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Abstract
Terrestrial enhanced weathering (EW) through the application of Mg- or Ca-rich rock 
dust to soil is a negative emission technology with the potential to address impacts 
of climate change. The effectiveness of EW was tested over 4 years by spreading 
ground basalt (50 t ha−1 year−1) on maize/soybean and miscanthus cropping systems in 
the Midwest US. The major elements of the carbon budget were quantified through 
measurements of eddy covariance, soil carbon flux, and biomass. The movement of 
Mg and Ca to deep soil, released by weathering, balanced by a corresponding alka-
linity flux, was used to measure the drawdown of CO2, where the release of cati-
ons from basalt was measured as the ratio of rare earth elements to base cations 
in the applied rock dust and in the surface soil. Basalt application stimulated peak 
biomass and net primary production in both cropping systems and caused a small 
but significant stimulation of soil respiration. Net ecosystem carbon balance (NECB) 
was strongly negative for maize/soybean (−199 to −453 g C m−2 year−1) indicating this 
system was losing carbon to the atmosphere. Average EW (102 g C m−2 year−1) off-
set carbon loss in the maize/soybean by 23%–42%. NECB of miscanthus was posi-
tive (63–129 g C m−2 year−1), indicating carbon gain in the system, and EW greatly 
increased inorganic carbon storage by an additional 234 g C m−2 year−1. Our analysis 
indicates a co-deployment of a perennial biofuel crop (miscanthus) with EW leads to 
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1  |  INTRODUC TION

Carbon dioxide removal (CDR) methods are a critical part of climate 
mitigation strategies (Fargione et al., 2018; Rogelj et al., 2018), and 
as social and political efforts to reduce carbon emissions to the 
atmosphere are delayed, the need to implement these strategies 
earlier in the century is becoming pressing (Hasegawa et al., 2021). 
Artificially accelerating the natural weathering process of Mg- or 
Ca-rich rocks, enhanced weathering (EW), can potentially seques-
ter atmospheric carbon (Beerling et al., 2020; Kantola et al., 2017; 
Kelland et al., 2020; Kohler et al., 2010; Schuiling & Krijgsman, 2006; 
Taylor et al., 2016), and unlike CDR strategies that build soil organic 
matter or hold carbon aboveground such as afforestation and refor-
estation (Minx et al., 2017), most inorganic carbon formed by EW 
ultimately finds its way to deep ocean deposits where its turnover 
time is measured in millennia (Hartmann et al., 2013; Renforth & 
Henderson, 2017), making its storage essentially permanent, at least 
in the context of climate mitigation.

Over geologic timescales, the weathering of silicate minerals 
from terrestrial ecosystems and the subsequent deposition of the 
weathering products as carbonate minerals in oceans plays a key role 
in controlling atmospheric pCO2 and stabilizing Earth's climate (Isson 
et al., 2020; Walker et al., 1981). Natural rock weathering sequesters 
approximately 0.25 Pg C year−1, or ~3% of fossil fuel emissions (Taylor 
et al., 2016). This weathering process can be greatly accelerated by 
the application of ground silicate materials to productive agricultural 
land, where increased surface area of the material and warm, moist 
conditions combine to increase the subsequent consumption of 
CO2. Ca- and Mg-rich silicate rock powder applied to soil reacts with 
dissolved CO2 in the form of carbonic acid to produce bicarbonate 
(Equations 1 and 2), which eventually is transported in groundwater 
and runoff to oceans. Weathering reactions that create pedogenic 
carbonate reduce the amount of CO2 sequestration but dominant 
reactions creating bicarbonate represent a potentially large carbon 
pump from the atmosphere, through terrestrial ecosystems, to the 
ocean.

In a modeling exercise, the deposition of 40 t ha−1 of ground rock 
on agricultural lands globally led to net CDR of 0.5–2 Gt CO2 year−1, 
comparable to other methods of carbon removal including bioen-
ergy with carbon capture and storage, direct air capture and stor-
age, biochar, soil organic carbon sequestration, and afforestation/
reforestation (Beerling et al., 2020). An accounting exercise suggests 
that CO2 emissions associated with mining and transportation of 
rock dust may be fairly small, particularly if the material is sourced 
from an existing industry (Moosdorf et al.,  2014; Renforth,  2018; 
Renforth et al., 2011), and estimated costs are likely lower than other 
CDR strategies (Beerling et al., 2020). The efficacy of EW as a CDR 
strategy, however, requires field tests in various soils and climates.

In a catchment-scale experiment in temperate hardwood forest, 
part of the Hubbard Brook Experimental Forest was treated with 
the rapidly weathered Ca-silicate mineral wollastonite in an attempt 
to reverse severe losses of Ca caused by acid deposition (Taylor 
et al.,  2021). Total annual CO2 consumption by weathering was 
calculated as the difference in flow-corrected stream water HCO−

3
 

concentration relative to a control watershed. Even at the relatively 
low application rate of 3.44 t ha−1 (CaSiO3), cumulative carbon cap-
ture over 15 years was 0.025–0.13 t CO2 ha−1, with co-benefits of 
increased wood production and reduced soil respiration from restor-
ing limited Ca and increasing soil pH (Taylor et al., 2021). In contrast, 
catchment-scale application of 50 t ha−1 year−1 (5 kg m−2 year−1) basalt 
to a tropical oil palm plantation in Malaysia for 3 years resulted in 
no change in alkalinity generation (the measured indicator of CO2 
removal) in two of three catchments (Larkin et al., 2022). Estimates 
of potential CO2 removal calculated from the single affected catch-
ment were estimated at 0.4 t CO2 ha−1 year−1.

In an experiment that did not estimate CO2 sequestration, green-
house and garden plot studies performed with woolastonite in food 
crops with 75 t ha−1 (7.5 kg m−2) woolastonite by weight found im-
provements in growth, yield, and quality of crops produced, as well 
as increased available Si in the soil (Jariwala et al., 2022). Co-benefits 
of basalt application were also observed in a mesocosm experiment 
with the cereal crop, sorghum (Sorghum bicolor L. Moench), where 
the addition of 100 t ha−1 of crushed basalt increased yield by 21% 
(Kelland et al., 2020). This experiment did not include a direct mea-
sure of CDR. However, a model constrained by elemental budgets 
indicated that CO2 sequestration rates were 2–4 t CO2 ha−1 over 
5 years, representing a significant increase in carbon capture.

(1)
3CaMgSi2O6

Diopside

+3CO2+10H2O→Mg3Si2O5(OH)4
Serpentine

+4H4SiO4+3Ca2++3HCO−
3

(2)Mg3Si2O5(OH)4
Serpentine

+ 3CO2 + 2H2O → 3Mg2+ + 3HCO−
3
+ 2H4SiO4

major wins—increased harvested yields of 29%–42% with additional carbon dioxide 
removal (CDR) of 8.6 t CO2 ha−1 year−1. EW applied to maize/soybean drives a CDR of 
3.7 t CO2 ha−1 year−1, which partially offsets well-established carbon losses from soil 
from this crop rotation. EW applied in the US Midwest creates measurable improve-
ments to the carbon budgets perennial bioenergy crops and conventional row crops.

K E Y W O R D S
agriculture, bioenergy crop, carbon budget, carbon dioxide removal, eddy covariance, 
enhanced weathering, net ecosystem carbon balance, net primary production, soil respiration
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Agricultural landscapes, where the logistics of applying other 
crushed rock (e.g., limestone) to fields are well established, are at-
tractive systems for EW (Beerling et al., 2020; Kantola et al., 2017). 
Intensive agriculture associated with row crops—maize (Zea mays L.) 
and soybean [Glycine max (L.) Merr.]—is a net source of greenhouse 
gases, primarily CO2 and nitrous oxide (N2O), to the atmosphere 
(Anderson-Teixeira et al., 2013; Davis et al., 2011), and agriculture, 
forestry, and land-use change contribute ~24% of global greenhouse 
gas emissions (US EPA, 2023). In addition to the emission of N2O as-
sociated with fertilizer application and methane (CH4) from livestock, 
soil disturbance from aggressive tillage creates a large source of CO2 
to the atmosphere (Verma et al., 2005). EW can potentially reduce 
emissions of CO2 from intensive agriculture but, to date, quantifica-
tion of the efficacy of EW under realistic field conditions is lacking.

Here, we examined the effect of EW on biomass production, the 
carbon budgets, and rates of inorganic CO2 removal of a maize/soy-
bean rotation and miscanthus (Miscanthus × giganteus Greef et. Deu. 
ex. Hodkinson et Renvoize) cropping systems under field conditions, 
on agricultural soils in the Midwestern United States. The maize/
soybean rotation is grown on 70 Mha in the central US, and mis-
canthus is an emerging biofuel crop (Davis et al., 2011; Somerville 
et al., 2010). Miscanthus is a perennial grass with a deep, expansive 
root system (Anderson-Teixeira et al.,  2013; Kantola et al.,  2022), 
attributes that may promote the development of a diverse micro-
bial community in soil which may accelerate the weathering process. 
Furthermore, we present a direct, measurement-based approach to 
quantify proxies of alkalinity fluxes and subsequent CDR from basalt 
application to these crops.

2  |  MATERIAL S AND METHODS

2.1  |  Experimental design

Research was conducted at the University of Illinois Energy Farm 
(40°3′46′′ N, 88°11′46′′ W), south of Urbana, Illinois, between 2016 
and 2020, where historic land use was more than 100 years of maize/
soybean agriculture. Mean annual temperature is 11°C and mean 
annual precipitation is 1051 mm, evenly distributed throughout 
the year (Angel, 2010; 1981–2010 average). Soils on the site were 
moderately well drained Dana silt loam (fine-silty, mixed, superac-
tive, mesic Oxyaquic Argiudolls) with inclusions of poorly drained 
Flanagan (fine, smectitic, mesic Aquic Argiudolls) and Blackberry 
(fine-silty, mixed, superactive, mesic, Oxyaquic Argiudolls) silt loams 
that all belong to the Mollisol soil class (USDA NRCS, 2022).

This experiment utilized a randomized block design with five 
replicates (n = 5) each for the maize/soybean rotation and perennial 
miscanthus. Due to the minimum fetch required for eddy covariance 
(EC) measurements (Moore et al., 2020), one pair of plots was larger 
(3.8 ha) than the others (0.7 ha) for each crop and the basalt treatment 
was applied to the entire plot (Figure S1). Within all of the smaller 
plots, distinct subplots (10 m × 20 m) were established and randomly 
assigned as treatment (basalt added) and control (no basalt). Replicate 

material or samples from within each plot or subplot were either 
bulked or averaged to create a single sample or value for each plot. 
This experimental design produced n = 5. The maize plots were man-
aged in a 3-year maize–maize–soybean rotation typical of this region, 
and the miscanthus plots were managed according to the best-known 
regional practices (Anderson-Teixeira et al., 2013). These miscanthus 
plots were established in 2008 and were mature at the time of these 
measurements. Nitrogen fertilizer was applied each year prior to 
maize planting as 28% urea ammonium nitrate at 168 and 56 kg N ha−1 
granular urea fertilizer was applied to miscanthus; fertilizer was not 
applied during the soybean year of the rotation.

In November 2016, Blue Ridge basalt, a metamorphosed basalt 
with a high proportion of medium-weathering silicate minerals (see 
Lewis et al., 2021 for chemical composition and particle size) was ap-
plied to maize/soybean plots at a rate of 50 t ha−1 (5 kg m−2) using a 
conventional lime spreading vehicle and chisel plowed under within 
24 h. The rate of application was calculated by the vehicle's onboard 
computer following a moisture test by the operator. The fields then 
remained undisturbed until spring cultivation operations in April of 
2017. The 2016 miscanthus crop, which remains standing in the field 
over winter, was harvested in late winter 2017. However, heavy rains 
in the spring of 2017 prevented basalt spreading equipment from ac-
cessing these fields, so no basalt was applied in miscanthus for the 
2017 growing season. The Blue Ridge basalt application was repeated 
in the maize/soybean fields in the fall of 2017, 2018, and 2019 follow-
ing harvest (four applications). Pre-application soil sampling occurred 
in 2016, all other measurements were made in the growing season fol-
lowing basalt application (2017–2020). An equal amount of basalt was 
applied to miscanthus beginning in the spring of 2018 and repeated 
in 2019 and 2020 following harvest (three applications). Because mis-
canthus is a perennial crop, the basalt was applied to the surface and 
not tilled into the soil. Basalt application in maize/soybean occurred 
in the fall of each year after grain harvest, and in miscanthus followed 
the spring harvest of the previous year's crop.

2.2  |  Ecosystem carbon fluxes

The EC (Baldocchi, 2003) technique was used to measure differences 
in carbon dioxide (CO2) flux over time from the 3.8 ha plots of maize/
soybean and miscanthus, with and without basalt application. The 
EC method was administered using flux towers located in the center 
of each large plot and included the same instrumentation and setup 
as outlined in Moore et al.  (2020). In brief, each tower supported 
an open path infrared gas analyzer (LI-7500RS; LICOR Biosciences) 
for atmospheric CO2 and water vapor concentration and a 3D sonic 
anemometer (81000RE; RM Young) for wind speed and direction, 
all recorded at 10 Hz. Additional aboveground meteorological and 
belowground soil measurements were made at 30-min intervals as 
detailed in Moore et al. (2020). All aboveground instruments initially 
were installed 2.5 m above the land surface, and height was adjusted 
as each crop grew in the growing season to maintain ~1 m of height 
above the canopy.
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The 10 Hz flux data were processed to 30-min averages using 
EddyPro (v6.2.0; LICOR Biosciences) as outlined in Moore et al. (2020). 
The 30-min flux and meteorological data were then quality assured 
and quality controlled using the PyFluxPro tool (v1.1.0) developed 
by Isaac et al. (2017). This processing involved removing spikes and 
applying a 50% footprint filter, see Moore et al. (2020) for details.

Meteorological data were gap-filled by PyFluxPro using exter-
nal data sourced from a weather station at the University of Illinois 
Willard Airport (station ID: 725315-94870, 7.4 km away) and ERA5 
data from the European Centre for Medium Range Forecasts. 
Next, a yearly friction velocity (u*) threshold for each site was 
calculated using the moving point test (Papale et al.,  2006), and 
applied to each site to exclude flux data when conditions were not 
sufficient to support vertical turbulent transport (Table S1). The 
CO2 flux data were then gap filled using a self-organizing linear 
output (SOLO) neural network model along with meteorological 
variables (Isaac et al., 2017). Lastly, net ecosystem exchange (NEE) 
was partitioned into ecosystem respiration (RE) and gross primary 
productivity (GPP) using the nighttime temperature response 
function of Lloyd and Taylor (1994) and the SOLO model. All GPP, 
RE and NEE data reported are the average from these two models 
(±standard error).

2.3  |  Soil carbon fluxes

Instantaneous measurements of soil respiration were made at regu-
lar intervals throughout each growing season to assess autotrophic 
and heterotrophic respiration response to basalt additions. Shallow 
(installed 5–10 cm below the surface) and deep (installed to 50 cm 
below the surface) polyvinyl chloride (PVC) collars were installed in 
each plot, and CO2 flux was measured using a 20-cm diameter LI-
8100-103 soil survey chamber and an LI-8100 portable gas analyzer 
(LICOR Biosciences). The shallow collars provided a measurement 
of total soil respiration (RS) and the deeper collars excluded most 
plant roots to provide an estimate of heterotrophic respiration (RH). 
The difference between RS and RH was the autotrophic respiration 
component (RA) (Black et al., 2016; Kuzyakov, 2006).

Four collar pairs in the 3.8-ha plots and two collar pairs in each of 
the 0.7-ha plot treatments were installed to account for spatial vari-
ability. Replicate crop/treatment measurements were averaged within 
a plot. Measurements were made from mid-April to early December, 
depending on planting and harvest dates. Soil respiration fluxes that 
were more than five standard deviations outside of the mean for a 
cropping system within a given date, which accounted for only 0.25% 
of the total measurements, were taken to be non-representative and 
thus excluded from further analysis (Nelson et al., 2019).

Multiple regression analyses with stepwise addition of param-
eters indicated that soil temperature explained 71%–78% of RS 
variability across crops and treatments (p < .05). Instantaneous mea-
surements of RS were therefore extrapolated to annual totals by 
assuming a constant inherent temperature sensitivity (308.56 K−1), 
and period and treatment specific standardized respiration rate 

at reference temperature (Gomez-Casanovas et al.,  2013; Lloyd & 
Taylor, 1994). Annual RH was estimated observing linearly interpo-
lated contributions to RS. The error term integrates the propagation 
of uncertainty of fitted parameters.

2.4  |  Plant biomass

Aboveground and belowground biomass was collected at peak 
growing season maximum (estimated by leaf area index measure-
ments, not shown) for each crop. A randomly placed 0.75 m × 0.75 m 
quadrat was used to collect aboveground biomass from two loca-
tions in each treatment of the 0.7-ha plots and four locations in each 
of the 3.8-ha plots. Each location was processed independently and 
the values within each crop/treatment were averaged. All biomass 
was separated into leaf, stem, and reproductive tissue fractions prior 
to drying. Three 30-cm soil cores (5.08-cm diameter × 30-cm depth) 
were taken within each sampling quadrant with a slide hammer, soil 
was pooled and then removed with an elutriator to collect roots and 
rhizomes for belowground biomass. An additional biometric har-
vest using the same random sampling scheme was conducted im-
mediately prior to field scale machine harvest to obtain yield data 
(generally early October for maize and soybean, mid-March for 
miscanthus). Grain was separated from the rest of the biomass in 
maize and soybean, while miscanthus yield biomass contained both 
stem and leaf tissue. All plant tissues were oven dried to constant 
weight, ground, and analyzed for carbon and nitrogen content using 
an elemental analyzer (Costech EA 3010 CHNSO Analyzer; Costech 
Analytical Technologies) with apple leaves and acetanilide (National 
Institute of Science and Technology) as standards.

2.5  |  Statistical analysis of plant biomass and 
ecosystem fluxes

Interannual variation was used to calculate the standard error of the 
mean for GPP, NEE, and ecosystem respiration (RE) collected from 
EC measurements. For each crop, differences between control plots 
and basalt plots in biomass and soil respiration were tested using 
a complete block repeated measures ANOVA with crop, year, and 
their interaction as fixed factors. Statistical analyses of soil respira-
tion were conducted on instantaneous values (Figure S2; Tables S2–
S5). Data were transformed to ensure normality and homogeneity 
of variances. All statistical tests were conducted with Statgraphics 
Centurion XVI (Statistical Graphics Corporation).

2.6  |  Estimate of CDR by EW

To estimate carbon drawdown in the soil by EW, the net loss of Ca 
and Mg from surface soils to deeper subsurface soils was quanti-
fied (Figure  S3). The movement of these base cations is primar-
ily charge-balanced by the transport of bicarbonate ions (HCO−

3
), 
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formed by combining CO2 and H2O (Equation 1); thus, the flux of 
base cations serves as an alkalinity proxy for carbon sequestra-
tion. Importantly, some of the base cations may be charged bal-
anced by other anions such as NO−

3
, which can be estimated by 

measuring leachate nutrient concentrations. The accumulation of 
rare earth elements (REEs) in surface soil, and the ratio of REEs 
to base cations in the rock was used to quantify the addition of 
Ca and Mg to the soil. Besides transport to the subsurface, other 
losses of Ca and Mg, including secondary mineral formation, plant 
uptake, and nitrate weathering were accounted for, providing a 
direct estimate of CDR as invoked by successful addition and mo-
bilization of base cations into the subsurface.

The accumulation of REEs derived from the applied basalt was 
quantified in the top 30 cm of soil over the 4 years of this study. REE 
tracers have been instrumental in studying erosion behavior found 
in soils (Liu et al., 2004). As the crystal lattice structure of the ap-
plied rock degrades during weathering, naturally present REEs in 
the rock are released (Shibata et al., 2006) and subsequently form 
strong electrostatic bonds with soil constituents, including organic 
matter (Tang & Johannesson, 2010), minerals (Xiao et al., 2016), and 
microbes (Ozaki et al., 2006). These sorbed REEs form stable, im-
mobile complexes with the natural environment under a wide range 
of geochemical conditions, making them suitable for detection and 
evaluation in variable field-site conditions. Due to REE immobility 
in soils (Liang et al., 2010), sampling of topsoil enabled a facile ap-
proach in studying the true rock application rate of the Blue Ridge 
meta-basalt in the field and thus allowed for the quantification of Mg 
and Ca truly added and incorporated into the soil.

To determine rock application rates of basalt, soils were sam-
pled using a 3.175-cm JMC Backsaver sampling device at a depth of 
0–10 cm and 10–30 cm from each plot (n = 5). Soil was sampled pre-
application and after 4 years of rock application for maize/soybean 
plots and 3 years of rock application in miscanthus plots. Soils were 
air dried to constant moisture, crushed (Dynacrush DC-5; Custom 
Laboratory Equipment, Inc.), sieved to 2 mm, and mixed thoroughly 
to achieve homogeneity. Five independent 0–10 and 10–30 cm sam-
ples were chosen from each plot and time point, and mixed thor-
oughly; homogenized samples for 0–10 cm depth and for 10–30 cm 
depth regimes were subsequently analyzed using a total fusion in-
ductively coupled plasma-mass spectrometry method (TOT-FUS 
ICP-MS) for concentrations of all REEs. The resultant data were 
depth-averaged to assimilate REE concentration data for each of 
the five plot replicates at the pre- and post-application time points. 
Supporting Information (Appendix S2) has been provided illustrat-
ing a worked example of the data processing and CDR computation 
method.

Upon measuring REE concentrations in pre- and post-application 
soil samples using TOT-FUS ICP-MS, the change in REE concentra-
tions in the soil were plotted against the REE concentrations deter-
mined in the Blue-Ridge meta basalt rock. The resultant plots were 
fit using linear regression. The regressions were forced through a 
y-intercept of 0 as a method to apply the physical constraint that 
at non-detectable changes in soil REE concentrations, no amount 

of rock was added to the soil. The regression slope determined be-
tween post-application soil REEs and rock REEs was then subtracted 
by the regression slope determined between pre-application soil 
REEs and rock REEs (Equation 3). The resultant difference equates 
to the quantity of accumulated REEs between pre-application base-
line and post-application time periods (in units of kg rock kg−1 soil). 
Due to the anomalously high concentration of cerium (Ce) in the rock 
(Ce is the most abundant metal among the REEs) (Migaszewski & 
Galuszka, 2015), this light, redox-sensitive REE was not included in 
the regression analysis.

where v is the regression slope as obtained from plotting soil REE con-
centrations versus rock REE concentrations.

The calculated slope difference (kg rock kg−1 soil) was converted 
to kg rock m−3 units by using estimates of the soil bulk density. This 
was determined by measuring the mass of dried soil samples con-
tained in tractor-mounted hydraulic soil core samples (cylinder 
of 1.905 cm radius and 10 cm length for 0–10 cm depth samples 
and 20 cm length for 10–30 cm depth samples; Giddings Machine 
Company). Bulk density measurements (144 total) from 0 to 10 cm 
and 10 to 30 cm depth were averaged, and the average bulk density 
(Kantola et al., 2023) was used to calculate the mass of rock per unit 
volume (kg m−3). The total sampling depth of 30 cm was used to ulti-
mately convert the rock application rate units to kg rock m−2 units.

Uncertainty associated with the regression slope determination 
was estimated using a least squares regression method. Uncertainty 
was further propagated in converting the initial uncertainty value 
(kg rock kg−1 soil) to kg rock m−2 units.

The increase in soil pH (6.2–6.8 between 2017 and 2020 for 
maize at 0–10 cm depth, 5.6–6.0 in miscanthus; I. B. Kantola, unpub-
lished) with the addition of Blue-Ridge meta basalt may also result 
in the formation of amorphous Al(OH)3, SiO2, or Fe(OH)3 secondary 
mineral phases (Lewis et al., 2021), which may indirectly reduce the 
translocation of weathering products (Mg, Ca base cations) due to 
increased sorption and exchange sites. To account for the precipi-
tation of these alternate phases, post-application soil samples were 
analyzed for Mg and Ca concentrations using a TOT-FUS ICP-MS 
method. Specifically, post-application soil samples were analyzed 
to determine the persistent Mg and Ca cations ([Mg]surficial processes, 
[Ca]surficial processes) that have not left the top 30 cm boundary con-
dition (Equations 4 and 5). This measurement addresses the cumu-
lative reduction in aqueous Mg and Ca ions as a result of surficial 
geochemical processes, such as secondary mineral formation 
and creation of additional sorption sites (Lewis et al.,  2021), ion-
exchange (Levy,  1980), and interlayer clay interactions (Kumari & 
Mohan, 2021).

The concentration of Ca and Mg taken up by maize, soy-
bean (D. Z. Epihov, unpublished), and miscanthus potentially 
reduces the aqueous alkalinizing potential of the base cations 
released from basalt dissolution. For maize and soybean plots, 
the concentration of base cations measured in root samples were 
summed with base cation concentrations measured in the shoot 

(3)vpost−application − vpre−application = kg rock applied∕kg soil,
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samples using inductively coupled plasma-optical emission spec-
troscopy (ICP-OES) methods. The concentration of base cations 
multiplied by peak biomass (leaves and stems, 2017–2020) was 
used to estimate the total uptake of base cations for each crop 
([Ca]plant uptake and [Mg]plant uptake). For the miscanthus plot, bio-
mass from leaves, stems, floral material, roots and rhizomes were 
collected for each year (2018–2020) and analyzed using ICP-OES 
methods to quantify plant uptake of Ca and Mg cations. Total 
biomass of aboveground plant parts were calculated for 2018–
2020 (Table  S6). Belowground plant parts (root and rhizome) 
were estimated using root:shoot and rhizome:shoot ratios, fol-
lowing Dohleman et al. (2012).

To assess nitrate and ammonia loss through leaching, resin 
lysimeters (ion-exchange resin beads packed in PVC and nylon 
mesh to allow water infiltration) were buried at 50 cm below the 
surface in each plot, extracted after 1 year and replaced annually 
throughout the duration of the experiment. The ion exchange resin 
was carefully removed, shaken with 2 M KCl for 1 h in a recipro-
cal shaker, and filtered through a Whatman GF/F 0.7 μm filter. The 
solution was then analyzed for nitrate and ammonia concentra-
tions using colorimetric flow injection analysis (Lachat QuikChem 
8000). To provide a conservative CDR estimate, all measured 
losses of N between the amended and control plots were assumed 
to be a result of nitrate-based strong acid weathering and subse-
quent leaching with the aqueous base cations (rock weathering 
and transport of base cations with NO−

3
 instead of with HCO−

3
 an-

ions). Specifically, inorganic nitrogen concentrations were summed 
across all years (2017–2020 for maize/soybean and 2018–2020 
for miscanthus plots) for both control and basalt-amended plots. 
For each crop system, the difference of cumulative collected in-
organic nitrogen concentration was determined between control 
and basalt-amended plots. Conservatively assuming all N is NO−

3
, 

this difference (reported in kg N ha−1) was converted to a mol N m−2 
quantity (Alkalinitynitrate loss), allowing for an equivalence subtrac-
tion of nitrate-based strong acid leaching from the total alkalinity 
pool obtained from Mg/Ca release into the soil, where 2 moles of 
nitrate pair with each mole of either Mg or Ca.

Multiple direct soil-based measurements have been described to 
determine true rock application rate, base cation losses associated 
with secondary mineral formation and other subsurface geochem-
ical processes, and plant uptake of base cations. The aforemen-
tioned quantities were synthesized using the following equations 
(Equations  4 and 5) to determine total Mg and Ca concentrations 
that result in soil alkalinity increases:

where [Mg] and [Ca] are quantified for processes of rock application, 
surficial (loss) processes, and plant uptake. Units of net gain are repre-
sented in mol base cation m−2.

The increase in base cation concentrations, accounting for alka-
linity loss from nitrate strong acid leaching, was then converted to a 
CDR potential as in the following equation:

where net gain of base cations (in mol m−2 units) are converted to per-
manent alkalinity stored in the ocean by a CO2_factor that incorporates 
the fact that some CO2 is released during riverine transport and ocean 
storage (1.6 mol CO2 mol−1 cation, Renforth & Henderson, 2017) and 
the molecular weight of CO2 (M.W. CO2, 44.01 g mol−1). Alkalinity loss 
associated with strong acid/nitrate leaching is also addressed (mol ni-
trate m−2). All nitrate was conservatively assumed to charge-balance 
divalent base cations using a 1:2 stoichiometry (i.e., 2 moles of nitrate 
inhibit 1 mole of Mg from leaching).

2.7  |  Carbon budget

The biomass and flux data for each crop were used to assemble a 
partial carbon budget where the input into the system is represented 
by GPP and combined losses are represented by ecosystem respira-
tion (RE) as in Chapin et al. (2006). GPP, NEE, and RE were partitioned 
from the eddy flux data as described previously. Harvest represents 
material removed from each plot either as grain for maize and soy-
bean (I. B. Kantola, unpublished) or total aboveground biomass for 
miscanthus. Net ecosystem carbon balance (NECB) was calculated 
as NEE minus harvest and represents residual carbon in the eco-
system available for conversion to soil organic carbon. Net primary 
production (NPP) was calculated as the sum of annual above- and 
belowground biomass increments. For the annual crops, maize and 
soybean, harvested biomass (above- and belowground) was used for 
this calculation. For the perennial crop, miscanthus, peak biomass 
was used as the aboveground biomass increment. Belowground NPP 
was calculated as the sum of rhizome and fine root NPP, where rhi-
zome NPP was calculated as peak rhizome biomass multiplied by a 
turnover rate of 0.2 year−1 (Wildova et al., 2007) and fine root NPP 
was calculated as peak root biomass multiplied by a turnover rate 
of 0.5 year−1 (Gill & Jackson,  2000). The soybean year (2019) was 
treated independently from the maize carbon budget, and 2017 was 
omitted from the miscanthus C budget as basalt was not applied that 
year.

The major pools and fluxes in the carbon budgets were expressed 
as units of grams carbon (g C m−2), calculated by multiplying the val-
ues of dry biomass by the fractional carbon content (0.41–0.46 de-
pending on crop and tissue) or by multiplying fluxes of CO2 by 12/44. 
Where the measured variables used to calculate a component of the 
carbon cycle were different statistically, the overall value for the 
control plots and plus basalt plots are shown individually (averages 
for 3 years); a single 3-year average value (maize and miscanthus, sin-
gle year for soybean) is shown for carbon cycle components where a 
statistically defensible difference could not be resolved between the 
measured variables used in their calculation. Because of difficulty 

(4)

[

Mg
]

rock application
−
[

Mg
]

surficial processes
−
[

Mg
]

plant uptake
= NetMg Gain,

(5)

[

Ca
]

rock application
−
[

Ca
]

surficial processes
−
[

Ca
]

plant uptake
= Net Ca Gain,

(6)

(

CO2_factor×(NetMg Gain+Net Ca Gain)−Alkalinitynitrate loss
)

×M.W.CO2=CDR,
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propagating error, statistical analyses were not performed on the 
carbon cycle values.

3  |  RESULTS AND DISCUSSION

3.1  |  Carbon fluxes and biomass accumulation

Eddy covariance measurements of NEE and corresponding calcula-
tions of GPP and RE did not resolve differences in organic carbon 
storage (NEE, NECB) between control plots and basalt-treated plots 
miscanthus, maize, or soybean (Figure  1). Beginning in mid-May, 
soon after maize was planted, NEE began to decrease, becom-
ing strongly negative (CO2 consumption by the crop) as the plant 
canopy and photosynthesis (GPP) increased during the summer 
(Figure 1d,e). Annually integrated NEE was higher for basalt-treated 
maize in one year (2020) but lower in two others (2017, 2018; 
Tables S2 and S3) and because the instantaneous values overlapped 
during the year (Figure 1d), integrated average NEE for the control 
and basalt plots, (−403 ± 69 and −325 ± 51 g C m−2 year−1, respec-
tively, Table S2) were not considered different. The values of maize 
NEE during the years of the basalt treatment (2017–2020) were con-
siderably more negative, indicating a stronger potential carbon sink, 

than pretreatment data collected from the same plot in 2009–2015 
(69 ± 106 g C m−2 year−1, Table S3). During this time, maize was a net 
source of CO2 to the atmosphere. Central Illinois experienced unu-
sually high temperatures and a severe drought during the summer 
of 2012 (Joo et al., 2016) and the legacy of this drought, manifested 
as a combination of lower GPP and higher RE reduced the average 
historic values (2009–2015) for NEE (Bernacchi et al., 2022; Blakely 
et al., 2022; Moore et al., 2022). Consistent with Verma et al. (2005) 
and Suyker and Verma (2012) the smaller stature soybean (Figure 2) 
had lower GPP than maize or miscanthus (Figure 1; Tables S2 and 
S4). Soybean typically had positive NEE (Table S4) indicating that like 
maize it was a net source of CO2 to the atmosphere.

As with maize and soybean, no difference in integrated NEE 
could be resolved between basalt treated (−759 ± 52 g C m−2 year−1, 
Tables  S2 and S5) and control plots (−655 ± 71 g C m−2 year−1) of 
miscanthus (Figure  1d). NEE was, however, considerably greater 
for miscanthus than maize and soybean, and this difference was 
driven primarily by lower RE in miscanthus (Figure 1c,f) and its lon-
ger effective growing season. As a perennial crop, the emergence 
of miscanthus early in the growing season, the development of 
greater total leaf area, and the presence of a functional canopy 
later in the growing season enables it to achieve greater sea-
sonally integrated photosynthesis than maize (Figure 1a,d), even 

F I G U R E  1  Mean annual cumulative net ecosystem exchange (NEE), gross primary productivity (GPP) and ecosystem respiration (RE) for 
miscanthus (a–c), maize (d–f) and soybean (g–i), respectively, measured by eddy covariance. Measurements were made at the University 
of Illinois Energy Farm, Illinois, United States from 2009 to 2020. For maize, pre-treatment years include 2009, 2011, 2012, 2014, 2015, 
and basalt treatment and concurrent control years include 2017, 2018, 2020. For miscanthus, pre-treatment years include 2009–2017, and 
basalt treatment and concurrent control years include 2018–2020. For soybean, pretreatment years include 2010, 2013, 2016, and basalt 
treatment and concurrent control occurred in 2019. The shading around the mean cumulative curve represents the standard error of the 
mean, which also demonstrates inter-annual variability in the fluxes.
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though maize has higher instantaneous rates of leaf photosynthe-
sis (Dohleman & Long,  2009). Miscanthus maintained high rates 
of evapotranspiration through the 2012 drought by mining deep 
soil water reserves (Joo et al., 2017) and biomass yield remained 
suppressed for several years without the addition of nitrogen fer-
tilizer (Kantola et al., 2022).

Basalt treatment did not affect above- or belowground peak 
biomass carbon for maize or soybean (Figure  2; Table  S6), but in-
creased grain biomass carbon and grain yield by 12% (2020) and 
16% (2019) for maize and soybean, respectively (D. J. Beerling, D. Z. 
Epihov, I. B. Kantola, M. D. Masters, T. Reeshemius, N. J. Planavsky, 
C. T. Reinhard, J. Jordan, S. J. Thorne, J. Webber, M. Val Martin, S. E. 

Hartley, C. Larkin, R. James, C. Pearce, E. H. DeLucia, S. A. Banwart, 
unpublished; Kantola et al., 2023). Peak biomass represents the max-
imum carbon acquired by the plant during the growing season, and 
occurs prior to grain setting in maize. In recent years, average corn 
and soybean yields in Illinois have been steadily increasing. Since the 
region-wide drought in 2012, the state of Illinois has seen a period 
of higher than predicted yields in maize, likely due to a combination 
of technological improvements and favorable weather conditions 
(Schnitkey et al., 2021). This trend will continue for the near term, 
however, sensitivity to increased temperature and atmospheric 
vapor pressure deficit will likely limit yields in the future (DeLucia 
et al., 2019; Lobell et al., 2014).

F I G U R E  2  Peak above- and belowground biomass and harvested biomass for maize, soybean (hatched bars), and miscanthus grown 
in control plots (open bars) or plots treated with basalt (shaded bars). Aboveground, belowground, and harvested biomass for maize and 
soybean are shown in (a, b, and c), respectively; and, aboveground, belowground and harvested biomass for miscanthus are shown in (d, 
e, and f), respectively. Peak sampling time was determined by weekly leaf area index measurements (not shown). Belowground biomass 
for miscanthus included roots plus rhizomes. Bars represent mean values ± one standard error. Asterisks indicate statistically significant 
differences (p < .05). There were no statistically significant differences in peak maize or soybean biomass for plants grown under control or 
plus basalt treatments, however, harvested biomass was greater for maize under the basalt treatment. Aboveground miscanthus biomass 
(2018 and 2020) and belowground biomass (2018) was significantly greater for plants grown with basalt than control plants. Because of bad 
weather, basalt was not applied to miscanthus plots 2017.
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Maize is intensively fertilized in the American Midwest, often to 
the detriment of nearby bodies of water. High rates of nitrogen fer-
tilizer application results in the gradual acidification of soils, which 
limits N uptake by plants (Anda et al., 2015; Gillman et al., 2002). 
Acidification is managed by intermittent liming of maize fields; how-
ever, the control plots in this experiment have received no lime since 
2012. The application of basalt to these soils has a liming effect 
(Blanc-Betes et al., 2020; D. J. Beerling, D. Z. Epihov, I. B. Kantola, M. 
D. Masters, T. Reeshemius, N. J. Planavsky, C. T. Reinhard, J. Jordan, 
S. J. Thorne, J. Webber, M. Val Martin, S. E. Hartley, C. Larkin, R. 
James, C. Pearce, E. H. DeLucia, S. A. Banwart, unpublished), which 
may alter the behavior of the soil microbial community, increase 
nitrogen use efficiency (NUE), and result in changes in availability 
of plant essential nutrients. Modeling results and measurements in 
these plots indicate increased NUE in basalt-treated maize and mis-
canthus (D. J. Beerling, D. Z. Epihov, I. B. Kantola, M. D. Masters, T. 
Reeshemius, N. J. Planavsky, C. T. Reinhard, J. Jordan, S. J. Thorne, J. 
Webber, M. Val Martin, S. E. Hartley, C. Larkin, R. James, C. Pearce, E. 
H. DeLucia, S. A. Banwart, unpublished), which may account for the 
increase in yield (Figure 2c; Blanc-Betes et al., 2020). Additionally, 
Blue Ridge basalt is 0.09% P (Lewis et al., 2021), supplying a small 
amount of plant-essential P to the system. Best management prac-
tices for maize production in the Midwest require additions of P and 
K every few years to maintain yields, however, to not confound mea-
surements of basalt weathering, these fields have not received P and 
K since 2014. Model predictions for this site show the combination 
of P addition and soil pH increases by basalt addition to positively 
affect annual productivity and grain yield in maize (Blanc-Betes 
et al., 2020).

In contrast with maize, basalt application stimulated peak abo-
veground biomass carbon accumulation in miscanthus by 29% and 
42% in 2018 and 2020, respectively (Figure 2d; Table S6), without 
significant effects on harvest yields. Because miscanthus was har-
vested in late winter/early spring, several months later than esti-
mates of peak biomass, loss of senesced leaves caused harvested 
biomass to be substantially lower than peak biomass, masking the 
effect of basalt on yield.

As previously stated, basalt application has a liming effect that 
may enhance N uptake by miscanthus, potentially increasing plant 
growth. Miscanthus on this site receives 56 kg N ha−1 annually to 
support yields, however, like maize, the miscanthus fields were 
un-limed during this experiment (previous liming occurred prior 
to miscanthus establishment in 2008). Miscanthus re-translocates 
nutrients to the root system at the end of the growing season for 
use the following year which reduces the need for nutrient addition 
(Davis et al., 2010; Hudiburg et al., 2014); miscanthus plots have not 
received P or K fertilizer since establishment. While model results 
do not predict a yield enhancement of miscanthus with basalt addi-
tion (Blanc-Betes et al., 2020), P provided by basalt weathering may 
support the observed increase in peak biomass in this study. D. J. 
Beerling, D. Z. Epihov, I. B. Kantola, M. D. Masters, T. Reeshemius, N. 
J. Planavsky, C. T. Reinhard, J. Jordan, S. J. Thorne, J. Webber, M. Val 
Martin, S. E. Hartley, C. Larkin, R. James, C. Pearce, E. H. DeLucia, S. 

A. Banwart (unpublished data) observed higher transcript levels for 
genes associated with nutrient mineralization and uptake for roots 
of soybean and maize treated with basalt, supporting the hypothesis 
its application enhances nutrient availability.

At peak biomass, the difference in carbon allocation of these 
species was striking, with miscanthus allocating 28× more biomass 
belowground than maize (Figure  2b,e; Kantola et al.,  2022). The 
large investment in belowground biomass by miscanthus greatly in-
creases the potential for belowground organic carbon storage for 
this species (Anderson-Teixeira et al.,  2009, 2013; Kantola et al., 
2022), further increasing the climate benefits of growing this emerg-
ing bioenergy crop beyond displacing fossil fuels. Additionally, the 
greater root biomass of miscanthus increases the potential for basalt 
weathering by root-associated organic acids and phytosiderophores 
exuded by miscanthus roots (Chen et al., 2018), and larger below-
ground inputs could positively affect microbial communities in the 
miscanthus rhizosphere. This is further evidenced by concomitantly 
greater heterotrophic and autotrophic soil respiration relative to 
maize/soybean.

Soil respiration (RS) was generally higher in basalt treated maize 
and soybean than in controls, though only measurements for 2017 
and 2019 were statistically significant (p < .05; Figure 3; Tables S7 
and S8). This is consistent with positive effects of high pH on soil or-
ganic carbon availability to soil microorganisms (Curtin et al., 1998). 
Measurements of soil microbial biomass further supported this 
view by showing greater soil microbial biomass in basalt-treated soil 
than control soil (Figure  S4). Furthermore, the relative abundance 
of predatory bacteria (typically correlating with greater number of 
soil bacteria i.e., prey) was also significantly higher in basalt-treated 
soil communities. The partitioning of soil respiration between het-
erotrophic (RH) and autotrophic (RA) respiration was not consistent 
between years, with higher RH observed in basalt-treated maize in 
2018, and lower RH in 2017, 2019, and 2020 (Tables S7 and S8). In 
miscanthus, basalt application resulted in significantly higher RS 
in 2019 and 2020, driven by significantly higher RH in those years 
(Tables S7 and S9). At least in the control plots, the ratio of RA/RH 
was generally greater in miscanthus than the row crops likely due 
to lack of soil disturbance from tillage and greater belowground bio-
mass for the perennial crop (Anderson-Teixeira et al., 2013; Kantola 
et al., 2022). The overall changes in RS were small in both crops, indi-
cating that the effect of basalt on the soil microbiome had little im-
pact on respiration directly, and observed differences can likely be 
attributed to secondary effects on biomass or interannual variability.

3.2  |  CDR by EW

The measured accumulation of immobilized REEs (Figure S5) present 
in the maize/soybean topsoil yielded an estimate of basalt applica-
tion of 20.2 ± 1.4 kg m−2 (Figure 4a), which is consistent with the a 
priori value of 20 kg m−2 (four treatments of 5 kg m−2, or 50 t ha−1) ap-
plied between the fall of 2016 and the 2020 growing season. Basalt 
treatment on maize-soybean fields resulted in a potential carbon 
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removal estimate of 102 ± 4.9 g C m−2 year−1. Within the CDR budget 
associated with rock weathering, 1.8% of the alkalinity flux was con-
servatively estimated as weathered and leached with nitrate while 
4.5% was absorbed via plant uptake and utilization mechanisms 
(Figure 4c). Based on elemental mass balance, the remaining 93.7% 
of the alkalinity flux entered the deeper soil subsurface. An alter-
nate CDR quantification technique using titanium isotope dilution 
mass spectrometry on the same field study yielded a comparable 
CDR estimate of 130 ± 75 g C m−2 year−1 (D. J. Beerling, D. Z. Epihov, 
I. B. Kantola, M. D. Masters, T. Reeshemius, N. J. Planavsky, C. T. 
Reinhard, J. Jordan, S. J. Thorne, J. Webber, M. Val Martin, S. E. 
Hartley, C. Larkin, R. James, C. Pearce, E. H. DeLucia, S. A. Banwart, 

unpublished data), corroborating the CDR value reported in this study 
using REEs as tracers. The cumulative CDR normalized by rock ap-
plication rate was estimated as 18.42 kg CO2 t−1 rock year−1 between 
2016 and 2020, comparable to calibrated reactive transport mod-
els from Vienne et al. (2022) that report 17.92 kg CO2 t−1 rock year−1 
across a 5-year simulation.

Because miscanthus fields were not tilled after initial planting, 
surface soil properties were likely more variable and less homog-
enized with time than maize-soy soils exposed to mechanical dis-
turbance. This potential enhanced variability in soil texture and 
geochemistry resulted in a different suite of optimal lanthanides to 
be used for application rate determination (Figure S5). Light REEs (La 

F I G U R E  3  Average daily soil respiration over the course of a year was calculated by gap filling instantaneous values (Figure S2) for 
maize, soybean (a, c, and e), and miscanthus (b, d, and f). Bars represent mean values ± one standard error. Open bars represent control 
and shaded bars represent basalt addition. Total soil respiration and heterotrophic soil respiration were measured directly and autotrophic 
(root) soil respiration was calculated by subtracting heterotrophic respiration from total soil respiration. Statistical analyses conducted on 
instantaneous values (Tables S6 and S7) revealed that both RS and RH were significantly greater in miscanthus than maize; these components 
of RS also were significantly greater for basalt amended plots than controls (Tables S8 and S9). Asterisks indicate statistically significant 
differences (Tables S8 and S9) of instantaneous values (Figure S2). Data for maize and soybean were combined for statistical analyses 
because of low number of measurements for soybean.
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to Gd) have been shown to adsorb weaker to solid-phase ligands than 
heavy REEs (Tb to Lu) (Chang et al., 2021; Takahashi et al., 2014). 
Furthermore, the rock REE signal-to-soil background noise ratio is 
greater for heavy REEs (ratio >1) in contrast with the signal-to-noise 
ratio for light REEs (ratio <1). As such, the regression of heavy REE 
change in the soil between pre- and post-application times was used 
in the miscanthus system, yielding a very high correlation (R2 = .998). 
An estimated rock application rate of 14.5 ± 1.6 kg m−2 (Figure  4b) 
was reported, consistent with the a priori value of 15 kg m−2 (three 
applications of 50 t ha−1 or 5 kg m−2) applied between 2018 and 2020. 
The miscanthus system yielded a potential carbon removal estimate 
of 234 ± 18.3 g C m−2 year−1. Within the CDR budget, 0.1% of base 
cation transport was conservatively estimated to leach with nitrate, 
1.1% was lost via plant uptake, and 98.9% was estimated to have 
leached into the subsurface (Figure 4d). Notably, 69% of the Mg and 
64% of the Ca that was applied to the miscanthus plots leached into 
deeper subsurface soils, while only 29% of Mg and Ca added in the 

maize-soybean system left the top 30 cm soil boundary condition. 
This can be explained by the deeper root and more prolific root sys-
tem for miscanthus than maize (Black et al.,  2017), as well as the 
greater plant respiration estimates for miscanthus than maize, sug-
gesting higher partial pressures of subsurface CO2 that could stim-
ulate rock weathering and subsequent leaching of base cations. An 
example set of calculations for the maize/soybean plots have been 
made available in Appendix S2.

Annual basalt application of 50 t ha−1 (5 kg m−2) as presented in 
this study has the potential to sequester 8.6 t CO2 ha−1 year−1 in mis-
canthus fields and 3.7 t CO2 ha−1 year−1 in maize/soybean fields. The 
CDR estimate for EW applied to miscanthus plots under relatively 
high application rates of basalt show promise in comparison with 
other nature-based negative emission technology solutions (Table 1). 
California rangeland amended with 0.25 inches of compost yielded 
a 7.7 t CO2 ha−1 year−1 CDR potential (Silver et al., 2018) and annual 
biochar application at 2.5 t ha−1 sequestered 6.7 t CO2 ha−1 year−1 

F I G U R E  4  Cumulative rock addition was determined through direct measurement of (a) the change in total soil REE concentrations 
between 2016 and 2020 on maize/soybean plots, and (b) the change in total soil heavy REE concentrations between 2018 and 2020 on 
miscanthus plots. The change in heavy REE concentration in soils as represented in (b) was more clearly illustrated as two regressions (pre- 
and post-applied lines), though the difference of the two regression slopes yields a single sloped line as demonstrated by (a) under the use of 
the full REE suite. The proportion of base cation fluxes entering the deeper subsurface soils was quantified for (c) maize-soybean plots and 
(d) miscanthus plots through soil, lysimeter, and plant tissue measurements. REE, rare earth element.
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(Fawzy et al.,  2022). Deep soil plowing led to a 3.6 t CO2 ha−1 in-
crease in organic carbon stock (Alcántara et al.,  2016). Of the ob-
served nature-based solutions, a large application of Blue Ridge 
basalt in productive US Midwest soils grown with miscanthus poses 
the highest carbon removal potential with the additional benefit of 
sequestering an inorganic form of carbon. We note that CDR effi-
ciency (t CO2 t−1 material) may vary for each of these technologies as 
a function of application rate and frequency (t material ha−1 year−1), 
as well as soil type, climate, and dominant crop. The clear relation-
ship between crop NPP and observed weathering rates, both great-
est in the miscanthus crop, would be indicative of greater potential 
for weathering in the generally more productive maize than soybean 
(Figure 5). However, soybean reveals similar weathering effects to 
those generated by maize (D. J. Beerling, D. Z. Epihov, I. B. Kantola, 
M. D. Masters, T. Reeshemius, N. J. Planavsky, C. T. Reinhard, 
J. Jordan, S. J. Thorne, J. Webber, M. Val Martin, S. E. Hartley, C. 
Larkin, R. James, C. Pearce, E. H. DeLucia, S. A. Banwart, unpublished 
data). These findings support the utility of N2-fixing crops to trig-
ger substantial weathering rates with lower environmental and eco-
nomic tradeoffs (no N application), as previously recorded (Epihov 
et al., 2017, 2021).

3.3  |  Carbon budget for maize/soybean and 
miscanthus cropping systems

Eddy covariance values, hand-sampled biomass, and field measure-
ments of soil respiration were combined to develop a partial carbon 
(C) budget for the maize/soybean and miscanthus cropping systems 
under EW treatment conditions. Because different methods (EC 
towers, hand biomass sampling, and survey measurements of soil 
respiration) were used to measure the components of the carbon 
budgets, with their own associated uncertainties, the budgets do not 
balance and should be viewed as approximations.

Carbon inputs, measured as GPP, were broadly similar between 
the maize years of the maize/soybean rotation and miscanthus 
(Figure 5). Consistent with Joo et al. (2016) and Moore et al. (2020), 
higher RE resulted in lower NPP in maize than in miscanthus. Without 
basalt, annual estimates of microbial respiration from soil (RH) in con-
trol plots were greater in the maize/soybean rotation (71%–75% of 
total soil respiration, RS) than miscanthus (60% of RS; Figure 5). Basalt 
addition stimulated both root respiration (RA) and microbial respira-
tion (RH) in miscanthus, corresponding to a consistent but not signifi-
cant increase miscanthus belowground biomass with basalt (Figure 2).

Net ecosystem carbon balance was calculated as the differ-
ence between NEE and harvested biomass (Anderson-Teixeira 
et al.,  2013; Chapin et al.,  2006; Joo et al.,  2016), and represents 
carbon remaining in the ecosystem. In these agroecosystem com-
posed of non-woody plants, presumably this carbon is stored in the 
soil. NECB was negative for maize and soybean indicating that these 
cropping systems were mining old soil carbon and returning it to the 
atmosphere (Joo et al., 2016; Zeri et al., 2011). Because basalt in-
creased grain yields for these crops (I. B. Kantola, unpublished data), 
NECB was more negative under this treatment. Historically in the 
American Midwest, the conversion of grassland to cropland and par-
ticularly maize production have been a net source of carbon to the 
atmosphere (Anderson-Teixeira et al., 2013; Zhang et al., 2021), and 
management practices and intensive harvest resulted in soil carbon 
loss over time. In contrast with the maize/soybean cropping system, 
miscanthus had positive NECB, naturally sequestering carbon from 
the time of establishment (2008). During the period between 2018 
and 2020, the annual rate of carbon storage in the soil by the mis-
canthus system averaged 707 g C m−2 year−1. The large root system 
(Figure 2) and absence of tillage contributed to accumulation of car-
bon in miscanthus (Anderson-Teixeira et al., 2009, 2013).

In both cropping systems, carbon uptake and transport to ground 
water as HCO−

3
 by EW was substantial. EW of 102 g C m−2 year−1 mit-

igated carbon losses from the maize/soybean cropping system by 

Treatment

Carbon dioxide 
removal potential 
(t CO2 ha−1 year−1) SE (t CO2 ha−1 year−1)

Carbon 
form

Annual 
application 
rate (t ha−1)

Basalt EW on 
miscanthus plotsa

8.6 0.65 Inorganic 50

Compost amendmentb 7.7 Organic 6.4

Biochar applicationc 6.7 Organic 2.5

Basalt EW on maize/
soybean plotsa

3.7 0.18 Inorganic 50

Deep soil inversiond 3.6 Organic Not applicable

Note: Values for carbon dioxide removal potential are averages plus or minus the standard error of 
the mean (SE).
Abbreviations: CDR, carbon dioxide removal; EW, enhanced weathering; NET, negative emissions 
technology; SE, standard error.
aThis study.
bSilver et al. (2018).
cFawzy et al. (2022).
dAlcántara et al. (2016).

TA B L E  1  Comparison of CDR 
potentials for nature-based NET solutions.
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23%–42%. Although insufficient to offset carbon losses from these 
conventionally tilled row crops, this carbon removal strategy if applied 
to the 36 Mha each of maize and soybean planted in the US would 
sequester 179 t C year−1. The additional 234 g C m−2 year−1 sequestered 
by EW added to the already positive NECB of miscanthus (Figure 5), 
generating a strong carbon sink for this cropping system. The US 
Midwest is a net source of CO2 to the atmosphere with approxi-
mately 40% of the maize produced converted to fuel ethanol (Davis 
et al., 2011). Model predictions indicate that replacing maize ethanol 
with miscanthus would switch the Midwest from a source to a carbon 
sink, and switching to cellulosic biofuels like miscanthus nationally 
could reduce emissions by more than 12% (Hudiburg et al., 2016). The 
addition of basalt could greatly decrease the already low carbon in-
tensity of miscanthus further increasing its value as a bioenergy crop. 
It is important to note, that unlike carbon stored as soil organic mat-
ter which is potentially oxidized and released back to the atmosphere 
with changing management practices, EW represents a pump of inor-
ganic carbon from the atmosphere, through soil to groundwater and 
ultimately to the ocean, and can be viewed as permanent storage.

Agricultural lands are the testing ground for EW because they 
are widespread, provide access to equipment, and their necessity for 

food production increases the likelihood the lands will stay in agricul-
ture. Grain from the maize/soybean rotation is a food source for hu-
mans and livestock, and maize is the dominant bioethanol feedstock in 
the United States, occupying 28 Mha of farmland (Sands et al., 2017). 
The widespread production of the maize/soybean rotation makes it 
an enticing EW cropping system, as the effectiveness of EW at shift-
ing the global carbon balance will demand careful accounting of the 
carbon costs of production and transport of the weathering material 
to the field. The ubiquitous nature of maize/soybean production cre-
ates opportunities to source the EW parent material close to where it 
will be applied, reducing transportation costs. Miscanthus, because of 
its large root system and reduced need for tillage, stores vast amounts 
of carbon as soil organic carbon and EW in this crop almost doubles 
this amount of carbon storage, greatly increasing the potential of this 
cellulosic bioenergy crop to offset carbon emissions from fuel.

4  |  CONCLUSIONS

Intensive management caused the maize/soybean cropping system 
to be a source of carbon to the atmosphere with strongly negative 

F I G U R E  5  Partial carbon budgets for a maize [(a) left; average of 2017, 2018, 2020], soybean [(a) right; 2018], and miscanthus (b) (average 
of 2018, 2019, 2020) grown with or without basalt amendment. Where a difference in the underlying values used to create the carbon 
budget were significantly different, two numbers (lavender/control and green/basalt) are shown. If a statistical difference could not be 
detected in the underlying values, a single global average value is presented (gray boxes). All values are in units of g C m−2 year−1. GPP and 
NPP represent the transfer of carbon from the atmosphere to the land surface, and ecosystem respiration (RE) represents the transfer of 
carbon from the land surface to the atmosphere. NEE and NECB are shown as positive or negative if carbon the net movement of carbon 
is to or away from the land surface, respectively. Soil respiration and its components, heterotrophic respiration and autotrophic respiration 
are indicated as RS, RH, and RA, respectively. CDR (bright blue) represents carbon removal by enhanced weathering and is expressed as 
g C m−2 year−1. CDR, carbon dioxide removal; GPP, gross primary productivity; NECB, net ecosystem carbon balance; NEE, net ecosystem 
exchange; NPP, net primary productivity.
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NECB. Basalt additions, by pumping inorganic carbon from the at-
mosphere to ground water, effectively offset 42% of carbon emis-
sions from maize/soybean, and when paired with conservation 
tillage or cover cropping could turn this cropping system into a net 
carbon sink. In perennial miscanthus, the prolific root system and 
no-till management practices resulted in a strongly positive NECB, 
and EW further increased the sink strength of this cropping sys-
tem. The primary value of bioenergy crops is the displacement of 
fossil fuels; the added benefit of increasing soil organic carbon and 
pumping inorganic carbon to ground water by EW greatly increases 
the climate benefits of these crops. The monitoring of accumulated 
REEs alongside the depletion of base cations in the topsoil pro-
vided a measurement of basalt applied as well as in-situ determined 
weathering rates and CDR potentials. As EW is explored in new eco-
systems, the ability to accurately calculate time-dependent weath-
ering rates and CDR potentials will become a critical component in 
optimizing carbon sequestration. In addition to the co-benefits of 
basalt application, including increased soil fertility and pH, as well 
as greater yields, this CDR strategy appears to be effective on rich 
Midwestern US soils.
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