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Modeling studies show that large-scale deployment of enhanced rock weathering on croplands has the potential to reduce levels of atmospheric carbon dioxide by the end of the century. There is, however, a pressing need to verify model predictions through long-term field trials. Here we report results from the first 3 years of an ongoing enhanced weathering field trial, carried out on an oil palm plantation in Sabah, Malaysia. Crushed silicate rock was applied to three hydrologically isolated catchments, and three adjacent (paired) reference catchments were left untreated. The drawdown of atmospheric CO2 was quantified via the export of alkalinity in stream waters and changes in soil carbonate content. The amended and reference catchments were found to have a similar extent of CO2 drawdown via alkalinity export [respectively, 3.8 ± 0.8 (1 SD) and 3.7 ± 0.6 (1 SD) tCO2 ha−1] when all catchments were averaged over the study period (October 2018 to July 2021). However, differences were observed between the different catchment pairs (plots): two of the plots displayed a similar extent of CO2 removal for both the amended and reference catchments, but the third amended catchment had a higher extent of CO2 removal of ~1 tCO2 ha−1 relative to its adjacent reference catchment. The difference in CO2 removal rates determined for this plot can likely be attributed to increased weathering of silicate minerals in the amended catchment. Soil carbonate concentrations were on average < 0.2 wt% CaCO3, but we report a small increase of ~0.03 wt% CaCO3 in the top 30 cm of soil in the amended soils relative to the reference catchments. The magnitude of CO2 drawdown via alkalinity export determined for these agricultural catchments is around an order of magnitude higher than in natural forested catchments in Sabah and similar to that of basaltic catchments. We show that these high weathering rates are primarily driven by weathering of carbonate fertilizers. The data presented from this field trial provide vital contextual information on the real-world efficacy and practicalities associated with the implementation of enhanced weathering for atmospheric CO2 removal that will help to inform further trials as well as wider-scale deployment.
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Introduction

To keep current global warming below dangerous levels (<2°C above pre-industrial), it is widely accepted that in addition to significant emissions reductions, carbon dioxide (CO2) will need to be actively removed from the atmosphere (UN Environment Programme, 2017; Royal Society, 2018). This is because between about 4 and 8% of global CO2 emissions are “hard to avoid,” either because some industries are difficult to decarbonize (such as agriculture), or because of the need to uphold principles of justice including the protection of human rights (UN Environment Programme, 2017; Royal Society, 2018; IPCC, 2022).

Carbon dioxide can be removed from the atmosphere in several ways. These include nature-based methods such as afforestation and restoration of coastal habitats including mangroves and sea grass beds, as well as technological methods such as direct air capture (e.g., IPCC, 2022). Enhancing rates of rock weathering, which naturally removes about 1 Gt of CO2 from the atmosphere every year and plays a key role in the long-term (>105 yrs) regulation of Earth's climate (e.g., Walker et al., 1981), is another proposed CO2 removal strategy (e.g., Hartmann et al., 2013). Modeling studies have shown that the application of crushed calcium (Ca)- and magnesium (Mg)-rich silicate rocks to agricultural soils has the potential to increase weathering rates and draw down 0.5–2 Gt of CO2 per year, equivalent to ~2.5% to 10% of Paris Agreement targets (Beerling et al., 2020). The quantity of additional CO2 removed depends on factors such as application rate, climatic conditions, mineralogy and grain size (Schuiling and Krijgsman, 2006; Renforth, 2012; Hartmann et al., 2013; Taylor et al., 2016; Andrews and Taylor, 2019).

Weathering is a natural geological process whereby atmospheric CO2 dissolved in rainwater or respired by plants reacts with rocks and soils, partly dissolving them (Equation 1 and Equation 2). During the weathering process, CO2 is converted to alkalinity (principally hydrogen carbonate ions) that is transported via soil waters, groundwaters and rivers to the ocean, where it may be securely stored on timescales of ~105 years (e.g., Drever, 1997).
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Equation 1 shows that weathering of one mole of a silicate mineral (anorthite) removes two moles of atmospheric CO2 whereas weathering of one mole of carbonate minerals removes only one mole of atmospheric CO2 (Equation 2). However, although silicate weathering is twice as effective at removing CO2 from the atmosphere compared to carbonate weathering, dissolution rates of carbonates are three orders of magnitude faster than those of fastest weathering silicate minerals (e.g., Lasaga, 1984; Hartmann et al., 2013). In arid to semi-arid regions were soils are alkaline carbonate minerals may precipitate from soil waters (Equation 3) forming pedogenic carbonate that is stable on timescales of ~104 years (e.g., Zamanian et al., 2016 and references therein). Note that precipitation of carbonates re-releases half of the CO2 captured by silicate minerals back into the atmosphere, and dissolution and re-precipitation of carbonate minerals has no net impact on levels of atmospheric CO2 (i.e., Equation 3 is the reverse of Equation 2).
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Rates of rock weathering are limited by the reactivity of the minerals that make up the rock. For example, olivine and basaltic glass have fast dissolution rates (e.g., Oelkers and Gislason, 2001; Oelkers et al., 2018), whereas quartz is unreactive and has no CO2 removal potential (e.g., Kump et al., 2000). Weathering rates also vary as a function of particle size, with mineral crushing or high erosion rates potentially leading to greater chemical dissolution rates (Riebe et al., 2004). In addition to the availability of weatherable minerals, weathering rates are also controlled by environmental factors (kinetics), such as temperature and water availability, and the saturation state of the soil waters (West et al., 2005; Gabet and Mudd, 2009; Maher and Chamberlain, 2014). Lowland tropical regions are considered to have the fastest potential weathering rates on Earth due to high temperatures and high rainfall, but weathering can be limited by supply of fresh minerals (Stallard and Edmond, 1983) as thick heavily weathered soils develop quickly (e.g., laterites). For this reason, tropical regions are considered prime candidates for the deployment of enhanced weathering (Taylor et al., 2016; Edwards et al., 2017; Manning et al., 2017; Beerling et al., 2018, 2020).

To date, the potential of enhanced weathering for removing atmospheric CO2 has principally been estimated using modeling studies (e.g., Renforth, 2012; Taylor et al., 2016; Beerling et al., 2020; Bullock et al., 2021), or based on results from small-scale mesocosm or laboratory experiments (e.g., Renforth et al., 2015; Amann et al., 2020; Kelland et al., 2020; Pogge von Strandmann et al., 2021). Most mesocosm and laboratory studies to date have focused on amending soils with relatively fast weathering silicate minerals, notably olivine, or fast weathering silicate rocks, such as dunite that contains a high proportion of olivine. While experiments on organic-rich acidic soils incubated with olivine revealed that gross removal of CO2 assessed from the increase in Mg2+ concentrations on soil exchangeable sites was between ~12 to 16 tCO2 ha−1yr−1 (depending on the olivine application rate), no net increase in CO2 removal was observed due to increased rates of soil respiration (Dietzen et al., 2018). Similarly, application of olivine to ryegrass in a pot experiment was observed to increase gross CO2 uptake by ~0.5–4.4 tCO2 ha−1yr−1 (Berge et al., 2012), although amendment of agricultural soils (with and without crops) with olivine-bearing dunite showed significantly lower rates of CO2 removal (0.02–0.05 tCO2 ha−1 yr−1; Amann et al., 2020). Finally, pot experiments focusing on soil amendment with wollastonite (a fast-weathering silicate mineral) reported substantial increases (of up to ~0.6 wt%) in the total inorganic carbon content of wollastonite-amended soil relative to untreated soil over a period of 8 weeks (Haque et al., 2019). Assuming a till depth of 30 cm and sustained inorganic carbon accumulation rates, this could correspond to a removal rate of up to ~500 tCO2 ha−1 yr−1.

At larger scales, only a handful of field trial studies have been carried out on the CO2 removal potential of enhanced rock weathering (Haque et al., 2020; Taylor et al., 2021). In October 1999, in an effort to restore soil calcium that had been depleted by leaching by acid rain, 3.44 t ha−1 of wollastonite was applied to the Hubbard Brook Experimental Forest watershed in New Hampshire, USA. A recent re-analysis of stream water chemistry has revealed that cumulative carbon capture by carbonic acid weathering increased by 0.025–0.13 tCO2 ha−1 over 15 years compared to a reference catchment (Taylor et al., 2021). A study of wollastonite-amended croplands in Ontario, Canada, has reported increased levels of CO2 removal as soil inorganic carbon by up to 0.4 tCO2 ha−1 over 5 months in a field planted with soybean; much higher rates of CO2 removal as soil inorganic carbon were observed in fields planted with leafy vegetables (up to ~1.9 tCO2 ha−1 in 1 year) although this may partly be due to addition of carbonate fertilizers (Haque et al., 2020). Notwithstanding the differences in the results between these field studies, models and laboratory experiments are unlikely to adequately represent the natural system and laboratory experiments in particular have been shown to overestimate field weathering rates (e.g., White and Brantley, 2003). Therefore, it is imperative to conduct large-scale, multi-year field trials to determine the real-world efficacy and safety of enhanced rock weathering, as well as the practicalities associated with its deployment.

This study presents the first quantification of the rate of CO2 drawdown via alkalinity generation as well as soil carbonate formation from an ongoing enhanced rock weathering field trial being conducted on an oil palm plantation in Sabah, Malaysia. As far as we are aware, this is the first field trial of its kind in a tropical region. We set out a methodology for accurately quantifying CO2 removal via alkalinity generation that attributes (i) the weathering source (silicate vs. carbonate minerals) and (ii) the weathering agent (carbonic acid vs. strong acids that do not contribute to carbon dioxide removal) and discuss the challenges with quantifying carbon dioxide removal via soil carbonate formation in low pH tropical soils. The results from this ongoing field trial provide vital contextual information for the application of enhanced weathering in tropical environments.



Study site and experiment overview

Here we provide a general overview of the experiment and study site, with further analytical details given under Materials and Methods and in Supplementary Text 1. Our study site is located on an oil palm plantation in Sabah, Malaysia (Figure 1) and is characterized by a tropical climate with an annual rainfall of ~2,000 mm and a mean annual temperature of ~28°C (monitored by the onsite weather station, Supplementary Text 1, Figure 2). The plantation sits on heavily weathered tropical soils that are underlain by Oligocene to mid Miocene volcaniclastic deposits and Quaternary river alluvium (Lim, 1985). The oil palms are planted in terraces as the site has significant topography (Figure 1, ~100 to 400 m elevation range).


[image: Figure 1]
FIGURE 1
 Map of the study site in Sabah, Malaysia. The three experimental plots are indicated by the white rectangles, with each plot consisting of (1) an untreated (reference) catchment and (2) a catchment amended with crushed silicate rock (treated). The two catchments within each plot are hydrologically isolated from each other. Stream sampling locations at the base of each catchment are indicated by the symbols (circles: plot 1, squares: plot 2, triangles: plot 3). Elevation is superimposed on a Google Map Satellite basemap, with dashed white contours and numbers indicating elevation (in meters). Yellow triangle in map insert (Google Satellite basemap) indicates the location of study area within Sabah Malaysia.



[image: Figure 2]
FIGURE 2
 Rainfall and measured vs predicted discharge in stream catchments throughout the monitoring period (October 2018 to July 2021). (A) Total monthly rainfall in mm. (B) Predicted instantaneous daily discharge in m3/s (black lines, and white symbols). Measured discharge (from June 2020 onwards) is also show for comparison (colored symbols). The white box indicates a data gap during the COVID-19 lockdown of 2020.


Three plots were selected within the plantation. Each of the three plots consists of a pair of hydrologically isolated catchments that drain into a small stream and range in size from 0.6 to 1.8 ha (Figure 1). Prior to the start of the experiment, the existing mature (20–25 year old) oil palms were felled and the plots were re-planted with young (~2–3 years old) oil palms in 2017. A cover crop was also planted to stabilize and minimize soil loss. One catchment from each plot was applied with 50 tons per hectare (t ha−1) of crushed silicate rock after planting, and the other catchment was left untreated to act as a reference catchment (Figure 1). Application of crushed rock to the treated catchments was repeated every year throughout the course of the experiment, usually between August and December (Supplementary Text 1.1). The crushed rock was applied in the same way as fertilizers, that is, by hand to the base of the oil palms as well as in between the palms. Hereafter, the silicate rock-amended catchments are referred to as “treated” catchments and the reference catchments are referred to as “untreated” catchments. Note, however, that as there were pre-existing differences in stream water chemistry prior to rock application (see results, Figure 3), and the sizes of treated and untreated catchments were different (Figure 1, Supplementary Table 4), the untreated catchment stream water data cannot strictly be considered as a “control,” so all stream water data were processed separately for each individual catchment.


[image: Figure 3]
FIGURE 3
 Stream water chemistry. Major cation concentrations are shown on the left-hand side (A,C,E,G) and major anion and silicon concentrations on the right-hand side (B,D,F,H,J). Smoothed fit (lines and gray bands) through data is a Loess regression, which averages the treated and untreated datasets for all three catchments. The gray band is the 95% confidence interval on this fit. Rainfall (I) is the monthly sum, in mm. Light blue shading indicate times of higher rainfall that correlate with a decrease in some major elemental concentrations. White boxes indicate data gaps prior to rock application and during the COVID-19 lockdown.


To assess the effects of rock treatment on stream water chemistry, samples of stream water were taken from each site prior to the first application of the rock in April/May 2018, with continuous monitoring and sampling starting in October 2018. However, due to COVID-19 pandemic prevention measures, sampling was suspended between March and June 2020. Soil cores were taken to assess changes in soil chemistry between April and May 2018 prior to the first application of the crushed rock, and thereafter twice a year (Supplementary Text 1.5). The experiment is ongoing, but here we report data from the first 3 years of the experiment, up until July 2021.



Materials and methods

In this section, we firstly summarize our approach to the quantification of CO2 removal and then secondly, we provide specific details relating to our analytical protocols. We calculate CO2 removal as alkalinity (Equations 1 and 2) directly, via (i) measurement of elements and compounds dissolved in the stream waters and (ii) measurement of the water flux (discharge) from each catchment. This approach ensures that we capture net CO2 removal from waters that exit the weathering zone to drainage, although we do not consider any modification to the alkalinity flux during riverine transport to the ocean. While it is possible to determine weathering rates from the loss of soluble cations from the soils (e.g., Riebe et al., 2004), this is usually applied in studies aiming to characterize long-term weathering rates because soils have very high concentrations of e.g., Ca and Mg (wt% levels) relative to soil waters, making cation loss difficult to detect. Furthermore, the fate of weathering products cannot be assessed with this method. If, for example, the products of weathering are taken up by biomass or adsorbed on soil cation exchange sites, then CO2 will be regenerated on short timescales.

In addition to characterizing water chemistry and discharge, it is also essential to determine the proportion of alkalinity derived from silicate vs. carbonate minerals, because whereas all alkalinity (HCO[image: image]) generated by weathering of silicate minerals comes from CO2 (Equation 1), only half of the alkalinity derived from weathering of carbonate minerals comes from CO2 (the other half coming from carbonate; Equation 2). Characterization of the chemical composition of all soil mineral phases enables the relative proportion of silicate vs. carbonate weathering to be determined via measurement of cation concentrations and the radiogenic strontium isotopic composition (87Sr/86Sr) of stream waters, corrected for inputs from rainwater and water-soluble fertilizers (Section Quantification of CO2 drawdown via pedogenic carbonate formation). The alkalinity derived from weathering reactions can be calculated from cation concentrations, as the HCO[image: image] produced is charge balanced by base cations (Equations 1 and 2).

Calculation of CO2 removal via pedogenic carbonate (inorganic carbon, predominately calcium carbonate) formation can be determined from the difference in the carbonate concentration of soils prior to the start of the experiment and those collected after application of crushed rock, although any contribution from weathering and re-precipitation of carbonate-based fertilizers (or carbonate in the applied crushed rock) needs to be subtracted because CO2 removed during the weathering process will be re-released when the carbonate re-precipitates (Equations 2 and 3).


Measurement of stream water discharge

Stream water discharge can either be measured directly or derived from measurements of rainfall and estimated rates of evapotranspiration. Rainfall and other climate parameters (humidity, temperature, windspeed and solar radiation) were monitored at the plantation (Figure 2, Supplementary Text 1.2), allowing the predicted discharge from each catchment to be calculated daily from the difference between rainfall and potential evapotranspiration (see Supplementary Text 1.2 for full details). This approach was validated by comparing predicted discharge with discharge measured bi-weekly in the streams from June 2020 onwards. Direct instantaneous measurements were obtained from readings of water depth within a Cutthroat Flume (OpenChannelFlow, 36 × 16-inch) that was installed at the water sampling points (symbols in Figure 1) at the lowest topographic point of each catchment. Measured discharge was in reasonable agreement with predicted daily discharge (Figure 2): differences can be expected as the instantaneous manual readings were only made every 2 weeks and may have missed individual rain events; in addition, readings could only be made when the streams were flowing, thus also missing periods of low or no flow (Figure 2).



Collection and analysis of stream waters and rainwater

Stream waters were collected from each catchment under free-flowing conditions at an approximately biweekly frequency, with water temperature and pH measured in situ at the time of sampling. Rainwater samples were periodically collected at the plantation. All waters were filtered at 0.45 μm immediately after sampling. A sub-sample of the filtered water was acidified to pH 2 with concentrated HNO3 in acid-cleaned HDPE bottles for analysis of cations. Sub-samples for anion analysis were collected in MilliQ rinsed LPDE bottles and were not acidified. Sub-samples for analysis of dissolved organic carbon (DOC) and total dissolved nitrogen (TDN) were collected in amber borosilicate glass vials and acidified with HCl.


Alkalinity analysis

Total alkalinity was determined for stream waters immediately after sampling using a Gran titration technique (Stumm and Morgan, 1996). Precision and accuracy were monitored using a sodium carbonate standard and were always better than ±5%. Bicarbonate (HCO[image: image]) concentrations were calculated from total alkalinity, temperature and pH using CO2SYS v2.1 (Pierrot et al., 2006) using the stoichiometric equilibrium constants derived for freshwater by Millero (1979). For this calculation only [HCO[image: image]], [CO[image: image]], [OH−], and [H+] were included in the definition of total alkalinity (Pierrot et al., 2006). Borate was not included in the definition of total alkalinity as measured B concentrations (see section Analysis of cation and anion concentrations and results) indicated that borate could only account for <0.1% of the total alkalinity so is considered negligible. The pH and alkalinity data indicate that >99% of stream water alkalinity consists of HCO[image: image]. Moreover, as DOC concentrations are low (ranging from 75 to 540 μM C), it can be assumed that alkalinity ≈ [HCO[image: image]].



Analysis of cation and anion concentrations

All concentration analyses were carried out in laboratories in the National Oceanography Centre, Southampton.

Concentrations of major and some trace elements (B, Ba, Ca, K, Mg, Na, Si, Sr) were measured on a Thermo Scientific iCAP 6000 Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES). Accuracy and precision were monitored using repeated measurements of a multi-elemental ICP standard (VWR) and an in-house drift standard, with known values reproduced always within ±10%. Aluminum concentrations in stream waters were low or below the typical detection limit (<~0.05 ppm) in the stream waters, and so were monitored to check for potential contamination from particulate material but are not reported. The DOC and TDN concentrations in the stream waters were determined on a Total Organic Carbon Analyzer (Shimadzu TOC-VCPH). Accuracy was monitored using consensus reference material from the University of Miami (UM Hansell CRM); our values were within ±10% of the consensus values. Precision was determined via repeat measurements of the same sample (n > 3) and was better than ±2%.

Anion (SO[image: image], NO[image: image], Cl−) concentrations were measured by ion chromatography (IC, Thermo Scientific Dionex Aquion) with a 9 mM sodium carbonate eluent. A multi-elemental standard (Dionex Seven Anion Standard II) was repeatedly measured to monitor accuracy and precision, with values reproduced to within ±6% of known concentrations. The normalized inorganic charge balance (NCIB = (Σ+- Σ−)/(Σ++ Σ−) in %, where Σ+ is the sum of cations and Σ− is the sum of anions, in equivalents) was on average 1.8% for all stream water measurements (n = 562) and was always better than ±10% (Supplementary Table 8).



Analysis of radiogenic Sr isotope ratios (87Sr/86Sr)

The radiogenic strontium isotopic composition (87Sr/86Sr) of the stream waters was determined by Thermal Ionization Mass Spectrometry (TIMS) at the University of Southampton. Briefly, 200 to 500 ng of Sr was separated from the rest of the sample matrix with Sr-Spec resin, using established chromatographic procedures (following Pearce et al., 2015 and Kelland et al., 2020 and references therein). The Sr fraction was loaded on a single Re filament and measured on the TIMS (Thermo Scientific). The 86Sr/88Sr ratio was normalized to 0.1194 using an exponential law. External and analytical reproducibility was monitored using standards: NBS 987 and an IAPSO seawater standard regularly passed through column chemistry (Supplementary Text 1.4). Repeated measurements of NBS 987 yielded 0.710252 ± 6 ppm (2SD, n = 73). The uncertainty associated with a sample measurement is taken as the uncertainty on these repeated measurements of NBS 987 (i.e., ±6 ppm).




Collection and analysis of soil samples

After collection, soil cores were split into two fractions, 0–10 cm and 10–30 cm, and dried in an oven at 80°C. Soil pH was measured at the oil palm plantation by mixing dry soil with distilled water in a 1:5 ratio.

Dried soils were first sieved to <2 mm, and then subjected to a chemical leaching procedure to separate the exchangeable (plant available), carbonate, and silicate fractions of the soils. The exchangeable fraction was isolated by leaching the soils in 1M ammonium chloride (NH4Cl) for 24 h and the carbonate fraction was isolated by leaching the residue remaining after the NH4Cl leach in 4M acetic acid (AcOH) for 24 h. After both leaches were completed, the residual soil was rinsed 3 times in MilliQ water, dried, and completely digested on at hotplate at 130°C in a mix of HF, HNO3 and HClO4. The residual soil is assumed to principally consist of relatively insoluble silicate minerals. The chemical compositions of each of the soil leachates, and the digested soil residue, was determined by ICP-OES as described in Sections Analysis of cation and anion concentrations; selected soil leachates were also analyzed for 87Sr/86Sr as described in Section Analysis of radiogenic Sr isotope ratios (87Sr/86Sr).

The inorganic carbon (carbonate) content of the dried and sieved soil samples was assessed using a UIC CM5015 CO2 Coulometer in the SEAPORT Stable Isotope Lab, University of Southampton. However, the carbonate content of all the soils analyzed was below the detection limit of the instrument (<0.2 wt% CaCO3). For this reason, we assessed changes in soil carbonate by chemical leaching (reaction with 4M AcOH for 24 h after the exchangeable fraction was removed, as above) on a selection of soil samples (Supplementary Table 5) from 2018 (pre-treatment), 2019 and 2020. To calculate wt% CaCO3 we assumed that the Ca in the leachate measured by ICP-OES was from dissolution of CaCO3. Calculated CaCO3 values (see Section Composition of the soils, applied rock, and fertilizers) were consistent with the results from coulometry (i.e., <0.2 wt%). We applied inferential statistics to assess the significance of differences in carbonate content in soils between treated and untreated plots and different years. The data were normalized to homogenize the variance between data sets by transforming to a log scale with the time point (year) treated as a continuous variable. The variance was analyzed using a 3-way ANOVA (time, treatment, and plot) on the transformed model. To assess differences between years, the model was refitted with the time point (year) included as a discrete factor and contrasts and Tukey-adjusted p-values were then calculated.



Composition of applied crushed rock and fertilizers

The crushed rock that was applied to the treated catchments was donated by Onika Quarry (owned by Leeka Holdings) in Tawau, Sabah, and its composition is described in detail in Lewis et al. (2021). Briefly, the rock is andesitic in composition and is derived from Pleistocene magmatic-arc volcanic deposits (Lewis et al., 2021). The mineralogy is dominated by plagioclase (45 wt%), sanidine feldspar (13 wt%) and diopside (clinopyroxene, 12 wt%) minerals and has a relatively high quartz content (19 wt%). The rock also contains trace carbonate minerals (~0.8 wt%, Lewis et al., 2021). The applied rock has a grainsize of p80 = 1,767 μm and its whole rock specific surface area [determined by (BET)-N2 adsorption] was 2.73 ± 0.06 m2/g (Lewis et al., 2021).

The chemical composition of carbonate minerals in the applied rock was determined by leaching the ground rock in 4M acetic acid in the same way as for the soils. The material remaining after removal of the carbonate fraction, which can be assumed to represent the silicate fraction, was subsequently digested on a hotplate at 130°C in a mix of HF and HNO3. The leachates and digestates were dried down and redissolved in 3% HNO3 and cation concentrations and 87Sr/86Sr ratios were measured as described in Sections Analysis of cation and anion concentrations and Analysis of radiogenic Sr isotope ratios (87Sr/86Sr).

Throughout the experiment, fertilizers were applied to the oil palms in accordance with usual agricultural practice at the plantation. Fertilizers consisted of ground Mg-limestone, potash, magnesium sulfate and sodium borate, as well as various other compound (e.g., NPK) fertilizers. The full fertilizer application schedule is given in Supplementary Table 3. Most notably, ground Mg-limestone was added to all catchments between April and August 2018, and again in January 2019. Approximately 2 kg of Mg-limestone was applied to the base of each oil palm on both occasions. As carbonate minerals have high dissolution rates relative to silicate minerals, this fertilizer can be expected to undergo rapid chemical weathering and will contribute to CO2 drawdown (Equation 2).

The chemical composition of water-soluble fertilizers (NK, NPK, Na-borate, urea, muriate of potash and MgSO4) was determined by dissolving the fertilizer in MilliQ water and then acidifying to pH 2 with concentrated distilled HNO3. Non-water-soluble fertilizers (rock phosphate and ground Mg-limestone) were digested on a hotplate at 130°C in a mix of HF, HNO3 and HClO4. The dissolved/digested fertilizers were then dried down and redissolved in 3% HNO3 and cation concentrations were measured as described in Section Analysis of cation and anion concentrations.




Results

All data obtained in this study are available in the Supplementary Tables 1–8 and summarized here. Our data characterize the chemical composition of the stream waters, soils and different soil phases and include radiogenic strontium isotope data that can be used to trace cation sources.


Chemical composition of stream waters

Concentrations of key solutes in stream waters are shown together with rainfall data in Figure 3. The variation in concentrations followed a similar pattern across all catchments, with lower concentrations of major dissolved ions (Ca2+, Mg2+, Na+, HCO[image: image]) coinciding with higher rainfall (>600 mm). This likely reflects a greater influence of surface runoff during periods of high rainfall with proportionally higher base flow during drier conditions.

The DOC concentration of all the stream waters was lower than the global average river concentration (Liu and Wang, 2022, Supplementary Table 8), ranging from 75 to 540 μM C. Bicarbonate (HCO[image: image]) accounted for >99% of total alkalinity (Supplementary Table 8) which is expected due to the low DOC and because the inorganic charge balance was close to zero and stream water pH was neutral [proton activity mean = 6.76 ± 0.40 (1SD, n = 582)]. Stream waters have HCO[image: image] concentrations that are relatively high (in some cases >99% of world rivers, which fall between 47 to 5,950 μeq/L; Meybeck, 2003), varying from 1,323 to 7,097 μeq/L across all catchments (n = 579). Stream water cations are dominated by Mg2+, Ca2+, and Na+, with concentrations ranging from 584 to 2,921, 301 to 2,050, and 268 to 1,690 μM, respectively (n = 579). Sulfate and chloride concentrations are nearly always higher than the global river average (ranging from 118 to 1,280 and 281 to 3,159 μM, respectively, whereas world river average concentrations are 175 and 167 μM, respectively; Meybeck, 2003). Nitrate concentrations in stream waters were on average 122 μM and often below the typical analytical detection limit (<8 μM, Supplementary Table 8). Stream water concentrations of elemental B ranged from 9 to 66 μM, which is higher than the range of most natural waters (average value of the world's largest rivers = 0.94 μM; Gaillardet et al., 2014).



Radiogenic strontium isotopes

Radiogenic Sr isotope (87Sr/86Sr) compositions can be used to trace the weathering source in waters and soils. Since 87Rb decays into 87Sr (half-life = 49 Gyr), the 87Sr/86Sr ratios of waters and soils are set by source rock composition which differs according to rock type and age. Strontium is a mobile element and has a similar atomic radius to Ca, so it readily substitutes for Ca in minerals. Therefore, 87Sr/86Sr compositions of waters, sediments and soils also trace the weathering of carbonate minerals, which usually have higher 87Sr/86Sr ratios than silicate minerals (e.g., Gaillardet et al., 1999). For this reason, the Sr isotopic compositions of the stream waters, the soils and the applied rock were also measured to help determine the proportion of weathering of carbonate vs. silicate minerals (Figure 4). Stream water 87Sr/86Sr values ranged from 0.706556 to 0.707471, overlapping with soil carbonate phases (that ranged from 0.707167 to 0.708338). Silicate phases had a wide range of 87Sr/86Sr values, with the lowest values measured in post-treatment soils (Figure 4).


[image: Figure 4]
FIGURE 4
 87Sr/86Sr isotope geochemistry of stream waters, soil phases (exchangeable, carbonate and silicate, the applied rock (silicate and carbonate phases) and fertilizers. Boxes enclose the range of soil silicates, soil carbonates and the applied rock. Treated silicate refers to the silicate fraction of soils post rock application in treated catchments. Analytical error is smaller than the symbol size.




Composition of the soils, applied rock, and fertilizers

The soils in all catchments were acidic with soil pH = 5.10 ± 0.55 (proton activity mean, ± 1 SD, n = 402). The chemical compositions of the different soil fractions (exchangeable, carbonate and silicate), fertilizers and the applied rock, which are all potential sources of solutes in the stream waters, are summarized in Supplementary Table 5.

We estimate the soil inorganic carbon content to be on average <0.2 wt% using the Ca concentrations mobilized in the acetic acid leachates (Figure 5). Chemical extractions are imperfect and additional phases, such as phosphate minerals and potentially silicate or clay minerals, may be mobilized (Tessier et al., 1979), so estimates of carbonate concentrations derived by chemical leaching represent maximum values. Differences in the mean values of calculated calcium carbonate concentrations (CaCO3 wt%) were observed between treated and untreated plots for all 3 time points analyzed: 2018 (pre-treatment), treated = 0.032 ± 0.019 (SD) and untreated = 0.035 ± 0.026 (SD); 2019, treated = 0.059 ± 0.049 (SD) and untreated = 0.028 ± 0.016 (SD) and 2020, treated = 0.099 ± 0.079 (SD) and untreated = 0.068 ± 0.064 (SD) (Figure 5A). The calculated CaCO3 concentration was ~0.03 wt% higher in the treated plot when compared to untreated plot at the final time point analyzed (2020). All three effects (year, plot, treatment) significantly contributed to the variance (plot p = 0.010052*, treatment p = 0.004561** and year p = 0.001734**, Figure 5B). There were also significant differences between the means of 2019 and 2020 (p = 0.0102*) and of 2018 and 2020 (p = 0.0146*), but no significant difference between 2018 and 2019 (Figure 5B).


[image: Figure 5]
FIGURE 5
 Change in soil carbonate concentration (derived from analysis of soil leachates) over the course of this study as wt% calcium carbonate (A) and transformed to a log scale (B). Box plots are for data from all three plots, with the thick black line indicating the median value. Individual data points are the colored symbols. Gray colored squares indicate extreme outliers excluded from the data analysis. *Indicates the calculated p-value was between 0.01 and 0.05.


The chemical composition of carbonate phases (ground Mg-limestone fertilizer and the acetic acid extractable portion of the soil and the applied rock) and the silicate phases (residual fractions of the soil and applied rock, after leaching of non-silicate phases) was also determined to partition sources of cations derived from weathering of silicate vs. carbonate phases for each individual catchment. Cross plots of Na/Σ+, Ca/Σ+ and Mg/Σ+ (where Σ+ is the sum of the base cations in equivalents), demonstrate that this approach is valid as the silicate phases are characterized by relatively high Na/Σ+ and the carbonate phases are characterized by high Ca/Σ+. In addition, carbonate phases all plot on a mixing line between Mg- and Ca-carbonate or rock phosphate endmembers, whereas the silicate phases lie off the mixing line (Figure 6B). Figure 5A also shows that mobilization of Na relative to other major cations was minimal in the acetic acid leach, confirming that the acetic acid leach targeted mostly carbonate phases. The chemical composition of the soil exchangeable fraction overlaps with that of carbonate (dolomite and limestone and Mg-limestone fertilizer; Figure 6); note that the soil exchangeable fraction may also include any water-soluble fertilizers present in the soil.


[image: Figure 6]
FIGURE 6
 Geochemical composition of the applied rock (carbonate and silicate phases), soil phases (exchangeable, carbonate, and silicate) and rock-based fertilizers compared to generalized lithological endmember compositions spanning a wide range (silicates represented by shale and granite, carbonates represented by dolomite and limestone). (A) Na/Σ+ and Ca/Σ where Σ+ is the sum of major cations (Ca, Mg, Na, K) in equivalents and (B) Mg/Σ+ and Ca/Σ+. Composition of generalized global lithological endmembers (boxes) are from Torres et al. (2016).


The chemical composition of fertilizers considered as potential cation sources applied to the oil palms over the course of this study is provided in Supplementary Table 3. The fertilizers are (i) water-soluble salts (e.g., MgSO4, Na-borate, potash and NPK fertilizers) that add cations to stream waters but do not draw down any atmospheric CO2, and (ii) rock-based fertilizers (e.g., ground Mg-limestone and rock phosphate) that will undergo chemical weathering and contribute to the CO2 budget. Rock-based fertilizer compositions are also plotted in Figure 6.




Discussion

Here, we quantify and discuss the evidence for CO2 removal via alkalinity generation and soil carbonate formation over the course of this field trial. Firstly, we assess CO2 drawdown via pedogenic carbonate formation in the soils. Secondly, we set out a model framework for quantifying CO2 removal via alkalinity generation in waters which considers inputs from fertilizers and strong acid weathering, as well as carbonic acid weathering of silicate and carbonate minerals. This model framework is similar to those applied in natural riverine and weathering studies (e.g., Gaillardet et al., 1999; Galy and France-Lanord, 1999; Torres et al., 2016; Bufe et al., 2021; Kemeny and Torres, 2021). Finally, we place our quantifications in a global context, comparing estimations of CO2 removal via alkalinity generation to selected comparator catchments.


Quantification of CO2 drawdown via pedogenic carbonate formation

As shown by Equation 3, CO2 removal associated with enhanced weathering deployed in croplands or with plants can also occur via pedogenic carbonate formation (e.g., Manning and Renforth, 2013). Soil carbonate concentrations (inferred from the chemistry of the acetic acid leaches) indicate that <0.2 wt% CaCO3 was, on average, present in the soils. Over the course of the experiment, the calculated soil carbonate concentration increased significantly in all plots and in both treated and untreated catchments (Figure 5). To date (i.e., by 2020), the increase in the soil carbonate concentration is ~0.03 wt% higher in the treated catchments relative to the untreated catchments (Figure 5A). Trace carbonate minerals from the applied rock in treated catchments may contribute to this difference, as three rock applications at 50 tons per ha with 0.8 wt% calcite would result in ~0.03 wt% increase in carbonate minerals in the soil, but only if this calcite was retained in the upper 30 cm of the soil (i.e., and not weathered, or migrated deeper in the soil profile). If this increase resulted solely from silicate mineral weathering and subsequent pedogenic carbonate formation (Eqn 1 and Eqn 3) over the top 30 cm of the soil, this would be approximately equivalent to a removal of 0.51 tCO2 ha−1 (assuming a bulk soil density of 1.3 g/cm3) or 0.26 tCO2 ha−1 yr−1. This idealized calculation highlights that small and difficult to detect changes in soil inorganic carbon content may equate to the removal of significant quantities of CO2. However, we are unable to verify if this increase in soil carbonate concentration between treated and untreated plots resulted from enhanced silicate mineral weathering, as additional isotopic measurements (e.g., δ13CCaCO3) would be needed to verify the proportion of soil inorganic carbon derived from CO2. The low inorganic carbon content of the soils meant that δ13C CaCO3 could not be measured directly on the soils from this field trial.

Overall, we emphasize that most carbonate minerals present in both the treated and untreated soils are likely to be predominately derived from fertilizer application, explaining the significant increase in calculated soil inorganic carbon content with time in both treated and untreated plots (Figure 5). This interpretation is supported by 87Sr/86Sr isotope and cation molar ratios, which indicate that the carbonate phases have high Mg and lie on a mixing line between a phosphate or limestone endmember, and a high-Mg limestone endmember (Figure 6). The radiogenic Sr isotope compositions of the soil carbonates (Figure 4) also overlap with the fertilizer endmember compositions.

Low concentrations of soil carbonate are consistent with the relatively low pH of the soils, as well as local climate conditions. Mean annual precipitation (MAP) is ~2,000 mm at our field sites (Figure 2) and soil inorganic carbon mainly forms under dry arid conditions, so is not likely to accumulate in areas where MAP exceeds 1,000 mm (e.g., Zamanian et al., 2016). Continued monitoring of soil inorganic carbon concentration at this field site will be necessary to ascertain whether carbonate accumulates at this site long-term, thereby becoming a demonstrably permanent store of CO2. Although the climatic conditions specific to our field site mean that pedogenic carbonate formation is not likely to be a substantial CO2 removal pathway, carbonate formation could be an important pathway for CO2 sequestration under different climatic and geologic regimes.



Quantification of CO2 drawdown via alkalinity generation

Here we set out a model framework for rigorously quantifying CO2 removal via alkalinity generation. Before the proportion of dissolved solutes derived from weathering of silicate vs. carbonate minerals can be quantified, contributions of dissolved solutes not derived from weathering need to be eliminated. These non-weathering sources are primarily atmospheric (cyclic) salts principally delivered by rainfall, and water-soluble fertilizer salts (e.g., compound fertilizers and potash).


Correction for inputs from fertilizer and atmospheric salts

The influence of fertilizers on stream chemistry is evidenced by the high sulfate and chloride concentrations sourced from MgSO4 and KCl (muriate of potash) fertilizers, respectively (Figure 3). Furthermore, Mg concentrations are similar to or higher than Ca in stream waters (Figure 3), which is the opposite of most freshwater systems where typically Ca is more concentrated (Meybeck, 2003). This is consistent with the dissolution of high-Mg fertilizers (MgSO4 and ground Mg-limestone). High B concentrations are indicative of input from dissolution of Na-borate fertilizer, and low DOC concentrations consistent with the lack of significant organic fertilizer input.

Atmospheric inputs to the stream waters were accounted for using average cation/chloride ratios measured in rainwater samples (see Supplementary Text 2). Following this, a series of corrections were made to subtract the contributions of water-soluble fertilizer salts (summarized in Supplementary Text 2). These corrections allow us to isolate the cation contribution to stream waters derived only from chemical weathering of silicate and carbonate minerals (referred to herein as “rock-derived” cations).

None of the water-soluble salt fertilizers were a significant source of Ca (or Sr) to the sampled stream waters. However, inputs from water-soluble salt fertilizers were significant for K+ and Na+, and as our fertilizer correction is non-exhaustive this likely induces unquantified error into the calculated rock-derived stream concentrations. However, the validity of our approach for extracting the rock-derived weathering signature is verified by cross plots of [HCO[image: image]] and [Ca2+ + Mg2+]rock (Figure 7), which shows that the gradient of our rain-corrected and fertilizer-corrected [HCO[image: image]] and [Ca2+ + Mg2+]rock data is ~2, consistent with the carbonic acid weathering of carbonate or silicate minerals (Equations 1 and 2).


[image: Figure 7]
FIGURE 7
 Cross plots of dissolved stream water chemistry g. (A) HCO[image: image] vs. Ca2+ + Mg2+ (corrected for atmospheric inputs). (B) HCO[image: image] vs. fertilizer salt and rain corrected Ca and Mg concentrations ([Ca2++Mg2+]rock). Dashed black line shows the stoichiometry of carbonic acid weathering of silicate and carbonate minerals, and the solid black lines are the linear regressions through the data.


Our radiogenic Sr isotope data (Figure 4) also indicate that a large proportion of stream water [K+] and [Na+] must be derived from fertilizer inputs rather than weathering of silicate minerals, because the 87Sr/86Sr ratios of the stream waters is consistent with weathering of carbonate phases.



Proportion of silicate vs. carbonate weathering

Following correction of stream water chemistry for atmospheric and fertilizer salt inputs, the proportions of cations derived from the weathering of silicate vs. carbonate minerals were assessed using an idealized two-endmember mixing model (Supplementary Text 3). In this case, the endmembers are silicate minerals and carbonate minerals, which are defined as the chemical compositions of, respectively, the soil residue (silicate phases remaining after removal of exchangeable ions and carbonate phases) and the soil carbonate phase (phases leachable in acetic acid after removal of exchangeable ions). The soils contain silicate and carbonate minerals derived from the applied rock (treated catchments), the background soil and rock-based fertilizers, and they therefore integrate all of the potential carbonate and silicate mineral endmembers. This simplified approach does not account for weathering of the rock phosphate fertilizer; however, phosphate weathering had a minor influence on stream chemistry as phosphate concentrations in stream waters were ~0.1–4 μM (Supplementary Text 4).

The model calculates the instantaneous fraction of cations derived from carbonate and silicate weathering (fcarb and fsil, where fcarb + fsil =1) for each stream water sample, using the measured elemental molar ratios (Na/Σ+, Ca/Σ+ and Mg/Σ+, corrected for atmospheric and fertilizer salt inputs) and, where available, radiogenic Sr isotopes combined with Sr/Σ+. Radiogenic Sr isotope data were not corrected for atmospheric inputs, as rainwaters had negligible Sr concentrations (Supplementary Table 7). We solve 4 equations for fsil and fcarb simultaneously using a Bayesian endmember mixing package in R (simmr; Parnell et al., 2010), which calculates 10,000 possible solutions, and takes account of the error in the endmember compositions (Supplementary Text 3). The fsil and fcarb values reported are the mean and standard deviation of these possible solutions (Figure 8A).


[image: Figure 8]
FIGURE 8
 (A) Fraction of cations derived from silicate weathering (fsil) in stream waters calculated using the endmember mixing model. Symbols show mean values from the Bayesian endmember mixing model, and error bars are equal to 1SD. (B) Calculated moles of CO2 produced (positive) or drawn down (negative) per L of stream water as a result of rock weathering. Error bars are propagated 1SD errors from fsil and fcarb. Smoothed fit (dashed lines and gray bands) through all catchment data is a Loess regression. White boxes indicate data gaps prior to the start of continuous monitoring, and during the COVID-19 lockdown.


Model results indicate that >90% of stream cations were derived from carbonate mineral weathering over the first ~1–2 years of the study for all catchments, and for the whole duration of the study for plots 1 and 2 (Figure 8A). The high Mg concentrations in both soil carbonate leachates and stream waters (e.g., Figures 3, 6) are indicative of significant input of cations from weathering of high-Mg carbonate, likely sourced from the ground Mg-limestone fertilizer.

Stream waters from both treated and untreated catchments in plots 1 and 2 had similar fsil values [plot 1 average: untreated fsil = 0.040 ± 0.002 (1 SD), treated fsil = 0.08 ± 0.07 (1 SD) and plot 2 average: untreated fsil = 0.05 ± 0.06 (1 SD), treated fsil = 0.035 ± 0.002 (1 SD)]. Since the middle of 2019, a greater proportion of stream cations have been derived from silicate weathering in plot 3, with the treated catchment values exceeding the untreated catchment values (Figure 7A, from 25th June 2019, average fsil (untreated) = 0.19 ± 0.17 (1 SD) and average fsil (treated) = 0.38 ± 0.21(1 SD), Figure 7A).

The instantaneous amount of CO2 transferred to the stream waters ([CO2]eq; Figure 7A) and converted to alkalinity per unit volume of weathering fluid is given by:

[image: image]

where concentrations of cations and anions are in equivalents. Note that Equation 4 represents the drawdown of atmospheric CO2 as negative values, whereas the release of CO2 from the stream waters back into the atmosphere is represented by positive values.

In addition to weathering by carbonic acid, Equation 4 also accounts for the effects of weathering by nitric acid. The weathering of carbonates by strong acids [sulfuric (H2SO4) and nitric (HNO3)] can result in the release of CO2 (Spence and Telmer, 2005; Oh and Raymond, 2006; Calmels et al., 2007; Hamilton et al., 2007; Perrin et al., 2008; Torres et al., 2014; Raymond and Hamilton, 2018; Bufe et al., 2021; Relph et al., 2021), for example:

[image: image]

Although the absence of sulfide minerals within the soils mean that sulfuric acid weathering is unlikely to occur at our study site, the addition of N-fertilizer to the plots may result in the production of nitric acid. The extent of instantaneous CO2 release or consumption with both carbonic and nitric acid weathering can be estimated from the measured stream water NO[image: image] concentrations [similar to the approach used by Bufe et al. (2021) for sulfuric acid weathering] by removing cations charge balanced by NO[image: image] to calculate a net CO2 value (Equation 4). This CO2 calculation does not depend on whether the nitric acid reacts with carbonates or silicates (Bufe et al., 2021). We note that NO[image: image] concentrations were generally low (Figure 3H), and the gradient of the cross plots of [HCO[image: image]] and [Ca2++Mg2+]rock is close to 2 (Figure 6B), which both suggest that carbonic acid weathering was the principal weathering agent (nitric acid weathering can be expected to shift the gradient closer to 1 or even lower; Perrin et al., 2008).

Figure 9B shows that there was net removal of CO2 from the atmosphere via weathering in all of our study catchments over the entire sampling period. The annual variations in calculated [CO2]eq and total alkalinity for each plot are compared in Figure 9. Generally, higher alkalinity values correspond to higher CO2 removal (more negative [CO2]eq, Figure 9), as might be expected from Equations 1 and 2. In 2021, CO2 removal was higher in the treated catchment in plot 3 relative to the untreated catchment, due to increased silicate weathering (Figures 8A, 9B), even though there was little difference in alkalinity between the two catchments (Figure 9A). This highlights the need to partition sources of solutes in enhanced weathering experiments to determine the relative proportions of carbonate to silicate weathering. Accurate partitioning of cation sources is particularly important when the rocks used to amend soils contain trace carbonate minerals (Lewis et al., 2021), as the fast dissolution kinetics of carbonate minerals mean they would be expected to weather first (White et al., 1999; Jacobson and Blum, 2000).


[image: Figure 9]
FIGURE 9
 Annual variation in (A). Total Alkalinity of stream waters, and (B). amount of CO2 produced (positive) or drawn down (negative) as a result of rock weathering for treated and untreated catchments in all 3 study plots. Symbols show individual data points.




Assessment of CO2 drawdown via alkalinity generation

The cumulative quantity of CO2 removed from the atmosphere (in tCO2 ha−1) as alkalinity since the start of continuous monitoring in our field trial can be calculated by multiplying -[CO2]eq by the daily stream discharge and dividing by plot area (see Supplementary Text 5 for full details, Figure 10). Values of [CO2]eq were derived by linear interpolation between the sampling points, including over the COVID-19 lockdown. Considering all three plots together, the average (±1SD) amount of CO2 removal was 3.8 ± 0.8 tCO2 ha−1 for the treated catchments and 3.7 ± 0.6 tCO2 ha−1 for the untreated catchments over the continuous monitoring period (Figure 10). Thus, application of silicate rock did not result in a change in CO2 removal via alkalinity generation outside of the error range. The quantity of CO2 removed over the continuous monitoring period was similar for both the treated and untreated catchments in plots 1 and 2 (plot 1: treated = [image: image], untreated = [image: image] tCO2 ha−1, plot 2: treated = [image: image], untreated = [image: image] tCO2 ha−1). However, the amount of CO2 drawdown in plot 3 was higher in the treated catchment ([image: image] tCO2 ha−1) than in the untreated catchment ([image: image] tCO2 ha−1). This increase in CO2 drawdown within the treated catchment of plot 3 corresponds to an increase in the proportion of weathering of silicate minerals (Figure 8).


[image: Figure 10]
FIGURE 10
 Cumulative CO2 drawdown in tons CO2 per hectare (tCO2 ha−1) via alkalinity generation. (A) Individual plots, error envelope is the propagated error [68% confidence interval (CI)]. (B) Mean of all three plots. Error envelope is 1 SD.


There are several potential reasons for the apparent lack of an increase in silicate weathering in treated catchments in plots 1 and 2. Rock weathering releases nutrients (e.g., K) to soil waters, making them plant available. If nutrients released by chemical weathering of the applied silicate rock are not in excess of plant uptake, then they will not contribute to stream water cation or anion fluxes (e.g., Manning et al., 2017). Similarly, if cations released by enhanced weathering are retained on the cation exchange sites in soils this leads to delayed or muted signals in stream waters (e.g., Pogge von Strandmann et al., 2021). Nevertheless, our analyses of the soil exchangeable fraction did not reveal an obvious signature of enhanced weathering as, for example, the 87Sr/86Sr isotope ratio of the exchangeable fraction was similar to that of the stream waters (Figure 6). It should also be noted that the baseline rates of chemical weathering recorded in all the streams on the plantation were extremely high. For example, average alkalinity concentrations were 4,035 μM (n = 579) in this study, whereas the average alkalinity concentration observed in natural forested catchments in Sabah is an order of magnitude lower (407 μM, n = 90; Yamashita et al., 2014). The high rates of fertilizer application on oil palm plantations leads to very high levels of weathering in all catchments, making the addition of less soluble silicate rock difficult to detect. High loadings of easily-solubilised fertilizers may also inhibit dissolution of applied silicate materials as soil waters may become saturated and therefore may limit weathering rates (e.g., Maher and Chamberlain, 2014).

Although plot 1 and 2 do not show any difference in CO2 drawdown via alkalinity generation between treated and untreated catchments, in plot 3 the difference was ~1.1 tCO2 ha−1. A difference of ~1.1 tCO2 ha−1 is consistent with what would be expected based on reactive transport modeling of weathering of the crushed silicate rock used in this study (Lewis et al., 2021). Model results predict that one application of 50 t ha−1 of Tawau andesite could be expected to remove 2.9 tCO2 ha−1 over a period of 15 years (Lewis et al., 2021). This is equivalent to ~1.1 tCO2 ha−1 for 3 annual applications of rock at 50 tons per hectare as was the case for the period of this study (just under 2 years). A predicted (maximum) difference of ~1.1 tCO2 ha−1 is relatively small relative to our study baseline (on the order of 3 tCO2 ha−1). As discussed above, weathering is currently dominated by weathering of fertilizers and as such the effects of enhanced weathering of the applied rock may be difficult to detect in all catchments. It is highly likely that the cumulative effect of rock application may take more time (i.e. >3 years) to become detectable. In settings with lower baseline stream water concentrations (e.g., forested regions with no fertilizer input) it may be that the signature of enhanced weathering is easier to detect.




CO2 drawdown via alkalinity generation in a global context

Rates of CO2 removal as alkalinity determined in this study are high relative to rates determined for natural forests in Sabah, catchments draining the world's largest rivers and carbonate rock weathering (Figure 11). Carbonate CO2 removal rates are derived from Suchet et al., 2003 with CO2 release from nitric acid weathering calculated after (Perrin et al., 2008). We note, however, that few of these comparator catchments have been adequately characterized with a complete CO2 budget (e.g., taking into account CO2 release due to strong acid weathering); most published CO2 removal rates represent maximum values (e.g., Hilton and West, 2020). The high rates of CO2 consumption on the palm oil plantation are not, however, unexpected, as it has long been established that agriculture and agricultural liming can enhance weathering rates and increase alkalinity fluxes relative to non-agricultural settings (Pacheco and Van der Weijden, 2002; Hamilton et al., 2007; Raymond et al., 2008).
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FIGURE 11
 Rates of CO2 removal via alkalinity generation calculated in this study compared to rates of CO2 removal from: (i) carbonate weathering, (ii) natural forested catchments in Sabah, (iii) the world's largest rivers and (iii) small basaltic watersheds. For this study the individual catchments with the 1 SD propagated errors are shown (where greater than the symbol size), and the average and 1 SD error of all catchments is also shown (diamonds). For literature data (Grip et al., 1994; Gaillardet et al., 1999; Dessert et al., 2003; Perrin et al., 2008), the average is shown (symbol), and the error bar is the range. For the world's largest rivers, carbonate watersheds and forested catchments in Sabah, the range is smaller than the symbol size. CO2 consumption data for rivers draining lowland forest in Sabah are calculated using data from Grip et al. (1994), with partitioning of carbonate and silicate weathering after West et al. (2005). This calculation does not account for any CO2 release due to strong acid weathering, and so should be considered a maximum value. Carbonate CO2 removal data are calculated after Perrin et al. (2008), using data from Suchet et al. (2003).


Our study demonstrates that the high rates of weathering and CO2 drawdown in both the treated and untreated catchments on the palm oil plantation are driven primarily by weathering of a carbonate fertilizer. The rates of weathering are on the same order of magnitude as basaltic catchments which are thought to constitute 30–35% of global continental weathering fluxes (Dessert et al., 2003), on the order of ~1 tCO2 ha−1 yr−1. These values are also around an order of magnitude higher than that calculated for natural forested catchments in Sabah which experience similar climatic conditions (ranging from 0.02 to 0.08 tCO2 ha−1 yr−1 for two catchments; Grip et al., 1994; West et al., 2005). This indicates that the tropics should be considered as a key location for further enhanced weathering trials, as their large capacity to drawdown atmospheric CO2 via alteration of soils (in this instance with carbonate fertilizers) and enhanced chemical weathering is clear. If enhanced rock weathering was deployed without agricultural liming, and if fast weathering silicate minerals were to replace carbonates, the potential longer-term CO2 drawdown could be higher.




Conclusion

The study provides the first quantification of the extent of atmospheric CO2 removal via alkalinity generation in a field trial of enhanced weathering in a tropical environment. We present a method for quantifying CO2 removal via alkalinity generation that accounts for the influence of fertilizers and the potential for CO2 release associated with the weathering of carbonate minerals by strong acids. Using this method, we show that the acidification of soils due to nitrogen fertilizer application resulted in no net CO2 release in these catchments and that the rates of chemical weathering are high throughout the study site. Although the extent of CO2 removal via alkalinity generation associated with soils amended with silicate rock was similar to the untreated plots when all replicated catchments were considered, the results from one plot suggest an increased removal of ~0.4 tCO2 ha−1yr−1. This result is in agreement with the CO2 removal predicted from modeling (Lewis et al., 2021). If the carbon dioxide removal estimates from this plot are transferable to global tropical croplands (accounting for an area of 676 × 106 ha; Edwards et al., 2017), this equates to a removal of ~0.3 Gt CO2 yr−1, which is within range of the mitigation potential of other proposed carbon dioxide removal methods (IPCC, 2022). This evidently idealized calculation does not account for any emissions resulting from implementation (i.e., crushing and transportation of the applied rock), but if valid would represent ~3% of the ~10 Gt CO2 yr−1 of carbon dioxide removal by 2050 that is likely required to reach the Paris agreement target of limiting global average temperatures to 1.5°C (e.g., UN Environment Programme, 2017; IPCC, 2022).

We emphasize that this field trial is ongoing and unequivocal evidence for changes in pedogenic carbonate content, as well as the cumulative effect of rock application on weathering rates of treated vs. untreated catchments that currently show no detectable differences, may only be revealed in the coming years. Silicate mineral dissolution can be a slow process under most natural conditions, and modeling studies indicate that years to several decades may be required for the full CO2 removal potential to be reached (e.g., Taylor et al., 2016; Lewis et al., 2021). Longer-term monitoring is also important for assessing any potential impacts to soil, plant, and stream water quality to verify the safety of enhanced rock weathering. Notwithstanding, our results demonstrate that tropical croplands have a large capacity to help draw down atmospheric CO2, even when, as in this instance, CO2 drawdown is driven largely by application of carbonate fertilizers.
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