site 1. Four points were sampled in each plot 
in Site 2, Site 3, and Site 4.  In June, August, and October four samples, spaced throughout the 
grid, were sampled in Site 1. In July, four samples were taken in Site 4.  
 
When samples were collected, one was collected down to 30cm, and split into three segments—
0-10 cm, 10-20 cm, and 20-30 cm. Starting in the June sampling, a second sample was taken 
within approximately one meter radius from the first sample down to 10cm and combined with 
the other 0-10cm sample.  
 
Site #2 and #3 
The same sampling regime was used in site #2 and #3 and sampling occurred in March, April and 
August 2022. Sampling will occur again in May 2023. Baselines soil samples are being collected 
to monitor background variation in soil over time, which can be used to compare to variation in 
fields that received basalt treatment, and to be used as reference after basalt is applied to site #2 
in the future. 
 

http://www.longlivesoil.com/


Site #4 
The same sampling regime was used in site #4 and sampling occurred in March, April, July, and 
October. 
 
Site #5 and #6 
In 2021, two soil samples were taken per plot at 0-10cm. One sample was taken on the east side 
and one on the west side of the field in approximately the same location each time. In 2022, the 
sampling protocol was adjusted to take samples of 0-30cm and 0-10cm in three locations in the 
field—east, west, and center.  
 
 
 
  



Section 2: Soil pH 
 
Methods 
On-Site: Soil-Water Slurry pH  
The soil pH was measured on samples taken from the top 0-10 cm. In April, pH was measured 
on eight samples in plots A and B, five samples in plot C, and four samples in plots D through S 
(all Site 1). In June, pH was measured in three samples in each plot A-S. In July, pH was 
measured on three samples from each plot in Site 4. In August, pH was measured in 16 samples 
in plots A and B, and 3 samples in plots C-F (all Site 1), as well as in three samples in each plot 
in Site 2 and Site 3.  

 
Number of samples on which pH was taken varied to assess heterogeneity of pH across a plot, 
while minimizing number of samples needed.  

 
The method to measure soil pH onsite is adapted from the Kellogg Soil Survey Laboratory 
Methods Manual (Soil Survey Staff 2022). The pH is measured in both soil-water (1:1) and soil-
salt (1:2 CaCl2) solutions. First, approximately 12g of each soil sample is measured into paper 
cups. Soil must air dry completely before measuring pH. This may take 2-4 days.  

 
Once dried, each sample is crushed using a clean utensil. Into a new labeled cup, exactly 10g of 
dried soil is measured. Then, 10 mL of deionized (DI) water is added to 10g of soil (1:1 w:v) and 
stirred. The sample is left for 1 hour and stirred occasionally.   

 
To prepare the Orion Star™ A121 Portable pH Meter, which is to be used with the Orion™ 
ROSS™ Sure-Flow™ pH Electrode with Sure-flow junction, BNC connector, the electrode must 
be cleaned and calibrated. To clean, the electrode is rinsed with DI water, and then a 3-point 
calibration with 4.01, 7.0, and 10.01 buffer solutions is performed.  

 
After 1 hour, the sample is stirred for 30 seconds, and then the pH is measured and recorded.  

 
On-Site: CaCl2 Solution pH  
Using the soil-water slurry, 10 mL of 0.02 M CaCl2  is added to soil suspension. The sample is 
stirred and stands for at least 15 minutes. The sample is stirred again, and the pH is measured and 
recorded. A constant of 0.6 is added to the CaCl2 pH as a correction factor to compare with the 
water pH (Soil Survey Staff 2022).  
 
Laboratory: Soil-Water Slurry 
Soils are sent from the farm to Kling Geology Laboratory at Yale University. To measure pH on 
the samples received, at least 10g of each soil sample are dried in a drying oven at 60C for 48 
hours, then sieved through as 10 mesh (2mm) sieve. The sieved sample is weighed and 10g are 
measured into a 50mL falcon tube. Then, 10mL of milliq2 water is added to the sample and the 
sample is shaken vigorously for one minute to homogenize and left to stand for 10 minutes. 
Then, pH is measured using a cleaned and calibrated Orion Star™ A121 Portable pH Meter with 
the Orion™ ROSS™ Sure-Flow™ pH Electrode with Sure-flow junction, BNC connector probe.  

 



Laboratory: Sikora buffer pH 
To measure the buffer capacity, the Sikora buffer pH methodology is employed (Sikora 2006). 
Using the sample on which soil-water pH was just measured, 10 mL of Sikora buffer solution is 
added to the soil suspension and shaken in an Eberbach shaker table for 10 minutes at 180 
oscillations/minute. The pH is measured again. 

 
Results 
Spatial Variability  
Soil pH was measured both on-site using two different methods, and in the laboratory using two 
different methods. The pH of individual sample points is given in the maps below, adapted from 
code developed by Jake Jordan. 
 
Figure 7 illustrates soil pH, taken on-site using a CaCl2 slurry, in April, just after basalt 
application and in August, 3 months after application in plots A and B. According to the CaCl2 
method, the average soil pH in plot A (control) was 6.80 +/- 0.50, with a range of 6.19 to 7.24 in 
April. In August, the average pH was 6.90 +/- 0.30, with range 6.39 to 7.28. In plot B (25 t/ha), 
soil pH average was 6.40 +/- 0.40 with range 5.86 to 6.97 in April and average 6.90 +/- 0.3 6.46 
to 7.35 in August.  
 
Figure 8 demonstrates the variability of pH in plot A, B, and D in March and in October, as 
measured on soil samples in the laboratory. The top two plots show pH taken from a soil water 
slurry, while the bottom two graphs show Sikora buffer pH, both in a laboratory setting. 

 
In March, the mean Sikora buffer pH in the control plot was 6.93 +/- 0.04, with a range from 6.6 
to 7.18. The Sikora buffer pH of the low basalt application (7 t/ha) plot was 6.84 +/- 0.33, and 
the Sikora buffer pH of the high basalt application plot (25 t/ha) was 7.05 +/- 0.20.  

 
In October, the mean Sikora buffer pH in the control plot was 6.96 +/- 0.07, with a range from 
6.34 to 7.28. The Sikora buffer pH of the of low basalt application (7 t/ha) plot was 6.87 +/- 0.50 
with a range from 5.49 to 7.52. The Sikora buffer pH of the high basalt application plot (25 t/ha) 
was 7.14 +/- 0.2 with a range from 6.76 to 7.37. 



 
Figure 7: Soil pH of samples within plot A (control) and plot B (25 t/ha) in April 2022 and 
August 2022. The top plots gives pH as measured on the farm using a soil water slurry and the 
bottom plots give pH as measured using a CaCl2 slurry. 
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Figure 8: Soil pH of samples within plot A (control), plot B (25 t/ha), and plot D (25 t/ha) in 
March 2022 and October 2022. The top plots gives pH as measured in the laboratory using a soil 
water slurry and the bottom plots give pH as measured using the Sikora Buffer method. 

 
Temporal Variability  
Figure 9 shows the change in pH over time, as measured in a CaCl2 slurry on the farm in plots 
A-G between April to August. 

A 

B 

D 

A 

B 

D 

A 

B 

D 

A 

B 

D 



 
Figure 9: pH over time as measured on-site using a CaCl2 slurry. Dotted lines are control plots, 
dashed lines are 7 t/ha basalt plots, solid line is a 25 t/ha basalt plot. 

 
Statistical Analysis 
Comparing plots A, B, C, and D in March, June, August, and October, there was no statistically 
significant difference in soil water pH or Sikora buffer pH, as measured in the laboratory, 
between plots (see table 4) in any month. However, if only plot A (control) and plot B (25 t/ha) 
are compared, the Sikora buffer pH in October was statistically significantly different, with a p-
value of 0.02. However, the change of Sikora buffer pH in plot B vs plot A was not significant (p 
= ). In plot B (25 t/ha), ΔpH using Sikora Buffer method was 0.07 +/- 0.12 between March and 
October, while ΔpH using Sikora Buffer method in plot A (control) was 0.06 +/ 0.07.   
 
P-Values from One-Way Anova Comparing Buffer pH Between Plots  
                   SW pH         SB pH          SW pH            SB pH  

A-B     A-B A-B-C-D     A-B-C-D 
 

    March       0.79471      0.40631        0.16289          0.39184      
    June        0.32854      0.90925        0.18435          0.93043    

 

    October     0.98432      0.55682        0.49411          0.65835    
 

    August      0.11559     0.024421       0.051049          0.15439    
 

Table 4: Test for statistical significance in Sikora buffer pH between plots using one-way Anova 



 
Comparing plots A, B, C, and D in March, June, August, and October, there is statistically 
significant difference in soil water pH, measured on the farm in March and in August, but not 
statistically significant different in June or October (see table 5). Using the CaCl2 method, only 
March showed a significant difference in pH between plots, and this was before basalt 
application. Looking at only plots A and B, no statistically significant difference is observed in 
either pH method in any month. 
 
P-Values from One-Way Anova Comparing On farm pH Between Plots A-B-C-D 
                      SW pH         Cl pH     
    March       0.033524       0.11161  
    June         0.44427        0.2888  
    July         0.34277       0.23801  
    August    4.2779e-06    8.1577e-07  
    

Table 5: Test for statistical significance in on-farm pH between plots using one-way Anova 
 
Discussion 
A spatial gradient can generally be seen across each plot for all pH measurements, sample plots, 
and sample dates indicating a correlation between pH and natural soil variation (i.e. due to 
drainage, soil type, temperature, etc). The standard deviations within plots are relatively low (< 
0.5), in comparison to crops’ pH tolerance. For corn, crop yields are not significantly impacted 
when pH is between 6-7.4 (Fernández and Hoeft 2009). Still, in some cases, variation of more 
than one unit of pH is seen even between sample locations less than 20m apart. 
 
Overtime, a general trend of increasing pH, as measured on the farm in a CaCl2 slurry, with 
increasing basalt application is observed, as in figure 9. However, based on an ANOVA test on 
change in CaCL2 pH and in Sikora Buffer pH, there is no statically significant difference.  
 
Sikora buffer pH is useful in assessing the effect of enhanced rock weathering because it 
provides an indication of the buffering capacity of the soil, or the amount of residual acidity in 
the soil that is available to be neutralized. A lower buffer pH means there is more residual acidity 
in the soil that would react with weathering basalt. Sandier soils tend have a lower buffering 
capacity which means that they acidify faster but would recover faster with the application of 
less basalt or lime, compared to soils with more clay. 
 
The pH in all the plots began close to neutral, so it is unsurprising that pH was not changed 
significantly as a result of basalt application. Around pH of 7.0, silicate rocks weather more 
slowly. For example, figure 10 shows Si release rates from weathering at varying pH values. The 
basalt that was applied is predominantly plagioclase meaning it weathers slowly between pH 5.5 
– 7.5 (Gudbrandsson et al. 2011). 

 
Given that there was not a consistent trend in difference in pH or change in pH over time 
between control and test plots, it is reasonable to assume that pH differences that were observed 
should be attributed to other variations within the site.  

 



 

 
Figure 10: release rates of selected minerals at 25 °C as a function of pH (Gudbrandsson et al. 
2011).   
 
In theory, cation loss due to weathering should be predicted by change in pH over time, 
according to the governing equation: CaSiO4 + H+  Ca2+ + HSiO4. Here, CaSiO4 is used as a 
placeholder for a more complex basalt compound. pH = −log [H+], so the change in [H+] can be 
calculated based on the pH, and the equivalent number of moles of Ca2+ would be expected to be 
found in the aqueous solution as a result of weathering, according to stoichiometry. Change in 
cation concentration (i.e. cation dissolution), measured in mol/ha, was found to not be 
significantly different between control and test plots, as predicted by the lack of change in pH. 
 
A primary concern from farmers about applying heavy applications of basalt, in comparison to 
the typical lime application rate (around 2-S5 t/ha every four years), is the potential to increase 
pH significantly above neutral. This was not observed, even with the high application rate of 25 
t/ha.  

 
Applying basalt for ERW on fields that already have a pH that is close to neutral will likely not 
have as significant impacts on crop yields, while it is predicted to increase yields in acidic fields. 
While this is good for farmers, in soils that have been acidified by excess nitrogen fertilization 
(as is common in conventional midwestern cropping systems), cations in the basalt are likely to 
react with nitric acid in the soil, in addition to carbonic acid, therefore reducing CDR potential 
(Andrews and Taylor 2019). 
  



Section 2: Yields 
 
Methods 
Site #1 
To measure yields, two subplots of 0.3 hectares each (subplot size was determined based on 
machinery dimensions), were designated in each test plot. The weight of beans harvested from 
each plot was then recorded using a weigh wagon. 
 
Sites #2 and #3 
Yields were not measured in sites #2 and #3 to date because basalt has not yet been applied. 
 
Site #4 
Site #4 is a pasture, so yields were not measured. 
 
Site #5 
To measure yields, hay bales from a subset of each plot, allowing for buffer zones between plots, 
were weighed by hand on a scale as they were removed from the field. Oat seed was weighed in 
a weigh wagon.  
 
Site #6 
In year one, corn was grown on this plot and yield were measured similarly to site 1: delineating 
subplots to measure grain with a weigh wagon. In year two, buckwheat was grown, but yields 
were not measured. 
 
Results 
In site #1, the soy yield in the low application rate test plot (7 t/ha) saw a 1.8% increase in yield 
while the high application rate (25 t/ha) saw a 0.28% increase, both compared to a control plot. 
Due to the small sample size, and this small difference, the correlation between basalt treatment 
and soy yield cannot be determined with confidence. 
 
While the focus of this report is on site #1, yield data from other sites in this study are included 
to better represent the varying effects basalt has on crop yields, depending, in part, on crop type.  

 



 
Figure 11: Effect of basalt in Site #1 on soybean yield in 2022 growing season. 

 

 
Figure 12: Effect of basalt on corn yield in Site #6 in 2021 growing season. 



 
Figure 13: Effect of basalt on oat yield in Site #5 in 2021 growing season. 
 
Discussion 
Site #1 
A primary reason for increased yields due to basalt application is pH neutralization. This was not 
needed in site #1 as the baseline pH was close to zero, so it is expected that yields would not 
have a significant impact. There is no published data to date on the effect of ERW on soy yields 
based on field trials. In an incubation test though, addition of crushed basalt was shown to 
increase available phosphorus, potassium, calcium, and magnesium levels by twenty, ten, fifteen, 
and thirteen times respectively, and, soy was observed to accumulate five times more macro and 
micronutrients (Conceição et al. 2022). 

 
Site #5 and #6 
While smaller scale, sites #5 and #6 provides valuable insight into the effect of basalt on hay and 
corn yields. On 4.9 hectares in site 5, hay field was established with oats, alfalfa, timothy in 2021. 
On 3.2 hectares in site #6, conventional corn was grown in 2021. 

 
The significant jump in oat yields is likely due to a limiting micronutrient, such as molybdenum, 
but further research is needed to constrain the casual effect of basalt on oat yields.  

 
In the future it will be important to utilize moisture correction when comparing hay yields. It 
became clear that there was significant variation within the field—some areas included clover that 
had self-seeded, some areas were dominated by timothy, and other areas were dominated by 
alfalfa, despite uniform planting. Alfalfa, timothy, and clover each retain different levels of 
moisture, therefore obscuring the yield data. This challenge also introduced a question as to 
whether basalt addition impacted the prevalence of alfalfa versus timothy vs clover. A future study 
could investigate if certain hay crops are better suited to basalt. 

  



Because of the lack of moisture correction and small-scale of this study, this data should be used 
only as an initial indication of positive correlation between oat and hay yields and basalt. One 
control plot had anomalously high yields, and that plot had notably higher levels of clover 
compared to all other plots, and clover retained noticeably more moisture than timothy or alfalfa, 
so it was excluded from the graph above. That plot was previously pasture while the other plots 
had been in corn/soy rotation for longer, so the baseline conditions were likely not comparable.  
 
In 2022, alfalfa and timothy grew again as they are perennials. During the first harvest of the 2022 
season in June, a general trend was observed of increasing yields with increasing basalt 
application. Yields during the second harvest in July demonstrated less variation across plots. 

 
The effect of basalt on corn yields (~3% crop yield increase) is similar, or slightly lower, than the 
predicted crop yield increase as a result of liming (Inagaki et al. 2016). A study conducted in 
Denmark on a corn field treated with glacial rock flour, a different silicate-based mineral, 
demonstrated a statistically significant (p = 0.018), though small (roughly 0.05%) increase in corn 
yield (Gunnarsen 2023). Similar to soy, in an incubation study, corn was observed to accumulate 
five times more macro and micronutrients (Conceição et al. 2022), which suggests that at scale 
crop yields would increase with basalt application, and the need for synthetic fertilizers would be 
reduced. 
  



Section 3: TiCat 
 
Methods  
Extracting Exchangeable Cations 
Before sample analysis, the fraction of exchangeable cations in the sample are extracted. 
Samples are dried by measuring approximately 500mg of each soil sample into a labeled crucible 
and placing crucibles into the oven set to 60oC overnight. Then, 100mg of dried sample is 
measured into labeled 15 mL centrifuge tubes. The exact mass of each sample is recorded. Then, 
12mL of 1 M Ammonium Acetate buffered to a pH of 8.2 is added to each 15 mL centrifuge 
tube. The tubes are shaken vigorously for one minute each and placed into racks for a sonic bath. 
The sonicator runs for 10 minutes. After sonication, the tubes are removed, dried, and placed into 
a centrifuge to be run for 5 minutes at 3600 RPM. At this point, the soil is stuck firmly to the 
bottom of the tube and the ammonium acetate solution is poured into clean labeled centrifuge 
tubes. Two mL of milliq water is then added to each centrifuge tube containing soil and mixed 
vigorously for one minute. The tube is then placed into the centrifuge and runs for 5 minutes at 
3600 RPM again. Then, the solution is poured out into the same tubes which contained the 
ammonium acetate solution.  

 
For each sample, the weight of a crucible is recorded and the crucible is labeled. The soil sample 
is removed from the tube and placed into the crucible. The soil sample is then dried again in an 
oven at 65oC overnight. The samples are then removed from the oven and the mass of each 
crucible plus dried sample is recorded.  

 
Samples are then ashed by placing crucibles in the oven overnight at 600oC. The ashed sample is 
then weighed again in its crucible. The difference in mass of the sample before and after ashing 
provides the mass of organics and volatiles in the sample.  

 
The ashed sample is weighed again and put into a Teflon beaker. 

 
Total Acid Digest 
After ashing, the samples are digested. To each sample, 5mL distilled HNO3 and 5mL distilled 
HCL is added. The samples are left open in a closed fume hood for one hour. Then, 1 mL of HF 
is added to each sample, the samples are capped and placed on a hot plate at 100oC overnight or 
up to 24 hours. The samples are opened slowly and placed back on the hot plate, increasing the 
temperature to 90oC such that the liquid fully evaporates. The samples are capped and removed 
from the hot plate to be placed in a fume hood. Then, 4 mL of 6N HCl is added to each sample. 
The samples are capped again and placed on a hot plate at 75oC overnight or up to 24 hours. The 
samples are then removed from the hot plate and left to cool for 20-30 minutes. The digested 
samples are transferred to labeled 15 mL Nalgene bottles.  
 
Isotope Spike Cocktail 
In clean silver crucibles, 0.28 mg of SiO2 powder enriched with 29Si isotope (99.96%, Isoflex 
USA) is mixed with NaOH pellets (analytical grade, Merck, ca. 220-240 mg). Alkaline fusion is 
carried out in a muffle furnace at 730ºC for 10 min. The crucibles are taken out and allowed to 
cool for 1 min before being placed into 30 ml Teflon Savillex beakers containing 20 ml 



deionized water. The beakers are placed for 24 h in a hot plate at 70ºC and then ultrasonicated 
three times for 15 minutes. Then, the crucible contents are dissolved into 414.3517 ml of 
seawater (pH 7.67). pH is immediately adjusted by the addition of HCl 1 N to reach a pH of 7 
and measured using a Thermo Scientific™ Orion™ 8103BN ROSS™ Combination pH 
electrode, calibrated using NIST-traceable 4.01, 7 and 10.01 pH buffers. 
 
Elemental Analysis 
To prepare samples for ICP-MS analysis, 40 microliters of digested samples are pipetted to 
labeled 4 or 5mL Teflon beakers. Teflon beakers are then placed on a hot plate, uncapped, at 85-
90oC for 1-2 hours, to evaporate liquid. Samples are removed from the hot plate once the liquid 
is evaporated, and 3.99 mL of 5% HNO3 without indium is pipetted into each sample. Then, 20 
microliters of isotope spike cocktail (see above) is pipetted into each sample. Lids are closed 
tightly, and samples are heated on a hot plate at 75oC for 1-2 hours. Then, samples are 
transferred to labeled 4 mL plastic vials. Samples are run on a Thermo ScientificTM iCAPTM 
RQ ICP-MS. 

 
TiCAT Framework: Solid sample mass balance approach 
To determine carbon dioxide removal, a method referred to as the TiCat framework is employed 
(Reershemius et al 2023). The TiCat framework compares titanium (Ti) and cation (Cat) 
concentrations in the soil from a baseline sample, taken prior to application, to concentrations in 
the soil from a post-application sample, after weathering has occurred. Ti is considered 
immobile, meaning that after a Ti-rich supplement (e.g. basalt) is applied, the Ti is expected to 
remain in the soil, in relatively the same location. Cations, on the other hand, are expected to 
dissolve as a result of weathering and be carried off the field in water. It is assumed that 
weathering due to basalt application occurs at a much faster rate than natural background 
weathering of cations in the soil.  

 
Similar approaches have been used for weathering in natural systems (Brimhall 1987; Chadwick 
1990).  It is predicted that basalt application will increase [Ti] in the post-application sample as 
compared to the baseline sample. The increase in [Ti] can be used to determine how much basalt 
was added to the soil in the specific location where the sample was collected. This is calculated 
using [Ti] in the baseline soil, [Ti] in pure basalt, and employing a linear mixing model to predict 
how much Ti would appear in samples, given a baseline soil/pure basalt ratio (see Figure 14). 
Based on the expected basalt concentration and the mixing model, the expected cation 
concentration, neglecting weathering, can be calculated. The difference between the measured 
cation concentration and the expected cation concentration neglecting weathering, is then used to 
determine the extent of weathering. A stoichiometric ratio can then be used to determine extent 
of carbon dioxide removal, based on cation loss. 
 



 
Figure 14: conceptual framework for calculating cation dissolution, exemplified by Mg. 
Dissolution is illustrated by the gray arrow (difference between [Mg] predicted by the linear 
regression of [Ti] vs [Mg] and measured [Mg] in the post-application sample) 
 

 
This framework assumes that change in Ti and cations is due exclusively to basalt application 
and weathering, and that no third component (e.g. other soil types, compost, etc) is introduced to 
the soil between baseline sample and the post-application sample dates.  

 
Comparison of measured data to expected values 
The expected amount of basalt in a given soil sample, assuming “perfect application”, can be 
calculated and compared to the amount of basalt predicted by measured values to assess the 
extent to which measured values fit the assumptions of the TiCat framework. Here, “perfect 
application” means that the basalt feedstock was spread in a uniform sheet across the amended 
field, there is constant density of the soil (ρs) and basalt (ρb), and the basalt is completely and 
uniformly mixed with the top 10 cm (sample depth) of soil through tilling. 
 
The thickness of the basalt layer, hb, can be calculated using the application rate of basalt and the 
density. Assuming an application rate, A [kg/m2], the thickness of the basalt layer is given by  
 
hb = A*ρb (1) 
 



Accordingly, in this model, a sample taken to the depth of tilling is assumed to include the 
entirety of the basalt application. Samples analyzed in this study were taken at the same depth as 
tilling (10cm). The portion of the cored sample that is soil without basalt (hs), given sampling 
depth (hd) and thickness of basalt layer (hb) is expressed as 
 
hs = hd − hb  
 
The terms hx have units of length. The volume can be calculated as the cross-sectional area of the 
sample soil core (Acore) is assumed constant.  
 
hs × Acore = Vs and hb × Acore = Vb  (2)  
 
Using ρs and ρb the mass fraction of soil (xs) and basalt (xb) may be calculated 
 
xs = ρs*Vs / (ρs*Vs + ρb*Vb) and xb = ρb*Vb / (ρs*Vs + ρb*Vb) (3) 
 
xs and xb can be used to predict [Ti] and [Cat] of a post-application sample, based on elemental 
composition of the baseline soil and basalt.  
 
[Ti]*

i = xs*[Ti]t,0
i + xb*[Ti]f

i  (4) 
 
[Ti]*

i = expected value for Ti concentration of sample 
[Ti]t,0

i = measured value of Ti concentration in baseline soil sample (prior to application) 
[Ti]f

i = measured value of Ti concentration in basalt feedstock  
 
The difference between measured and expected [Ti] in a post-application soil sample taken after 
weathering has occurred, is given by: 

  (5) 
 
Equation (5) is positive if the measured [Ti]f exceeds the expected value, negative if it is lower 
than expected, and zero if it is identical. If Δ [Ti]*

i is less than -1 than [Ti]f is less than [Ti]i and 
the assumptions of mass balance fail. Since a Ti-rich supplement (basalt) is added to the field 
between the [Ti]i measurement and the [Ti]f  measurement and it is assumed that nothing else 
changed the soil in that timeframe, it is impossible that [Ti]f <[Ti]i  according to our assumptions. 
Therefore, either an accounted for process occurred between sampling that led to a decrease in 
[Ti], or more likely, insufficient sampling led to misrepresentative data.     
 
The operations in Equations (4) and (5) can be applied to base cations as well. However, titanium 
is considered an immobile element while cations are not, so Equation (5) represents a value that 
is assumed fixed through time. If this is not the case (i.e., the value of Δ*[Ti] < -1 suggesting that 
Ti increased after basalt application and then decreased again, or that the data simply does not 
represent the actual change in Ti), then the mass balance calculation cannot be computed. Base 
cation values are expected to decrease with time as weathering causes base cations to be 



exported from the system. This calculation would give insight into the expected cation 
concentration after application, prior to weathering. 
 
Results 
Ti and Cation Concentrations Across Individual Sample Points  
The following graphs illustrate [Ti] and [Cat] in plots A (control), B (25 t/ha), and D (7 t/ha) 
before basalt application and six months after basalt application. In addition, the measured 
change in concentration (Δ[X]), and the measured change in concentration as a fraction of 
predicted change (Δ*[X]) is shown.  

 
Only a subset of data points are shown because only a subset of soil samples have been analyzed 
using the methods described above to date. One plot from control, low application rate, and high 
application rate, was prioritized before analyzing samples from additional plots.  

 
In figures 17, 19, and 21, post-application sample cation concentrations are shown in reference to 
a range of expected concentrations, given by the shaded red triangle. The shaded region is 
determined based on a two-component mixing model between baseline soil composition and 
basalt composition. Ti is expected to be immobile so the Ti concentration is expected to be 
constant over time. This is illustrated by zero Δ*[Ti]  (gray dots) in the control plots, shown in 
Figure 15. It is assumed that Ti should increase from pre-application baseline soil to post-
application sample and 100% of Ti addition is due to basalt application. So, the amount of basalt 
in each soil sample is calculated based on Δ[Ti] between pre-application and post-application. In 
each graph in figures 17, 19, and 21, the horizontal line represents baseline soil cation 
concentration, and the diagonal line represents expected cation concentration, given a Ti 
concentration, before weathering (i.e. shortly after basalt application). Over time, cation 
concentration is expected to decrease due to weathering, while [Ti] remains constant. Therefore, 
six months after application (i.e. October samples), the data points are expected to fall within the 
shaded red triangle.  

 
 

 



 
Figure 15: Titanium concentration in March and in October (top graphs). Δ[Ti] and Δ*[Ti] 
between March and October (bottom graphs). Dots in gray represent null values because no 
change in concentration is expected, making the denominator for Δ*[Ti] = 0.  
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Figure 16: Magnesium concentration in March and October (top plots). Δ[Mg] and Δ*[Mg] 
between March and October (bottom graphs). Dots in gray represent null values because no 
change in concentration is expected, making the denominator for Δ*[Mg] = 0. 
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Figure 17: Visualization of [Mg] of a given sample point (red dot) in reference to expected 
concentration range (shaded red zone) within plot B (25 t/ha). 



  
Figure 18: Sodium concentration in March and October (top plots). Δ[Na] and Δ*[Na] between 
March and October (bottom graphs). Dots in gray represent null values because no change in 
concentration is expected, making the denominator for Δ*[Na] = 0 (bottom plots). 
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Figure 19: Visualization of [Na] of a given sample point (red dot) in reference to expected 
concentration range (shaded red zone) within plot B (25 t/ha). 

 
 
 



 
Figure 20: Ca concentration in March and October (top plots). Δ[Ca] and Δ*[Ca] between March 
and October (bottom graphs). Dots in gray represent null values because no change in 
concentration is expected, making the denominator for Δ*[Ca] = 0 (bottom plots). 
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Figure 21: Visualization of [Ca] of a given sample point (red dot) in reference to expected 
concentration range (shaded red zone). 
  
Cation Dissolution and Cation Loss 
The percent cation dissolution (Fd

+) was calculated by finding the final cation mass fraction (in 
this case, 6 months after basalt application), over the sum of the final cation mass fraction and 
the pure basalt cation mass fraction.  
 
The mass fraction are calculated using the system of equations given in (6). CD is the total 
measured concentration of the detrital element (Ti) and C+ is the measured total concentration of 
the cation (Mg, Ca, or Na), in the final soil sample (taken in October). The measured 
concentrations of Ti and cations in the baseline soil and the pure basalt are given by cs

D, cb
D, cs

+, 
cb

D respectively. The concentration of the Ti and cations after complete dissolution (if 100% of 
the basalt had been weathered) is given by cd

D and cd
+. These are determined by two 

assumptions: (1) Ti is immobile so there would be zero Ti loss and the only source of Ti gain is 
from the basalt, so cd

D = cb
D, and (2) background soil weathering is negligible so when all of the 

basalt has weathered, the cation concentration returns to the baseline soil concentration and cd
+ = 

cs
+. This is shown in figure 22. 

 



 
 
Figure 22: Visualization of mixing triangle created from baseline soil with basalt addition. 
 
The mass fraction contributed by soil (subscript s), basalt (subscript b), or dissolution (subscript 
d) is given by xi, and can then be calculated by solving the system of three equations for those 
three unknowns.  
 
The dissolution factor is then calculated using equation (7). Assuming all weathering is a result 
of ERW (background weathering is negligible), Fd

+ give the percent of the given cation in the 
basalt that weathered between t = 0 and t = f.  
 

 (6) 
 
 
 

(7) 
 



100% dissolution is interpreted to mean that all cations from the applied basalt has been 
weathered. Greater than 100% dissolution is interpreted to mean that cations present in the soil, 
without application, have also been weathered.  Less than 100% dissolution is interpreted to 
mean that a fraction of the basalt has been weathered.  
 
The table below shows cation dissolution in plots B (25 t/ha) and D (7 t/ha), averaged across all 
data points from a given plot. 
 
App Rate (t/ha)     Ca Dissolution (%)     Mg Dissolution (%)     Na Dissolution (%) 
25 73 23 15 
7 101 93 64 

Table 6: cation dissolution in plots A, B, and D between March and October. 
 
A one-way Anova test was applied to Mg dissolution, Ca dissolution, and Na dissolution 
between March and October, comparing plots A, B, and D. There was not a significant 
difference for Mg dissolution (p = 0.25 ), Ca dissolution (p = 0.18), or Na dissolution (p = 0.97).  

 
Cation loss can be extrapolated from cation dissolution by multiplying dissolution by the amount 
of a given cation expected to have been added to the field during basalt application (based on 
basalt application rate and basalt composition). Table 7 gives cation loss in plots A and D. 

 
App Rate (t/ha)     Ca Loss (mol/ha)     Mg Loss (mol/ha)     Na Loss (mol/ha) 
25 26679 8054.2 3130.7 
7 10430  9014.2 3839 

Table 7: cation loss in plots A and D, 6 months after application 
 
A one-way Anova test was applied to Mg loss, Ca loss, and Na loss between March and October, 
comparing plots A, B, and D. There was not a significant difference between plots in Mg loss (p 
= 0.94) or Na loss (p = 0.97), but there was a statistically significant difference in Ca loss (p = 
0.019). This is shown in figure X.  

 



 
Figure 23: One-way Anova between plots A, B, and D  
 
Carbon dioxide removal 
Based on cation loss, carbon dioxide removal was estimated for plots B and D. Value (1) in 
Table for CDR was calculated based on the TiCAT framework, excluding data points that 
showed a loss in Ti between baseline soil sampling and post-application sampling. Value (2) was 
calculated using the same methodology as value (1) except that data points that indicated 
negative CDR (i.e. carbon emissions), were removed before calculating the average. A negative 
CDR values is outputted from this methodology when the overall concentration of cations in the 
post-application sample is greater than what the mixing model would predict. Value (3) was 
calculated using a statistical model that outputted a resampled larger data set, based on the mean 
and standard deviation of only measured data point that fell within expected ranges. This 
resampling and calculation was not done on plot D (7 t/ha) data, because it was observed that the 
cation loss was not significant enough, in comparison to the control plot, to make reasonable 
estimates of CDR.  
 
Basalt App 
(t/ha) 

(1) CDR (kg CO2/ha) (2) CDR (kg CO2/ha) (3) CDR (kg CO2/ha) 

7 1880 1880 N/A 
25 3195 6527 2150 

Table 8: Carbon dioxide removal based on cation dissolution 
 



Discussion 
Titanium 
Ti results in Site #1 do not, overall, fit the assumptions of the TiCat framework because [Ti] 
decreased or remained relatively constant between March and October, as shown in the plot of 
Δ[Ti] in Figure 15. It is assumed that [Ti] would increase as a result of Ti-rich basalt addition to 
the soil. 
 
The discrepancy between the observed and expected trend could be a result of a flooding event 
or other soil disturbance that led to significant movement of soil and therefore change in 
composition in the specific sampling location. The change in composition could mean a loss of 
Ti-rich soil (e.g. fine-texture soil) or gain of Ti-poor (e.g. coarse soil) soil matter, or some 
combination of the two.  

 
Alternatively, the unexpected result could be indication of natural soil variation across the field. 
The results across the 70 x 70m plot were geospatially variable as seen in figure 15. Because of 
soil heterogeneity, a sample taken at approximately the same GPS coordinates in March might 
actually be different enough from soil taken in a slightly different location in October, that the 
change in [Ti] is more determined by natural soil variation than by basalt addition.  
 
Although samples were taken within roughly 5m of one another each time, only a single- or 
double-point sample was collected. Then, a small fraction of the sample is used for sample 
analysis so only a tiny snapshot is captured and not necessarily representative of the site. The 
unexpected [Ti] can likely be attributed to sampling bias. 
 
Cations 
As seen in figures 17, 19, and 21, cation concentration at a given sample location often did not 
fall within the expected range. Similar to Ti, this is likely due to natural heterogeneity within the 
field. Δ*[X] shown in figures 16, 18, and 20 provides an indication of how well measured values 
align with expected values. A value of 0 would mean that the measured value is the same as the 
expected value. Larger values indicate greater discrepancy. 

 
When averaged across all points within a plot though, cation dissolution did generally follow the 
expected trend. Table 6 suggests that 73% of the calcium expected to be added as a result of 
basalt application in plot B (25 t/ha) dissolved within 6 months after basalt application. 
Similarly, 23% of Mg and 15% of Na is suggested to have dissolved. There was a greater percent 
dissolution in the lower application plot which is as expected because if both the high application 
and low application plot are weathering at the same rate, roughly the same concentration of 
cations will be weathered within the same timeframe but will represent a greater percentage of 
the lower application rate, compared to the higher application. 

 
A one-way Anova comparing cation dissolution between plots did not show a statistically 
significant difference, likely as a result of natural variation washing out the signal from basalt. 
When dissolution was extrapolated across the field, giving a value of cation loss (mol/ha), 
however, there was a statistically significant difference in Ca loss between plots. More calcium 
was lost in the highest application rate, compared to the lower application, and more calcium was 
lost in the lower application rate, compared to the control. 



 
While these results indicate ERW leading to CDR, higher resolution sampling is necessary to 
more accurately and precisely constrain change in cation dissolution, and therefore CDR rates. 
  
Redesigned sampling plan to capture signal from ERW 
Figure 24 provides a theoretical framework, based on the central limit theorem, to understand the 
extent to which the average of a given number of cores will result in a replicable value, when the 
mean values of the cores is taken. The mean can be taken either by mechanically homogenizing 
the individual cores before running analysis (as will be done in this sampling regime), or by 
running analysis on each sample, and calculating the mean. Analyzing each soil core would be 
time- and cost-prohibitive in terms of labor and use of the ICP-MS analyzer. 

 
With more soil cores in a sample, the value of the composite sample will more tightly converge 
around the same value as a different composite sample taken within the same sample radius. If 
many single- or double-core samples were taken in the same sample radius their values are not 
predicted to be normally distributed around a “true mean.” So, the value of any given sample 
cannot be taken to be representative of the sample area. This can be seen by the wide spread of 
data shown in the bottom graph of figure 24, at low values of number of cores in pooled sample. 
The data shown in the bottom graph of figure 24 is taken from the spread of Δ* [Ti] seen in the 
soil samples. The data was normalized so that the mean value = 0. 
 
With 20 cores pooled together into a single sample the value of the pooled sample is expected to 
be replicable in the sense that if many 20-core samples were taken in the same sample radius, 
their values would be normally distributed around a “true mean,” as shown in figure 24. The 
“true mean,” in this case, is the mean that would be found if the entire field was sampled, and the 
average was taken. This is of course impossible because it would require infinite samples. So, the 
aim is to determine the number of samples that approaches the “true mean,” with reasonable 
precision. Different soil properties have different coefficients of variation meaning they are 
predicted to have different levels of variation across a field, so a different number of samples 
will be needed to accurately capture different soil properties. This methodology must be 
validated through implementation in field trials.  
 
The entire 70m x 70m sample plot can be thought of as one sample zone, and the sixteen samples 
pooled together should start to converge around a “true mean”. This approach was used, for 
example, in comparing mean [Ca] loss. Any given point on its own, though, cannot provide 
useful information. Moreover, it is evident that there is significant variation across the 0.49ha 
plot so higher resolution data is needed to read a signal from basalt over natural soil variation. 
Thus, a new sampling regime is being implemented to collect and pool 20 soil cores at each 
sample location, so that any given sample should yield a result that is representative of the 
sample zone, within approximately a 3m radius. Then, the 16 pooled samples across the sample 
plot should provide a representative picture of the field. 

 



 
Figure 24: Sensitivity of data distribution as a function of the number of cores in pooled sample. 
Figure. Figure by Jake Jordan. 

 
Carbon Dioxide Removal 
Despite disagreement between expected and measured soil TiCat data, a rough estimate of 
carbon dioxide removal can still be calculated. The results are on the high end of the CDR 
estimates found in the literature, but within reasonable range of results from similar setups (see 
table 9). This information is useful for indicating that weathering is occurring and leading to 
carbon capture. This data does not yet, however, provide a measurable, reportable, and verifiable 
quantity of CO2 sequestration. 

 
Value (1) for CDR in table 8 was calculated based on the TiCat framework, excluding data 
points that showed a loss in Ti, but including all other data points, regardless of if they fit in the 
predicted mixing model. 

 
In value (2), negative CDR calculations were removed because elevated cation concentrations, 
compared to the concentration predicted by the mixing model, is a violation of mass balance as 
theorized by the TiCAT framework. Increased cation concentration could mean that there was 
secondary precipitation after weathering, that a third component (i.e. soil from a different part of 
the field) was introduced to the sample or, most likely, that the post-application sample was 
taken from a slightly different location than the baseline sample, and the change in cation 
concentration represents natural variation between the points in the field, rather than weathering.  
 
To calculate value (3), a larger “resampled” data set was created based on the spread of data seen 
in measured values. First, a subset of data was selected from the overall data—points that did not 
show a decrease in [Ti] because that would violate conservation of mass as presumed by the 
TiCat framework. In addition, one other point was removed because the [Mg] concentration was 



anomalously high, compared to all other data point which fell within a single standard deviation 
for the mean [Mg]. Then, a randomized data set was created that has the same mean and standard 
deviation of the empirical data. The same CDR calculation could then be performed using the 
mean cation loss of the resampled data. The resulting CDR is well-aligned with the expected 
CDR, based on data in the literature, and indicates that with more robust sampling and therefore 
a larger empirical dataset, the TiCat framework could lead to precise CDR measurements.    
 
All CDR calculations assume that the basalt feedstock was spread at exactly the intended 
application rate (25 t/ha or 7 t/ha) in a uniform sheet across the amended field. It also assumes 
that there is constant density of the soil and basalt, and the basalt is completely and uniformly 
mixed with the top 10 cm of soil through tilling.  

 
It is also important to note that CDR values calculated from cation loss in the soil provides an 
upper bound estimate for actual carbon dioxide removal because CDR is not measured directly 
but extrapolated from cation loss. In order to use cation loss as a proxy for CDR, the following 
assumptions must be made: 
 

1) 100% of cation loss is due to rock reacting with carbonic acid (that is a product of H2O 
and atmospheric CO2) to produce bicarbonate and dissolved cations which are 
transported out of the field in aqueous solution.  

2) The resulting bicarbonate is transported to the ocean and does not precipitate and reemit 
as CO2 at any point along the way. Once in the ocean, the bicarbonate sinks below the 
surface water and either stays as bicarbonate or forms CaCO3 deep enough that it will not 
go forward with reaction to reemit CO2.  

 
Assumption (1) is reasonable in soils with pH close to neutral, as the soils in this study are, 
because there is not substantial strong acid already in the soil to react with the rock. However, in 
conventional cropping systems, it is common to allow soil pH to drop below 6 as a result of 
nitrogen fertilizer (Fernández and Hoeft 2009). In this case, when carbonate or silicate minerals 
are applied to neutralize soil pH, the rock will likely react with nitric acid in the soil. Dietzen et 
al suggest that in soils with a baseline pH below 6.3, reactions with other acids must be 
accounted for in estimating CDR from enhanced weathering. There are methods to account for 
this, such as estimating concentration of nitric and/or sulfuric acid in the soil, predicting what 
concentration of strong acid would react with the rock, and subtracting that quantity from the 
cation loss concentration used to calculate CDR. In soils with a baseline pH below 5.2, ERW 
may not be an effective CDR technology (Dietzen and Rosing 2023). In addition, cations could 
be lost to adsorption, mineralization, plant uptake, evapotranspiration, and/or preferential flow, 
without reacting with atmospheric CO2 (Amann et al. 2020). Ignoring these other potential 
mechanisms of cation loss leads to over-estimates of CDR. 

 
In the case of calcium carbonate, or agricultural lime, reaction with nitric acid can lead to net 
CO2 emissions because the reaction with nitric acid liberates carbon from the rock and releases it 
as gaseous CO2 (West and McBride 2005). In the case of silicate rocks, reaction with nitric acid 
would not release carbon from the rock, but it also would not capture CO2, and may lead to a net 
source of emissions depending on the lifecycle analysis of basalt deployment. In addition, it is 
possible that addition of silicate-based rocks could increase soil CO2 emissions (Yan 2023). 



Further research is needed to understand the interactions between enhanced rock weathering in 
soils and soil organic carbon. 

 
It is nearly impossible that 100% of CO2 that is converted to bicarbonate in the weathering 
reaction will remain as stable bicarbonate for 1,000+ years, without reemitting as CO2. So, 
assumption (2) must be accounted for by integrating models to predict CO2 leakage after 
weathering has occurred. Geochemical and hydrological processes predict that dissolved 
bicarbonate will be transported out of the field either through surface runoff, leaching, or 
drainage tile. Increase in bicarbonate concentration in watersheds with high agricultural intensity 
has been observed as a result of agricultural liming (Raymond et al. 2008; Oh and Raymond 
2006). This is evidence of effective transport of bicarbonate as a result of rock weathering. 
However, assumption (2) continues to be a significant unknown in accurately predicting the 
long-term carbon storage potential of ERW, especially given the high number of variables that 
could potentially lead to precipitation and reemission between field to ocean (Calabrese et al. 
2022). Watershed capacity must be evaluated to ensure that local watersheds do not become 
oversaturated and in turn reemit the captured CO2 (Zhang et al. 2022). Further research is 
needed to understand where dissolved cations go, whether they precipitate, and on what 
timescales.  
 

Author et al. Year Method Application rate CDR estimate 

Reershemius 2023 Mesocosm 50 t basalt ha−1 1.06 +- 0.50 tCO2eq ha-1, 
235 days 

Dietzen 2023 Field: Acidic, sandy 
soil in Denmark, 3 
years 

50 t Greenlandic 
glacial rock flour 
ha−1  

728 kg CO2 ha−1 over 3 
years 

Buckingham 2022 Mesocosm 100 t basalt ha−1 0.2 ± 0.8 kgCO2 ha−1 yr−1 

Kelland 2022 Mesocosm 100 t basalt ha−1  2000 kgCO2 ha−1 yr−1 

Vienne 2022 Mesocosm 50 t basalt ha−1  1830 kgCO2 ha−1 yr−1 

Kanzaki 2022 Reactive transport 
model 

40 t basalt ha−1  2-6 tCO2 ha-1 yr-1 

Amann 2020 Mesocosm 242.508 t olivine-rich 
dunite ha-1 in the top 
layer of the soils  

0.023–0.049 tCO@ ha-1 

Taylor 2021 Acid-rain-impacted 
forested watershed 
in New Hampshire 

 3.44 t ha−1 wollaston
ite treatment 

 0.025–0.12 tCO2 ha–1 over 
15 years 



Lewis 2021  Mineralogy 50 t ha−1 basalt 
Australian Tichum 

1.3 and 8.5 t CO2 (dep on 
rock type) ha−1 after 15 years 

Haque 202 Leafy vegetable 
farm, pH = 6.5 

1.24 t·hectare−1, 
Wallostonie, 15-
18cm till, irrigated 

2.35 t Co2 ha-1 yr-1 (based on 
SIC content) 

Strefler 2018 Model pH of 7 and 
temperature of 25 °C 

Basalt: 10 -10.53 mol m−2 s−1  
Dunite: 10-9.86 mol m−2 s−1 

Table 9: CDR as a result of ERW reported in the literature 
  



Section 4: Carbon Budget 
 
Methods 
Carbon Cycle 
Carbon fluxes in agricultural settings are governed by both natural processes and external (i.e., 
human-induced) inputs. 
 
The gross uptake of CO2 via photosynthesis is known as gross primary production (GPP). About 
half of this photo-assimilated carbon is released back into the atmosphere via autotrophic 
respiration (Ra). The relationship between GPP and Ra describes an ecosystem's net primary 
production (NPP). NPP relates to GPP and Ra as NPP=GPP-Ra. While the majority of NPP is 
assigned to the production of above- and below-ground biomass, it is near impossible to get an 
accurate measurement of total NPP due to exudation from roots, emission of volatile organic 
compounds, carbon transfer to root symbionts and losses of biomass due to pests or herbivory. 
These unknown fractions are never included in a budget; therefore, an underestimation is built 
into the system.  

 
Soil organic carbon (SOC) refers to a pool of carbon stored in the soil that results from plant 
matter and other carbon-based life that has died. Organic carbon is subject to microbial 
decomposition, by which carbon is released back into the atmosphere. This process is known as 
heterotrophic respiration (Rh). The total sum of ecosystem respiration (Re) is found by adding 
Rh and Ra, and the difference between GPP and Re is known as net ecosystem productivity 
(NEP) and is represented as: NEP=GPP-Re or NEP=NPP-Rh  

 
Natural rock weathering does not contribute a significant carbon flux in our agricultural field 
because it occurs at a very slow rate in comparison to the other carbon fluxes accounted for. 
Enhanced rock weathering speeds up this process, such that it has a significant impact on carbon 
cycling. 

 
Existing literature on carbon and greenhouse gas emissions in soy/corn cropping systems was 
compiled and extrapolated for the test site at Zumwalt Acres, in addition to empirical data 
collected on-site. Most studies used the Eddy Covariance (EC) method and simulated models. 
The EC method measure carbon, water, and heat flows between plant communities and the 
atmosphere directly (Baldocchi 1988; Verma 1989; Kaimal 1994; Lee 2004; Liang 2012; Burba 
2013).  
 
Soil stock 
A soil stock of 523,777 g C/m2 in the top 10cm of soil was calculated based on 2.57% soil 
organic carbon in the top 10cm and 1.36 g/cm3 soil bulk density. Percent soil organic carbon was 
calculated based on the average loss of ignition from all samples (calculated based on the 
difference in mass of dried sampling before after ashing) and the linear regression SOC = 
0.6094*LOI+0.1949 (Konen et al. 2002). 

 
Total inorganic carbon (TIC) was measured on soil samples taken at Zumwalt Acres in Site #5 in 
2021 and showed 0% TIC detected. A similar field site in Champaign, IL also showed 0% TIC in 



control and basalt-treated corn/soy fields. So, it is assumed that total inorganic carbon in Site #1 
is also negligible. 
 
GPP and Ecosystem Respiration 
To calculate GPP and ecosystem respiration, average values were taken from data found in the 
literature (see appendix for full carbon budget and sources). Each of these studies focused on 
analogues cropping systems and were relatively in agreement with a standard deviation of 10% 
for GPP and 13% for ecosystem respiration for corn. Less data was available on soy, and the 
standard deviation was 15% and 34% respectively. GPP is estimated to be -1492 gC/m2 for corn 
and -931 gC/m2 for soy. Re is estimated to be 1075 gC/m2 for corn and 905 gC/m2 for soy. To 
calculate NEP, Re is subtracted from GPP, which results in -417 gC/m2 for corn and -850 g 
C/m2 for soy. 
 
Harvest 
Grain from the crops will be exported from the ecosystem and sold at market, eventually going 
back into the cycle somewhere else. Corn silage and bean plant residue was assumed to be left on 
the field such that only the grain/beans are exported. Based on previous studies and USDA yield 
data, the average value of carbon in exported crops was calculated. Again, each study was in 
close agreement. A net ecosystem carbon balance (NECB) of 191 gCE/m2 for corn and 157 
gCE/m2 for soy was calculated, based on NEP and harvest data. This is in alignment with similar 
studies reported in the literature (Eichmann 2016; Zeri 2011). 
 
Additional inputs 
Production, transportation, storage, and application of fertilizers and herbicides contribute to the 
overall carbon budget, as does on-farm machinery use. R. Lal’s paper, “Carbon Emission From 
Farm Operations” was used for estimates of external fluxes. These fluxes, in comparison to 
internal fluxes, are relatively small, so exact accuracy was not necessary to understand a broad 
picture of the carbon budget. Actual management practices on the field site at Zumwalt Acres 
informed the construction of the budget. The full list of external inputs with application rates 
with more specific associated emissions can be found in the appendix.  

 
The total sum of machinery usage amounts to 7.8 gCE/m2 for corn and 3.7 gCE/m2 for soy. The 
sum production, transportation, and storage of various agrochemicals results in 116 gCE/m2 for 
corn and 18 gCE/m2 for soy production. Corn has a much higher input value because nitrogen 
and other fertilizers are used, while no fertilizers are used for a soy crop. 

 
Overall 
Including external inputs, neglecting liming or basalt addition, the overall carbon budget is 
estimated to be 114 gCE/m2 for corn and 22 gCE/m2 for soy.  
 
Basalt inputs 
The energy necessary for mining operations is relatively low, producing 1.6 kg CO2e/t rock 
(Strefler 2018). Grinding emissions can range from 3.6 to 116.1 kg CO2/tonne of rock, 
depending on the grain size, with emission costs increasing as grain size is reduced (Strefler 

https://www.zotero.org/google-docs/?wtyBZ0


2018). The rock is already ground to a powder as a byproduct of the mining process, so little 
post-processing is needed before farm application.  
 
Transportation is a key factor in assessing a carbon budget for enhanced rock weathering because 
trucking rock far distances results in significant greenhouse gas emissions. However, the current 
transportation infrastructure is not necessarily representative of long-term deployment plans. 
Ideally nearby mines are located to supply farmers and trains or barges are utilized for most of 
the transportation. The emissions associated with diesel trucking is estimated at 0.0473 kg 
CO2e/t rock/km. From Pioneer Valley, Ma, that would result in approximately 50 gC/m2. From 
the Specialty Granule mine in Wisconsin, the emissions would be approximately 27 gC/m2.  
 
Liming was not included in the carbon budget because constraining the net carbon emissions or 
sequestration as a result of liming is out of the scope of this study.  
 
Basalt Carbon Capture 
Actual carbon dioxide removal on a one-to-two-year timeline is also not yet well constrained, as 
discussed in section 3. However, based on data collected in this study and other studies, it is 
reasonable to assume that CDR ranges from 2-4 tCO2/ha or 55 – 110 gC/m2 within one year 
after application.  
 
Discussion 
Constructing carbon budgets can be useful for understanding carbon cycling within the entire 
system of interest. Especially in considering negative emissions technologies, it is essential to 
ensure that the process that is intended to remove carbon from the atmosphere does not in turn 
emit significant carbon, at a different point in the life cycle. It is also useful to compare negative 
emissions technologies to baseline emissions, to understand the potential scale of impact.  

 
It can be seen from this budget that whether ERW results in negative emissions in a given year is 
dependent on crop type, as well as management practices. Carbon cycling in agricultural settings 
is largely governed by internal fluxes—carbon moving through the soil, plants, and atmosphere. 
The extent of CDR (~100 gC/m2) is commensurate to the carbon emissions associated with 
external fluxes (~115 gC/m2 from machinery, fertilizers, and herbicides). This budget suggests 
that if basalt is acquired from a nearby mine and/or transported by rail, ERW could 
approximately offset the CO2 emissions associated with external inputs in conventional cropping 
systems in the Midwest. As agriculture contributes 10% of global greenhouse gas emissions, 
offsetting these emissions could substantially impact global atmospheric CO2 concentration (US 
EPA). 

 
That said, in constructing a carbon budget for an agricultural field, there are numerous 
uncertainties. Data on life cycle analysis from the specific agricultural inputs used in each site is 
limited. Small differences within this test site and between this site and the test sites from which 
data was pulled can amount to significant differences in carbon calculations.  

 
This budget was tailored to a two-year timeframe, a relatively small plot with mostly consistent 
soil texture, and to a soil depth of 0.1m. A carbon budget represents a snapshot of potential 
carbon fluxes and pools at a given time. There is seasonal variation in soil carbon stocks and 



ecosystem respiration based on changes in temperature and precipitation and of course, at 
different points in the year, machinery use and human inputs and outputs vary significantly. 
From year to year, soil changes and management practices change.  

 
Moreover, enhanced rock weathering is predicted to have long-term effects in terms of inorganic 
carbon sequestration, soil organic carbon, above ground biomass, and soil emissions (Lewis 
2021; Yan 2023).  

 
In tabulating values for carbon emissions associated with production, transportation, storage and 
transfer of chemicals, the exact values for each product used in our test site were not available. 
Aggregate data was used, comparing multiple sources, and selecting for management and 
environmental conditions that mostly closely aligned with this test site.  

 
While important to consider life cycle emissions associated with basalt mining, grinding, and 
transportation, when the basalt is acquired as a waste product, the calculation in a life cycle 
assessment is different. It is useful to compare life cycle emissions of basalt versus limestone in 
each farm context, as limestone is a baseline practice for farmers to achieve neutralize soil pH. 
Limestone is often mined specifically for agricultural purposes, while the basalt used was a 
byproduct that would have been mined anyway, as part of the shingles industry. In Illinois 
though, lime quarries are as little as 10km away, while basalt mines are 100s of kms away. If 
carbon emissions associated with basalt deployment is greater than limestone, it is essential to 
assess if there is still meaningful net CDR. 

 
Additionally, studies show that grain size is directly related to the annual carbon dioxide removal 
(CDR) potential and is also related to the overall energy required to produce ideal ultrafine 
particles (50µm - 2µm). There is a balance between grain size, CDR potential, and cost 
effectiveness (Lewis 2021; Rinder 2021).  
 
As described, estimates for carbon capture as a result of enhanced rock weathering are not yet 
well constrained. At 55 – 110 gC/m2 though, the predicted ERW CDR rate is within the same 
range as emissions resulting from external fluxes associated with conventional agriculture (e.g., 
machinery, fertilizers, herbicides). So, ERW could potentially offset emissions associated with 
conventional agriculture, which is significant at 10% of the global greenhouse gas emissions 
budget (US EPA). 
 
A combination of more refined models and significantly more on-farm field trial data is needed 
to confidently predict the amount of carbon captured per area, given a specific basalt application 
rate, in one year and over time. These estimates must also be geographically and temporally 
constrained. Water flux, soil organic matter, tillage depth, timing of tilling in comparison to 
basalt application, type of basalt used, particle size of basalt, are all factors that influence how 
much carbon will be sequestered. Due to different rates of weathering of different minerals in a 
given basalt, carbon capture rates vary year to year and the full potential of capture is not 
realized for decades or longer. This makes it difficult to constrain a yearly capture rate. It is 
important to note that, as opposed to the carbon flux associate with pesticide application for 
example, the carbon flux associated with basalt must consider the site history—if basalt had been 



applied the year prior, the next carbon flux due to basalt will be different than if basalt is being 
applied for the first time.  

 
Management decisions cannot be based on carbon emissions alone but must consider the wide 
scope of environmental, social, and economic factors involved. Moreover, carbon capture 
solutions, such as enhanced rock weathering, will not significantly reduce climate change, 
without the simultaneous decarbonization of our economy. Whether discussing ERW, direct air 
carbon capture, afforestation, or other mechanisms of carbon drawdown, all these systems rely 
on fossil fuels to implement the solution. Therefore, it is a losing battle to achieve negative 
emissions. Still, carbon capture solutions need to be investigated so that, as we decarbonize the 
energy sector, we can also implement negative emissions to avoid the worst effects of climate 
change.  
  



Conclusion 
This study provides crucial insight into how field trials should be designed to provide empirical 
data on the effectiveness of enhanced rock weathering to mitigate climate change and improve 
agricultural resiliency. Six months after application, average pH remained around neutral in both 
control and test plots. Yields were increased or remained unaffected by basalt. The data was 
insufficient to make definite claims about the effect of weathering on change in soil cation 
concentration, and therefore to calculate CDR with reasonable accuracy and precision. That said, 
the data provides indication of CDR and reason to believe that with more robust sampling, we 
could calculate weathering rates with accuracy and precision that align with previous studies 
reported in the literature. This study provides key information about the type of sampling that 
would allow us to do those calculations with confidence.  

 
Further research that integrates learnings from this study will output science that either underpins 
or debunks the merit of ERW deployment in the American corn belt as a net positive for farmers, 
ecosystems, and all humans in the face of climate change. It will not, however, provide a 
framework for corporations to mint carbon credits on a tons-CO2-captured basis, as other 
monitoring, reporting, and verification studies seek to do because methodology to determine 
long-term CO2 sequestration (needed to reasonably claim CO2 offsets) have not yet been 
developed. 
 
Other considerations 
There are many important factors impacting the potential of enhanced rock weathering that are 
not specifically discussed in this report. For example, other potential risks include heavy metal 
contamination and dust production.  

 
ERW could have synergistic effects with some other regenerative agriculture practices but is 
incompatible with others. Practices that increase soil water holding capacity and microbial 
processes can accelerate ERW even further, especially by stimulating arbuscular mycorrhizal 
fungi (verbruggen 2021). On the other hand, ERW should not be deployed with no-till, one of 
the most prevalent conservation agricultural practices used today (Chen 2022). No-till farming 
can reduce soil erosion (seitz 2020). However, if basalt is not mixed with the soil, it is more 
likely to be washed off the field without achieving the intended benefits.  

 
ERW has primarily only been studied in field trials on major cash crops and on bioenergy crops, 
but different crops respond differently to basalt application, especially at heavy rates. A shift 
towards diversified agriculture should be taken into consideration in a basalt roll-out, as 
diversified systems improve farmers economic resilience and strengthens local foodsheds. ERW 
is challenging in perennial systems because the machinery needed to apply and till basalt in is 
generally incompatible with perennial systems. However, enhanced rock weathering can, and 
has, been used in forested landscapes, and perennial systems should be included within the scope 
of ERW study.    
 



Next Steps 
Sampling 
Beginning this spring the redesigned sampling plan is being implemented to allow for more 
robust elemental data, and accordingly, more robust CDR estimates. A new site has received 
basalt treatment this spring and a corresponding control plot was established. This site and 
existing sites will be analyzed according to the new sampling plan, allowing for multi-year 
monitoring.   
 
An Eijkelkamp grass plot sampler - 0.9-inch is being used, rather than the previous AMS 
sampler, which reduced the time and labor associated with sampling, but only allows for samples 
at 0-10cm. Instead of each sample being composed of a single or double core, 20 samples are 
taken at each GPS location and homogenized to make a single sample. The samples are taken 
within a 3m radius, with 5 samples taken in random locations in each quadrant of the circle.  
 
In addition, in each sampling plot, two points are used for high-resolution augmented sampling. 
In high-resolution augment samples, 20 samples with an increasing number of soil cores are 
taken within the 3m-radius sample circle: the first sample is one soil core, the second sample is 
comprised of two soil cores, the third sample is comprised of three soil cores and so on until the 
twentieth which is comprised of 20 soil cores. Soil cores in pooled samples are homogenized as 
thoroughly as possible.  
 
In addition, in each plot, two points are used for low-resolution augmented sampling. The same 
procedure is repeated but only four samples are taken per point—a single core sample, 5-core 
sample, 10-core sample, and 20-core sample.  
 
Augmented samples will be used to identify how many samples, on average, are needed to get 
data that converge around a representative value of the soil in that area.  
 
Soil Health 
Biological factors are a key competent of the weathering process, but the interactions are not 
well understood (Vicca 2021; Rebeiro 2020). Fungal contribution to natural silicate weathering 
rates in soil has been studied and is beginning to be studied in the context of enhanced 
weathering, finding that fungi colonization plays a significant role in weathering rates (Wild 
2021; Burghelea 2015; Quirk 2012).  
 
In addition to the existing sample analysis procedures, soil health and plant tissue analysis is 
being implemented beginning this spring, in collaboration with Dr. Maria Bonita Villamil and 
Dr. Esther Ngumbi at University of Illinois in Urbana Champaign. On a subset of the same soil 
samples phospholipid-derived fatty acid analysis will be conducted to understand broadly the 
change in community composition of soil microbiota in response to basalt addition. Potentially 
mineralizable nitrogen, total nitrogen, active carbon, total organic carbon, wet aggregate 
stability, pH (salt and water), effective cation exchange capacity, effective base saturation, and 
pant available phosphorus will also be measured. These tests will be conducted at the University 
of Missouri External Soil Health Assessment Center.  
 



We will collect plant samples at three sampling times during the growing season (at two, four, 
and eight weeks after planting in the spring and summer of 2023). Plant health metrics will be 
analyzed through targeted secondary metabolite profiling in plant roots and shoots using Ultra 
High Performance Liquid Chromatography - Mass Spectroscopy - (UHPLC-MS) at the 
Metabolome center at University of Illinois. 
 
Looking Forward: Deployment 
Leading scientists advocate for ERW deployment in agricultural settings across millions of 
hectares of farmland, leading to potentially gigatons of CO2 removal from the atmosphere 
(Kanzatas 2022; Beerling 2020; Strefler 2018). In the last three years, dozens of startups have 
begun implementing ERW across hundreds of hectares of farmland, financed through carbon 
credits (e.g. Lithos Carbon, Undo, Project Vesta, The Future Forest Company). This rapid 
scaling is due, at least in part, to investments by large corporations including FedEx, Boeing, 
Stripe, Microsoft, and others looking to identify pathways towards offsetting their carbon 
emissions.  

 
Negative emissions technologies are essential to help ensure resilient ecosystems, even if we 
were to entirely halt greenhouse gas emissions today, and carbon credits are one way to fund 
these technologies in the near-term. The longer we wait to reduce atmospheric carbon dioxide, 
the worst the consequences will be due to climate feedbacks. 

 
As of January 2023, the global monthly mean CO2 concentration was 419.31 ppm, a 20% 
increase since 1980. Even under the most optimistic predictions by the Intergovernmental Panel 
on Climate Change (SSP1–1.9), CO2 concentration is predicted to rise to 425.53 by 2040 leading 
to a 1.56oC mean temperature increase (US Department). That means that within the next two 
decades will almost surely exceed what is considered a critical temperature threshold (1.5 oC) in 
terms of consequences on human quality of life. Moreover, SSP1 would require a tremendous 
shift in global political cooperation, substantial degrowth, especially by large corporations, and a 
significant lifestyle change, especially by the upper class.  

 
For many corporations, cutting emissions without shutting down, scaling down, or changing the 
services they provide, is nearly impossible. Low-emissions technologies that can provide 
comparable services to such companies’ existing technologies are far from available.  

 
So, corporations are investing in technologies that are expected to be effective, scalable, and 
affordable methods of carbon drawdown to compensate for their continual emissions. This may 
be motivated, at least in part, in anticipation of potential government mandates limiting 
emissions or requiring offsets.  

 
Sometimes carbon offset initiatives are paired with commitments from the corporations to cut 
their emissions as well (e.g. FedEx). In large part though, carbon offset initiatives are designed to 
allow the corporation to continue to operate as they have been, while avoiding legal restrictions, 
despite the known negative global consequences of their resulting emissions. 

 
Agricultural ERW is a prime option for carbon offset programs because it is well-suited to plug 
into existing infrastructure, politics, and economics. If material acquisition, transportation, and 



spreading is well-designed, all the needed infrastructure can be readily available, especially in 
regions where farmers typically apply limestone. ERW also is not subject to the same criticism 
of impermanence as organic carbon capture strategies such as no-till agriculture and 
afforestation. However, premature carbon markets have arisen, that are not sufficiently backed 
by scientific evidence, to ensure meaningful carbon sequestration. Moreover, carbon markets 
allow large corporations to continue to profit, while placing undo burden on low-income 
communities and communities of color (Lejano 2020; Schlosberg 2014). In envisioning a climate 
resilient future, carbon-drawdown strategies must be implemented in a way that alleviates burden 
from communities already facing environmental injustice and holds the largest emitters 
accountable.  

 
ERW could play a critical role in averting the worst effects of climate change and improving 
agriculture. But, before rolling out deployment on a million-hectare scale, it will be essential that 
the scientific questions have been answered within reasonable and known uncertainty, and the 
sociopolitical considerations have been addressed. Who is bearing the risk and who is reaping 
the benefits, today and seven generations1 from now?  
  

 
1 The seventh generation principle is a core value of Haudenosaunee people that says that 
decisions made today should take into account the impacts they will have on generations to 
come. 
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Appendix 
Additional sampling not reported 
In years one and two of this study, CO2 and CH4 emissions in Site #5 and Site #6 were 
measured using a Picarro GasScouterTM G4301 Mobile Gas Concentration Analyzer.  
 
Also in years one and two, porewaters were exacted from soil samples using microrhizons, and 
alkalinity titrations were performed using a Hatch Titration kit. First an Orion Star™ A121 
Portable pH probe is calibrated using a 3-point calibration curve. Then, the pH of 50mL of water 
is measured. While being stirred using a stir bar, phenolphthalein indicator is added to the water. 
Then, bromocresol indicator is added. Titrant is added slowly until the sample turns bright pink. 
The amount of titrant added is recorded, and the final pH is measured and recorded. 
 
In year three and going forward, water samples were collected from drainage tiles and alkalinity 
is measured by conducting an alkalinity titration using a Hatch Digital Titrator.  
 
Geological history of the region 
Field trials on agricultural ERW in the Midwest are specifically important because of the high 
proportion of agriculture in the region, and because it is particularly flat, making spreading easy. 
 
The prevalence of farming in the region can be attributed in part to deep time history of north-
central Illinois which has been inland for hundreds of millions of years. As a result, there is very 
little topography because it is and has been so far from active margins, leading to large swaths of 
flat land.  
 
Glaciation has also played a major role in shaping the landscape. Through the Pliocene and 
Holocene epochs there were four glacial episodes with the most recent around 12,000 years ago. 
During each glaciation, till and ice marginal deposits, and outwash and glacial deposits added a 
layer to the Illinois strata. During interglacial episodes, river, lake, and wind slope deposits 
altered the geology forming soil. After the last time the glaciers melted, they filled the 
Mississippi and Illinois rivers with fresh water. Wind then brought fine soil particles out of the 
river and onto the newly exposed glacial till plains.  
 
Grasses took root in the cool, dry conditions and would grow each summer and die back each 
winter. As the climate warmed and summers got hotter, drier, and longer, tallgrass prairie 
became the dominant landscape. With their deep and persistent root systems, and cycles of 
growing and dying in place, feeding the ground with organic matter, they led to some of the 
richest soil in the world. The major soil type is mollisols, which is very fertile, and generally 
results from grasslands. It is rich in organic matter and dark in color.  
 
Looking at a map of quaternary glaciation, it appears that the rich mollisols is correlated with the 
region where moraines are found, which makes sense as moraines deposit soil. Iroquois county is 
located near an end moraine. The ridge is no longer visible, due to erosion, but the uniquely rich 
soil is. 
 
Understanding the geological history informs why this region is uniquely suited to agriculture, 
and therefore uniquely suited to large scale deployment of ERW.  



 
Colonial history of the region 
The fertile soil is also attributed, in part, to the legacy of generations of stewardship by 
indigenous peoples, specifically Kickapoo, Peoria, Miami, Kaskia, and Ocethi Sakowin tribes, 
prior to settler colonialism. Indigenous agricultural practices were diverse and included 
cultivating grains, beans, and fruits, especially squash, promoting tree growth to harvest nuts and 
seeds, and foraging native species. Large-scale agriculture arose after colonization, and then 
industrialization.  
 
In the 18th-19th century, indigenous tribes resisted European American settlers who used 
violence and manipulation to gain control and claim ownership over the land that they had lived 
in interdependent relationship with for generations.  
 
The Kickapoo and Miami tribes were involved in several large-scale multi tribal resistance 
movements, including Tecumseh’s War from 1810-1813, where many tribes in the Great Lakes 
region united against the white American settlers. They were ultimately defeated by the 
American military force, and the tribes’ confederacy dissolved. 
 
Over the course of the following decades, tribes were continuously forced out of this region. 
Today, the Kickapoo nation has thousands of enrolled members in communities in Kansas, 
Texas, and Oklahoma. The Peoria tribe resides in Oklahoma, Miami people live in Oklahoma 
and Indiana primarily. 
 



Carbon Budget 

 
Figure 25: Carbon budget for conventional/corn soy rotation 



 
Figure 26: Management history of Site #2. Sites #1 and #3 received similar treatment. 
 



Pioneer Valley Basalt Particle Size and Mineralogy 

 
Figure 27: Pioneer Valley Basalt Particle Size Distribution (provided by Rock Dust Local) 
 
 



 
Figure 28: Pioneer Valley Basalt Mineralogy (provided by Actlabs via Rock Dust Local) 
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