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Abstract 12 

Enhanced rock weathering (ERW) is proposed for carbon dioxide removal, but responsible field 13 

deployment requires careful evaluation of potential trace-metal risks. We applied finely crushed, 14 

Fe–Al-rich basalt (20 t ha⁻¹) to the soil surface of hayfield and pasture soils in a working 15 

Vermont dairy agroecosystem and monitored an adjacent riparian corridor hydrologically 16 

connected to the treated fields. Agricultural surface soils (0–15 cm) were sampled twice before 17 

application (fall 2022 and spring 2023) and four times afterward (fall 2023; spring 2024; fall 18 

2024; spring 2025), and riparian soils were sampled once before application and during four 19 

post-treatment campaigns. Forage biomass and tissue chemistry were measured at first cut in 20 

spring 2023 (pre-treatment) and spring 2024 (one year post-treatment). Extractable soil metals 21 

were quantified using the Modified Morgan extractant. In agricultural plots, extractable Ni, Cr, 22 

Pb, Al, Mn, Zn, Cu, and Cd did not increase relative to controls, and forage yields and tissue 23 

metal concentrations did not differ between treatments. Across plots, extractable Ni, Al, and Pb 24 

covaried most strongly with soil pH. Downslope riparian soils exhibited large declines (60–80%) 25 

in extractable Ni, Al, and Pb, coincident with a transient rise in extractable Ca:Al ratios. These 26 

coupled soil and groundwater patterns are consistent with reduced metal lability in 27 

hydrologically connected riparian soils where basalt-derived solutes accumulated. Together, 28 

these results indicate that agronomic-rate applications of Fe–Al-rich basalt pose minimal trace-29 

metal risk in treated fields and promote conditions consistent with trace-metal sequestration in 30 

zones of weathering product accumulation. Effective ERW monitoring should consider 31 

hydrologic connectivity and track soil pH and Ca:Al ratios as practical indicators of evolving 32 

metal availability. 33 
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Introduction 34 

Terrestrial enhanced rock weathering (ERW) is gaining attention as a negative-emissions 35 

pathway for carbon dioxide removal (CDR) (Beerling et al., 2025). In ERW, finely crushed 36 

silicate rocks, most often basalt, are applied to soils to accelerate dissolution, supplying alkalinity 37 

and base cations that draw down atmospheric CO₂ and can also improve soil fertility 38 

(Chiaravalloti et al., 2023; Johnson et al., 2025; Zhang et al., 2023). As Ca- and Mg-bearing 39 

silicates dissolve, they consume protons and convert dissolved CO₂ to bicarbonate, generating 40 

alkalinity that can be exported as dissolved inorganic carbon to downstream waters and the 41 

ocean, where storage occurs on timescales of 10³–10⁵ years (Beerling et al., 2020). Finely 42 

crushed basalt suitable for ERW is produced in large volumes through quarrying and aggregate 43 

industries and is widely available, making it a scalable ERW feedstock (Power et al., 2023). 44 

Environmental stewardship, however, requires understanding how accelerated weathering 45 

influences trace metals that may enter soil–plant–water pathways (Bell et al., 2024; Flipkens et 46 

al., 2021; Zhang et al., 2024). Although risk discussions often emphasize nickel (Ni) and 47 

chromium (Cr) because they are characteristic of mafic and ultramafic materials (Haque et al., 48 

2020), ERW can also alter the lability of other agronomically and toxicologically relevant 49 

elements (e.g., Mn, Cu, Zn, Pb, Al) depending on feedstock mineralogy and soil chemistry 50 

(Jamieson et al., 2025). 51 

In the context of ERW, assessing exposure risk of trace metals in soils is governed by 52 

soil-chemical controls on metal lability, specifically the speciation, mobility, and accessibility of 53 

metals in soil solution and exchangeable pools, rather than by total concentrations per se (Gupta 54 

et al., 1996; Olaniran et al., 2013). In agronomic systems, plant growth responses largely reflect 55 



 4 

this balance at the root zone, where elevated metal lability can impair nutrient acquisition 56 

(Kochian et al., 2015; Marschner, 2011), although under strongly acidic or high-exposure 57 

conditions, metals may also translocate into plant tissues (Clemens et al., 2013; Nagajyoti et al., 58 

2010). ERW perturbs this balance between metal lability and total concentrations by introducing 59 

reactive mineral surfaces and weathering products. Initial dissolution can release structurally 60 

bound metals, but these reactions also raise soil pH and promote sorption and secondary-phase 61 

formation (e.g., Fe/Al (hydr)oxides), thereby stabilizing cationic metals and shrinking extractable 62 

pools (Cornell & Schwertmann, 2003; Ni et al., 2009). Net mobilization versus immobilization, 63 

therefore, reflects a competition between transient release and longer-term scavenging as soils 64 

evolve toward a new steady state. 65 

Field evidence indicates that ERW outcomes depend strongly on feedstock mineralogy, 66 

soil buffering capacity, and dissolution kinetics (Deng et al., 2023; Vandeginste et al., 2024). 67 

Multi-year trials with Fe–Al-rich basalts generally report rising pH and no increase in labile Ni 68 

or Cr at agronomic application rates (Beerling et al., 2024; Dupla et al., 2024; Kelland et al., 69 

2020). In contrast, olivine-rich and ultramafic materials have increased Ni mobility because they 70 

contain higher intrinsic Ni loads and supply less reactive Fe–Al for secondary-oxide formation 71 

(Flipkens et al., 2021; Ten Berge et al., 2012; Vienne et al., 2022). These contrasts demonstrate 72 

that accelerated weathering can mobilize or immobilize trace metals depending on mineralogical 73 

composition and site conditions. However, most existing ERW studies focus on plot-scale soil 74 

responses and do not evaluate how weathering-derived solutes influence trace-metal lability in 75 

hydrologically connected downslope environments. Field-scale assessments that integrate 76 

agricultural soils, vegetation uptake, and receiving riparian zones remain limited. 77 
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ERW generates alkalinity and base cations that are mobilized along surface and shallow 78 

subsurface flow paths, allowing its geochemical effects to extend beyond amended plots 79 

(Pohlmann et al., 2016). Elevated alkalinity and base-cation concentrations in drainage waters 80 

following ERW deployments show that silicate-derived solutes can be transported downslope 81 

and downstream, yet the roles of near-stream soils, riparian zones, ditches, and other reactive 82 

interfaces in storing, transforming, or transmitting these solutes, and associated trace metals, 83 

remain poorly constrained (Naiman & DeCamps, 1997; Shao et al., 2015; Sun et al., 2025). This 84 

matters even on relatively flat fields: exported solutes may still interact with hydrologically 85 

downgradient reactive interfaces before reaching surface waters (Ledesma et al., 2013). Riparian 86 

soils are often organic-rich and hydrologically dynamic, and they can buffer geochemical 87 

perturbations by exchanging and retaining base cations, altering pH, and providing reactive 88 

surfaces that modulate metal lability (Naiman & DeCamps, 1997). In forested and riparian soils, 89 

the molar ratio of calcium to aluminum (hereafter, Ca:Al ratio) is widely used as an integrative 90 

indicator of metal stress, reflecting competition between Ca²⁺ and exchangeable Al³⁺ (Gu et al., 91 

2017). Quantifying whether ERW-derived solutes shift trace-metal lability in connected riparian 92 

zones is therefore important for environmental risk assessment and for understanding how 93 

hydrologic connectivity governs watershed-scale ERW impacts. 94 

Against this backdrop, we evaluated trace metal behavior during a watershed-scale ERW 95 

field trial in a working Vermont dairy agroecosystem. Finely crushed, Fe–Al-rich basalt (20 t 96 

ha⁻¹) was surface-applied to paired hayfield and pasture plots with untreated controls, and we 97 

monitored a riparian corridor downslope of the treated fields, including a Central Riparian 98 

Corridor and an adjacent Wooded Riparian Study Area that are hydrologically connected to the 99 

fields. We combined operational measures of extractable soil metals with forage biomass and 100 
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tissue chemistry to evaluate in-field exposure pathways (soil availability and plant uptake), using 101 

plant tissues as an integrative check against agronomic and livestock-health guidance values. 102 

Given the sensitivity of Ca:Al and pH–extractability relationships to shifts in base-cation status 103 

and exchangeable Al, we then used riparian soil chemistry, interpreted in the context of these 104 

relationships observed in field plots, to investigate whether laterally transported weathering 105 

products reduce or increase metal lability beyond the amendment footprint. 106 

Building on this design, we addressed three related questions. First, do basalt applications 107 

change concentrations of extractable trace metals in hayfield and pasture soils relative to 108 

controls, and are any changes consistent with pH-driven controls on lability? Second, do forage 109 

plants show altered metal uptake or biomass production after basalt application relative to 110 

agronomic expectations for mixed-grass systems? Third, do riparian soils receiving runoff and 111 

lateral subsurface flow from treated fields exhibit systematic shifts in extractable metals that 112 

track alkalinization and base-cation enrichment (including Ca:Al)? By linking soil, plant, and 113 

riparian observations within a single hydrologically connected deployment, this study constrains 114 

the conditions under which basalt-based ERW can be implemented for CDR without elevating 115 

risks of trace metals and investigates how metal lability in riparian soils responds to watershed-116 

scale transport of weathering products. 117 

Materials and methods 118 

Site design 119 

This study was conducted in Watershed 2 (W2) of the Sleepers River Research Watershed 120 

(44.47° N, 72.60° W) in northern Vermont (Fig. 1). The watershed has a humid temperate 121 

climate. Surficial materials consist of glacial till derived from mica schist and quartzite, and land 122 
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use is divided between agriculture and forest (Newell, 1970; Shanley et al., 2015). According to 123 

USDA soil maps, the topsoil at the experimental sites is mapped as Cabot loam (fine‑loamy, 124 

mixed, active, frigid Typic Haplorthod) and is moderately well‑drained with slightly acidic to 125 

near‑neutral surface horizons (approximately pH 5.5–7.0). Agricultural liming has not been 126 

recorded in the study area over the past two decades. 127 

 128 

 129 
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Fig. 1. Map of the 59 ha, first-order agricultural watershed in northern Vermont (Watershed 2 [W2]) 130 
showing the experimental layout and riparian sampling context. Four enclosed fields are delineated by 131 
land use, including western and eastern pastures and western and eastern hayfields, separated by the 132 
Central Riparian Corridor. Basalt was applied throughout the pasture and hayfield areas except for 133 
exclusion zones delineated by dashed lines. Upland sampling transects run parallel to the primary 134 
hillslope gradient from the field edges toward the riparian zone and are shown for reference. The Central 135 
Riparian Corridor (shaded in pink) includes riparian soil sampling plots (blue circles) used for corridor-136 
scale inventory calculations and the shallow groundwater monitoring well (red circle). The Wooded 137 
Riparian Study Area, shown as a gold polygon outlined in white, is located north of the Central Riparian 138 
Corridor and includes a georeferenced cross-stream soil sampling grid spanning the pasture-facing and 139 
forest-facing banks. The stream network is shown in blue, and the watershed boundary is shown in dark 140 
blue. The inset map situates the experimental layout within W2. The schematic cross-section beneath the 141 
aerial map illustrates the hillslope catena from upland fields through the riparian zone to the stream 142 
channel. 143 

We established an ERW field trial across four enclosed agricultural fields in W2 (Fig. 1): 144 

western and eastern hayfields and western and eastern pastures separated by a fenced Central 145 

Riparian Corridor. Eight transects (1–8) were oriented parallel to the hillslope gradient. Four 146 

transects received the basalt amendment (solid light‑green lines in Fig. 1) and four were 147 

positioned in 30-m wide basalt-exclusion zones and served as untreated controls (dashed black 148 

lines in Fig. 1). Each transect contained eight fixed sampling plots (I–VIII) spanning the hillslope 149 

catena from lower‑slope pasture positions to upper‑slope hayfield positions (Fig. 1), yielding 64 150 

agricultural plots (32 control, 32 treated). Finely crushed basalt was surface‑applied at 20 t ha⁻¹ 151 

in summer 2023 to all portions of the pasture and hayfields, except the basalt exclusion zones. 152 

Agricultural soils were sampled from the 0–15 cm surface horizon, which captures the primary 153 

rooting and nutrient‑cycling zone in these grass systems and aligns with routine agricultural 154 

soil‑testing depth in the northeastern United States. 155 

To evaluate if weathering products affected near‑stream reactive interfaces, we sampled 156 

riparian soils in (i) the Central Riparian Corridor downslope of the treated fields (blue circles, 157 

Fig. 1) and (ii) a Wooded Riparian Study Area (gold polygon, Fig. 1). The sampling layout 158 

within the Wooded Riparian Study Area comprised four riparian positions (1–4) spanning both 159 
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stream banks (Fig. 2): Positions 1–2 on the west bank adjacent to the treated pasture, and 160 

Positions 3–4 on the opposite bank adjacent to the wooded reference area. Each position 161 

included four sampling locations (n = 4; total n = 16). We also sampled a shallow groundwater 162 

well (1.3 m depth; red circle in Fig. 1) within the riparian corridor for dissolved aluminum using 163 

established handling and filtration procedures (Sun et al., 2025). 164 

 165 

 166 

 167 

Fig. 2. Cross-stream sampling design in the Wooded Riparian Study Area (north of the Central Riparian 168 
Corridor, as delimited by the gold polygon in Figure 1). Positions 1–2 are located on the pasture-facing 169 
bank and receive lateral inputs from treated agricultural runoff, whereas positions 3–4 are on the forest-170 
facing bank receiving untreated runoff. Positions 2 and 3 are adjacent to the stream channel. Schematic 171 
not to scale. Each riparian position included four replicate sampling locations (n = 4 per position; total n = 172 
16), spaced 4 m apart perpendicular to the primary hillslope gradient; positions themselves were separated 173 
by 4 m along that gradient. 174 
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We applied crushed Pioneer Valley basalt sourced from Rock Dust Local at a rate of 20 t ha⁻¹ to 176 

the soil surface. Major‑oxide composition was provided by Rock Dust Local and measured via 177 

lithium‑metaborate fusion followed by ICP‑OES analysis (SiO₂ 51.62%, Al₂O₃ 13.64%, Fe₂O₃(T) 178 

13.16%, CaO 9.15%, MgO 5.77%, Na₂O 2.98%, K₂O 0.87%). Supplier‑reported trace‑metal 179 

concentrations (TD‑ICP and INAA, as specified in the certificate of analysis) were Ni 36 ppm, 180 

Cr 24 ppm, Cu 67 ppm, Zn 94 ppm, Pb < 5 ppm, Cd < 0.5 ppm, and As 4 ppm. Powder XRD 181 

indicated clinopyroxene and plagioclase with minor alteration phases (sericite, chlorite, 182 

actinolite) and oxides, and no olivine. This basalt contains magnetite, a ferromagnetic Fe phase 183 

that may enable magnetic tracking of Fe transformation during weathering. Specific surface area 184 

(Brunauer–Emmett–Teller) was 4.29 m² g⁻¹ (Lewis et al., 2021). The feedstock was broadly 185 

sand‑sized but included a substantial fine fraction: 61.4% < 150 µm and 38.5% < 75 µm; linear 186 

interpolation yielded a median particle size of D₅₀ = 113 µm, providing high reactive surface area 187 

while remaining field‑spreadable. Together, these measurements describe an Fe–Al‑rich, 188 

moderately Ca–Mg basalt suitable for ERW and establish the baseline trace‑element loading 189 

used to interpret field responses. 190 

Sampling and processing 191 

Soil 192 
Composite surface soils (0–15 cm) were collected from all agricultural (hayfield and pasture) 193 

sampling plots and analyzed across six sampling campaigns: two before basalt application (fall 194 

2022 and spring 2023) and four after treatment (fall 2023; spring 2024; fall 2024; spring 2025). 195 

For statistical analyses, agricultural plots were grouped into four land-use × hillslope categories 196 

based on the catena framework (hayfield summit, hayfield shoulder, pasture foot, pasture toe). 197 

For the initial baseline (fall 2022), three 5-cm-diameter cores were collected per plot in the 198 
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immediate vicinity of the GPS-referenced location and composited. In subsequent campaigns, 199 

eight 1.59-cm-diameter cores were collected per plot and combined and homogenized in the 200 

field. All plots were sampled within an approximately 1-m-radius footprint centered on the GPS-201 

referenced location. Samples were placed in labeled bags, kept cool in the field, air-dried at room 202 

temperature, sieved to 2 mm, hand-picked to remove coarse roots, homogenized, and subsampled 203 

for chemical analysis. 204 

The Central Riparian Corridor and the Wooded Riparian Study Area were sampled on 205 

different schedules. In the Central Riparian Corridor, soils were collected once pre‑treatment 206 

(spring 2023) and during four post‑treatment campaigns (fall 2023; spring 2024; fall 2024; 207 

spring 2025). Samples were collected from four plots (Fig. 1, blue circles), with eight 208 

1.59‑cm‑diameter cores taken within a 1‑m radius of each plot’s GPS-referenced location. In 209 

spring 2024, four additional plots were sampled in the Central Riparian Corridor to increase 210 

spatial coverage; these samples were collected and processed identically but were included only 211 

for that campaign. In the Wooded Riparian Study Area, soils were collected only after basalt 212 

application (fall 2024 and spring 2025) using the same coring approach, following a 213 

georeferenced cross‑stream grid composed of four riparian positions (1–4) spanning both stream 214 

banks (Fig. 2). Positions were separated by 4 m along the hillslope gradient, and each position 215 

included four sampling locations spaced 4 m apart perpendicular to the gradient (total n = 16). 216 

All riparian soils were processed using the same procedures as the agricultural soils. 217 

Forage 218 

Forage vegetation was sampled along hayfield and pasture transects during the first harvest of 219 

spring 2023 (pre‑treatment) and spring 2024 (one year post‑treatment). Forage was collected 220 

from odd‑numbered plots (I and III in pasture; V and VII in hayfield), yielding 32 plots per 221 
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campaign (16 control, 16 treated). We focused on the first harvest because it represents peak 222 

standing biomass and provides a consistent basis for comparing hayfield and pasture vegetation. 223 

Within each plot, forage was clipped at tractor cutting height (10 cm) from three 0.5 × 0.5 m 224 

quadrats (one quadrat in 2023); quadrat locations were randomly selected within plots. All forage 225 

samples were air‑dried to constant mass, weighed to determine biomass, ground to 2 mm with a 226 

Wiley mill, homogenized, and stored prior to digestion for metal analysis. 227 

Forage vegetation within the experimental fields was dominated by orchardgrass 228 

(Dactylis glomerata), established as a planted monocrop around 2000, but now occurring as a 229 

mosaic with naturalized cool‑season C₃ grasses and legumes. Common co-occurring grasses 230 

included tall fescue (Festuca arundinacea), reed canary grass (Phalaris arundinacea), and 231 

Kentucky bluegrass (Poa pratensis), while legumes were dominated by red clover (Trifolium 232 

pratense) and white clover (Trifolium repens); voucher specimens are archived at the Yale 233 

Herbarium (Yale Herbarium, 2023). Forbs were less abundant and were dominated by broadleaf 234 

plantain (Plantago major) and dandelion (Taraxacum officinale), and overall species diversity 235 

generally increasing toward field margins and the riparian corridor. As expected given 236 

management and successional dynamics, orchardgrass was more prevalent in hayfields, whereas 237 

pasture plots contained a greater mix of naturally recruited grasses and legumes. Accordingly, 238 

vegetation was categorized into four functional classes: planted orchardgrass, wild‑seeded 239 

grasses, legumes, and forbs. 240 

Chemistry 241 

Target elements and rationale 242 
Target trace metals were defined by the standard analytical suites used for agricultural soil and 243 

forage monitoring. We evaluated the full University of Maine agricultural soil screening panel 244 
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(Ni, Cr, Pb, Al, Mn, Zn, Cu, Cd) to provide an extension-relevant baseline for detecting 245 

anomalous trace-metal behavior under ERW. Nickel (Ni) and chromium (Cr) are of particular 246 

relevance because they are characteristic of mafic and ultramafic lithologies and are frequently 247 

discussed in ERW-related risk assessments. 248 

For plant tissue analyses, the available panel at the Penn State Agricultural Analytical 249 

Services Laboratory included Cu, Mn, and Zn, with Ni and Cr available as optional add-ons. We 250 

retained Ni for vegetation monitoring because it is an essential plant micronutrient and is more 251 

likely than Cr to be taken up into aboveground biomass under elevated availability, making it a 252 

more informative tracer of ERW-related metal mobilization in forage (Fageria et al., 2002; Vink 253 

& Knops, 2023). Chromium, which is typically present as Cr(III) and binds strongly to soil 254 

minerals, was therefore emphasized for soil interpretation but not included in tissue analyses 255 

(Bartlett & James, 1979). 256 

Reporting the complete standard soil and tissue panels enables a conservative, screening-257 

based assessment of ERW-related trace-metal responses across soils, forage, and connected 258 

riparian zones without over-interpreting any single element or extraction as a mechanistic 259 

measure of bioavailability (Cho et al., 2010; Zimdahl & Skogerboe, 1977). 260 

Soil extractions 261 

Extractable soil metals were quantified using the Modified Morgan extractant and analyzed by 262 

ICP–OES at the University of Maine Soil Testing Laboratory. Modified Morgan is the standard 263 

trace‑metal screening method used by agricultural extension programs in the northeastern United 264 

States, including the University of Vermont Extension (Grubinger et al., 2011), and provides an 265 

operational measure of readily extractable metal pools that is often interpreted as a proxy for 266 

plant‑available metals when paired with plant tissue data (Davidson, 2013; McBride et al., 2003; 267 
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McBride et al., 2009). Quality assurance/quality control included analytical blanks, 268 

continuing‑calibration verification standards, certified reference soils, and replicate extractions 269 

on 10% of samples to assess analytical accuracy and precision. Elements consistently below 270 

analytical detection limits were not reported. Soil pH was measured in a 1:1 (v/w) slurry of 271 

air‑dried soil and deionized water. Throughout this study, reported increases or decreases in soil 272 

metals refer specifically to changes in Modified Morgan–extractable pools (readily exchangeable 273 

and weakly complexed metals), rather than to changes in total metal inventories. 274 

Plant tissue digestion 275 

Dried, ground forage samples were digested using concentrated HNO₃ (pre‑digestion at 60 °C), 276 

followed by a 90‑min digestion at 90 °C with addition of 30% H₂O₂. Digestates were analyzed 277 

by ICP‑OES at Penn State’s Agricultural Analytical Services Laboratory for trace metals (Ni, Cu, 278 

Zn, Mn). The acid‑digestion/ICP‑OES workflow and QA/QC procedures followed standard 279 

practice for multielement plant analysis, including laboratory blanks, check standards, and 280 

certified plant reference materials. 281 

Statistics and data handling 282 

All response variables (Modified Morgan–extractable soil metals, forage biomass, and forage 283 

tissue metal concentrations) were natural-log transformed prior to modeling to improve 284 

normality and homoscedasticity of residuals, consistent with the right-skewed distributions 285 

typical of soil and plant metal data. Statistical significance was evaluated at α = 0.05; results with 286 

0.05 < p < 0.1 are described as approaching statistical significance. Results were also interpreted 287 

relative to agronomic guidance thresholds to assess practical significance. Analyses were 288 

conducted in R (v4.4.1) using the nlme package. 289 
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For agricultural soils, we fit separate linear mixed-effects (LME) models for each 290 

extractable metal in the University of Maine soil test panel (Ni, Cr, Pb, Al, Mn, Zn, Cu, Cd), and 291 

we fit models separately for hayfield and pasture plots to allow land-use-specific variance 292 

structure and interpretation. Within each land use, hillslope position was treated as a two-level 293 

factor with a designated reference position: hayfield summit (reference) vs. hayfield shoulder, 294 

and pasture foot (reference) vs. pasture toe (see Fig. 1). All soil models included a random 295 

intercept for plot to account for repeated measurements through time. 296 

The soil LME regression was specified as: 297 

!!"# = # + %!"& + 1() = 2) -$ + . 1
%

#*&'
/) = )*0 1-#* + 2!#*/3#* + %!"4#*05 + 6!" + 7!"# 298 

where !!"# is the ln-transformed extractable metal concentration at plot : (within transect ;) 299 

during sampling campaign ); # is the expected value of ! at baseline time ) = 1 at the reference 300 

hillslope position; %!" is a binary indicator for the non-reference hillslope position (shoulder in 301 

hayfields; toe in pastures); & represents the baseline hillslope difference (non-reference relative 302 

to reference); 2!#* is a binary indicator denoting whether the plot is treated at post-application 303 

times (2 = 1 for treated plots at )* = 3–6; 2 = 0 otherwise); -$ and -#* are time fixed effects 304 

capturing temporal shifts common to all plots; 3#* quantifies the basalt treatment effect at the 305 

reference hillslope position at post-application time )*; 4#* quantifies the additional treatment 306 

effect at the non-reference position relative to the reference at time )*; 6!" is the plot-level 307 

random intercept; and 7!"# is the residual error term. Sampling campaigns were indexed as ) = 1 308 

(fall 2022), ) = 2 (spring 2023; pre-application), and post-application )* = 3 (fall 2023), 4 309 

(spring 2024), 5 (fall 2024), and 6 (spring 2025). 310 
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The primary parameters of interest were 3#* (treatment effect at the reference position) 311 

and the linear combination 3#* + 4#* (treatment effect at the non-reference position). We used 312 

Wald tests to evaluate these position-specific treatment effects at each post-application sampling 313 

campaign, and we back-transformed model coefficients to percent differences on the original 314 

scale using (A( − 1) × 100, where D is the estimated coefficient on the ln scale. 315 

For forage biomass and tissue metals, sampling was limited to odd-numbered plots (I, III, 316 

V, VII) during the first harvest in spring 2023 (pre-treatment) and spring 2024 (post-treatment). 317 

Accordingly, we used a simplified mixed-effects structure with fixed effects of Treatment (basalt 318 

vs. control), Time (2023 vs. 2024), and their interaction (Treatment × Time), and a random 319 

intercept for plot. Ln-scale coefficients were interpreted via the same back-transformation to 320 

percent change. 321 

When soil extractable metal concentrations were below the analytical limit of detection 322 

(LOD), values were substituted with one-half the detection limit (LOD/2) prior to ln 323 

transformation to retain a consistent modeling framework; this affected 21% of Cr observations 324 

and 4% of Pb observations. To evaluate sensitivity to substitution choice, we repeated Cr models 325 

using alternative treatments of <LOD values (exclusion of <LOD observations and substitution 326 

with LOD/√2); treatment-effect direction, magnitude, and statistical significance were not 327 

meaningfully altered. 328 

Results 329 

Soil and forage risk assessment 330 

Hayfield soil extractable metals 331 
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Hayfield plots are presented first because their lower background variability provides a more 332 

sensitive test for detecting treatment‑related changes in extractable metals. Across all sampling 333 

campaigns, extractable metal concentrations were low (median [Q1–Q3], mg kg⁻¹): Ni 0.27 334 

[0.16–0.37], Cr 0.03 [0.01–0.04], Pb 0.85 [0.59–1.09], Cd 0.06 [0.05–0.07], Al 58.28 [43.09–335 

76.69], Mn 9.00 [6.79–11.30], Zn 0.60 [0.43–0.74], and Cu 0.15 [0.13–0.19]. All values were 336 

well below Vermont 95th-percentile agronomic screening benchmarks for Ni (0.50), Cr (0.15), 337 

Pb (2.20), Zn (6.90), Cu (0.75), and Cd (0.10 mg kg⁻¹). These percentiles are derived from 338 

extension soil-testing records across Vermont and represent agronomic screening benchmarks 339 

used to contextualize routine soil test results, rather than enforceable regulatory limits 340 

(Grubinger et al., 2011). Benchmarks were not available for Al or Mn (Table 1a). Linear 341 

mixed‑effects models showed no consistent evidence of basalt‑driven enrichment in any analyte 342 

over the monitoring period (32 plots). Treatment coefficients were generally modest (often 343 

within ±20%), but a few larger negative excursions occurred (e.g., Cr −38% at the summit in fall 344 

2023), and four isolated treatment coefficients were statistically significant, including a −36% Cr 345 

response at the shoulder position in spring 2025 (Table 2a). Overall, effects were small relative 346 

to field variability and did not indicate a systematic basalt‑driven increase in extractable metals. 347 

Table 1. Soil and vegetation guideline benchmarks used for interpreting field data. 348 

(a) Modified Morgan–extractable metal percentiles for Vermont agricultural soils (Grubinger et al., 349 
2011). Values represent the statewide median and the Vermont 95th- and 99th-percentile agronomic 350 
screening benchmarks based on >11,000 soil tests; “–” denotes data not available. 351 

Element Median 
(mg kg-1) 

95% 
(mg kg-1) 

99% 
(mg kg-1) 

Number of 
Tests 

Ni 0.15 0.50 1.20 12,252 
Cr 0.05 0.15 0.20 11,638 
Pb 0.35 2.20 18.30 17,183 
Al – – – – 
Mn – – – – 
Zn 1.05 6.90 24.30 17,302 
Cu 0.20 0.75 1.75 17,209 
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Cd 0.05 0.10 2.25 11,958 

(b) Interpretive nutrient ranges for orchardgrass tissues (Penn State Agricultural Analytical Services 352 
Laboratory, n.d.). Concentrations are classified as low, normal, high, or excessive for forage quality; 353 
“–” denotes data not available. 354 

Element Low 
(mg kg-1) 

Normal 
(mg kg-1) 

High 
(mg kg-1) 

Excessive 
(mg kg-1) 

Ni – – – – 
Cu 1 3 6 100 
Zn 7 20 51 200 
Mn 15 50 151 500 

 355 

Table 2. Linear mixed-effects model results testing the effect of basalt application on hayfield soil and 356 
forage metal concentrations. Percent change values are back-transformed model estimates. Bolded values 357 
are statistically significant at p < 0.05. Complete regression outputs for the soil models are provided in 358 
Table S2, and complete regression outputs for the plant models are provided in Table S3. Treatment 359 
effects at the hayfield summit are represented by α terms, and treatment effects at the hayfield shoulder 360 
are represented by linear combinations α + δ, following the soil model structure described in Methods. 361 
For plant biomass and tissue metals, percent change values represent the Treatment × Time interaction 362 
term (2024 treated relative to 2024 control, adjusted for 2023 baseline). Times 3, 4, 5, and 6 correspond to 363 
fall 2023, spring 2024, fall 2024, and spring 2025, respectively. 364 

(a) Soil extractable metal concentrations. 365 

Parameter Parameter 
Definition 

Ni 
(%) 

Cr 
(%) 

Pb 
(%) 

Al 
(%) 

Mn 
(%) 

Zn 
(%) 

Cu 
(%) 

Cd 
(%) 

α3 Treatment, summit, Fall 
23 

-15.4 -38.2 -1.3 -0.4 -13.2 -7.3 -7.8 -3.1 

α4 Treatment, summit, Spr 
24 

-1.7 -1.3 3.7 6.4 -17.2 -11.3 -5.5 -4.0 

α5 Treatment, summit, Fall 
24 

-7.3 8.2 -0.1 1.5 -21.2 -20.7 7.3 -2.9 

α6 Treatment, summit, Spr 
25 

24.5 -11.7 -6.9 -7.7 3.4 -12.4 -15.6 -12.9 

α3 + δ3 Treatment, shoulder, 
Fall 23 

-27.7 -15.4 -12.8 -11.3 -5.3 -15.5 -10.1 0.8 

α4 + δ4 Treatment, shoulder, Spr 
24 

-15.2 6.3 -10.9 -6.4 -2.4 3.1 -0.3 0.0 

α5 + δ5 Treatment, shoulder, 
Fall 24 

-6.8 0.2 -12.6 -9.2 -9.9 -16.4 10.2 -6.7 
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α6 + δ6 Treatment, shoulder, Spr 
25 

27.4 -35.7 -10.9 -9.4 14.9 -15.1 -8.6 -3.0 

 366 

(b) Plant biomass and tissue metal concentrations 367 

Analyte 
Percent 
Change 
(%Δ) 

Model 
Estimate 

(ln) 

Standard 
Error (ln) Statistic DF P-Value 

Mn -10.1 -0.107 0.174 -0.617 14.0 0.547 
Cu 5.8 0.056 0.125 0.450 28.0 0.656 
Zn -4.8 -0.049 0.102 -0.482 14.1 0.637 
Ni -6.1 -0.063 0.265 -0.236 14.0 0.816 

Biomass -30.9 -0.371 0.714 -0.519 28.0 0.608 
 368 

Hayfield vegetation metals and biomass 369 

Hayfield forage tissue metal concentrations were low, and we detected no treatment effects. 370 

Tissue metal concentrations (median [Q1–Q3], mg kg⁻¹) were Mn 40.68 [35.47–51.61], Cu 9.95 371 

[8.97–11.57], Zn 21.41 [19.62–24.02], and Ni 0.65 [0.46–0.84], all within Penn State Extension 372 

interpretive ranges and well below levels considered excessive for orchardgrass (Table 1b). 373 

Linear mixed-effects models (Table 2b) indicated no significant Treatment × Time interaction for 374 

tissue metal concentrations, indicating that basalt application did not alter forage metal uptake 375 

one year post-application relative to controls. Treated plots showed small, non‑significant 376 

changes, with Mn, Zn, and Ni slightly lower (5–10%) and Cu slightly higher (6%) relative to 377 

controls (p = 0.55–0.82). Median baseline forage biomass was 65.0 g m⁻² (interquartile range: 378 

34.8–94.6 g m⁻²). Basalt application also did not affect peak aboveground biomass at first cutting 379 

(p = 0.61). Together, these forage metrics indicate that basalt application did not measurably alter 380 

metal uptake or biomass production within the hayfield during the study period. 381 

Pasture soil extractable metals 382 
Pasture soils showed extractable metal concentrations comparable to hayfields but with greater 383 

spatial variability and no clear treatment effect. Across sampling campaigns, concentrations 384 
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remained low (median [Q1–Q3], mg kg⁻¹): Ni 0.38 [0.28–0.49], Cr 0.06 [0.04–0.07], Pb 1.25 385 

[0.49–2.26], Cd 0.09 [0.07–0.10], Al 75.37 [25.43–153.03], Mn 13.18 [9.65–20.50], Zn 0.40 386 

[0.27–0.58], and Cu 0.19 [0.15–0.25]. Median concentrations were below Vermont 95th-387 

percentile agronomic screening benchmarks for Ni, Cr, Pb, Zn, Cu, and Cd, although Pb and Cd 388 

occasionally approached their 95th-percentile agronomic screening benchmarks (Table 1a). 389 

Linear mixed‑effects models did not indicate consistent basalt‑driven increases in any analyte 390 

over the monitoring period (32 plots). Treatment coefficients were often within ±20%, but 391 

several larger time- and position-specific effects occurred (e.g., Pb up to 72% at the toe slope in 392 

spring 2024 and Ni and Al increases at the toe slope in spring 2025); these effects were isolated, 393 

showed no coherent directional pattern across campaigns (Table S1a). 394 

Pasture vegetation metals and biomass 395 
Pasture forage tissue metal concentrations were low, and we detected no treatment effects. Tissue 396 

metal concentrations (median [Q1–Q3], mg kg⁻¹) were Mn 86.54 [64.34–96.88], Cu 9.96 [8.08–397 

10.98], Zn 21.99 [19.38–23.85], and Ni 1.16 [0.86–1.61], all within Penn State Extension 398 

interpretive ranges and below excessive thresholds for orchardgrass (Table 1b). Linear 399 

mixed‑effects models (Table S1b) indicated no effect of basalt application on tissue metal 400 

concentrations; treated plots showed modest, non‑significant increases (4–20%) in Mn, Cu, Zn, 401 

and Ni relative to controls (p = 0.42–0.79). Median baseline forage biomass was 37.5 g m⁻² 402 

(interquartile range: 16.9–63.3 g m⁻²). Basalt application also did not affect peak aboveground 403 

biomass at first cutting (p = 0.69). Together, these forage metrics indicate that basalt application 404 

did not measurably alter metal uptake or biomass production within the pasture during the study 405 

period. 406 

pH as availability control 407 
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We examined relations between pH and metal extractability across the full agricultural dataset 408 

(hayfield + pasture plots across all sampling campaigns; n = 304 observations). Natural log–409 

transformed Modified Morgan–extractable metal concentrations declined consistently with 410 

increasing soil pH (1:1 H₂O) (Fig. 3), consistent with strong pH control on cationic metal lability 411 

(Alloway, 2012). The strongest inverse correlations were for Pb, Al, Ni, and Zn (r = −0.507 to 412 

−0.423; p < 0.001), with Cd also showing a pronounced negative relationship (r = −0.378, p < 413 

0.001). Cu, Mn, and Cr exhibited weaker but still significant declines with pH (r = −0.184 to 414 

−0.166; p < 0.05). Across all soil samples from agricultural plots, independent of treatment, 415 

extractable metal concentrations declined consistently with increasing soil pH (Fig. 3), indicating 416 

that the 0.2 pH unit increase observed following basalt application in this system (Zacharias et 417 

al., 2025) would be expected to decrease extractable metal concentrations, rather than increase 418 

them, in field soils. 419 
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 420 

Fig. 3. Relationships between ln-transformed Modified Morgan–extractable metal concentrations and soil 421 
pH (1:1 H₂O) across all agricultural plots (hayfield and pasture combined), independent of treatment. 422 
Panels show (A) Ni, (B) Pb, (C) Al, (D) Zn, (E) Cd, and (F) Cr. Solid lines represent least-squares linear 423 
fits; Pearson correlation coefficients (r) and associated p-values are shown in each panel. Values below 424 
the analytical limit of detection (LOD) were assigned LOD/2 prior to ln transformation and are included 425 
in the plots; this substitution results in visible clustering at lower concentrations for analytes with a higher 426 
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proportion of values below the LOD (notably Cr). Correlations are interpreted as pattern-level 427 
associations reflecting pH-dependent trends in extractable metals. 428 

Riparian zone geochemical controls 429 

We monitored extractable trace metals in the Central Riparian Corridor downslope of the treated 430 

pasture (south of the stream’s exit from the wooded reach) to assess off‑field responses (Fig. 1; 431 

sampling plots indicated by blue circles). Sampling included one pre‑application baseline (spring 432 

2023) and four post‑application campaigns (fall 2023; spring 2024; fall 2024; spring 2025). 433 

Within one year after basalt application, Modified Morgan–extractable Ni, Al, and Pb declined 434 

sharply and remained low through fall 2024 before showing a modest rebound by spring 2025 435 

(Fig. 4). Reductions were large in magnitude (60–80% decline in campaign means between 436 

spring 2023 [pre-application baseline] and spring 2024) and were directionally consistent across 437 

all four riparian plots (4/4 sites decreased over this interval). For context, Ni concentrations early 438 

in the record fell between the Vermont 95th- and 99th-percentile agronomic screening 439 

benchmarks (0.50 and 1.20 mg kg⁻¹, respectively) and declined below the 95th-percentile 440 

benchmark after application, while Pb remained well below its 95th-percentile benchmark 441 

throughout (2.20 mg kg⁻¹; Table 1a). The largest declines in concentrations in the riparian zones 442 

occurred for Ni, Al, and Pb, which also exhibit among the strongest inverse relationships with pH 443 

across the full agricultural dataset (Fig. 3). Together, these patterns are most consistent with a 444 

pH-driven reduction in metal lability mediated by increased sorption, including inner-sphere 445 

surface complexation on mineral and organic surfaces under weathering-derived solute inputs. 446 

 447 
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 448 

Fig. 4. Temporal trends in extractable metal concentrations in the Central Riparian Corridor following 449 
basalt application. Time series of Modified Morgan–extractable Ni (A), Al (B), and Pb (C) from spring 450 
2023 to spring 2025. The red dashed line marks the timing of basalt application (spring 2023). Points 451 
show campaign means with error bars representing ± 1 standard deviation; individual site values are 452 
shown in grey. All three metals show pronounced post-application declines that persist through fall 2024. 453 
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Other soil extractable metals in the Central Riparian Corridor did not exhibit the 454 

sustained post‑application decline observed for Ni, Al, and Pb. Chromium, Mn, Cu, and Cd 455 

remained low and showed modest variability across campaigns, without a consistent directional 456 

trend (Figs. S1a–S1b, S1d–S1e). Zinc modestly increased during 2024 but returned toward 457 

baseline by spring 2025 (Fig. S1c). 458 

Basalt application was followed by a pronounced rise in the extractable Ca:Al ratio in 459 

Central Riparian Corridor soils (Fig. 5). Mean Ca:Al increased from 52 before application 460 

(spring 2023) to 225 by spring 2024 and peaked at 292 in fall 2024 before returning to near-461 

baseline values by spring 2025 (mean 51). Ca:Al is widely used as an integrative indicator of 462 

exchange-site buffering and aluminum stress in forest and riparian soils, reflecting the balance 463 

between base-cation enrichment and exchangeable Al activity. This transient increase in Ca:Al 464 

coincided with 60–80% declines in extractable Ni, Al, and Pb between spring 2023 (pre-465 

application baseline) and spring 2024, indicating that these shifts occurred concurrently within 466 

the Modified Morgan–extractable pool. Collectively, these patterns are consistent with enhanced 467 

base-cation buffering and pH-mediated strengthening of sorptive retention under weathering-468 
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derived solute inputs.469 

 470 

Fig. 5. Temporal trend in the extractable Ca:Al ratio (Modified Morgan Ca divided by Modified Morgan 471 
Al) in the Central Riparian Corridor soils from spring 2023 to spring 2025. Following basalt application 472 
(red dashed line), mean Ca:Al increased from 52 in spring 2023 to 225 in spring 2024 and peaked at 292 473 
in fall 2024 before returning toward baseline by spring 2025 (mean 51). Points show means ± 1 standard 474 
deviation with individual site values in grey. 475 

To assess whether post-application declines were spatially localized, we examined data 476 

from the cross-stream riparian sampling grid in the Wooded Riparian Study Area north of the 477 

central corridor (Figs. 1–2). This grid included both stream banks, with two positions on the west 478 

bank receiving runoff from the basalt-treated pasture (Position 1 near the pasture edge; Position 2 479 

adjacent to the stream) and two positions on the east bank receiving runoff from the untreated 480 

forest (Position 3 adjacent to the stream; Position 4 farther upslope). In fall 2024 (>1 year post-481 

application), mean extractable Ni and Al concentrations were approximately two times lower on 482 
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the pasture bank than on the forested bank, while Pb exhibited a similar but slightly smaller 483 

difference between west and east banks (Fig. 6). 484 

This cross‑stream pattern in the Wooded Riparian Study Area persisted through spring 485 

2025, with Ni, Al, and Pb remaining lower on the pasture (treated) bank (Positions 1–2) than at 486 

corresponding positions on the forest bank (Positions 3–4) (Fig. 6). In both fall 2024 and spring 487 

2025, the greatest difference in metal concentrations occurred at the stream‑adjacent pair 488 

(Position 2 on the treated bank versus Position 3 on the forest bank). This spatial signature is 489 

consistent with the before–after declines observed in the Central Riparian Corridor. Across both 490 

sampling events, concentrations of Ni and Pb on the treated bank remained below the Vermont 491 

95th-percentile agronomic screening benchmark (Table 1a), indicating that the observed shifts 492 

represent changes in extractability rather than enrichment from the release of trace metals by 493 

dissolution of the basalt feedstock. Other monitored metals (Cr, Mn, Zn, Cu, Cd) showed smaller 494 

and/or inconsistent cross‑stream structure that varied by position and sampling date (Fig. S2). 495 
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Fig. 6. Modified Morgan–extractable Ni (A), Al (B), and Pb (C) across a Wooded Riparian Study Area 497 
bordering the basalt‑treated pasture, sampled in fall 2024 and spring 2025. Positions 1–2 lie on the treated 498 
(pasture‑facing) bank (Position 1 nearer the pasture edge; Position 2 nearer the stream), and Positions 3–4 499 
lie on the opposite, untreated forested bank (Position 3 nearer the streambank; Position 4 farther upslope). 500 
Metal concentrations were consistently lower on the pasture-facing (treated) bank. 501 

Discussion 502 

Across soils, forage, and riparian zones, the measurements reveal a coherent cross-landscape 503 

pattern. In treated agricultural plots, basalt application produced small, statistically 504 

non‑significant changes in soil extractable metals; modest reductions were more common in 505 

hayfields, whereas pasture soils showed more variable effect sizes. These in‑field responses were 506 

not temporally persistent and were not reflected in forage metal concentrations or biomass. In 507 

contrast, riparian soils downslope of treated fields exhibited marked declines in Modified 508 

Morgan–extractable Ni, Al, and Pb that coincided with a transient increase in extractable Ca:Al 509 

ratios, consistent with enhanced base-cation buffering in riparian soils. Together with the inverse 510 

relationships between soil pH and extractable metals across agricultural plots (Fig. 3), these 511 

spatially coherent changes suggest that weathering‑derived solutes were transported into the 512 

riparian corridor along hydrologically connected flow paths, where their delivery of alkalinity 513 

and base cations increased exchange-site buffering and reduced metal lability through increased 514 

sorptive retention. The contrasting upland versus downslope responses imply that hydrologic 515 

connectivity, rather than field‑level dissolution alone, governed the observed geochemical 516 

outcomes, likely through a combination of saturated‑excess overland flow during wet periods 517 

(e.g., spring snowmelt), shallow subsurface stormflow, and return flow near the riparian margin 518 

(Ledesma et al., 2013; McGlynn et al., 1999; Naiman & DeCamps, 1997), though the relative 519 

contributions of these pathways cannot be fully resolved with the available data. 520 
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Agricultural risk assessment 521 

Across treated pasture and hayfield plots, we found no evidence of accumulation: trace‑metal 522 

concentrations in soils and vegetation did not differ between basalt‑amended and control 523 

treatments, and all values fell within typical Vermont agricultural background ranges (Grubinger 524 

et al., 2011). Although some small treatment‑related shifts occurred in extractable metals, they 525 

were inconsistent in direction and magnitude, remained within background variability, and did 526 

not translate into changes in forage metal uptake or biomass. Analytical detection limits for soil 527 

and tissue metals were well below these background ranges, indicating that non‑detections 528 

reflect genuinely low concentrations. The Pioneer Valley basalt used here is an Fe–Al‑rich, 529 

low‑Ni/Cr mafic feedstock (Fe₂O₃(T) = 13.16%, Al₂O₃ = 13.64%, Ni = 36 ppm, Cr = 24 ppm) 530 

applied at a modest rate (20 t ha⁻¹), roughly an order of magnitude lower than in some ERW 531 

trials (e.g., 200 t ha⁻¹) (Beerling et al., 2024). This Fe–Al–rich composition promotes pH 532 

buffering during weathering and increases the potential for sorptive and secondary-phase 533 

stabilization of trace metals, consistent with the absence of increased extractable metal 534 

concentrations. Extractable Ni remained below the Vermont 95th-percentile agronomic screening 535 

benchmark (0.50 mg kg⁻¹) and rarely approached the 99th-percentile benchmark (1.20 mg kg⁻¹). 536 

Other metals of agronomic concern (e.g., Cr, Mn, Al) showed no treatment‑related increases 537 

across sampling campaigns. Likewise, orchardgrass tissue showed no metal accumulation and no 538 

biomass reduction; concentrations remained within extension “normal–high” interpretive ranges 539 

and were never excessive, even at the first harvest when uptake demand is greatest. These 540 

findings are consistent with field‑scale basalt ERW studies (Beerling et al., 2024; Bell et al., 541 

2024) and indicate that low trace metal, Fe–Al‑rich basalt applied at agronomic rates can 542 
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maintain agronomic safety in both soils and forage. Overall, treated–control differences were far 543 

below thresholds of agronomic concern and well within natural field heterogeneity. 544 

Riparian attenuation 545 

In contrast to the lack of treatment effects within the amended fields, Modified Morgan–546 

extractable Ni, Pb, and Al declined sharply in the downslope riparian zone (Fig. 4). This pattern 547 

is consistent with hydrogeochemical attenuation in which weathering-derived solutes enter 548 

organic-rich, fine-textured soils that provide abundant reactive surfaces for metal stabilization 549 

(Gu et al., 2017). Although basalt was not applied directly to the riparian corridor, lateral 550 

transport of alkalinity and base cations from the treated fields likely contributed to both the 551 

transient rise in extractable Ca:Al (Fig. 5) and the concurrent declines in extractable Ni, Pb, and 552 

Al, indicating a liming-equivalent influence extending beyond the amendment footprint. These 553 

results demonstrate that ERW-induced changes in soil chemistry can propagate downslope along 554 

hydrologic flow paths, shifting exchange equilibria and reducing metal lability in receiving soils. 555 

Shallow groundwater adjacent to the riparian zone provides additional context for this 556 

response. Dissolved Al exhibited short-term post-application variability in fall 2023, with 557 

concentrations remaining within the historical pre-treatment range (Fig. S3a), followed by a 558 

marked decline in spring and fall 2024 to values lower than those observed prior to amendment. 559 

Over the same interval, groundwater Ca:Al ratios more than doubled beginning in spring 2024 560 

and remained elevated through fall 2024 (Fig. S3b), coincident with the rise in extractable Ca:Al 561 

in riparian soils (Fig. 5). This sequence is consistent with a brief period of early exchange 562 

adjustment following base-cation inputs, during which small, short-lived increases in dissolved 563 

metals may occur, followed by a stronger and more sustained buffering response under elevated 564 
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Ca and alkalinity, which promotes metal sequestration. Together with the pH–metal relationships 565 

observed across agricultural plots (Fig. 3), these coupled soil and groundwater patterns indicate a 566 

dominant net shift toward lower metal availability in the riparian zone. 567 

We note that the riparian component of this study does not constitute a fully paired 568 

before–after–control–impact (BACI) design and did not include an independent untreated 569 

riparian control corridor monitored through time. While the Central Riparian Corridor was 570 

sampled both before and after basalt application, the cross‑stream comparison between the 571 

treated pasture bank and the opposing forested bank was established only after the intervention. 572 

As a result, the spatial contrast alone cannot quantify change relative to a pre‑treatment baseline. 573 

However, the magnitude and direction of the post‑application spatial pattern closely mirror the 574 

before–and–after declines observed within the treated riparian corridor, providing convergent 575 

evidence that the observed reductions in extractable Ni, Al, and Pb are associated with 576 

basalt‑derived solute inputs rather than background spatial heterogeneity. 577 

Mechanistic interpretation 578 

Enhanced rock weathering modifies the lability of trace-metals through linked dissolution, acid–579 

base reactions, and changes in sorption (including surface complexation) and secondary-mineral 580 

processes. Comminution and early dissolution can release structurally bound metals, producing 581 

pulses of dissolved polyvalent metals (e.g., Ni and Cr) as observed for ultramafic feedstocks (te 582 

Pas et al., 2023; Ten Berge et al., 2012; Zhang et al., 2024). At the same time, silicate dissolution 583 

supplies Ca²⁺, Mg²⁺, and alkalinity, raising pH and increasing the negative charge on mineral and 584 

organic surfaces, thereby strengthening surface complexation of polyvalent metal cations. Rising 585 

pH also promotes Al hydrolysis and can, over time, favor precipitation or transformation of Fe–586 
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Al (hydr)oxide phases that provide additional high-affinity sorption and occlusion sites for trace-587 

metals (Alam et al., 2025; Cho et al., 2010; Cornell & Schwertmann, 2003; Nascimento et al., 588 

2025). Although Ca inputs may transiently displace weakly sorbed metals, pH-driven changes in 589 

surface charge and speciation generally favor net scavenging via sorption and, potentially, 590 

secondary phase development. The balance between mobilization and scavenging depends on 591 

feedstock mineralogy, the supply of reactive Fe–Al relative to Ni–Mg inputs, and hydrologic 592 

residence time. Although Si:Mg was fixed for the basalt feedstock used here, comparison with 593 

other ERW studies suggests that relative position along the Goldich weathering series modulates 594 

whether ERW promotes net trace-metal release or scavenging (Fig. 7). 595 

In our experiment, basalt addition increased soil pH by 0.2 units in agricultural soils 596 

(Zacharias et al., 2025), and across agricultural plots extractable metal concentrations were 597 

inversely related to soil pH independent of treatment (Fig. 3). Consistent with this mechanistic 598 

relationship, substantial post-application declines in extractable Ni, Al, and Pb occurred in 599 

riparian soils and were consistent with pH-driven scavenging and mineral-transformation 600 

processes dominating any transient mobilization in the net extractable signal. With soil aging, 601 

these sorption and mineral-transformation pathways progressively shift metals from labile to 602 

non-labile pools (Alloway, 2012; Lock & Janssen, 2003) (Fig. 7). 603 
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 604 

Fig. 7. Conceptual framework illustrating metal dynamics under enhanced rock weathering (ERW). 605 
Change in extractable nickel (ΔEx.[Ni]) from ERW studies plotted along Mg:Si ratios from felsic/mafic to 606 
ultramafic rock dust compositions, following the Goldich weathering series. Mafic feedstocks with higher 607 
reactive Fe + Al tend to promote Ni scavenging (negative ΔEx.[Ni]), whereas ultramafic, olivine-rich 608 
materials often exhibit positive ΔEx.[Ni] due to limited secondary oxide formation and scavenging. Star, 609 
square, triangle, and circle markers correspond to this study, bench-scale pot and column studies, 610 
mesocosm-scale studies, and field-scale studies, respectively. 611 

This mineralogical control on metal mobility is well illustrated in natural systems. 612 

Serpentine soils derived from ultramafic parent material contain large total Ni and Cr loads but 613 

often maintain low labile fractions: Ni partitions into phyllosilicates and amorphous Fe phases, 614 

whereas Cr is retained predominantly as Cr(III) in crystalline oxides and spinels (Nascimento et 615 

al., 2025). These patterns highlight both the strength of mineralogical sinks and an asymmetry in 616 

metal behavior. Nickel tends to remain more readily extractable, whereas Cr is strongly 617 

immobilized unless oxidized to Cr(VI). ERW using Fe–Al‑rich mafic rocks such as basalt is 618 

therefore expected to favor immobilization pathways, provided pH buffering and 619 

secondary‑mineral formation shift conditions toward scavenging (Sparks et al., 2022). 620 
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Viewed more broadly through a soil-chemical potential lens (Barros et al., 2024; Brantley 621 

& White, 2009; Zehe et al., 2019), Fe–Al-rich, low-Ni/Cr basalt ERW drives the aqueous-metal 622 

subsystem forward toward a more stable chemical state by shifting metals from labile to sorbed 623 

or precipitated pools. Where dissolution releases metals but secondary mineral formation is 624 

limited, as in Fe–Al-poor ultramafics, the chemical potential of dissolved metals remains high 625 

and lability persists. Cross-study patterns reflect this contrast: Fe–Al-rich mafic rocks typically 626 

produce negative ΔEx.[Ni] (net scavenging), whereas olivine-rich mafic and ultramafic materials 627 

often show positive ΔEx.[Ni] (net mobilization) (Fig. 7). Short-lived mobilization may precede 628 

re-sequestration as secondary phases accumulate (Lewis et al., 2021). 629 

ERW as accelerated pedogenesis 630 

Enhanced rock weathering of low‑Ni, Fe–Al‑rich mafic feedstocks can accelerate soil‑forming 631 

reactions that shift trace metals from readily extractable pools to more stable forms. As silicates 632 

dissolve, they supply Ca²⁺, Mg²⁺, silica, and alkalinity, raising pH and increasing the negative 633 

surface charge on minerals and organic matter, thereby strengthening surface complexation of 634 

polycationic metals. Over time, higher pH and the addition of reactive Fe–Al may also promote 635 

precipitation and aging of Fe–Al (hydr)oxide phases, providing additional high‑affinity sorption 636 

and occlusion sites (Pohlmann et al., 2016). Fe–Al‑rich mafic basalts may therefore favor 637 

scavenging, whereas ultramafic feedstocks with limited Fe–Al supply can remain undersaturated 638 

and sustain higher metal lability, consistent with serpentine soil analogs (Robinson et al., 1996; 639 

Ten Berge et al., 2012). The resulting steady state reflects the balance among dissolution, 640 

sorption, and secondary‑phase development that sets the labile:non‑labile ratio; ERW effectively 641 

compresses the time required to reach that state (Vicca et al., 2022; Zhang et al., 2024). Reaction 642 

rates are governed by particle size and surface area, moisture regime, and biological inputs 643 
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(Bertagni et al., 2024; Deng et al., 2023). Although we did not measure mineralogy directly, 644 

magnetic susceptibility and remanence could provide rapid, non‑destructive proxies for oxidation 645 

of magnetite/titanomagnetite to maghemite–hematite–goethite, and thus help track the 646 

development of Fe‑oxide scavengers in future ERW monitoring (Jordanova et al., 2024; Mullins, 647 

1977). In our riparian soils, the rise in Ca:Al is consistent with strengthened buffering and 648 

reactive binding capacity under basalt‑derived solute inputs and coincided with declines in 649 

extractable Ni, Al, and Pb. 650 

Implications for ERW deployment 651 

Our field results, together with other ERW studies, indicate that feedstock mineralogy is the 652 

primary determinant of agronomic metal safety (Fig. 7). Fe–Al-rich mafic rocks (e.g., basalt) 653 

with low Ni and Cr can be applied at agronomic rates without increasing extractable soil metal 654 

concentrations or forage metal concentrations. In contrast, ultramafic materials (e.g., olivine, 655 

serpentine) contain higher Ni and supply less reactive Fe–Al, making them more prone to Ni 656 

mobilization. This conclusion aligns with large field trials reporting negligible metal increases 657 

following basalt amendment. In our deployment, the application rate (20 t ha⁻¹) was an order of 658 

magnitude lower than in some ERW trials (200 t ha⁻¹) and remained within environmental safety 659 

margins (Beerling et al., 2024). Stewardship should nonetheless consider cumulative Ni and Cr 660 

loading and track changes in cation‑exchange capacity under repeated applications (Haque et al., 661 

2020). Importantly, extrapolating stabilization responses beyond amended areas requires 662 

accounting for hydrologic connectivity, which governs the downslope transport of 663 

weathering‑derived solutes. Practically, these results support feedstock‑screening criteria based 664 

on total and extractable metal content, Fe–Al buffering capacity, and Ni–Cr composition, and 665 
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they suggest that basalt‑based ERW can be integrated into existing nutrient‑management 666 

frameworks (Table 1–2). 667 

Conclusion 668 

Enhanced rock weathering with Fe–Al-rich basalt can be implemented in working agricultural 669 

landscapes without increasing trace-metal risks and, where hydrologic connectivity transports 670 

weathering products downslope, may reduce extractable metal concentrations in receiving soils. 671 

In treated fields, extractable metals and forage tissue concentrations remained within agronomic 672 

ranges and yields were unchanged, indicating minimal in-field hazard at agronomic application 673 

rates. In contrast, riparian soils downslope of treated plots exhibited marked declines in 674 

extractable Ni, Al, and Pb, coincident with a transient rise in Ca:Al ratios, consistent with 675 

strengthened base-cation buffering and reduced metal lability. Although specific mineralogical 676 

pathways were not directly resolved, the spatial and temporal coherence of soil and groundwater 677 

responses supports a pH- and sorption-mediated attenuation mechanism under hydrologic 678 

delivery of weathering-derived solutes. These results highlight the importance of feedstock 679 

mineralogy and watershed position in governing ERW outcomes and suggest that monitoring 680 

frameworks should track soil pH, Ca:Al ratios, and hydrologic connectivity when evaluating 681 

trace-metal stewardship. 682 
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Supplemental Information 
Table S1. Linear mixed-effects modeling outputs for treatment effects in pasture extractable 
metal in soil and forage biomass and metal content. Percent change values are back-transformed 
model estimates. Bolded values are statistically significant at p < 0.05. Times 3, 4, 5, and 6 
correspond to fall 2023, spring 2024, fall 2024, and spring 2025, respectively. 

(a) Treatment response in extractable metal in soil 

Parameter Parameter 
Definition 

Ni 
(%) 

Cr 
(%) 

Pb 
(%) 

Al 
(%) 

Mn 
(%) 

Zn 
(%) 

Cu 
(%) 

Cd 
(%) 

α3 Treatment, foot, Fall 23 14.4 -8.1 22.3 3.6 -6.4 0.7 5.5 0.1 

α4 Treatment, foot, Spr 24 -8.0 9.2 26.8 -0.4 -7.4 -9.6 -14.4 -1.3 

α5 Treatment, foot, Fall 24 26.6 25.2 -9.2 -5.3 10.2 19.8 27.3 -7.7 

α6 Treatment, foot, Spr 25 27.0 2.1 7.1 4.5 3.8 -16.4 12.3 -5.9 

α3 + δ3 Treatment, toe, Fall 23 29.4 -4.9 41.0 13.7 5.7 6.5 22.8 -3.9 

α4 + δ4 Treatment, toe, Spr 24 -5.3 8.4 71.8 34.6 -11.9 -20.6 -18.6 -3.0 

α5 + δ5 Treatment, toe, Fall 24 17.2 16.6 6.8 8.9 10.0 7.7 4.2 -7.3 

α6 + δ6 Treatment, toe, Spr 25 43.5 3.1 11.6 42.3 7.4 -23.2 0.7 -4.4 

 
(b) Treatment effects on forage biomass and metal concentrations one year post-application 

Analyte 
Percent 
Change 
(%Δ) 

Model 
Estimate 

(ln) 
Standard 
Error (ln) Statistic DF P-Value 

Mn 20.3 0.185 0.237 0.780 11.7 0.451 
Cu 4.3 0.042 0.084 0.506 12.6 0.621 
Zn 8.2 0.079 0.094 0.832 10.7 0.423 
Ni 6.3 0.061 0.226 0.268 12.8 0.793 

Biomass -22.4 -0.253 0.628 -0.403 13.8 0.693 
 

Table S2. Linear mixed-effects model results for Modified Morgan-extractable trace metals (hayfield). 

Models were fit to natural log-transformed Modified Morgan-extractable concentrations. Fixed-effect 
estimates (β) and standard errors (SE) are reported on the ln scale with 95% confidence intervals (CI). 
Percent change (%Δ) values are back-transformed as %Δ = 100 × (exp(β) − 1), with CI bounds computed 
by applying the same transformation to the β-scale CI. Treatment effects at the hayfield summit are 
represented by α terms (A), and treatment effects at the hayfield shoulder are represented by linear 
combinations α + δ (A + d). 

(a) Hayfield Ni model results. AIC (ML): 234.83 



Term β SE 
95% CI 

(β) 
Lower 

95% CI 
(β) 

Upper 
%Δ 

95% CI 
(%Δ) 
Lower 

95% CI 
(%Δ) 
Upper 

p-value 

Intercept -1.76 0.08 -1.92 -1.59 — — — <0.001 
β1 -0.07 0.10 -0.28 0.14 -7.0 -24.5 14.5 0.48 
η2 0.80 0.09 0.62 0.98 123.4 86.8 167.0 <0.001 
η3 0.39 0.12 0.15 0.62 47.3 16.5 86.2 0.001 
η4 0.53 0.12 0.30 0.76 69.9 34.4 114.7 <0.001 
η5 0.69 0.12 0.45 0.92 99.0 57.4 151.5 <0.001 
η6 0.70 0.11 0.48 0.91 100.9 62.3 148.7 <0.001 
α3 -0.17 0.19 -0.55 0.21 -15.4 -42.0 23.3 0.38 
α4 -0.02 0.19 -0.39 0.36 -1.7 -32.6 43.3 0.93 
α5 -0.08 0.19 -0.45 0.30 -7.3 -36.4 35.2 0.69 
α6 0.22 0.17 -0.11 0.54 24.5 -10.0 72.4 0.188 
δ3 -0.16 0.23 -0.60 0.29 -14.5 -45.3 33.6 0.49 
δ4 -0.15 0.23 -0.59 0.30 -13.7 -44.8 34.9 0.51 
δ5 0.00 0.23 -0.44 0.45 0.5 -35.7 57.0 0.98 
δ6 0.02 0.20 -0.36 0.41 2.3 -30.2 50.0 0.908 

α3 + δ3 -0.32 0.19 -0.70 0.05 -27.7 -50.2 5.0 0.09 
α4 + δ4 -0.16 0.19 -0.54 0.21 -15.2 -41.6 23.2 0.39 
α5 + δ5 -0.07 0.19 -0.44 0.30 -6.8 -35.9 35.4 0.71 
α6 + δ6 0.24 0.15 -0.06 0.54 27.4 -5.5 71.8 0.112 

 

(b) Hayfield Cr model results. AIC (ML): 277.42 

Term β SE 
95% CI 

(β) 
Lower 

95% CI 
(β) 

Upper 
%Δ 

95% CI 
(%Δ) 
Lower 

95% CI 
(%Δ) 
Upper 

p-value 

Intercept -3.40 0.08 -3.57 -3.24 — — — <0.001 
β1 0.10 0.09 -0.09 0.29 10.7 -8.2 33.5 0.28 
η2 -0.41 0.11 -0.62 -0.19 -33.4 -46.2 -17.7 <0.001 
η3 -0.38 0.14 -0.65 -0.10 -31.4 -47.8 -9.9 0.007 
η4 0.00 0.14 -0.27 0.28 0.3 -23.7 31.7 0.99 
η5 -0.66 0.14 -0.93 -0.39 -48.3 -60.6 -32.1 <0.001 
η6 0.06 0.10 -0.13 0.24 6.0 -12.1 27.7 0.546 
α3 -0.48 0.22 -0.91 -0.05 -38.2 -59.7 -5.0 0.03 
α4 -0.01 0.22 -0.44 0.42 -1.3 -35.7 51.6 0.95 
α5 0.08 0.22 -0.35 0.51 8.2 -29.5 66.2 0.72 
α6 -0.12 0.16 -0.43 0.18 -11.7 -34.9 19.7 0.424 
δ3 0.31 0.26 -0.20 0.83 36.7 -18.1 128.2 0.23 
δ4 0.07 0.26 -0.44 0.59 7.7 -35.5 79.8 0.78 
δ5 -0.08 0.26 -0.59 0.44 -7.4 -44.5 54.6 0.77 
δ6 -0.32 0.18 -0.66 0.03 -27.1 -48.6 3.2 0.079 

α3 + δ3 -0.17 0.22 -0.59 0.26 -15.4 -44.7 29.4 0.44 
α4 + δ4 0.06 0.22 -0.36 0.49 6.3 -30.5 62.6 0.78 
α5 + δ5 0.00 0.22 -0.42 0.43 0.2 -34.5 53.3 0.99 
α6 + δ6 -0.44 0.13 -0.70 -0.19 -35.7 -50.2 -17.0 <0.001 

 

(c) Hayfield Pb model results. AIC (ML): 95.84 



Term β SE 
95% CI 

(β) 
Lower 

95% CI 
(β) 

Upper 
%Δ 

95% CI 
(%Δ) 
Lower 

95% CI 
(%Δ) 
Upper 

p-value 

Intercept -0.40 0.11 -0.61 -0.19 — — — <0.001 
β1 0.40 0.15 0.10 0.70 49.6 10.8 101.8 0.01 
η2 -0.10 0.05 -0.20 0.00 -9.5 -18.2 0.2 0.05 
η3 0.06 0.07 -0.09 0.20 5.9 -8.5 22.5 0.44 
η4 0.07 0.08 -0.09 0.22 6.7 -8.3 24.2 0.40 
η5 -0.02 0.07 -0.15 0.12 -1.5 -13.6 12.2 0.81 
η6 0.38 0.08 0.22 0.54 46.6 24.9 71.9 <0.001 
α3 -0.01 0.11 -0.24 0.21 -1.3 -21.0 23.3 0.91 
α4 0.04 0.13 -0.22 0.29 3.7 -19.4 33.4 0.78 
α5 -0.00 0.11 -0.23 0.23 -0.1 -20.4 25.3 0.99 
α6 -0.07 0.13 -0.32 0.18 -6.9 -27.6 19.9 0.582 
δ3 -0.12 0.13 -0.38 0.13 -11.6 -31.7 14.3 0.34 
δ4 -0.15 0.15 -0.44 0.14 -14.1 -35.8 15.0 0.30 
δ5 -0.13 0.13 -0.39 0.13 -12.5 -32.6 13.6 0.31 
δ6 -0.04 0.15 -0.34 0.25 -4.3 -28.5 28.2 0.769 

α3 + δ3 -0.14 0.11 -0.36 0.08 -12.8 -30.0 8.6 0.22 
α4 + δ4 -0.12 0.13 -0.36 0.13 -10.9 -30.5 14.1 0.36 
α5 + δ5 -0.13 0.11 -0.35 0.09 -12.6 -29.9 8.9 0.23 
α6 + δ6 -0.11 0.12 -0.35 0.12 -10.9 -29.4 12.5 0.334 

 

(d) Hayfield Al model results. AIC (ML): 46.48 

Term β SE 
95% CI 

(β) 
Lower 

95% CI 
(β) 

Upper 
%Δ 

95% CI 
(%Δ) 
Lower 

95% CI 
(%Δ) 
Upper 

p-value 

Intercept 3.96 0.10 3.77 4.15 — — — <0.001 
β1 0.30 0.13 0.02 0.57 34.3 2.1 76.7 0.04 
η2 -0.16 0.04 -0.24 -0.07 -14.4 -21.6 -6.7 <0.001 
η3 -0.04 0.06 -0.16 0.09 -3.8 -15.1 9.1 0.55 
η4 0.01 0.07 -0.12 0.14 0.8 -11.6 14.9 0.90 
η5 -0.05 0.06 -0.16 0.06 -5.2 -15.1 5.9 0.34 
η6 0.46 0.06 0.33 0.59 58.5 39.8 79.8 <0.001 
α3 -0.00 0.10 -0.19 0.18 -0.4 -17.6 20.2 0.96 
α4 0.06 0.11 -0.15 0.28 6.4 -14.3 32.2 0.57 
α5 0.02 0.10 -0.18 0.21 1.5 -16.3 23.1 0.88 
α6 -0.08 0.10 -0.28 0.12 -7.7 -24.4 12.7 0.435 
δ3 -0.12 0.11 -0.33 0.10 -10.9 -28.3 10.8 0.30 
δ4 -0.13 0.13 -0.38 0.12 -12.1 -31.6 13.0 0.31 
δ5 -0.11 0.11 -0.33 0.11 -10.5 -28.3 11.7 0.32 
δ6 -0.02 0.12 -0.25 0.21 -1.8 -22.0 23.6 0.875 

α3 + δ3 -0.12 0.10 -0.31 0.07 -11.3 -26.4 6.9 0.21 
α4 + δ4 -0.07 0.11 -0.28 0.15 -6.4 -24.4 15.8 0.54 
α5 + δ5 -0.10 0.10 -0.28 0.09 -9.2 -24.6 9.5 0.31 
α6 + δ6 -0.10 0.09 -0.28 0.09 -9.4 -24.6 9.0 0.296 

 

(e) Hayfield Mn model results. AIC (ML): -8.43 



Term β SE 
95% CI 

(β) 
Lower 

95% CI 
(β) 

Upper 
%Δ 

95% CI 
(%Δ) 
Lower 

95% CI 
(%Δ) 
Upper 

p-value 

Intercept 2.43 0.07 2.28 2.58 — — — <0.001 
β1 -0.24 0.10 -0.44 -0.03 -21.1 -35.9 -2.9 0.03 
η2 0.10 0.04 0.02 0.18 10.3 2.1 19.3 0.01 
η3 -0.31 0.06 -0.42 -0.20 -26.7 -34.3 -18.1 <0.001 
η4 -0.10 0.06 -0.21 0.02 -9.3 -19.0 1.5 0.09 
η5 -0.15 0.05 -0.25 -0.05 -14.0 -22.5 -4.7 0.004 
η6 -0.35 0.05 -0.46 -0.25 -29.7 -36.8 -21.8 <0.001 
α3 -0.14 0.09 -0.32 0.03 -13.2 -27.1 3.4 0.11 
α4 -0.19 0.10 -0.38 0.00 -17.2 -31.4 0.0 0.05 
α5 -0.24 0.09 -0.42 -0.06 -21.2 -34.0 -6.0 0.008 
α6 0.03 0.09 -0.13 0.20 3.4 -12.6 22.4 0.697 
δ3 0.09 0.10 -0.12 0.29 9.0 -11.0 33.5 0.40 
δ4 0.16 0.11 -0.06 0.38 17.8 -5.4 46.6 0.14 
δ5 0.13 0.10 -0.07 0.34 14.4 -6.8 40.3 0.20 
δ6 0.11 0.10 -0.09 0.30 11.2 -8.5 35.0 0.288 

α3 + δ3 -0.05 0.09 -0.23 0.12 -5.3 -20.4 12.5 0.53 
α4 + δ4 -0.02 0.09 -0.21 0.16 -2.4 -19.0 17.5 0.79 
α5 + δ5 -0.10 0.09 -0.28 0.07 -9.9 -24.2 7.1 0.24 
α6 + δ6 0.14 0.08 -0.02 0.29 14.9 -1.6 34.3 0.079 

 

(f) Hayfield Zn model results. AIC (ML): 101.63 

Term β SE 
95% CI 

(β) 
Lower 

95% CI 
(β) 

Upper 
%Δ 

95% CI 
(%Δ) 
Lower 

95% CI 
(%Δ) 
Upper 

p-value 

Intercept -0.67 0.10 -0.87 -0.47 — — — <0.001 
β1 0.29 0.14 0.00 0.58 33.7 0.3 78.3 0.05 
η2 -0.01 0.05 -0.12 0.09 -1.3 -11.1 9.6 0.81 
η3 0.08 0.08 -0.07 0.23 8.4 -6.6 25.7 0.29 
η4 -0.00 0.08 -0.16 0.15 -0.4 -14.6 16.1 0.96 
η5 0.05 0.07 -0.09 0.19 5.0 -8.5 20.5 0.49 
η6 0.02 0.09 -0.15 0.19 2.0 -14.1 21.1 0.82 
α3 -0.08 0.12 -0.31 0.16 -7.3 -26.6 17.1 0.52 
α4 -0.12 0.13 -0.38 0.14 -11.3 -31.3 14.5 0.35 
α5 -0.23 0.12 -0.47 0.00 -20.7 -37.4 0.4 0.05 
α6 -0.13 0.14 -0.40 0.14 -12.4 -33.1 14.8 0.339 
δ3 -0.09 0.14 -0.36 0.18 -8.9 -30.5 19.4 0.50 
δ4 0.15 0.15 -0.15 0.45 16.3 -13.6 56.4 0.32 
δ5 0.05 0.14 -0.22 0.33 5.4 -19.8 38.6 0.70 
δ6 -0.03 0.16 -0.34 0.28 -3.1 -29.2 32.5 0.842 

α3 + δ3 -0.17 0.12 -0.40 0.06 -15.5 -33.0 6.4 0.15 
α4 + δ4 0.03 0.13 -0.22 0.28 3.1 -19.9 32.6 0.81 
α5 + δ5 -0.18 0.12 -0.41 0.05 -16.4 -33.7 5.3 0.13 
α6 + δ6 -0.16 0.13 -0.41 0.08 -15.1 -33.8 8.9 0.196 

 

(g) Hayfield Cu model results. AIC (ML): 13.81 



Term β SE 
95% CI 

(β) 
Lower 

95% CI 
(β) 

Upper 
%Δ 

95% CI 
(%Δ) 
Lower 

95% CI 
(%Δ) 
Upper 

p-value 

Intercept -1.97 0.06 -2.09 -1.86 — — — <0.001 
β1 0.04 0.08 -0.12 0.19 3.8 -11.3 21.5 0.63 
η2 -0.07 0.05 -0.16 0.02 -7.1 -15.1 1.6 0.11 
η3 -0.04 0.06 -0.16 0.08 -4.0 -15.0 8.4 0.51 
η4 0.34 0.06 0.22 0.47 41.1 24.8 59.5 <0.001 
η5 0.26 0.06 0.14 0.38 29.1 14.6 45.6 <0.001 
η6 0.22 0.07 0.09 0.36 25.2 9.5 43.1 0.001 
α3 -0.08 0.10 -0.28 0.12 -7.8 -24.4 12.4 0.42 
α4 -0.06 0.10 -0.26 0.15 -5.5 -22.8 15.6 0.58 
α5 0.07 0.10 -0.13 0.27 7.3 -12.0 30.9 0.49 
α6 -0.17 0.11 -0.38 0.04 -15.6 -31.4 3.9 0.112 
δ3 -0.02 0.12 -0.26 0.21 -2.5 -22.6 23.0 0.83 
δ4 0.05 0.12 -0.18 0.29 5.5 -16.7 33.7 0.65 
δ5 0.03 0.12 -0.21 0.26 2.7 -18.6 29.6 0.82 
δ6 0.08 0.12 -0.16 0.32 8.3 -15.0 38.1 0.519 

α3 + δ3 -0.11 0.10 -0.30 0.09 -10.1 -26.1 9.4 0.29 
α4 + δ4 -0.00 0.10 -0.20 0.20 -0.3 -18.3 21.7 0.98 
α5 + δ5 0.10 0.10 -0.10 0.29 10.2 -9.4 34.1 0.33 
α6 + δ6 -0.09 0.10 -0.28 0.10 -8.6 -24.4 10.6 0.357 

 

(h) Hayfield Cd model results. AIC (ML): -166.22 

Term β SE 
95% CI 

(β) 
Lower 

95% CI 
(β) 

Upper 
%Δ 

95% CI 
(%Δ) 
Lower 

95% CI 
(%Δ) 
Upper 

p-value 

Intercept -2.90 0.04 -2.98 -2.81 — — — <0.001 
β1 0.15 0.06 0.03 0.27 16.2 3.0 31.0 0.02 
η2 -0.10 0.03 -0.16 -0.05 -9.9 -14.5 -5.1 <0.001 
η3 -0.10 0.04 -0.17 -0.02 -9.1 -15.6 -2.2 0.01 
η4 -0.01 0.04 -0.08 0.07 -0.6 -7.8 7.3 0.88 
η5 -0.08 0.03 -0.15 -0.01 -7.7 -13.7 -1.2 0.02 
η6 0.16 0.04 0.08 0.24 17.3 8.3 27.1 <0.001 
α3 -0.03 0.06 -0.15 0.08 -3.1 -13.6 8.7 0.59 
α4 -0.04 0.06 -0.17 0.09 -4.0 -15.4 8.9 0.52 
α5 -0.03 0.06 -0.15 0.09 -2.9 -13.6 9.2 0.62 
α6 -0.14 0.06 -0.26 -0.01 -12.9 -23.2 -1.3 0.032 
δ3 0.04 0.07 -0.09 0.17 4.0 -9.0 18.9 0.56 
δ4 0.04 0.07 -0.11 0.19 4.2 -10.0 20.7 0.58 
δ5 -0.04 0.07 -0.18 0.10 -3.9 -16.1 10.0 0.56 
δ6 0.11 0.07 -0.04 0.25 11.4 -3.7 28.9 0.149 

α3 + δ3 0.01 0.06 -0.11 0.12 0.8 -10.1 13.0 0.89 
α4 + δ4 0.00 0.06 -0.12 0.12 0.0 -11.7 13.3 1.00 
α5 + δ5 -0.07 0.06 -0.18 0.04 -6.7 -16.7 4.6 0.24 
α6 + δ6 -0.03 0.06 -0.15 0.08 -3.0 -13.6 8.9 0.604 

 

Table S3. Linear mixed-effects model results for Modified Morgan-extractable trace metals 
(pasture). Models were fit to natural log-transformed Modified Morgan-extractable 



concentrations. Fixed-effect estimates (β) and standard errors (SE) are reported on the ln scale 
with 95% confidence intervals (CI). Percent change (%Δ) values are back-transformed as %Δ = 
100 × (exp(β) − 1), with CI bounds computed by applying the same transformation to the β-scale 
CI. Treatment effects at the pasture foot-slope position are represented by α terms (A), and 
treatment effects at the pasture toe-slope position are represented by linear combinations α + δ (A 
+ d). 

(a) Pasture Ni model results. AIC (ML): 106.49 

Term β SE 
95% CI 

(β) 
Lower 

95% CI 
(β) 

Upper 
%Δ 

95% CI 
(%Δ) 
Lower 

95% CI 
(%Δ) 
Upper 

p-value 

Intercept -1.64 0.08 -1.79 -1.49 — — — <0.001 
β1 -0.19 0.08 -0.35 -0.02 -16.9 -29.4 -2.3 0.027 
η2 1.12 0.08 0.97 1.27 206.6 163.2 257.1 <0.001 
η3 0.57 0.09 0.38 0.75 76.1 46.2 112.2 <0.001 
η4 0.88 0.09 0.69 1.06 140.6 99.7 189.8 <0.001 
η5 0.67 0.09 0.48 0.85 94.7 61.6 134.5 <0.001 
η6 0.58 0.09 0.39 0.77 78.8 48.4 115.4 <0.001 
α3 0.13 0.14 -0.14 0.40 14.4 -12.7 49.7 0.327 
α4 -0.08 0.14 -0.35 0.19 -8.0 -29.7 20.5 0.544 
α5 0.24 0.14 -0.03 0.51 26.6 -3.3 65.8 0.086 
α6 0.24 0.14 -0.04 0.52 27.0 -4.1 68.1 0.095 
δ3 0.12 0.16 -0.20 0.45 13.2 -18.0 56.2 0.448 
δ4 0.03 0.16 -0.29 0.35 2.9 -25.4 42.0 0.862 
δ5 -0.08 0.16 -0.40 0.25 -7.4 -32.9 27.8 0.637 
δ6 0.12 0.17 -0.21 0.45 13.0 -18.9 57.5 0.467 

α3 + δ3 0.26 0.13 -0.00 0.52 29.4 -0.0 67.6 0.048 
α4 + δ4 -0.05 0.13 -0.31 0.20 -5.3 -26.9 22.7 0.677 
α5 + δ5 0.16 0.13 -0.10 0.42 17.2 -9.4 51.8 0.223 
α6 + δ6 0.36 0.13 0.11 0.62 43.5 11.1 85.4 0.006 

 

(b) Pasture Cr model results. AIC (ML): 309.85 

Term β SE 
95% CI 

(β) 
Lower 

95% CI 
(β) 

Upper 
%Δ 

95% CI 
(%Δ) 
Lower 

95% CI 
(%Δ) 
Upper 

p-value 

Intercept -2.83 0.13 -3.08 -2.58 — — — <0.001 
β1 0.03 0.12 -0.22 0.27 2.6 -19.5 30.9 0.827 
η2 -0.19 0.14 -0.47 0.09 -17.1 -37.2 9.3 0.182 
η3 -0.23 0.17 -0.57 0.10 -20.6 -43.2 10.9 0.174 
η4 0.17 0.17 -0.16 0.50 18.5 -15.2 65.5 0.317 
η5 -0.69 0.17 -1.03 -0.36 -50.1 -64.2 -30.3 <0.001 
η6 -0.34 0.17 -0.68 -0.01 -28.9 -49.1 -0.7 0.045 
α3 -0.08 0.24 -0.56 0.39 -8.1 -42.7 47.3 0.724 
α4 0.09 0.24 -0.38 0.56 9.2 -31.9 75.1 0.712 
α5 0.22 0.24 -0.25 0.70 25.2 -21.9 100.8 0.348 
α6 0.02 0.25 -0.47 0.51 2.1 -37.6 67.1 0.934 
δ3 0.03 0.29 -0.53 0.60 3.4 -41.3 82.4 0.906 
δ4 -0.01 0.29 -0.57 0.56 -0.7 -43.7 75.0 0.98 



Term β SE 
95% CI 

(β) 
Lower 

95% CI 
(β) 

Upper 
%Δ 

95% CI 
(%Δ) 
Lower 

95% CI 
(%Δ) 
Upper 

p-value 

δ5 -0.07 0.29 -0.64 0.50 -6.9 -47.2 64.1 0.803 
δ6 0.01 0.30 -0.57 0.59 1.0 -43.7 81.1 0.974 

α3 + δ3 -0.05 0.23 -0.50 0.40 -4.9 -39.3 48.9 0.823 
α4 + δ4 0.08 0.23 -0.37 0.54 8.4 -31.2 70.9 0.725 
α5 + δ5 0.15 0.23 -0.30 0.61 16.6 -25.9 83.5 0.504 
α6 + δ6 0.03 0.23 -0.42 0.49 3.1 -34.6 62.4 0.896 

 

(c) Pasture Pb model results. AIC (ML): 406.05 

Term β SE 
95% CI 

(β) 
Lower 

95% CI 
(β) 

Upper 
%Δ 

95% CI 
(%Δ) 
Lower 

95% CI 
(%Δ) 
Upper 

p-value 

Intercept 0.27 0.33 -0.38 0.92 — — — 0.412 
β1 -0.68 0.45 -1.59 0.23 -49.2 -79.5 26.1 0.139 
η2 -0.42 0.14 -0.71 -0.14 -34.6 -50.6 -13.4 0.003 
η3 -0.28 0.18 -0.64 0.07 -24.7 -47.5 7.8 0.12 
η4 -0.23 0.18 -0.59 0.13 -20.8 -44.7 13.4 0.201 
η5 -0.05 0.18 -0.41 0.31 -5.0 -33.7 36.0 0.776 
η6 -0.09 0.18 -0.45 0.27 -8.3 -36.0 31.3 0.633 
α3 0.20 0.28 -0.35 0.75 22.3 -29.4 112.1 0.47 
α4 0.24 0.28 -0.31 0.79 26.8 -26.9 119.9 0.395 
α5 -0.10 0.28 -0.65 0.45 -9.2 -47.6 57.5 0.729 
α6 0.07 0.29 -0.50 0.64 7.1 -39.5 89.6 0.813 
δ3 0.14 0.32 -0.50 0.78 15.2 -39.1 117.9 0.661 
δ4 0.30 0.32 -0.33 0.94 35.4 -28.4 156.1 0.348 
δ5 0.16 0.32 -0.47 0.80 17.6 -37.8 122.4 0.615 
δ6 0.04 0.33 -0.61 0.70 4.2 -45.9 100.7 0.901 

α3 + δ3 0.34 0.27 -0.18 0.87 41.0 -16.8 138.9 0.198 
α4 + δ4 0.54 0.27 0.01 1.07 71.8 1.4 191.0 0.043 
α5 + δ5 0.07 0.27 -0.47 0.60 6.8 -37.3 82.0 0.807 
α6 + δ6 0.11 0.27 -0.42 0.64 11.6 -34.0 88.8 0.683 

 

(d) Pasture Al model results. AIC (ML): 207.89 

Term β SE 
95% CI 

(β) 
Lower 

95% CI 
(β) 

Upper 
%Δ 

95% CI 
(%Δ) 
Lower 

95% CI 
(%Δ) 
Upper 

p-value 

Intercept 4.39 0.25 3.90 4.87 — — — <0.001 
β1 -0.58 0.34 -1.27 0.12 -43.8 -71.9 12.7 0.101 
η2 -0.21 0.08 -0.37 -0.06 -19.3 -30.8 -5.9 0.007 
η3 -0.11 0.10 -0.31 0.08 -10.8 -26.8 8.6 0.252 
η4 -0.04 0.10 -0.24 0.15 -4.3 -21.4 16.5 0.656 
η5 0.06 0.10 -0.14 0.26 6.1 -12.9 29.2 0.552 
η6 0.10 0.10 -0.09 0.30 11.1 -8.8 35.2 0.294 
α3 0.04 0.15 -0.27 0.34 3.6 -23.5 40.3 0.817 
α4 -0.00 0.15 -0.31 0.30 -0.4 -26.4 34.8 0.979 
α5 -0.05 0.15 -0.36 0.25 -5.3 -30.0 28.2 0.724 



Term β SE 
95% CI 

(β) 
Lower 

95% CI 
(β) 

Upper 
%Δ 

95% CI 
(%Δ) 
Lower 

95% CI 
(%Δ) 
Upper 

p-value 

α6 0.04 0.16 -0.27 0.36 4.5 -23.7 43.1 0.781 
δ3 0.09 0.18 -0.26 0.44 9.8 -22.6 55.7 0.6 
δ4 0.30 0.18 -0.05 0.65 35.1 -4.7 91.7 0.091 
δ5 0.14 0.18 -0.21 0.49 15.0 -18.9 63.1 0.431 
δ6 0.31 0.18 -0.05 0.67 36.2 -5.0 95.1 0.092 

α3 + δ3 0.13 0.15 -0.16 0.42 13.7 -14.9 52.0 0.381 
α4 + δ4 0.30 0.15 0.01 0.59 34.6 0.7 79.8 0.043 
α5 + δ5 0.09 0.15 -0.21 0.38 8.9 -18.6 45.6 0.562 
α6 + δ6 0.35 0.15 0.07 0.64 42.3 6.8 89.7 0.016 

 

(e) Pasture Mn model results. AIC (ML): 145.48 

Term β SE 
95% CI 

(β) 
Lower 

95% CI 
(β) 

Upper 
%Δ 

95% CI 
(%Δ) 
Lower 

95% CI 
(%Δ) 
Upper 

p-value 

Intercept 2.83 0.14 2.56 3.10 — — — <0.001 
β1 0.12 0.18 -0.25 0.49 12.7 -22.3 63.5 0.515 
η2 0.10 0.07 -0.05 0.24 10.0 -4.7 26.9 0.191 
η3 -0.33 0.09 -0.51 -0.14 -27.8 -39.8 -13.4 <0.001 
η4 -0.25 0.09 -0.43 -0.07 -22.2 -35.1 -6.6 0.007 
η5 -0.39 0.09 -0.57 -0.21 -32.2 -43.5 -18.6 <0.001 
η6 -0.28 0.09 -0.46 -0.10 -24.2 -36.8 -9.1 0.003 
α3 -0.07 0.14 -0.34 0.21 -6.4 -29.1 23.6 0.64 
α4 -0.08 0.14 -0.35 0.20 -7.4 -29.9 22.2 0.583 
α5 0.10 0.14 -0.18 0.37 10.2 -16.5 45.5 0.489 
α6 0.04 0.15 -0.25 0.33 3.8 -22.2 38.5 0.798 
δ3 0.12 0.16 -0.20 0.44 12.9 -18.2 55.9 0.458 
δ4 -0.05 0.16 -0.37 0.27 -4.9 -31.1 31.3 0.76 
δ5 -0.00 0.16 -0.32 0.32 -0.2 -27.7 37.8 0.99 
δ6 0.03 0.17 -0.30 0.37 3.5 -25.7 44.2 0.838 

α3 + δ3 0.06 0.13 -0.21 0.32 5.7 -18.8 37.7 0.677 
α4 + δ4 -0.13 0.13 -0.39 0.14 -11.9 -32.5 14.9 0.345 
α5 + δ5 0.10 0.13 -0.17 0.36 10.0 -15.6 43.3 0.477 
α6 + δ6 0.07 0.13 -0.19 0.33 7.4 -17.3 39.7 0.592 

 

(f) Pasture Zn model results. AIC (ML): 203.82 

Term β SE 
95% CI 

(β) 
Lower 

95% CI 
(β) 

Upper 
%Δ 

95% CI 
(%Δ) 
Lower 

95% CI 
(%Δ) 
Upper 

p-value 

Intercept -0.73 0.13 -0.99 -0.47 — — — <0.001 
β1 -0.16 0.17 -0.50 0.19 -14.4 -39.1 20.5 0.361 
η2 -0.14 0.09 -0.32 0.04 -13.0 -27.2 3.9 0.122 
η3 -0.09 0.11 -0.32 0.13 -8.8 -27.1 14.0 0.415 
η4 0.05 0.11 -0.17 0.28 5.4 -15.8 31.8 0.645 
η5 -0.37 0.11 -0.59 -0.14 -30.6 -44.6 -13.2 0.002 
η6 -0.18 0.11 -0.41 0.04 -16.6 -33.4 4.3 0.11 



Term β SE 
95% CI 

(β) 
Lower 

95% CI 
(β) 

Upper 
%Δ 

95% CI 
(%Δ) 
Lower 

95% CI 
(%Δ) 
Upper 

p-value 

α3 0.01 0.17 -0.33 0.35 0.7 -28.2 41.3 0.966 
α4 -0.10 0.17 -0.44 0.24 -9.6 -35.6 26.8 0.555 
α5 0.18 0.17 -0.16 0.52 19.8 -14.6 68.0 0.294 
α6 -0.18 0.18 -0.53 0.17 -16.4 -41.2 18.9 0.317 
δ3 0.06 0.20 -0.34 0.45 5.7 -28.8 57.1 0.781 
δ4 -0.13 0.20 -0.53 0.27 -12.1 -40.8 30.6 0.52 
δ5 -0.11 0.20 -0.50 0.29 -10.1 -39.5 33.5 0.595 
δ6 -0.09 0.21 -0.49 0.32 -8.2 -38.9 37.9 0.678 

α3 + δ3 0.06 0.16 -0.26 0.39 6.5 -23.0 47.3 0.701 
α4 + δ4 -0.23 0.16 -0.55 0.09 -20.6 -42.6 9.8 0.159 
α5 + δ5 0.07 0.16 -0.25 0.40 7.7 -22.2 48.9 0.653 
α6 + δ6 -0.26 0.16 -0.59 0.06 -23.2 -44.3 5.8 0.107 

 

(g) Pasture Cu model results. AIC (ML): 73.40 

Term β SE 
95% CI 

(β) 
Lower 

95% CI 
(β) 

Upper 
%Δ 

95% CI 
(%Δ) 
Lower 

95% CI 
(%Δ) 
Upper 

p-value 

Intercept -1.82 0.08 -1.97 -1.66 — — — <0.001 
β1 -0.03 0.09 -0.22 0.15 -3.4 -19.4 15.7 0.697 
η2 -0.02 0.07 -0.15 0.11 -1.8 -14.0 12.2 0.791 
η3 0.02 0.08 -0.14 0.19 2.2 -13.3 20.5 0.795 
η4 0.46 0.08 0.30 0.63 58.6 34.5 86.9 <0.001 
η5 0.41 0.08 0.25 0.58 51.3 28.3 78.3 <0.001 
η6 0.13 0.08 -0.03 0.30 14.4 -2.9 34.9 0.107 
α3 0.05 0.12 -0.19 0.30 5.5 -17.3 34.6 0.663 
α4 -0.16 0.12 -0.40 0.09 -14.4 -32.9 9.2 0.209 
α5 0.24 0.12 -0.00 0.49 27.3 -0.2 62.4 0.052 
α6 0.12 0.13 -0.14 0.37 12.3 -12.8 44.8 0.366 
δ3 0.15 0.15 -0.14 0.44 16.4 -12.8 55.3 0.301 
δ4 -0.05 0.15 -0.34 0.24 -4.9 -28.7 27.0 0.734 
δ5 -0.20 0.15 -0.49 0.09 -18.2 -38.7 9.2 0.171 
δ6 -0.11 0.15 -0.41 0.19 -10.4 -33.4 20.6 0.465 

α3 + δ3 0.21 0.12 -0.03 0.44 22.8 -2.8 55.1 0.082 
α4 + δ4 -0.21 0.12 -0.44 0.03 -18.6 -35.5 2.9 0.082 
α5 + δ5 0.04 0.12 -0.19 0.27 4.2 -17.5 31.6 0.73 
α6 + δ6 0.01 0.12 -0.23 0.24 0.7 -20.6 27.5 0.957 

 

(h) Pasture Cd model results. AIC (ML): -27.51 

Term β SE 
95% CI 

(β) 
Lower 

95% CI 
(β) 

Upper 
%Δ 

95% CI 
(%Δ) 
Lower 

95% CI 
(%Δ) 
Upper 

p-value 

Intercept -2.50 0.09 -2.68 -2.33 — — — <0.001 
β1 -0.13 0.12 -0.37 0.11 -12.2 -31.1 11.7 0.278 
η2 0.02 0.04 -0.07 0.10 1.5 -7.0 10.9 0.731 
η3 -0.01 0.06 -0.12 0.10 -1.0 -11.5 10.8 0.861 



Term β SE 
95% CI 

(β) 
Lower 

95% CI 
(β) 

Upper 
%Δ 

95% CI 
(%Δ) 
Lower 

95% CI 
(%Δ) 
Upper 

p-value 

η4 0.08 0.06 -0.03 0.19 8.4 -3.1 21.2 0.158 
η5 0.05 0.06 -0.06 0.16 5.4 -5.8 17.9 0.358 
η6 0.10 0.06 -0.01 0.22 10.9 -0.8 24.1 0.069 
α3 0.00 0.09 -0.17 0.17 0.1 -15.6 18.9 0.987 
α4 -0.01 0.09 -0.18 0.16 -1.3 -16.9 17.1 0.876 
α5 -0.08 0.09 -0.25 0.09 -7.7 -22.2 9.6 0.359 
α6 -0.06 0.09 -0.24 0.12 -5.9 -21.2 12.4 0.501 
δ3 -0.04 0.10 -0.24 0.16 -4.0 -21.3 17.1 0.683 
δ4 -0.02 0.10 -0.22 0.18 -1.7 -19.4 19.9 0.863 
δ5 0.00 0.10 -0.19 0.20 0.4 -17.7 22.5 0.968 
δ6 0.02 0.10 -0.19 0.22 1.6 -17.2 24.7 0.876 

α3 + δ3 -0.04 0.08 -0.20 0.12 -3.9 -18.4 13.3 0.632 
α4 + δ4 -0.03 0.08 -0.20 0.13 -3.0 -17.7 14.3 0.709 
α5 + δ5 -0.08 0.08 -0.24 0.09 -7.3 -21.3 9.2 0.362 
α6 + δ6 -0.04 0.08 -0.21 0.12 -4.4 -18.7 12.6 0.592 
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Fig. S1. Time series of soil extractable metal (Cr, Mn, Zn, Cu, Cd) concentrations in the central riparian 
sampling region. Panels show (a) Cr, (b) Mn, (c) Zn, (d) Cu, (e) Cd. Points represent individual samples; 
blue symbols and error bars denote mean ± SD. The dashed red line indicates the amendment application 
date. 
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Fig. S2. Extractable metal (Cr, Mn, Zn, Cu, Cd) concentrations across riparian positions (1–4) in the 
wooded section of the riparian transect during fall 2024 and spring 2025, following basalt application. 
Panels show (a) Cr, (b) Mn, (c) Zn, (d) Cu, (e) Cd. Positions 1 and 2 are located on the side facing the 
pasture and received basalt-influenced agricultural runoff, whereas positions 3 and 4 are located on the 
opposite, untreated forested bank and did not receive basalt influence. The metals shown here represent 
the remaining analytes not presented in the main text. 
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Fig. S3. (a) Dissolved Al and (b) dissolved molar Ca:Al in the shallowest groundwater from Well 
10-3 (1.3 m depth) adjacent to the riparian zone. The red dashed line marks basalt application. 
Dissolved Al exhibited short-term variability in fall 2023, with concentrations remaining within 
the historical pre-treatment range during the first two post-application campaigns. In subsequent 
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campaigns, dissolved Al declined to levels lower than those observed prior to application. 
Groundwater Ca:Al increased beginning in spring 2024 and remained elevated through 2024. 

 
 


