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Abstract

Enhanced rock weathering (ERW) is a promising strategy for removing carbon dioxide
from the atmosphere, yet field-scale observations suitable for evaluating ERW co-benefits
related to soil-fertility improvements within temperate agriculture settings remain scarce. We
conducted a 2.5-year investigation within a headwater catchment at the Sleepers River Research
Watershed in Danville, Vermont, applying 20 t ha™' of finely milled, calcium-rich meta-basalt to
near-stream pastures and adjacent, upslope hayfields. After establishing a year-long baseline, we
continued to monitor topsoil chemical fertility indicators (pH, exchangeable essential nutrients,
and cation exchange capacity) for 13 months following basalt application to evaluate changes
relative to untreated control transects. The basalt amendment significantly raised soil pH by
0.15-0.24 units (p < 0.05) and increased exchangeable calcium by as much as 12%, with larger
pH gains in soils that were initially more acidic. Other nutrients showed only modest responses,
partly reflecting slow dissolution of metamorphic minerals rich in potassium and magnesium.
Higher background variability in the pasture may have muted the detectable basalt-treatment
signal, yet across the hillslope catena the magnitude of pH change scaled inversely with initial
pH (lowest at the shoulder and foot), illustrating the role of land use and topographic position in
modifying ERW responses. These results indicate that calcium-rich meta-basalt acts as a slow-
release liming agent in well-buffered temperate soils and provide indications of the co-benefits

of ERW to improving soil health within temperate agroecosystems.

Introduction

Enhanced rock weathering (ERW) is emerging as a promising carbon sequestration

strategy that could capture gigaton-scale quantities of carbon dioxide (CO:) from the atmosphere
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while providing agricultural co-benefits (Beerling et al., 2020; Holzer et al., 2023; Larkin et al.,
2022). The technique accelerates the natural weathering of silicate minerals by grinding rock to
increase surface area and spreading this feedstock across cropland. When the feedstock interacts
with soil water, its constituent minerals dissolve in response to acids in the soil solution.
Carbonic acid, produced when atmospheric CO: dissolves in infiltrating soil water and when
roots and soil microbes respire CO: into soil pores, is responsible for carbon sequestration.
Dissolution of the minerals consumes acidity and generates bicarbonate ions (HCOs") that may
travel with soil water and shallow groundwater to surface waters and ultimately to the ocean,

where they contribute to longer-term carbon storage (Hartmann et al., 2013).

Beyond carbon sequestration, ERW can improve soil fertility by increasing nutrient
availability and altering soil physicochemical properties. Weathering of silicates also releases
phosphorus (P), potassium (K), calcium (Ca), and magnesium (Mg); these dissolution products
can be taken up by plants directly or adsorbed by soil minerals and organic matter, improving the
balance of nutrients available to crops (Moretti et al., 2019; Swoboda et al., 2022). By
neutralizing acidity and promoting the formation of secondary clays and metal oxides, ERW can
increase the soil’s permanent cation exchange capacity. Raising soil pH leads to deprotonation of
surface-functional groups on existing mineral and organic matter surfaces (predominantly
carboxyl groups), expanding the pool of exchange sites available under field conditions (Gillman
et al., 2002; Ross & Ketterings, 1995; te Pas et al., 2023). These shifts in soil chemistry have the
potential to increase yields and the nutrient content of harvested crops, delivering tangible
benefits to farmers and consumers (Burbano et al., 2022; Luchese et al., 2021; Ramos et al.,

2020).
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Crushed silicate rocks have been used intermittently as soil amendments for decades
(Barbier et al., 2021; Plucknett, 1972; Wolf & Heard, 1983; Yusiharni et al., 2007). Positive
effects on soil pH and nutrient availability are most commonly observed in tropical soils or at
high application rates (Dahlin & Stenberg, 2017; Gunnarsen et al., 2019; Manning et al., 2017,
Tavares et al., 2018). Responses tend to be smaller in temperate regions (Campbell, 2009; Dupla
et al., 2023; Ramezanian et al., 2013). This contrast has been attributed to lower weathering rates
in cooler climates and also reflects that many temperate soils are better buffered, more saturated
with base cations and inherently richer in nutrients than their tropical counterparts (Burbano et
al., 2022). Although application rates of 50-250 t ha™" have induced measurable changes in soil
chemistry in temperate field trials (Beerling et al., 2024; Dahlin & Stenberg, 2017; Vienne et al.,
2022), such rates exceed typical agronomic practice. Studies exploring more moderate rates

appropriate for on-farm deployment remain relatively few.

While ERW is recognized for delivering agronomic co-benefits to soil health, notably
raising soil pH and supplying essential nutrients (Cong et al., 2024), its soil fertility outcomes
likely vary widely across heterogeneous field conditions (Blette & Newton, 1996). Differences in
topographic position and land use create a mosaic of baseline acidity and nutrient availability
that could modulate soil responses to basalt amendment (Aksoy & Kavvas, 2005; Wang et al.,
2023). Accordingly, we evaluate changes in standard soil fertility indicators, which are routinely
measured in the region to guide liming and fertilizer recommendations, including soil pH, cation
exchange capacity, and exchangeable essential macronutrients (Ca, Mg, K, and P) following
basalt application across these varied field contexts. Our experimental design spans an upland
hillslope catena encompassing both hayfields and pastures, thereby capturing inherent gradients

in initial soil acidity and nutrient status along slope positions and between land uses.
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Furthermore, whereas most ERW field trials incorporate rock dust via tillage (Beerling et al.,
2024; Haque et al., 2020; Kantola et al., 2023), we applied basalt as a surface top-dressing
(without mechanical incorporation), a scalable yet less well-studied approach that avoids soil
disturbance. Our objectives are to identify which indicators respond most strongly to basalt
application, to characterize how treatment effects evolve over time and to evaluate whether
responses vary with land use (hayfield versus pasture) and hillslope position within those land
uses. Addressing these questions will advance understanding of ERW’s agronomic co-benefits

and inform management strategies for temperate agroecosystems.

Methods
Site description

In June 2023, finely ground meta-basalt was surface-applied at a rate of 20 t ha™! with a
tractor-pulled lime spreader across 15% of a 59-ha agricultural watershed (Fig. 1). This
watershed (Watershed 2, hereafter W2) lies within the Sleepers River Research Watershed in
northern Vermont (44°2728" N, 72°05'31" W; elevation 300 m). The region has a mean annual
temperature of 5.7 °C and receives 100—150 cm of precipitation annually, of which 25-30%
typically falls as snow . The subsurface geology comprises 3—10 m of glacial till overlying the
Waits River Formation, and the terrain is characterized by 10-20% hillslope gradients forming a
typical catena soil pattern (Sun et al., 2025). According to USDA soil maps, the topsoil in W2 is
classified as Cabot loam. Hydrometer analyses indicated that the upland hayfield soil, based on a
composite sample from 32 plots, was a sandy loam (sand 51%, silt 39%, clay 11%), whereas the
downslope pasture soil, from 32 plots, was a loam with roughly equal sand and silt fractions

(sand 45%, silt 45%, clay 11%). Exploratory soil pits in the lower pasture and upper hayfield
pp y
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revealed a consistent granular structure in the A horizon extending to ~15-20 cm depth (Table
S1, Fig. S1). Subsurface profiles showed leaching in the hayfields and secondary accumulation
of Ca?" and Mg*" in the pastures (Table S1, Fig. S1). Vegetation within the watershed is
dominated by orchard grass (Dactylis glomerata), planted as a monocrop around 2000,
interspersed with tall fescue (Festuca arundinacea), reed canary grass (Phalaris arundinacea),
Kentucky bluegrass (Poa pratensis), red clover (Trifolium pratense), and white clover (Trifolium
repens), with verified specimens archived at the yale herbarium (Yale Herbarium, 2023). The
upper fields are managed for hay production, while the lower fields support rotational grazing of

dairy and beef cattle from May through October each year (Fig. 1).
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Fig. 1. Map of the ~ 59 ha, first-order agricultural watershed in northern Vermont (Watershed 2 [W2]),
showing the experimental layout. Four enclosed fields are delineated by their land use, western and
eastern pastures (outlined in thin black) and western and eastern hayfields (outlined in pale yellow),
separated by a fenced riparian corridor. Eight transects (labeled 1-8) run parallel to the hillslope gradient
from the lower slopes (near the riparian zone) to the upland field edges; four transects are designated as
controls (bracketed by dashed black lines) and four received basalt treatments (solid lime green lines
without dashed lines). At each transect, soil-sampling plots are shown as lime green dots labeled with red
Roman numerals (I-VIII), starting at I near the toe slope and increasing upslope to VIII. Within each
fenced field, these sampling plots are spaced evenly between the fence boundaries. The blue line traces
the stream as it flows through the watershed, whose boundary is shown in dark blue. The inset map
(lower right) situates the experimental layout within W2. The schematic cross-section beneath the aerial
map traces the hillslope catena along a typical sampling transect, showing the eight sampling plots (I-
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VIII) stepping upslope from the pasture toe-slope (plots I, IT) and foot-slope (plots III, IV) through the
fence line into the hayfield shoulder (plots V, VI) and summit (plots VII, VIII).

Experimental and sampling design

Eight transects were established across the watershed, with four positioned on each side
of the central stream and oriented parallel to the hillslope (Fig. 1). Four treatment transects
received crushed basalt, while four control transects were embedded within 30-m wide basalt-
exclusion strips. Each transect included four evenly spaced sampling plots in the pasture and four
in the adjacent upslope hayfield. Transects 1, 4, 5, and 7 served as controls, while transects 2, 3,
6, and 8 received the crushed basalt amendment. The transects were originally planned to
alternate between control and treatment, but we altered this arrangement on the western side of
the stream because transect 3 lay within a hollow making it susceptible to basalt runoff from
adjacent plots. This design yielded 64 sampling plots in total, capturing a range of hillslope
positions under two land uses while interspersing control and treatment plots across the
landscape (Fig. 1). The experimental layout, together with the timing of soil sampling relative to
the basalt application (see below), followed a before—after, control-impact (BACI) framework

and allowed data to be aggregated by treatment status and landscape position.

Baseline topsoil samples (0—15 cm depth) were collected in fall 2022 (September—
October) and again in spring 2023 (March—April) prior to basalt application. Fall and spring
were chosen because farm operations were minimal then. The basalt was applied in June 2023,
and post-treatment soil sampling was conducted at the same plot locations in fall 2023,
spring 2024, and fall 2024 to track temporal changes in soil chemical properties. For the initial
baseline (fall 2022), three cores of 5 cm diameter were taken per plot and composited. In all

subsequent sampling events, eight cores of 1.59 cm diameter were taken per plot, then combined



154

155

156

157

158
159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

and homogenized in the field. All samples were air-dried in paper bags at 22—-24 °C and 30-35%
relative humidity for one week. After drying, samples were passed through a 2 mm sieve and
homogenized. Coarse roots greater than 1-mm in diameter were removed prior to chemical

analysis.

Feedstock description

The amendment was a finely ground, Ca-rich meta-basalt (“Pioneer Valley Basalt”)
sourced from a quarry in western Massachusetts. The material had a BET surface area of 4.29 m?
g ! and a gravimetric moisture content of 10.1 + 0.2%. Mineralogy was dominated by plagioclase
and clinopyroxene with about 25-30% of the primary minerals converted to metamorphic and
alteration phases. Full oxide composition, mineralogy, grain size distribution, and extractable

nutrients are provided in the supplemental information (Table S2a—S2c; Figs. S2—-S3).

Soil chemical analysis

Soil fertility parameters were quantified through standard chemical assays on both
unamended soil and soil-basalt mixtures after treatment. We focused on pH, effective cation
exchange capacity, and the essential macronutrients Ca, Mg, K, and P, which together,
commonly form the chemical core of routine soil fertility tests used by farmers and extension
services to guide lime and manure applications. Nitrogen (N) and sulfur (S) were excluded from
this essential macronutrient suite, because they are not typically supplied by basalt, though they
can be supplied via other amendments (Amgain et al., 2021). Additions of these Soil pH was
measured in a 1:1 (v/w) slurry of air-dried soil and deionized water, following standard protocols
for moderately acidic New England soils. Plant-available nutrients were extracted using a

modified Morgan solution (0.62 N NH4OH + 1.25 N CH:COOH, buffered to pH 4.8). For each
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extraction, 20 mL of the modified Morgan solution was added to 4.0 g of soil (a 1:5 solution:soil
ratio) in a centrifuge tube and shaken at 180 rpm for 15 minutes. The suspension was then
filtered through medium-porosity filter paper (Whatman No. 2), and the filtrate was retained for
analysis. Phosphorus in the extract was determined colorimetrically by flow injection analysis,
while all other extracted nutrients and metals were measured by ICP—OES. Soil organic matter
(OM) was determined by loss-on-ignition, in which air-dried subsamples were oven-dried at

105 °C for 2 h, ignited at 360 °C for 2 h, and OM (%) calculated from mass loss using a regional

calibration equation (Northeast Soil Testing Procedures, Cooperative Bulletin 493).

Effective cation exchange capacity (ECEC) was estimated by methods appropriate for the
soil pH. In soils with pH > 6, ECEC was taken as the sum of exchangeable base cations
(Ca?* + Mg?* + K* + Na*) (Ross & Ketterings, 1995). In more acidic soils (pH < 6), exchangeable
acidity (H* + AI**) was also included in the total. Exchangeable acidity was quantified using the
Mehlich buffer pH method, which utilizes measurements of the soil pH in water (pH_water) and
the pH of a soil-buffer mixture after 30 minutes of equilibration (pH_buffer). These
measurements were then applied to an empirical calibration equation derived from a regional soil
incubation study (Hoskins & Ross, 2009) to compute exchangeable acidity in units of meq per

100 g! of soil:
EA =20.1-(0.88 x prater) — (246 % pruffer soln) (1)

Statistical analyses

We used linear mixed-effects (LME) regression to evaluate the effects of basalt treatment
on each soil fertility variable. Separate LME models were fit for the pasture plots and the

hayfield plots because diagnostic residual plots indicated different variance patterns between
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11

these two land-use groups. Both models were identical in structure and accounted for basalt
treatment effects, which could vary with time, and hillslope position effects, as well as
interactions among these factors. For the pasture model, hillslope position was treated as a
categorical factor with two levels: toe slope (plots I, IT) vs. foot slope (plots III, IV), with the foot
slope designated as the reference position. For the hayfield model, the position factor was
shoulder slope (plots V, VI) vs. summit (plots VII, VIII), with the summit designated as the
reference position. (See Fig. 1 for plot locations along the hillslope.) All models incorporated a
random intercept for each plot (within each transect) to account for plot-to-plot differences and
the repeated measurements over time. Taken together, this modeling framework evaluates basalt
effects across four slope—land-use categories: pasture toe, pasture foot, hayfield shoulder, and
hayfield summit. Each model was based on ~180 observations (182 for hayfield, 183 for

pasture). The LME regression is given as

Yije=p+x;B+ 10t =2)n, + X3o3 10t = t){np + zip (e + 1600} + i + €50 (2)

where Yy is the soil-chemistry measurement at plot j within transect i at time ¢, ¢ is the expected
value of Y at sampling time #* = 1 at the reference hillslope position, x;; is a binary variable
indicating if plot j within transect i is in the non-reference hillslope position, £ is hillslope effect
relative to the reference position, z;+ is a binary variable indicating if transect i at sampling time
t* is treated or not, 7+ are time fixed effects, o+ quantifies the basalt-treatment impact at the
reference hillslope position for #* = 3, 4, and 5, J;* quantifies basalt-treatment impact relative to
the reference hillslope position for these sampling times, ¢;; is the random intercept for plot j

within transect 7, and €;; is the residual error.
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The regression-model parameters were estimated from soil-fertility measurements made
two times prior to the basalt application and three times following basalt application. The
estimates of a,+ and a,+ + J+ are of greatest interest because these quantify the effects of
interactions between basalt treatment and hillslope position on soil-fertility variables. In our
formulation, the basalt-treatment effect at the reference hillslope position (foot slope in pastures
or summit in hayfields) at a given post-treatment time is denoted by a,+, while the effect relative
to the reference at the lower hillslope position (toe slope in pastures or shoulder slope in
hayfields) at that time is denoted by o;+ Thus, for each post-application sampling (¢* =3, 4, 5
corresponding to fall 2023, spring 2024, fall 2024), the treatment effect in the lower-slope plots
is (ou* + J1%), while in the upper-slope plots it is o, The model also incorporates time fixed-
effects (72, #3, 114, and #5) to control for unobserved factors that may vary with time and are

common to the sampling plots.

All statistical analyses were conducted in R (v4.4.1) using the nlme package. Prior to
modeling, all response variables except pH were loge-transformed to improve normality and
homoscedasticity of residuals; diagnostic Q—Q plots and residual-versus-fitted plots confirmed
that this transformation was effective. Although pH is a logarithmic function of hydrogen ion
concentration, we analyzed acidity both on the pH scale and, where appropriate, in terms of [H*]
to confirm that model interpretations were consistent across linear and logarithmic
representations. Variogram analysis of the LME residuals indicated no appreciable spatial
autocorrelation, suggesting that the inclusion of plot-level random intercepts adequately
accounted for any location-based dependencies in the data. We considered effects statistically
significant at o = 0.05 and marginally significant at 0.05 <p < 0.1. We used Wald tests to

evaluate the significance of specific linear combinations of fixed-effect parameters that
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correspond to the basalt-treatment effect at each hillslope position. For example, tests on as + 03,
a4 + 04, and a5 + 05 assessed whether the basalt had a significant impact on a given soil variable
at the lower-slope positions in fall 2023, spring 2024, and fall 2024, respectively. To facilitate
interpretation of model coefficients, we back-transformed the estimates from the log-scale
models to express effect sizes as percentage changes in the original units. For instance, a fixed-
effect coefficient ¢ obtained for a loge-transformed variable was converted to an estimated
change of [(e“ — 1) x 100]% in the untransformed variable associated with that effect. This
approach allowed us to discuss the influence of the basalt amendment in terms of relative

changes (percent increase or decrease) in soil fertility metrics under field conditions.

Results

Overview of baseline soil chemistry

Soil samples were collected prior to basalt application in fall 2022 and spring 2023 from both
control and treatment transects. The median pH (across 64 sites for the two sampling times)
equaled 6.1, and pH at individual plots ranged from 4.9 to 7.7, with the highest values of pH
occurring in pasture sites of transect 1 (Table S3a). ECEC varied from 4.4 to 22.4 meq 100 g!
with a median of 9.4 meq 100 g''. Base-cation saturation was high, exceeding 73% for all soil
samples and averaging 95%. Calcium ions dominated base saturation, contributing to 86% of the
total exchangeable bases on average (Table S3). Magnesium ions comprised 10% of the base-
cation pool on average, with the remaining 5% was attributable to the sum of K* and Na*. OM

was similar in the hayfield (6.9%) and pasture (6.5%) soils (Table S1).
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Hillslope catena (baseline conditions)

In fall 2022, median pH equaled 5.8 along the pasture toe slope, decreased to a minimum
value of 5.6 at the foot slope, and increased to 6.4 along the shoulder slope and summit of the
upgradient hayfield (Table S3a; Fig. 2). Base saturation varied similarly with hillslope position,
although median values exhibited small variation across hillslope position ranging from 90 to
98%. Median concentrations of Ca?* also increased on both sides of the foot slope, varying from
1,009 mg kg! at this hillslope position to a maximum of 1,833 mg kg™! at the summit (Table S3a;
Fig. 2). The median concentration of Mg?" deviated from this spatial pattern, although it did
exhibit its greatest increase across the pasture-to-hayfield transition in a consistent fashion with
pH, base saturation, and Ca?>*. Whereas median values of Ca?* and Mg?* were greater in the
upslope hayfield positions than in the pasture, those for K exhibited the opposite relationship
(Table S3a) and were approximately 2-fold greater along the pasture foot slope than along the
hayfield summit. Soil P concentrations had a median of 1.2 mg kg'! at the toe-slope and foot-
slope plots of the pasture, which was 33% lower at both the shoulder and summit positions
within the hayfield. Baseline LME models (Tables S4a—S4f) confirmed that in the pasture, slope
position significantly predicted pH, Ca**, and ECEC (p < 0.05), whereas in the hayfield, slope
effects were weaker and generally nonsignificant. In these models, the slope coefficient ()
quantifies the mean difference between the lower and upper slope positions relative to the
reference position (foot slope in pasture, summit in hayfield), while the time (seasonal) term (12)
represents changes between the fall 2022 and spring 2023 baseline samplings. Seasonal fixed
effects captured additional variation in Mg*" and P, though the magnitude of these temporal
shifts was small. We present descriptive summaries here for clarity, with full model outputs

provided in the SI.
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The hillslope patterns in soil-fertility variables observed in fall 2022 were preserved in
spring 2023 (Table S3b, Fig. 2), and the fall to spring changes in pH and elemental
concentrations between the baseline sampling times were generally small. Median pH, for
example, increased by 0.1 units at the toe slope and decreased by 0.2 units at the shoulder slope
and summit while remaining unchanged at the foot slope. The greatest fall to spring change
involved Ca?*, which increased by 42% at the toe-slope plots, but changed by less than 10%

along the remaining hillslope positions.

Fall Spring

pH
-
e
e
e

T T T T T
toe foot shoulder summit toe foot shoulder summit

Fall Spring

4000 4

SEREEIREE

1000 4

toe foot shoulder summit toe foot shoulder summit
Position

Fig. 2. Pre-application mean pH (top) and exchangeable Ca** (bottom) across hillslope positions in fall
(left) and spring (right). Black points are group means (+ standard error), grey dots individual
observations.



297

298
299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317
318
319
320

16

Field-level effects of enhanced rock weathering

Hayfield
Soil pH responded most strongly to the basalt treatment (Table 1). Estimates of the

basalt-treatment impacts on pH along the summit (a3, a4, as) increased for all post-application
sampling times. The greatest pH increase, 0.15 units (~30% lower [H*]), occurred during spring
2024 and was statistically significant, while the smaller increases in fall 2023 (0.10 units) and
fall 2024 (0.03 units) were not. The pH response on the shoulder slopes, as quantified by o +
Jr+, was more pronounced than on the summits (Table 1). Along the shoulder slopes, increases in
pH attributable to the basalt addition ranged from 0.15 (~30% lower [H*]) to 0.21 units (~39%
lower [H*]), and these effect sizes were statistically significant for all post-application sampling
times. Modest increases in Ca?" along the shoulder plots, varying from 6 (insignificant) to 12%
(significant), were also associated with the basalt addition. Basalt-attributable changes in Ca?*
were smaller for summit plots and statistically insignificant. The basalt treatment was generally,
but not always, associated with lower soil Mg?* and K™ concentrations, although significant
effects, equaling —11% for Mg?* and —25% for K*, were observed only on the shoulder slopes in
fall 2023 (Table 1). Lower soil P concentrations were similarly associated with the basalt
amendment. The significance of this association was restricted to summit positions during the
second and third post-application sampling times when P concentrations for an average basalt-
treated plot were 23% to 29% lower than for an average control plot. Changes in ECEC

following basalt treatment were small (—5% to 8%) and not statistically significant.

Table 1. Change in soil pH and percent change in Ca*, Mg?*, K*, P, and ECEC in response to basalt
treatment in the Hayfield. Bolded values are statistically significant at p < 0.05. Times 3, 4, and 5
correspond to fall 2023, spring 2024, and fall 2024, respectively. See Tables S4a—S4f for full model
results.

ECEC Ca¥ Mg P K*

Parameter Parameter Definition pH (%) (%) (%) (%) (%)
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o3 Treatment, summit, Fall 23 0.10 2.1 2.9 -3.1 -16.3 -12.8
o4 Treatment, summit, Spr 24 0.15 —4.6 =5.0 =5.5 —22.8 9.9
os Treatment, summit, Fall 24 0.03 —4.0 —4.7 -3.7 —29.2 5.4
o3 + 03 Treatment, shoulder, Fall 23 0.21 7.6 12.0 -11.3 -1.0 —24.8
o4 + O4 Treatment, shoulder, Spr 24 0.15 7.0 9.1 2.7 15.8 -3.8
os + 0s Treatment, shoulder, Fall 24 0.16 4.5 6.3 —23 10.4 -11.0
Pasture

The basalt treatment appeared to increase soil pH within the pasture, and the size of this
effect grew with time (Table 2). Based on estimates of a3, ay, and as, the basalt addition
increased soil pH along the foot slope by 0.07, 0.19, and 0.24 units in fall 2023, spring 2024, and
fall 2024, respectively. While the pH effect was statistically insignificant for the initial post-
application sampling, it was marginally significant in spring 2024 (p = 0.08), corresponding to a
~36% reduction in hydrogen ion concentration, and significant in fall 2024 (p = 0.03),
corresponding to a ~42% reduction. The basalt effect on pH for the toe-slope plots (i.e., ax + O¢)
followed the same temporal trend and increased by 0.20 units in fall 2024, a marginally
significant effect (p = 0.06) corresponding to ~37% lower [H*] relative to baseline. Increases in
Ca®* along the foot slope attributable to the basalt addition were small and insignificant for all
post-application time periods, ranging from 1 to 6%. The effect of basalt was to decrease Ca**
concentrations at the toe slope, but these changes were similarly insignificant (Table 2). The
response of Mg?* to the basalt addition was qualitatively consistent with that of Ca**, exhibiting
positive associations along the foot slope and negative associations on the toe slope, yet the
effect sizes across all time periods were insignificantly not different from zero. Concentrations of
K* and P also responded weakly to the basalt addition except at the toe-slope position in spring
2024, when the estimated percent change attributable to the treatment equaled —22% for both

analytes.
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Table 2. Change in soil pH and percent change in Ca*, Mg*", K*, P, and ECEC in response to basalt
treatment in the pasture. Bolded values are statistically significant at p < 0.05. Times 3, 4, and 5
correspond to fall 2023, spring 2024, and fall 2024, respectively. See Tables S4g—S41 for full model
results.

. ECEC Ca*®* Mg®* P K*

Parameter Parameter Definition pH (%) (%) ((;i )y (%) (%)
o3 Treatment, foot, Fall 23 0.07 2.3 5.5 12.2 5.4 2.8

o4 Treatment, foot, Spr 24 0.19 -0.4 4.7 18.1 —6.6 -15.5

os Treatment, foot, Fall 24 0.24 -39 1.0 12.2 -12.2 —13.1

a3 + 83 Treatment, toe, Fall 23 0.07 —4.4 —4.1 7.6 —4.8 -10.1

o4 + 04 Treatment, toe, Spr 24 0.17 —15.5 -13.9 -10.1 223 —22.2
os + 0s Treatment, toe, Fall 24 0.20 5.4 —-5.8 1.4 -17.1 1.5

Baseline Acidity Predicts Magnitude of Soil Chemical Response

Baseline soil acidity was strongly associated with the magnitude of the basalt-induced pH
change (Figure 3). There was a clear inverse correlation between initial pH and the subsequent
change in pH (ApH), such that more acidic soils (lower pre-treatment pH) experienced larger
increases in pH one year after basalt application. This relationship was even stronger when
expressed on a linear hydrogen-ion scale: soils with higher initial [H"] underwent the greatest
decreases in [H*] concentration (A[H*]) following treatment. Both metrics showed statistically
significant correlations (Pearson’s » with 95% confidence intervals are given in Fig. 3),
illustrating that the most acidic sites had the largest pH responses, whereas initially near-neutral

soils changed very little.
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B Pre—treatment [H*] (umol L™")

358

359  Fig. 3. Relationship between pre-treatment soil acidity and basalt-induced changes one year after
360  application. (A) ApH versus initial pH. (B) A[H*] versus initial [H*]. Pearson’s r, 95% CI, and p-values
361 are shown within panels.
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Discussion

Soil-chemical responses to basalt amendment

The basalt amendment primarily increased soil pH (0.15-0.24 units). These changes are
consistent with measurements made in other temperate systems. For example, a 50 tha™
application of crushed basalt to an upland hay meadow led to 0.25-unit increase in soil pH (Bell
et al., 2024). Similarly, a 0.2—0.3 unit increase in the pH of soils beneath a spring oat system was
observed following an 18.6 t ha™' basalt treatment (Skov et al., 2024). Under more acidic
conditions, similar doses can produce larger pH shifts: a 0.45-unit increase at 20 t ha™ was
reported in a cocoa pot experiment (Anda et al., 2013), and 0.4—0.5-unit increases were observed
with only 3.5 t ha™ of dunite in a maize pot experiment (Moretti et al., 2019). Our comparative
literature analysis shows that highly weathered tropical soils often experience greater acidity

mitigation than temperate soils at similar basalt doses (Table S5).

The increase in soil pH likely results from the gradual dissolution of basalt, which
releases alkalinity (as HCOs") and base cations such as Ca?" and Mg>" (Lewis et al., 2021). These
dissolution products raise soil-water pH, deprotonate variable-charge exchange sites, and
neutralize soil acidity by displacing H* and AI** with base cations (Kauppi et al., 1984; Nagy &
Koénya, 2007). Although multiple basalt-derived base cations may participate in exchange
reactions, Ca*" may preferentially occupy pre-existing and newly formed pH-dependent
exchange sites. This preference could arise from (i) Ca®*"’s relatively low hydration energy and
favorable exchange affinity, (ii) the potential incorporation of Mg?* into newly forming
secondary clay minerals (Nahon et al., 1982; Yan et al., 2021), and (iii) the preferential siting of
Mg?** in metamorphic actinolite and chlorite, which dissolve from the basalt more slowly than the

original igneous silicate minerals. The modest pH increases we observed reflect the baseline
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soils’ low exchangeable acidity (Table 1), leaving little acidity to neutralize. Soils with the
lowest baseline pH and greatest exchangeable acidity, such as those at the foot slope, tended to
exhibit the largest pH changes (Tables 1-2; Tables S3a—S3b). Moreover, a clear inverse
relationship between baseline pH and pH change illustrates that more acidic soils exhibited
greater pH shifts (Figure 3). These patterns indicate a shift in the dominant mechanism: in
neutral soils, pH increases stem primarily from bicarbonate addition, whereas in acidic soils,
displacement of H* and AI** from the exchange complex is more important. Thus, acidic soils
exhibit larger pH increases while neutral soils change little, illustrating how soil buffering
capacity and chemical equilibria shape the pH response to basalt amendment (Kauppi et al.,

1984; Skov et al., 2024).

Basalt application modestly increased exchangeable Ca*". For instance, Ca®" significantly
increased by up to 12% in the 0—15 cm layer of shoulder-slope soils. Across hillslope positions
and sampling times, most Ca** changes were not statistically significant (Tables 1-2). This small
Ca?" response likely reflects baseline conditions: Ca*" already dominated exchange sites and little
exchangeable acidity was available to neutralize, so displacement of H" and Al** consumed only

a small portion of the Ca?" released by basalt dissolution.

Compared to Ca**, the macronutrients Mg** and K* represented a much smaller portion of
the soil cation pool and of the basalt feedstock. As a result, changes in Mg*" and K* were
generally small and statistically insignificant, although Mg?* declined by ~11% and K* by 25%
along the hayfield shoulder in fall 2023, which may may reflect competitive displacement by
Ca?" due to differences in hydration energy and affinity for exchange sites (Anderson, 1989). It
should be noted that Mg?" increased by 12.2—18.1% in treated foot slopes at all three post-

application samplings, though not significantly.
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Effects on soil P ranged from —29% to 15.8%, with significant declines limited to the
hayfield summit in spring and fall 2024 (—23% and —29%). Increases in pH and Ca** can
precipitate phosphate as calcium-phosphate minerals and reduce anion exchange capacity
(Hinsinger et al., 1995). However, low background P concentrations likely limited this
mechanism. Additionally, the observed P declines may also reflect reduced manure inputs and

plant uptake.

Others have reported that P, Mg?*, and K* released from basalt dissolution were rapidly
taken up by plants, leaving little behind in the soil (Dalmora et al., 2020), but this mechanism
remains speculative and warrants further study. The low-grade metamorphism of the basalt likely
also controlled the transfer of Mg?" and K* to the soil cation pool. As described above, Mg?* is
concentrated in metamorphic actinolite and chlorite, while K* is a dominant interlayer cation
within the alteration product sericite (white mica). These three minerals are more stable in near-
surface environments than augite and plagioclase and dissolve more slowly (Goldich, 1938).
Overall, our findings contrast with many tropical studies where basalt amendments increase
exchangeable nutrient concentrations; in this temperate site, increases were restricted to Ca*" and
pH, with inconsistent or negligible effects on Mg?* and K*. This contrast could also be partly
explained by differences in dissolution rates of primary igneous minerals in the tropical basalts

versus the metamorphic basalt used here.

Topographic and Land-Use Controls on ERW Response

Land use and topographic position jointly structured both baseline soil acidity and the
magnitude of basalt-induced change. Pasture foot slopes exhibited the lowest baseline pH, while
acidity was attenuated at the toe slope. By contrast, hayfield soils (subject to uniform

management) were more buffered, with relatively higher and more consistent baseline pH that
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declined only modestly from summit to shoulder. Within the Sleepers River watershed, previous
hydrologic monitoring documented spring snowmelt—driven leaching of base cations from
midslopes and redeposition downslope, often enriching toe slopes with Ca** (McGlynn et al.,
1999). This process may partly account for the natural catena pattern at the site, where Ca** is
greater on the toe slope than on the upgradient foot and shoulder slopes, and pH and Ca*" are
most depressed on the foot slope, possibly corresponding to the area of greatest cation leaching
(Fig. 2). Superimposed on this natural gradient is a land-use shift: pastures dominate the foot and
toe slopes, while hayfields occupy the shoulder and summit. Manure inputs from rotational
grazing likely amplify acidity in pastures via nitrification of ammonium-rich compounds (Tian &
Niu, 2015). The consistent organic matter concentration across the catena and the absence of
sulfide oxidation features (Fig. S1; Table S1) support this interpretation, suggesting that
differences in organic acids are not the primary driver. Together, these anthropogenic and
topographic forces generate a distinct pattern of soil acidity across the landscape, which shapes
baseline fertility and constrains the realized effect of basalt application. These catena patterns

and their seasonal dynamics are illustrated in the baseline panel of Fig. 4.
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Baseline Seasonal Catena Dynamics Treatment-Catena Interaction

Fall Ca?*

Effect

ca? 4+
Spring Ca?* Baseline Baseline

Effect

.......................... pH R
Fall pH 1

Baseline Baseline

Spring pH

Hayfield Hayfield

Pasture Pasture

Fig. 4. Seasonal and treatment-mediated soil chemistry gradients along the hayfield-to-pasture catena.
Left panel: Seasonal changes in pH (red) and Ca*" (blue) across slope positions between spring and fall.
Right panel: Basalt-induced changes in pH and Ca?", with arrows indicating the direction and relative
magnitude of responses by slope position.

Accordingly, the largest basalt-induced pH increases occurred where pre-treatment pH
was lowest. By the final sampling (13 months post-application), pasture foot slopes exhibited the
largest pH rise, slightly exceeding that of the toe slope. Hayfield shoulder slopes (the next-most
acidic plots) also showed clear pH gains, whereas the hayfield summit (which had the highest
baseline pH) showed much weaker or negligible change. Treatment effects on Ca** were
consistently positive at the pasture foot slope across all three post-application sampling times,
although not statistically significant (likely due to background variability in the pasture).
Exchangeable Ca*" increased significantly at the hayfield shoulder. These parallel increases in
Ca?" at the pasture foot and hayfield shoulder, along with pH rises across all positions, resemble
a liming response, especially since Ca?" increased most where pH rose most. In short, baseline

acidity patterns set by land use and topography governed the magnitude and location of the
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basalt amendment response, effectively targeting the most acidic areas (Tables 1-2; Tables S3a—

S3b). This response across slope positions is depicted in the treatment—catena panel of Fig. 4.

Management-induced heterogeneity within the pastures (Fig. 2) may have further
obscured treatment signals. Irregular, rotational grazing and localized manure “hot spots” (Penn
et al., 2007) likely created a patchy distribution of soil acidity and compaction, inflating the
variability of soil properties in the pasture. This is reflected in the wider spread of baseline pH
and Ca** values for pasture plots (Fig. 2). Such spatial noise could mask the effects of basalt,
making it difficult to detect significant treatment-induced changes in soil pH even when the
mean values were trending upward. Our experimental design, which employed replicated
transects spanning different slope positions and land uses, was intended to account for this
inherent variability, and it enabled us to discern some treatment effects despite the noise. Still,
mitigating the effects that field-level heterogeneity has in lowering statistical precision and
power is challenging. Our findings suggest that MRV (measurement, reporting, and verification)
strategies for field-scale silicate amendments may require large sample sizes or stratified

sampling schemes to reliably detect soil chemistry changes in working landscapes.

Agronomic implications of enhanced rock weathering

The observed rise in soil pH indicates that rock dust could serve as an alternative liming
agent at standard agronomic rates in mildly acidic temperate soils, potentially improving nutrient
uptake and plant growth. Multi nutrient effects were limited, with only a slight and inconsistent
shift toward greater Ca** dominance in the bioavailable nutrient pool, indicating that basalt
amendments alone are unlikely to serve as a comprehensive multi nutrient fertilizer in well

buffered temperate soils. Companies focused on carbon sequestration have positioned rock dust
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co-benefits, increasing referred to as “co-drivers”, primarily in terms of their liming value in the
United States (Clougherty, 2024; Planavsky et al., 2025). By contrast, in tropical soils where
silicate amendments are applied at rates below 50 t ha™!, both pH and exchangeable nutrient
levels (e.g., P and K*) can rise sharply, sometimes doubling (Table S5). This regional distinction
highlights that silicate amendments act as both fertilizers and liming agents in tropical contexts

but primarily as liming agents in temperate environments.

Finally, it is important to recognize that the broader adoption of ERW will depend on its
agronomic value as much as its climate value. Farmers are more likely to embrace rock dust
applications if they observe clear benefits to soil health or crop productivity (Beerling et al.,
2020; Swoboda et al., 2022). In this regard, our study offers a reassuring note: the key soil
fertility metrics that improved, namely pH and, to a lesser extent, exchangeable essential
nutrients, are the very metrics routinely measured in farm soil tests. These standard fertility
assays already populate farm records and can readily supply field-scale inputs to drive
weathering and carbon-sequestration models (Kanzaki et al., 2025; Kanzaki et al., 2022).
Developing MRV frameworks that incorporate such routine soil tests would enable stakeholders
to quantify ERW’s co-benefits for soil fertility while simultaneously verifying carbon removal,
thereby building confidence in the practice from both an agricultural and a climate mitigation

perspective.

Conclusions

This 2.5 year watershed-scale investigation, including 13 months of post-application
monitoring, confirms that a single 20 t ha™" application of Ca-rich meta-basalt acts as an effective

slow-release liming agent, increasing soil pH by 0.15-0.24 units and exchangeable Ca** by as
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much as 12% in the top 15 cm of soil. The alkalinization, driven by silicate weathering, was
greatest at the most acidic landscape positions (hayfield shoulders and pasture foot slopes),
indicating that the efficiency of ERW can be maximized through targeted application. While
providing a valuable source of plant-available Ca?**, the amendment should be viewed primarily
as an alternative liming material rather than a multi-nutrient fertilizer in well-buffered temperate
soils, since other key nutrients showed negligible or minor changes. We conclude that routine
agronomic assays can and should be embedded in MRV frameworks to capture ERW’s co-
benefits for soil fertility. As ERW deployment scales up, field-derived insights can inform

effective site selection, optimize application rates, and guide long-term monitoring strategies.
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