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Abstract 12 

Enhanced rock weathering (ERW) is a natural carbon dioxide removal (CDR) approach that captures CO2 13 

by accelerating silicate weathering using crushed rocks. A major question on the efficacy of ERW is how 14 

fast and efficient it is at transporting the products of weathering to drainage networks, and ultimately the 15 

ocean. Using a novel whole watershed experiment, we report multiple lines of evidence of rapid and 16 

pronounced streamwater chemistry responses within weeks of basalt application (20 t ha-1) to 15% of a 59-17 

ha temperate, headwater catchment. Lines of evidence include an immediate streamwater alkalinity increase 18 

of more than 550 μeq L⁻1, a shift in elemental ratios to silicate endmembers, and a concomitant change in 19 

silicon and lithium chemistry reflective of basalt weathering.  Finally, our difference-in-differences analysis 20 

revealed strong, recurring seasonal ERW treatment effects. ERW contributed 7–17% of observed alkalinity 21 

in summer and fall, but much less in winter and spring, reflecting the critical role of the near-surface and 22 

stream-proximal zones in alkalinity export, and the effects of precipitation and temperature on ERW rates. 23 

Over two years, 9.5–11% of the theoretical CDR potential was exported from the watershed in the form of 24 

alkalinity, with an average rate of 34.72 t CO2 km⁻2 yr⁻1. This work demonstrates rapid, seasonal watershed 25 

responses to ERW and its promise for CDR monitoring, reporting, and verification (MRV), and highlights 26 

how climate and hydrological variability set fundamental boundaries on ERW effectiveness across 27 

landscapes.  28 



Introduction 29 

Anthropogenic CO2 emissions are the primary driver of climate change and ocean acidification, profoundly 30 

affecting both terrestrial and marine climates and ecosystems.1, 2 To achieve the Paris Agreement of limiting 31 

global warming to less than 2 ℃, large-scale carbon dioxide removal (CDR) will be necessary.3 Terrestrial 32 

Enhanced Rock Weathering (ERW) is a promising CDR approach that involves spreading powdered silicate 33 

rocks (e.g., basalt) over agricultural and other lands to accelerate chemical weathering reactions that convert 34 

atmospheric CO2 to alkalinity (primarily HCO3
-) and release base cations.4, 5 These weathering products 35 

may be retained within the watershed or exported with soil waters and groundwaters to streams and rivers 36 

that drain into the ocean, where storage lifetimes may exceed tens of millennia.6, 7 Recent theoretical 37 

assessments indicate that ERW implemented on global croplands could sequester 0.5 to 2 Gt CO2 yr-1 at 38 

costs comparable to other CDR strategies, which become more competitive when agriculture co-benefits 39 

from improved soil health are considered.8, 9, 10 Despite the growing interest in ERW, uncertainty in its 40 

practical potential remains and is underpinned by a scarcity of both observations and demonstrations of 41 

approaches suitable for quantifying applied-silicate weathering at the field scale. 42 

Watersheds represent a critical, yet overlooked, unit of analysis for evaluating the efficacy of ERW 43 

as a scalable CDR strategy. Watersheds integrate the effects of physicochemical heterogeneity and transient, 44 

non-uniform transport processes on the retention, transformation, and export of weathering products.11 Most 45 

ERW estimates rely on feedstock dissolution rates determined in laboratories or in near-surface soils from 46 

plot-scale or farm-field experiments.12, 13, 14 These studies do not capture the suite of watershed processes 47 

beneath shallow soil horizons that can alter the timing and magnitude of CDR.  For example, ion exchange 48 

may delay alkalinity generation as base cations released during silicate dissolution displace adsorbed 49 

protons before contributing alkalinity to porewaters,15 while secondary-clay formation and carbonate 50 

precipitation may sequester feedstock weathering products, effectively reducing net CDR.7, 16, 17 Moreover, 51 

the travel times of rainfall and snowmelt through the watershed will lead to hydrologic lags between 52 



feedstock dissolution and the expression of alkalinity in the streamwater signal, a largely unexplored effect 53 

with important implications for CDR quantification.  54 

The streamwater chemical response to ERW is likely to be dynamic, shaped by factors that vary at 55 

seasonal and sub-seasonal time scales. Seasonal changes in temperature within temperate watersheds 56 

hosting ERW deployments will affect weathering rates both abiotically and biotically (through effects on 57 

soil pCO2),18, 19 while variations in precipitation will modulate watershed wetness and flow path 58 

connectivity that, in turn, govern catchment-water residence times and hence the extent of water-feedstock 59 

interactions.20 An understanding of how temperature-precipitation interactions  influence temporal variation 60 

in ERW contributions to streamwater alkalinity is essential to informing ERW monitoring schemes. It is 61 

also crucial to evaluate how downstream processes, such as CO2 outgassing and carbonate precipitation, 62 

will further affect the carbon balance.  Yet, the ways these seasonal processes regulate alkalinity generation 63 

and export at the watershed scale are largely unknown. 64 

Here we present multiple lines of evidence demonstrating rapid, seasonal watershed responses from 65 

ERW, using high-resolution streamwater chemistry data from a 59-ha hay- and pasture-dominated 
66 

headwater catchment (W-2; average slope ~ 7.3°) within the Sleepers River Research Watershed, Vermont, 67 

USA (Fig. 1).  Following a one-year baseline monitoring period, we applied Pioneer Valley Basalt powder 68 

(hereafter “basalt”) in June 2023 over 8.9 ha of the southern portion of the catchment (15% of the total 69 

catchment area) at a rate of 20 t ha-1. We isolated the basalt-weathering signal from background water 70 

chemistry by analyzing streamwater concentration–discharge (C–Q) relations before and after basalt 71 

application and by comparing streamwater observations to a no-basalt counterfactual estimated from 72 

WRTDS (Weighted Regressions on Time, Discharge, and Season).21, 22 We then employed a Generalized 73 

Additive Model coupled with a Difference-in-Differences (GAM-DiD) approach23 that leveraged 74 

observations from a nearby reference watershed (W-9) to quantify seasonal dynamics in the streamwater 75 

export of basalt-derived alkalinity,  base cations and associated CDR rates. Additionally, we applied a novel 76 

endmember mixing analysis to evaluate the effects of basalt treatment on seasonal shifts in weathering-77 



product concentrations within quick-flow and slow-flow pathways that transmit solutes to the stream. This 78 

watershed-scale ERW study illuminates how streamwater chemistry responds to the deployment of silicate 79 

feedstock and introduces a transferable framework for evaluating the seasonal dynamics of ERW-80 

attributable CO2 removal.  81 

 82 

 83 

Figure 1. Map of the W-2 watershed study site and basalt application area (grey area) within the Sleepers River 84 

Research Watershed (SRRW) in Vermont, USA. The lower inset shows the position of W-2 relative to the W-9 85 

reference watershed in SRRW (modified from Shanley et al.24). 86 

Rapid and pronounced streamwater chemistry responses to watershed-scale ERW 87 

Streamwater alkalinity and base cation concentrations in the W-2 stream responded within one month of 88 

the basalt application and exhibited sustained elevation relative to counterfactual WRTDS estimates from 89 

July to November 2023 (Fig. 2a). In September 2023, measured alkalinity and Ca2+ concentrations exceeded 90 

counterfactual estimates by more than 550 μeq L⁻1 (Fig. 2b), while measured Mg2+ and Na⁺ concentrations 91 

exhibited smaller increases (< 35 μeq L⁻1) relative to the counterfactual (Supplementary Fig. 1). The 92 



absence of similar responses in the W-9 reference watershed underscores that the observed concentration 93 

increases in W-2 stream were a direct result of basalt treatment (Fig. 2a, Supplementary Fig. 1). The basalt 94 

treatment also affected streamwater concentration-discharge (C-Q) relations, weakening the pronounced 95 

pattern of dilution with increasing flow observed during the baseline (pre-basalt) period for both alkalinity 96 

and base cations (Fig. 2c, Supplementary Fig. 2). In addition to concentration increases, elemental ratios of 97 

Ca/Na, HCO3⁻/Na, Mg/Na, and Sr/Na shifted toward silicate-weathering endmembers following basalt 98 

application (Supplementary Fig. 3), indicating a decline in the relative contribution of carbonate weathering 99 

that dominated streamwater composition25 prior to basalt application.   100 

 101 

Figure 2. Streamwater concentration changes before and after basalt application. a, Observed and estimated 102 

concentrations of alkalinity at W-2 (treatment watershed) and W-9 streams (reference watershed) from May 2022 to 103 

April 2025, respectively. The black dashed line separates the pre- and post-basalt application periods. The red and 104 

blue lines denote WRTDS-estimated concentrations with shading representing 95% confidence intervals of the 105 



estimates. b, Streamwater concentration changes after basalt application, indicated by the differences between 106 

observed concentrations and WRTDS-estimated concentrations for the no-basalt counterfactual (orange circles). Blue 107 

lines with shaded areas represent LOESS (Locally Estimated Scatterplot Smoothing) fits with 95% confidence 108 

intervals. c, Streamwater concentration-discharge (C-Q) relations at W-2 before basalt application (open circles) and 109 

during the first six months after basalt application (solid squares).  Data were colored by month of year. Pre-application 110 

C-Q data were fitted using a power-law model (grey dashed line) with 95% confidence interval (grey shade). 𝑞 111 

represents the instantaneous discharge at the time of sample collection.  112 

The post-application enrichment of concentrations of trace metals and silicon provides further 113 

evidence for the rapid transport of basalt weathering products to the stream (Supplementary Fig. 2). 114 

Concentration increases of silicon and lithium, which are both much more abundant in basalt than 115 

carbonates,26, 27 mirrored the increases in alkalinity and base cations.  Moreover, δ7Li values declined from 116 

an average of 19.0 ± 1 ‰ during the pre-treatment period to 17.5 ± 1.0 ‰ within three months after 117 

treatment, consistent with increased contributions of isotopically depleted Li derived from basalt-feedstock 118 

weathering (basalt δ7Li value: 2.34 ± 0.65 ‰; Supplementary Fig. 4).  Concentrations of rubidium,  which 119 

substitutes for potassium in feldspars and micas present in the basalt,28 were similarly greater for equivalent 120 

stream discharges under post- relative to pre-treatment conditions. While iron, magnesium, and strontium 121 

are released during dissolution of both basalt and carbonates,29 their concomitant increase with silicon, 122 

lithium, and rubidium suggests freshly applied silicates as the most likely source of their increases in 123 

concentration immediately following the basalt application (Supplementary Fig. 2). 124 

Preferential streamwater export of Ca, with ERW-driven concentration increases more than 20-fold 125 

those of Na and Mg, suggests both enhanced weathering and faster transport of Ca relative to other major 126 

cations in response to the basalt treatment (Fig. 2, Supplementary Fig. 2). Transport-related fractionation 127 

caused by cation-exchange reactions may potentially contribute to the preferential Ca export. Competitive 128 

sorption30 of cations on the Ca-dominant soil exchange complex at W-2 (mean Ca saturation  ~85%31) can 129 

lower the selectivity of the exchange sites for basalt-derived Ca and lead to the displacement of Ca by other 130 

basalt-derived base cations, particularly Mg, resulting in the earlier breakthrough of the less-selectively 131 



bound, Ca-enriched solute relative to Mg. In addition, some Mg released from basalt may be retained in  132 

Mg-rich clays;32 however, this sink appears minor given the absence of 7Li enrichment in streamwater after 133 

treatment (Supplementary Fig. 4). Furthermore, incongruent dissolution of abundant basalt minerals, 134 

particularly clinopyroxene, promotes Ca release over Mg,33 while plagioclase dissolution favors Ca over 135 

Na and proceeds more rapidly than Si loss.34 Together, competitive sorption on the Ca-dominant soil 136 

exchange complex and selective mineral dissolution may act synergistically to enhance calcium export.  137 

Seasonality of the ERW treatment effect 138 

The ERW-attributable streamwater signal exhibited recurring seasonal patterns during the two years 139 

following basalt application, with stronger responses in summer and fall and weaker responses in winter 140 

and spring (Fig. 3a–c). The GAM-DiD model revealed that the basalt treatment produced statistically 141 

significant changes in streamwater chemistry during July–September 2023, with ERW accounting for 14% 142 

to 18% of alkalinity, Ca, Mg, Na, and Si (Δc %; Fig. 3a–c and Supplementary Fig. 5a). This strong treatment 143 

effect, coinciding with high discharge during summer storms (Fig. 3g, h), drove elevated ERW-sourced 144 

export (i.e., solute load per watershed area) in summer, which then declined as streamflow decreased later 145 

in the season (Fig. 3d–f). The ERW treatment effect on concentration remained significant but weakened 146 

from October–December 2023 (Fig. 3a–c), and stream discharge also trended downward during this period 147 

(Figure 3g), leading to more than a 50% reduction in the export of alkalinity, base cations, and Si (Fig. 3d-148 

f, Table 1). During the wintertime (January–March 2025) when stream flow and temperature were at their 149 

lowest (Fig 3g, i), ERW treatment effects on solute concentrations were the weakest and insignificant, and 150 

loads decreased sharply, with ERW-sourced alkalinity export falling from its summertime high of 102.55 t 151 

CO2 km⁻2 yr⁻1 to less than 3 t CO2 km⁻2 yr⁻1 and base cations showing approximately proportional decreases 152 

(Fig. 3d–f, Table 1).  The treatment effect on streamwater concentration increased again in April–June 2024 153 

as temperatures rose and streamwater export was controlled by snowmelt-driven discharge (Fig. 3a–f). 154 

Comparable seasonal patterns in the ERW-attributable concentration and export percentages were observed 155 

during the second year (July 2024–April 2025), though with slightly lower intensities (Fig. 3a–f, Table 1).   156 



 157 

Figure 3. Temporal dynamics of the ERW treatment effects, solute export rates, and hydroclimatic variables. a–c, 158 

ERW-attributable concentration change (ܿ߂ %) estimated from the GAM-DiD analysis. Significance levels are 159 

indicated as follows: *** p ≤ 0.001, ** p ≤ 0.01, * p ≤ 0.05, · p ≤ 0.1, and not significant (p > 0.1). The red dashed 160 

line separates the pre- and post-basalt application periods. d–f, Daily (solid black line) and monthly average (blue bar) 161 

export rates of the basalt weathering products. Gray solid lines represent the cumulative export flux of the basalt 162 

weathering products. g–i, Time series of daily (black lines) and monthly average (blue bars) discharge, precipitation, 163 

and temperature).  164 



Table 1 Export estimation of basalt weathering products with 95% confidence intervals. 165 

  Alkalinity as CO2  

[t CO2 km-2 yr-1] 

Ca  

[t km-2 yr-1] 

Na  

[t km-2 yr-1] 

Mg  

[t km-2 yr-1] 

Si  

[t km-2 yr-1] 

Jul– Sep 2023 
102.55 

(86.53, 117.30) 

47.20 

(39.27, 54.45) 

1.50 

(1.11, 1.84) 

1.41 

(1.09, 1.71) 

2.83 

(2.09, 3.53) 

Oct– Dec 2023 
46.18 

(33.76, 57.46) 

20.41 

(14.21, 26.01) 

0.39 

(0.08, 0.66) 

0.53 

(0.26, 0.77) 

0.87 

(0.35, 1.36) 

Jan– Mar 2024 
2.87 

(-12.27, 17.12) 

8.98 

(1.60, 15.86) 

0.12 

(-0.21, 0.41) 

0.14 

(-0.16, 0.42) 

0.66 

(0.11, 1.19) 

Apr – Jun 2024 
17.18 

(10.97, 23.17) 

15.21 

(12.15, 18.14) 

0.25 

(0.11, 0.38) 

0.37 

(0.26, 0.49) 

0.41 

(0.17, 0.66) 

Jul – Sep 2024 
80.59 

(65.00, 94.93) 

35.05 

(27.26, 42.18) 

1.29 

(0.90, 1.61) 

1.19 

(0.90, 1.45) 

2.51 

(1.82, 3.18) 

Oct – Dec 2024 
12.37 

(4.55, 19.52) 

7.88 

(4.10, 11.30) 

0.16 

(-0.03, 0.32) 

0.34 

(0.20, 0.47) 

0.58 

(0.28, 0.86) 

Jan– Mar 2025 
-6.84 

(-15.90, 1.66) 

-2.71 

(-6.93, 1.21) 

-0.09 

(-0.25, 0.06) 

0.12 

(-0.07, 0.31) 

0.28 

(-0.07, 0.61) 

Apr   2025 
-0.92 

(-14.93, 12.44) 

15.47 

(8.55, 22.03) 

0.88 

(0.60, 1.13) 

0.68 

(0.43, 0.92) 

1.06 

(0.49, 1.62) 

Annual mean 
34.72 

(30.39, 39.05) 

18.71 

(16.58, 20.83) 

0.53 

(0.44, 0.63) 

0.59 

(0.50, 0.68) 

1.16 

(0.97, 1.34) 

 

This recurring seasonal cycle suggests that interactions among rainfall-runoff processes, watershed 166 

wetness, and temperature shaped the seasonal patterns in ERW-derived solute concentrations and export. 167 

Comparison of C-Q relations in the summer-fall periods before and after basalt application reveals a 168 

weakening of the streamwater dilution pattern, which is consistent with a lowering of the difference in 169 

solute concentrations within slow-flow and quick flow pathways that deliver water and solutes to the stream 170 

(Fig. 4a, Supplementary Fig. 7). In contrast, the C-Q relations for winter-spring periods exhibited greater 171 

slopes and were similar before and after basalt application (Fig. 4a, Supplementary Fig. 7), which suggests 172 

comparatively large differences in solute concentrations between quick- and slow-flow pathways in the 173 

baseline period were preserved after the basalt treatment. Seasonal C-Q relations fitted with a sigmoidal 174 

inverse power-law model (equation (6), with quick-/slow-flow endmembers) show that solute 175 

concentrations associated with slow-flow pathways remained stable year-round (alkalinity: 176 

4186 ± 228 µeq L⁻1, Ca: 4256 ± 455 µeq L⁻1); however, concentrations of solutes transmitted via quick-177 

flow pathways increased markedly during the summer-fall seasons of the post-application period with 178 

alkalinity and Ca increasing by up to 1200  µeq L⁻1 (Fig. 4b, Supplementary Fig. 7).  179 



 180 

Figure 4. Seasonal concentration-discharge (C-Q) relations and estimated concentrations of slow-/quick-flow 181 

endmembers pre- and post-basalt application.  a, Observed C-Q relations for alkalinity and Ca for summer/fall and 182 

winter/spring periods prior to (blue triangles) and after basalt application (orange crosses) and corresponding model 183 

fits (dashed lines).  b, Alkalinity and Ca concentrations of quick-flow (blue) and slow-flow (orange) endmembers for 184 

winter/spring and summer/fall periods prior to (open symbols) and after basalt application (filled symbols) as 185 

estimated from inversion of equations (4)–(6). 186 

 The pronounced summer-fall response of quick-flow pathways to the basalt treatment highlights 187 

the role of near-surface and stream-proximal zones in controlling seasonal ERW solute export. In temperate 188 

catchments, quick flow comprises both new water (recent rainfall or snowmelt) that is delivered to the 189 

stream via overland and near-surface flow and resident (pre-event) soil water and shallow groundwater that 190 

is displaced primarily during hydrologic events and in diminishing quantities during recession to 191 

baseflow.24, 35 ERW-derived solutes in quick flow are likely associated with shallow pre-event water that 192 

has interacted extensively with the feedstock between storm periods, with comparatively minor inputs from 193 

feedstock interactions with new water. Lowland areas proximal to the stream, with a shallow water table 194 



and high soil moisture, act as key sources of such solute-rich quick flow. In contrast, slow flow showed no 195 

detectable ERW signals, reflecting its upslope origin toward the watershed divide and correspondingly long 196 

residence times. Additionally, silicate dissolution rates are highly temperature-dependent,36 increasing 197 

exponentially with warming,36, 37 and further influenced by soil pCO2 levels,  which rise with temperature 198 

due to enhanced microbial and root respiration. This temperature effect, then, likely underpins the increase 199 

in ERW solute concentrations in summer-fall quick flow (Fig. 4b), while the suppressed winter-spring ERW 200 

response reflects both lower temperatures and the strong dilution effect from snowmelt-driven quick flow.  201 

Export rates of basalt weathering products and associated carbon dioxide removal 202 

Our study demonstrates efficient export of basalt weathering products in the first two years following ERW. 203 

On an annual basis,  ERW-derived alkalinity export averaged 9.47 t C km⁻2 yr⁻1, equivalent to 34.72 t CO2 204 

km⁻2 yr⁻1 (Table 1), which is among the highest observed rates compared to other studies that quantify CDR 205 

via changes in alkalinity (and/or cation) fluxes in streams, leachate water, or pore waters.32, 38, 39, 40, 41, 42  206 

Previous watershed-scale studies reported 2.5–13 t CO2 km⁻2 over 15 years after wollastonite addition (30 207 

t ha-1) in a temperate forest, 38 while another study reported an average of 0.001 t CO2 km⁻2 across three 208 

small watersheds (<0.02 km-2) within a tropical oil palm plantation after three annual applications of basalt 209 

(50 t ha-1).39  Lysimeter and mesocosm studies usually yield lower rates (1–26 t CO2 km-2 yr-1), even though 210 

many used higher rock application rates of up to 100 t ha-1.12, 40, 41, 42, 43 The lack of leachate ERW signals in 211 

some of these experimental studies likely reflects a combination of factors, including short experimental 212 

durations, the absence of natural structure and associated transport pathways in repacked soils, and the use 213 

of acidic soils that may scavenge base cations and neutralize alkalinity.   214 

Over 22 months, the ERW-derived alkalinity export was 63.8 t CO2 km-2 (5.7 t over the 8.9 ha 215 

treated area, Fig. 3d), representing approximately 11% of the maximum CDR potential of the applied basalt 216 

(582 t CO2 km-2, 51.8 t CO2 over the 8.9 ha treated area, equation (1)). While the applied basalt contained 217 

minor inorganic carbon (~0.14%, or 0.22 t in total), its maximum dissolution would account for only 14% 218 



of the exported alkalinity from ERW. This indicates that most of the alkalinity export was generated through 219 

silicate weathering, corresponding conservatively to 9.5% of the basalt’s CDR potential. This value 220 

approaches the upper limit of realizable export as predicted by reactive-transport models that account for 221 

cation sorption and secondary mineral formation; under such constraints, alkalinity export  is generally 222 

estimated to be < 10% after two years in most areas of the U.S.44 One likely reason for relatively more 223 

efficient solute transport in this study (9.5 – 11%) is likely that initial base saturation of soils in W-2 was 224 

high (85% Ca), indicating that the potential maximum loss to cation sorption may be lower compared to 225 

U.S. averages, as well as suitable climatic and hydrological conditions. Collectively, these findings 226 

demonstrate that weathering products can be exported efficiently at the catchment scale over seasonal-to-227 

annual hydrologic timescales that govern their transport to streams and rivers.   228 

Implications for ERW applications at watershed scale 229 

This study demonstrates that watersheds can serve as a natural integrator of ERW signals, providing a 230 

promising, scalable unit for MRV (monitoring, reporting, and verification) by capturing the combined 231 

effects of basalt weathering rates, hydrological transport, and climatic variability (e.g., temperature and 232 

precipitation) on the exports of ERW-derived alkalinity and base cations. In contrast to laboratory studies 233 

and field trials,45, 46 the ERW treatment effects estimated by the watershed approach (with GAM-DiD) 234 

showed distinct, recurring seasonal patterns, with broadly comparable intensities in both years when 235 

comparing the same seasons, despite a slight overall decrease in the second year. This temporal consistency 236 

suggests that comparable hydrological and environmental conditions in 2023 and 2024 (Fig. 3g–i) exerted 237 

a stronger control on the weathering signal than processes intrinsic to the weathering material itself, such 238 

as the depletion of reactive surface area or secondary phase formation, at the timescale of about two years.45, 
239 

47 Therefore, CDR efficiency of large-scale ERW may be more dynamic and sustainable than inferred from 240 

laboratory kinetics alone.   241 

The breakthrough time of the ERW signal in the W-2 streamwater between basalt application and 242 

the initial stream response was rapid, on the order of weeks, whereas 9.5–11% of the potential maximum 243 



CDR has been exported as alkalinity over the experimental period of two years. Given the heterogeneity of 244 

soils and aquifers in the watershed,48 with variable flow paths and water residence times (with mean 245 

residence time of 1.3 years at W-249), it is likely that weathering products transported via slow-flow path 246 

have yet to emerge and/or are diluted beyond detection. Our stable water isotope analysis showed that 23 ± 247 

2% of streamflow comprises water younger than 2.3 ± 0.8 months, implying that most water resides in 248 

longer‐term catchment storage. Thus, while our observations capture the leading edge of ERW signals, they 249 

also point to the potential for delayed and distributed responses over longer timescales. Uptake by 250 

vegetation50 and retention on soil exchange sites15, 38 may further postpone the export of ERW products by 251 

keeping them in the upper soil layers before they reach deeper horizons or streamwater. Capturing the full 252 

carbon removal potential of ERW will therefore require integrated catchment monitoring strategies that 253 

account for both short-term hydrologic pulses and longer-term stream and groundwater transport, especially 254 

under changing conditions driven by climate change. Comprehensive baseline monitoring with control 255 

catchments provides the strongest basis for attributing the effects of ERW. 256 

Furthermore, the climate- and hydrology-driven seasonal shifts in weathering and solute transport 257 

rates indicate that ERW potential may vary across regions and climates. In cold climates, low soil 258 

temperatures and pCO2 constrain weathering kinetics, while in arid systems, low soil moisture and limited 259 

runoff may restrict the weathering and export of ERW products.41 By contrast, catchments with pronounced 260 

seasonal precipitation, such as humid temperate and tropical regions, are more likely to sustain both high 261 

weathering rates and efficient solute export if CEC is low. These linkages highlight how climate and 262 

hydrological variability set fundamental boundaries on the effectiveness of ERW across landscapes. Future 263 

watershed-scale ERW research across diverse regions and climates is needed to better understand the factors 264 

affecting ERW weathering rates, carbon transport pathways, and its environmental impacts. 265 

Methods 266 

Site description  267 



The study site, the W-2 watershed, is a 59-ha headwater catchment situated within the Sleepers River 268 

Research Watershed in Danville, Vermont, USA. It is a low-elevation (285 m to 377 m) agricultural 269 

catchment, with 27% forest and 73% hayfield and pasture.51  The area experiences a cold, humid continental 270 

climate, with mean annual precipitation of 1,050 mm yr-1 and mean annual air temperature of 5.7 ℃. The 271 

mean daily discharge from the W-2 stream averages 0.76 ± 0.19 mm d-1, with approximately two-thirds of 272 

annual discharge occurring as baseflow.25 While runoff peaks in spring during snowmelt, heavy storms 273 

during summer and fall may drive discharge to levels more than an order-of-magnitude above baseflow. 274 

The stream weir location for discharge measurement, where water samples were also collected, is Lat: 275 

44.45958 Lon: -72.0920.  276 

The watershed is underlain by fine, silty calcareous till deposited during the Wisconsinan 277 

glaciation.52 Beneath the till is the Lower Devonian and Upper Silurian Waits River Formation, which 278 

consists of quartz–mica schist with beds of calcareous granulite.51 Till thickness ranges from less than 2 m 279 

near the hilltops to over 10 m downslope towards the stream. The soil in the upland hayfield is a sandy 280 

loam, whereas the downslope pasture soil is a loam with approximately equal sand and silt contents, with 281 

pH ranging from 4.9 to 7.7 (median pH 6.1).31 282 

Basalt application and characteristics 283 

We applied Pioneer Valley Basalt powder at a rate of 20 t ha-1 to an 8.9-ha area of hayfield and pasture in 284 

the southern portion of the W-2 watershed (Fig. 1) in June 2023. The basalt feedstock was sourced from 285 

metamorphosed basaltic rock from the Holyoke Range, Massachusetts USA (Rock Dust Local, Bridport, 286 

Vermont, USA). The moisture content of basalt powder was 10.1 ± 0.2% at the time of application. Modal 287 

mineralogy (thin-section point counts) of the basalt was 35.1% clinopyroxene, 33.7% plagioclase, 10.6% 288 

sericite, 9.2% chlorite, 6.7% actinolite, 3.8% opaque minerals, and 0.9% quartz. The basalt feedstock 289 

consisted primarily of SiO2 (51.6%), Al2O3 (13.6%), and Fe2O3 (13.2%), with notable contents of CaO 290 

(9.2%), MgO (5.8%), and Na2O (2.98%) (Supplementary Table 1). Based on this oxide content, the 291 

estimated stoichiometry of the basalt is Ca0.36Mg0.31Na0.209Fe0.36Si1.87Al0.58O6 (molar mass of 211 g mol-1).  292 



The total inorganic carbon content was 0.14 ± 0.02%, measured on the Eltra CS Analyzer. The p80 value 293 

(80% of the particles have a diameter less than or equal to) of the basalt powder equaled 297 µm. The 294 

Brunauer–Emmett–Teller (BET) specific surface area of the basalt was 4.3 m2 g-1, measured using the BET 295 

N2-adsorption method on an Anton Paar Nova 800. 296 

The CDR potential [t CO2 km-2] of the basalt was calculated by using the following equation: 297 

௣௢௧௘௡௧௜௔௟ܴܦܥ =  ∑ ݊௜ · ெ಴ೀ2ெ್ೌೞೌ೗೟  · ܴ௔௣௣ · (1 − ௜=஼௔,ெ௚,ே௔ (߆                     equation (1) 298 

where  ݊௜ [eq] is the charge equivalent of each major cation (i.e., Ca, Mg, and Na) in basalt 299 

(Ca0.36Mg0.31Na0.209Fe0.36Si1.87Al0.58O6);  ܯ஼ை2  [g mol-1] and ܯ௕௔௦௔௟௧ [g mol-1] is the molar mass of CO2
 and 300 

basalt, respectively; ߆ [%] is the moisture content of basalt; and ܴ௔௣௣ [t km-2] is the basalt application rate.  301 

Streamwater chemistry and meteorological observations 302 

Streamwater samples were collected biweekly or monthly before basalt application from May 2022 to June 303 

2023, and twice per week after basalt application from July 2023 to April 2025, with more intensive 304 

sampling during storms (hourly). The collected streamwater samples were either filtered onsite immediately 305 

or filtered in the lab within 24 h through 0.22 µm syringe filters, and divided into subsamples in acid-306 

washed, filtered-streamwater-rinsed, high-density polyethylene (HDPE) bottles for major cations [calcium 307 

(Ca2+), magnesium (Mg2+), sodium (Na+), potassium (K+)], alkalinity, and trace metal analysis. The samples 308 

for trace metal analysis were acidified by adding 50% nitric acid. All the samples were stored at 4 °C until 309 

analysis. All measurements were performed at the Yale Analytical and Stable Isotope Center (YASIC) 310 

following the methods described in ref.25 Aliquots from selected samples were further processed for Li 311 

separation and measurements at the Yale Geochemistry Center. The samples were first digested with aqua 312 

regia, evaporated and redissolved in 1 ml of 0.2N HCl, and then Li was separated following the methods 313 

described in ref.53 The Li isotopic composition measurements were performed on a Thermo Finnigan 314 

Neptune Plus ICP-MS and the Li isotopic compositions are reported relative to the L-SVEC-1 lithium 315 



carbonate standard, NIST 8545. A typical standard error of a single measurement was 0.07 ‰ (1σ) and the 316 

external precision was better than 0.08 ‰ (1STD). 317 

 In addition to our own observations, we used published measurements of stream chemistry made 318 

from March 1992 to May 2017 at W-2 watershed, as well as published measurements of stream discharge 319 

and chemistry made from January 2019 to April 2025 at W-9 watershed from the U.S. Geological Survey 320 

(USGS) aqueous chemistry database of the Sleepers River Research Watershed, Danville, Vermont.54  321 

Watershed W-9 is a 41-ha forested headwater catchment located 6 km from W-2 in the Sleepers River 322 

Research Watershed. Daily estimates of  air temperature and precipitation for the W-2 and W-9 watersheds 323 

were extracted from the Parameter-elevation Regressions on Independent Slopes Model (PRISM) 324 

database.55  325 

Estimating streamwater chemistry for a no-basalt counterfactual with WRTDS 326 

We applied WRTDS to estimate streamwater chemistry at the W-2 watershed for a counterfactual scenario 327 

representing conditions without the basalt application. The model was trained on long-term data (March 328 

1992 – June 2023), and the calibrated model was used with W-2 daily discharge measurements made 329 

between July 2023 and April 2024 as one means to estimate how streamwater solute concentrations at W-2 330 

would vary during the post-treatment period in the absence of the basalt application. The WRTDS method 331 

was implemented using the EGRET R package.21 Briefly, the daily streamwater solute concentrations were 332 

simulated in WRTDS as  333 

 ݈݊(ܿ) = 0ߚ  + 1ln (𝑞)ߚ + ݐ2ߚ  + 3ߚ sin(2ݐߨ) + 4ߚ cos(2ݐߨ) +  equation (2) 334                  ߝ

where c is the estimated concentration (µeq L-1), βi are the regression coefficients, q is the daily mean 335 

discharge (m3 s-1), t is time in decimal years, and ε is the unexplained variation. This method uses a weighted 336 

regression, where the relevance of each observation to the estimation point is defined by the distance in 337 

time, season, and discharge between the observation and the estimation point, thereby generating a unique 338 

set of parameters for every combination of q and t values.21, 22 339 

Estimation of basalt treatment effect using a Difference-in-Differences approach 340 



To quantify basalt-treatment effects on streamwater chemistry, we implemented a Generalized Additive 341 

Model coupled with a Difference-in-Differences (GAM-DiD) approach that leverages stream chemistry 342 

observations from a reference watershed.  Watershed W-9 was chosen as the reference owing to its similar 343 

climate and parallel hydrological and hydrochemical responses relative to W-2 (Fig. 1). The model structure 344 

is as follows: 345 

log ܿ௜ = 0ߚ  + log)1ݏ ܳ௜) + ܲܲ)2ݏ ௜ܶ) + )3ݏ ௜ܶ) + ,ℎ௜ݐ݊݋ܯ)4ݏ ݕܾ = (ℎ݁݀௜ݏݎ݁ݐܹܽ + 1ߚ ∙ ℎ݁݀௜ݏݎ݁ݐܹܽ 2ߚ 346+ ∙ ௜ݐݏ݋݌݁ݎܲ + 3ߚ ∙ ℎ݁݀௜ݏݎ݁ݐܹܽ) × (௜ݐݏ݋݌݁ݎܲ +  ௜                                                                equation (3) 347ߝ

where log ܿ௜ is  the response variable (log-transformed solute concentration ܿ ௜  [µeq L-1 ] for sample ݅) from 348 

either the treatment or the reference watershed; 3ݏ ,2ݏ ,1ݏ, and 4ݏ are the spline-based smooth functions 349 

used to model nonlinear relationships between each predictor and log ܿ௜; log ܳ௜ is the log transformed 350 

discharge ܳ௜ [mm d-1]; ܲܲ ௜ܶ [mm d-1] is the precipitation; ௜ܶ [℃] is the daily average air temperature; 351 (ݐ݊݋ܯℎ௜, ݕܾ =  is a categorical indicator for pre- and post-treatment period, where -3, -2, -1, and 0 correspond to 354 ݐݏ݋݌݁ݎܲ ℎ݁݀௜ is the binary indicator for treatment and reference watershed (0 = reference, 1 = treatment); 353ݏݎ݁ݐܹܽ ℎ݁݀௜) indicates the month effect by watershed (treatment or reference); 352ݏݎ݁ݐܹܽ

the pre-treatment period (three-month intervals from May 2022 to June 2023), and 1–8 represent post-355 

treatment periods (three-month intervals, except for April 2025, which covers one month due to the absence 356 

of W-9 water chemistry records thereafter); ܹܽݏݎ݁ݐℎ݁݀ ×  is the interaction term representing 357 ݐݏ݋݌݁ݎܲ 

the core DiD contrast that captures the difference in differences (post vs. pre) between treatment and 358 

reference watersheds. Fixed effects comprise an intercept 0ߚ (expected log concentration in the baseline 359 

pre-treatment period for the reference watershed at reference covariate levels), a watershed indicator 360 1ߚ 

(time-invariant treatment-reference difference at baseline), period (“Prepost”) indicators 2ߚ (shifts common 361 

to both watersheds for each period relative to baseline), and the ܹܽݏݎ݁ݐℎ݁݀ ×  362 ,3ߚ interactions ݐݏ݋݌݁ݎܲ 

which quantify the difference-in-differences for each period. The variable ߝ௜ is the residual error.   363 

 The coefficients are on the log scale, so exponentiation yields multiplicative effects on 364 

concentration. Of particular importance is the quantity (݁(3ߚ)݌ݔ −  which gives the 365 ,100 × (3ߚ)݌ݔ݁) /(1



percentage of streamwater concentration attributable to ERW; we denote this as ∆ܿ [%]. This estimated 366 

treatment effect from the GAM-DiD model was used to calculate the export rate of the basalt weathering 367 

products through stream runoff. The GAM-DiD model was implemented using the mgcv package in R. 368 

To enable a DiD analysis despite the mismatched sampling dates of two watersheds, we used the 369 

WRTDS model to estimate daily solute concentrations for the reference watershed (W-9). The WRTDS 370 

model was trained using W-9 data from January 2019 to June 2023, and the daily estimates that 371 

corresponded to times of measurements at W-2 were used as reference watershed concentrations in the DiD 372 

analysis.  373 

Endmember mixing analysis 374 

To trace basalt-derived solutes and quantify flow path contributions to the W-2 stream, we developed a 375 

quick-flow/slow-flow mixing model with sigmoidal inverse power-law function (equations (4)–(6)). Here, 376 

we define two flow-path endmembers of streamwater composition: one is slow-flow water comprised 377 

primarily of deeper groundwaters with longer residence times and the second is quick-flow water comprised 378 

of near-surface and overland-flow waters with shorter residence times. Quick-flow/slow-flow separation 379 

has been used with analysis of stream concentration-discharge relations to infer flow paths by which water 380 

is transported through the watershed.56, 57 A non-linear relation between stream discharge 𝑞 and the slow- 381 

and quick-flow fractions (i.e., ௦݂௟௢௪ and ௤݂௨௜௖௞) can be derived under the assumption that ௦݂௟௢௪ decreases 382 

with q and asymptotically approaches zero as q approaches infinity and that the sum of ௦݂௟௢௪  and ௤݂௨௜௖௞ 383 

always equals unity (equation (4), Supplementary Fig. 6a). We combined this sigmoidal inverse power-law 384 

function with an endmember mixing equation (equation (5)) to estimate a relation between stream discharge 385 

and stream concentration (equation (6)), such that  386 

௦݂௟௢௪ = 11 + ܽ௦௟௢௪ ∙ 𝑞௕ೞ೗೚ೢ equation (4) 

ܿ௦௧௥௘௔௠ = ܿ௦௟௢௪ ∙ ௦݂௟௢௪ +  ܿ௤௨௜௖௞ ∙ (1 − ௦݂௟௢௪) equation (5) 



ܿ௦௧௥௘௔௠ = (ܿ௦௟௢௪ − ܿ௤௨௜௖௞) ∙ ( 11 + ܽ௦௟௢௪ ∙ 𝑞௕ೞ೗೚ೢ) + ܿ௤௨௜௖௞ 
equation (6) 

where ௦݂௟௢௪ [-] is the fractional contribution of slow-flow water to streamflow, 𝑞 [mm d-1] is discharge of 387 

the stream, ܽ௦௟௢௪ [-] and ܾ௦௟௢௪ [-] are fitted values to identify the  ௦݂௟௢௪  change with 𝑞 in the watershed. 388 ܿ௦௧௥௘௔௠ [µeq L-1] is the streamwater concentration,  ܿ௦௟௢௪  [µeq L-1] is the slow-flow endmember 389 

concentration, and ܿ௤௨௜௖௞ [µeq L-1] is the quick-flow endmember concentration.  390 

By fitting equations (4)–(6) to streamwater chemistry data for the pre-treatment period (January 391 

2008 – May 2017 and May 2022 – June 2023), we estimated the endmember concentrations of ܿ௤௨௜௖௞ and 392 ܿ௦௟௢௪ of the solutes (i.e., Ca, Mg, Na, and alkalinity) together with the parameters ܽ௦௟௢௪ and ܾ௦௟௢௪ 393 

(Supplementary Fig. 6). With the estimated values of ܽ௦௟௢௪ and ܾ௦௟௢௪ from the pre-treatment data, we then 394 

estimated ܿ௤௨௜௖௞ and ܿ௦௟௢௪ of each solute after basalt application. This analysis provides a way to explore 395 

whether basalt weathering signals (e.g., elevated alkalinity and Ca concentration) in the stream are more 396 

closely associated with quick-flow or slow-flow pathways, and how such signals may evolve after basalt 397 

treatment. While we do not assume that the relation between flow pathways and discharge is precise or 398 

universally transferable across catchments or time periods, this approach serves as an illustrative tool to 399 

shed light on the potential origins of observed streamwater concentration changes. The model fitting was 400 

performed in MATLAB R2023b, using the fmincon for pre-treatment nonlinear parameter estimation and 401 

isqlin for post-treatment endmember estimation.  402 

Quantifying the young water fraction of streamflow 403 

We calculated the young water fraction (ܨ௬௪) of the W-2 streamflow using δ18O isotope values from 404 

precipitation and streamwater from March 1992 to June 2011 (USGS aqueous chemistry database),54 405 

following a published approach.58 In the following equation, ܨ௬௪ is defined as the proportion of the transit-406 

time distribution younger than a threshold age and can be estimated from the ratio of the amplitudes of 407 



tracer signals (e.g., δ18O isotope) in streamwater and precipitation for gamma functions with shape 408 

parameter ߙ between 0.2 and 2:58  409 

௬௪ܨ =  ௣                                                              equation (7) 410ܣ/௦ܣ

where ܣ௦ [-] and ܣ௣ [-] are the amplitudes of the δ18O signals in streamwater and precipitation, respectively. 411 

The amplitude and phase of the seasonal δ18O from precipitation and streamwater were estimated by 412 

nonlinear fitting of  413 

(ݐ)ܿ = ܣ sin(2ݐ݂ߨ − ߮) + ݇                                          equation (8) 414 

where, ܣ  [-] is the amplitude, ݂ [year-1] is the frequency, ݐ [year] is time,  ߮ [-] is the phase shift, and ݇ [-415 

] is the vertical shift. 416 

The calculated gamma shape parameter ߙ for the W-2 transit time distribution is 0.81, estimated by solving 417 

equation (9) using Newton’s method: 418 

߮௦ − ߮௣ = ߙ  arctan √(஺ೞ஺೛)−2ഀ − 1                                    equation (9) 419 

where ߮௦ [-] and ߮௣ [-] are the phase shifts for streamwater and precipitation, respectively, With the 420 

calculated ߙ at W-2 falling within the range of 0.2–2, we reported ܨ௬௪ of the W-2 streamflow as  the fraction 421 

of water younger than 2.3  ± 0.8 months.58 Gaussian error propagation was used to estimate uncertainties. 422 
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