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Significance statement: Greenhouse gas management through carbon dioxide removal (CDR) 

could be implemented to augment mitigation of CO2 emissions, increasing the chances of meeting 

international climate goals. Enhanced rock weathering (ERW) is a form of CDR that has the 

potential to permanently remove billions of tons of carbon dioxide from the atmosphere. However, 

effective implementation of this approach must entail robust monitoring, reporting and verification 

(MRV). We describe and empirically validate a geochemical mass-balance approach for tracking 

rates of carbon capture through ERW that has the potential to be tractable at scale. 

 

Abstract: Enhanced rock weathering (ERW) has been touted as a scalable and cost-effective 

potential carbon dioxide removal (CDR) strategy with significant environmental and agronomic 

co-benefits. However, a major barrier to implementation of ERW at scale is a robust monitoring, 

reporting, and verification (MRV) framework that can accurately, precisely, and cost-effectively 

measure the amount of carbon dioxide being removed by ERW in the field. Here we outline a new 

method based on mass balance in which metal analysis in soil samples is used to accurately track 

the extent of in-situ alkaline mineral weathering. We show that signal-to-noise issues can be 

overcome by using isotope-dilution mass spectrometry to reduce analytical error. We provide an 

example of implementation of this method in a controlled mesocosm experiment. Using this 

approach, we calculate an average initial CDR value of 1.06 ± 0.50 tCO2eq ha-1 from our 

experiments after 235 days, within error of an independent estimate calculated using a 

conventional reaction product-based approach. Our method provides a robust time-integrated 

estimate of CDR potential that avoids the need to trace and measure soluble ERW reaction 

products and is designed to integrate seamlessly with existing agronomic practices. We suggest 

that these features render the approach less likely to encounter prohibitive barriers to scale than 

alternative techniques, providing the potential to confidently track and validate carbon removal 

through ERW. 
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1 Introduction 

 

Avoiding 1.5˚C or even 2˚C of global warming by 2100 will require countries to meet their current 

nationally determined contributions (NDCs) toward decarbonization through short-term policy 

implementation, and to continue setting increasingly stringent year-on-year mitigation targets (1, 

2). Despite progress in setting NDCs in recent years, the median gap between mitigated greenhouse 

gas (GHG) emissions after implementation of all conditional NDCs and emissions scenarios that 

prevent 2˚C of warming will be 12 gigatonnes (109 tonnes) of CO2 equivalent emissions (GtCO2eq) 

by 2030; the gap from current policies is far greater still (3). In the absence of feasible pathways 

to achieve net-zero carbon emissions, large-scale carbon dioxide removal (CDR) will very likely 

be a necessary additional measure for augmenting decarbonization in efforts to achieve net-zero 

carbon emissions in the coming century (e.g., 4, 5). 

  

Enhanced rock weathering (ERW) is a potentially promising CDR technique whereby naturally 

occurring mineral weathering reactions that consume atmospheric CO2 are accelerated, typically 

by applying crushed silicate rocks with a high reactive surface area to agricultural and forest soils 

(e.g., 6-20). Potential advantages and co-benefits of ERW include: a low technological barrier to 

implementation at scale (8, 13); long-term (>1000 year) storage of carbon compared to organic 

reservoirs (21-27); supply of key nutrients for crop growth (13, 28-33); and deacidification of soils, 

where ERW feedstocks such as basalt can fill the same role as agricultural lime (currently a net 

source of CO2 to the atmosphere; 34-42). Several recent advances make upscaling of ERW more 

likely: mechanistic modelling of weathering reactions in agricultural soils (e.g., 11, 14, 43); 

modelling how hydrology affects ERW (e.g., 44); laboratory and mesocosm experiments tracking 

uptake of nutrients by plants and feedstock dissolution rates (e.g., 30, 32, 42, 45-51); and field 

experiments implementing ERW at scale (e.g., 52-54).  

 

Despite these advances, ERW currently lacks a robust framework for monitoring, reporting, and 

verification (MRV) of CDR rates. This is currently a major barrier to widespread implementation 

on a voluntary and/or compliance market, as there are still major uncertainties pertaining to ERW, 

primarily in weathering rates in field settings with varying hydroclimatic conditions (e.g., 55). At 

the same time—while they can be useful in the aggregate for making testable predictions (e.g., 14, 

19, 43)—it is not yet clear whether the current generation of reaction-transport models for 

simulating ERW is capable of accurately predicting deployment-level rates of carbon removal in 

a way that keeps key stakeholders in a healthy CDR landscape can be confident. Bringing ERW 

to scale will thus require an empirical MRV framework that can report site- and time-specific rates 

of feedstock weathering while being cost-effective and minimally invasive (e.g., 56, 57). 

  

Here we introduce a novel soil-based mass balance approach for quantitatively tracking enhanced 

rock weathering in soils. Our approach measures the difference in concentration of ERW feedstock 

in-situ before and after weathering. This builds on a technique that is widely used to gauge the 

extent and style of weathering in natural systems (e.g., 58-70). We compare the concentrations of 

metal cations (Ca2+, Mg2+, Na+) in the solid phase of soils before and after feedstock deployment. 

We do this by estimating changes in the total amount of these metal cations (CAT) in a specific 

soil sample relative to the concentration of an immobile tracer, in this case titanium (Ti; Figure 1) 

– a method referred to here as TiCAT. As a first step towards robust validation, we compare 

estimates of the extent of in-situ basalt feedstock dissolution from TiCAT to rates determined 



 

 

independently from detailed pool and flux tracking in a mesocosm experiment (see 32). We then 

discuss the practical advantages of this approach for at-scale deployment of CDR through ERW, 

and the steps require to move from an empirical estimate of feedstock dissolution rates to robust 

error-bound estimates of carbon removal. 

 

 

2 Theory 

 

2.1 Solid sample mass balance approach to quantifying mineral weathering 

TiCAT is a mass balance approach for estimating the time-integrated amount of basalt feedstock 

in a soil sample that has undergone weathering. This method builds from common approaches for 

estimating the extent of soil weathering in natural systems (e.g., 58-70). These approaches define 

a mass transfer function for a mobile element j, τj, such that: 

 

𝜏𝑗,𝑤 =
𝑚𝑗,𝑓𝑙𝑢𝑥

𝑚𝑗,𝑝
= (

𝑐𝑗,𝑤

𝑐𝑖,𝑤

𝑐𝑗,𝑝

𝑐𝑖,𝑝
⁄ ) −  1 

where m is mass; c is concentration; p is unweathered parent material; w is weathered material 

(and thus flux refers to mass lost from parent material during weathering); and i is a reference 

immobile element (59). 

 

Within the TiCAT framework, this involves calculating changes in the concentrations of major 

cations (j) in soils that have been amended with basalt. To define an unweathered parent material 

p, we first compare soil samples after basalt amendment with soil samples representative of a pre-

amendment baseline, as well as samples of the basalt feedstock. This can be most readily be 

visualized as simple two-component mixing between a soil (csoil) and a basalt (cbasalt) endmember 

(Figure 1a). The difference in concentration of an immobile trace element i (e.g., Ti) between a 

post-application sample and the pre-application soil baseline (Tiend – Tisoil = Tiadd) is used to 

calculate the amount of basalt that has been added to the original soil for the specific sample 

analyzed.  

 

Titanium is commonly used as a reference element for immobility during weathering processes 

due to its low solubility, the chemical stability of minerals within which it is abundant (e.g., rutile, 

titanite), and the tendency of those minerals to form insoluble secondary minerals during 

weathering (see 61, 71-75). A similar approach could be used with other largely immobile 

elements such as zirconium (Zr), thorium (Th), niobium (Nb) and tantalum (Ta) (see 61, 75-79). 

Alumium (Al) and Rare Earth Elements are, in many cases, also immobile (e.g., 78, 80-84). Here 

we focus on Ti due to its higher abundance in mafic minerals that constitute the best ERW 

feedstocks and the less onerous process of dissolving Ti for laboratory analysis compared to Zr 

(85). It is important to note, however, that the assumption that Ti acts as an immobile element 

during weathering must be treated with some caution, as in rare cases Ti, Zr and Th — similar to 

Al and REEs — act as semi-mobile elements during weathering. However, these predominantly 

occur during extended periods of weathering in which the soil becomes extensively depleted in 

cations — in strong contrast to the conditions in this experiment or those expected to prevail during 

enhanced weathering deployments (75, 79, 86-90). 

 



 

 

Using the relative abundance of Ti and mobile major cations (CAT) in the original basalt feedstock, 

we can calculate the corresponding amount of mobile major cations (CATadd) from the basalt 

feedstock present in the soil-basalt mixture at the point of basalt application (Figure 1b). For a 

generic cation, CAT: 

𝑇𝑖𝑎𝑑𝑑  ∗  
𝐶𝐴𝑇𝑏𝑎𝑠𝑎𝑙𝑡 − 𝐶𝐴𝑇𝑠𝑜𝑖𝑙

𝑇𝑖𝑏𝑎𝑠𝑎𝑙𝑡 − 𝑇𝑖𝑠𝑜𝑖𝑙
 +  𝑦 = 𝐶𝐴𝑇𝑎𝑑𝑑     , 

where y is the CAT intercept of the mixing line. Subtracting from this the amount of cation CAT 

in the post-application sample (CATend – see Figure 1c) and adding the soil baseline (CATsoil), we 

calculate the difference in the amount of the mobile cation, ΔCAT, between the expected amount 

from addition of basalt, and the observed amount in the soil/basalt mixture after weathering 

(Figure 1d): 

 𝐶𝐴𝑇𝑎𝑑𝑑  + 𝐶𝐴𝑇𝑠𝑜𝑖𝑙  − 𝐶𝐴𝑇𝑒𝑛𝑑  =  𝛥𝐶𝐴𝑇    . 

ΔCAT therefore represents the amount of basalt dissolved (i.e., lost from the solid phase) between 

the point of basalt application and the post-application sampling date. We can also express the 

amount of basalt dissolution as fdissolution, where: 

𝑓𝑑𝑖𝑠𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛  =  
𝛥𝐶𝐴𝑇

𝐶𝐴𝑇𝑎𝑑𝑑
    . 

Or, in the canonical mass transfer framework: 𝑐𝑗,𝑤 = 𝐶𝐴𝑇𝑒𝑛𝑑 ; 𝑐𝑖,𝑤 = 𝑇𝑖𝑒𝑛𝑑 ; 𝑐𝑗,𝑝 = 𝐶𝐴𝑇𝑎𝑑𝑑 +

 𝐶𝐴𝑇𝑠𝑜𝑖𝑙 ; 𝑐𝑖,𝑝 = 𝑇𝑖𝑎𝑑𝑑 +  𝑇𝑖𝑠𝑜𝑖𝑙  ; thus: 

𝑓𝑑𝑖𝑠𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 =  −𝜏𝑗,𝑤 (
𝐶𝐴𝑇𝑎𝑑𝑑

𝐶𝐴𝑇𝑠𝑜𝑖𝑙
+ 1)    . 

Note that here, fdissolution of basalt specifically pertains to each cation of interest. For the purposes 

of estimating CDR the major cations in basalt are Na+, K+, Ca2+, and Mg2+. We disregard K+ here,  

both because it is a constituent of the NPK fertilizer added to some of our mesocosm experiments 

and because it represents only a minor portion of the overall cation load. An extension of this 

scheme is to define an additional endmember representing the dissolved fraction of basalt 

(cdissolved), which comprises the Ti concentration of the basalt endmember, but has lost all mobile 

elements from the solid phase (i.e. CATdissolved = 0). This allows us to solve iteratively for all 

mixtures that satisfy the relationship csample = csoil + cbasalt + cdissolved, and thus identify the most 

likely fdissolution that has occurred to give a specific combined Ti and CAT signal. 

 

2.2 Analytical requirements 

Limiting analytical error is a critical aspect of the TiCAT approach and will likely be critical for 

any approach meant to track CDR from the solid phase given the signal-noise associated with 

adding feedstock to a large mass of background soil. For technically and commercially feasible 

feedstock application rates (likely <5-50 t ha-1, see 13), analytical error can result in overlap 

between error-bounded values for cation concentration of soil-feedstock mixtures before and after 

dissolution has occurred. For instance, at 5% analytical error a 75% loss of major cations from the 

basalt portion of a soil-feedstock mixture is resolvable only at an application rate of ~40 t ha-1, 

assuming the mixture is homogenized to a depth of 10cm (a common mixing regime for managed 

row crop systems). At 1% analytical error the same amount of cation loss is resolvable at ~5 t ha-

1 (Figure 2). When accounting for a range of plausible dissolution and application rates analytical 

error must generally be limited to 1% for our mass balance method to be accurate and widely 



 

 

applicable, a standard that is more stringent than that currently achievable by most commercial 

inorganic mass spectrometry analyses (e.g., 91, 92).  

 

We obtained the requisite analytical precision for the TiCAT method using isotope dilution 

inductively coupled plasma mass spectrometry (ID-ICP-MS). Isotope dilution is an analytical 

method whereby the concentration of an element in a sample can be measured from the known 

concentration of an element in a spike solution, and the ratios of two isotopes of the same element 

in the natural sample and the spike respectively (e.g., 93; see also 94, 95; and see Supplemental 

Information Section 1.7). Our results show that our isotope dilution technique allows for a level of 

measurement accuracy and precision on quadrupole ICP-MS instruments that would otherwise 

only be achievable with a magnetic sector (Figure 3; see also 96). Given its much lower cost and 

far greater availability, the ability to leverage quadrupole ICP-MS for fast analyses may be a 

critical factor in making this MRV technique economically viable at scale. 

 

 

3 Method 

 

As an initial test of the TiCAT method we employed mesocosm experiments, which allow us to 

independently estimate CDR by measuring the concentration of reaction products in 

exchange/solute pools (see 28, 30, 32, 45-49, 51, 54). Each mesocosm contained a single specimen 

of the cereal crop Sorghum bicolor (see 32) with two different fertilizer treatments (nitrogen-

phosphorus-potassium, NPK, or manure), to which a basalt feedstock was added equivalent to an 

application rate of 5 kg m-2 (50 t ha-1; for a detailed description of mesocosm design and 

construction, substrate and feedstock preparation and characterization, plant varieties and growth 

conditions, and irrigation regime see Supplemental Information). After 235 days, samples were 

taken from relevant chemical pools — the soil exchangeable fraction, the solid phase with the 

exchangeable fraction removed, the leachate solution, and the plant material. We obtain an initial 

CDR estimate based on the solid phase by calculating ACATdiss (the total mass of cation in feedstock 

applied over a given area that was dissolved; see Supplemental Information Section 1.10) for Na+, 

Ca2+, and Mg2+ for each of the mesocosms in this study as described above. This can then be 

compared to an initial CDR estimate obtained by quantifying the excess of elemental budgets of 

Na+, Ca2+, and Mg2+ in all dissolved or non-mineral-bound pools (leachate + soil exchangeable 

sites + plant material) in basalt-treated mesocosms relative to an average of mesocosms where no 

basalt was applied. 

 

 

4 Results and Discussion 

Our results show a strong agreement between two independent methods of calculating CDR in our 

mesocosm systems, with a systematic offset (Figure 4a). The conventional approach used, 

measuring cation reaction products in exchange/solute pools, yielded mean CDR estimates of 0.80  

± 0.21 tCO2eq ha-1 (NPK-fertilized) and 0.43 ± 0.19 tCO2eq ha-1 (manure-fertilized) across all 

mesocosms. The TiCAT approach introduced here, measuring cation loss from the solid phase, 

gave mean CDR estimates of 1.34 ± 0.53 tCO2eq ha-1 (NPK-fertilized) and 0.78 ± 0.47 tCO2eq ha-

1 (manure-fertilized).  Mean CDR estimates from these methods were within standard error for 

both NPK- and manure-fertilized basalt-amended mesocosms. Additionally, some offset between 



 

 

TiCAT and dissolved-pools estimates are not unexpected given the challenges of obtaining 

representative samples from the dissolved pools.   

 

Mean initial CDR values across all basalt-amended mesocosms were 1.06 ± 0.50 tCO2eq ha-1 

(TiCAT), and 0.61 ± 0.20 tCO2eq ha-1 (dissolved pools) (Figure 4b). This is broadly consistent 

with estimated CDR values calculated for similar ERW studies (see 25). Analysis of total inorganic 

carbon (TIC) and ammonium acetate leaching strongly suggest that carbonate formation and 

exchangeable cations in basalt feedstock should have a negligible impact on the overall cation 

budget of the mesocosm systems (Supplementary Information). Our results thus demonstrate that 

the solid-phase approach underlying TiCAT produces estimates for initial CDR within error of 

those calculated by analyzing the dissolved, plant and soil exchangeable pools that constitute the 

ultimate reaction products in our mesocosm experiments, suggesting that it can yield an accurate 

and robust estimate of initial CDR in enhanced weathering systems. 

  

The TiCAT method overcomes significant issues with prior methods of estimating ERW, 

particularly those that rely on accurately measuring the amount and transport of weathering 

reaction products over time after feedstock application. Methods that rely on tracking the dissolved 

phase are extremely time- and labor-intensive, introducing potential barriers to scale.  For example, 

a thorough study of a field-scale ERW trial monitoring aqueous reaction products, such as that 

conducted by ref. 54, involves many months of labor- and time-intensive sampling not only of 

soils, plants, and possibly porewaters from the agricultural plots onto which ERW feedstock is 

applied, but also a wider detailed monitoring of the drainage regime and watershed around such a 

site. Even using this style of sampling protocol, the necessary granularity of measurements would 

likely miss short-term fluctuations such as wash-out after rain events, which in many river systems 

account for an important component of the overall solute discharge (e.g., 97). Such measurements 

can also be complicated by varying timeframes over which cations are bound to exchangeable 

sorption sites within a soil (see 46, 47). 

 

Our approach also overcomes possibly the largest uncertainty in scaling ERW within agricultural 

settings — estimating the initial extent of feedstock dissolution (see e.g., 33; 55). There is currently 

significant uncertainty on how surface areas will evolve through time within a given field setting 

(i.e., individual farm), and the extent to which secondary mineral formation on the surface of 

feedstock has the potential to alter mineral dissolution rates (e.g., 98-106). In addition, mineral 

dissolution kinetics are in some cases poorly constrained (e.g., 102, 107, 108). Taken together, 

these considerations make it challenging to accurately forecast feedstock dissolution across a range 

of deployment regimes with existing reaction-transport codes alone (33, 55, 98-108).  

 

A significant additional advantage to this MRV approach is that it can directly integrate into 

existing agronomic practices. Gridded, pooled samples (109, 110) from the uppermost portion of 

the soil are already regularly taken for nutrient and soil pH analysis. Importantly, this means that 

there is already extensive personnel and infrastructure in place that can be leveraged to scale 

empirical validation of carbon capture through ERW at minimal cost, in marked contrast to 

empirical verification of soil organic carbon concentrations (SOC), which requires modified 

sampling protocols for accurate empirical results. Existing frameworks for carbon storage in 

agricultural settings are mostly focused on SOC (e.g., the US Department of Agriculture’s 

COMET-Farm calculator, see http://www.comet-farm.com), which does not allow for landowners 

http://www.comet-farm.com/


 

 

and land users to include alkalinity generation through practices such as ERW into an estimate of 

carbon storage. Should ERW be deployed at scale, MRV tools such as TiCAT could be 

incorporated into these frameworks, which ideally allowing for synergistic use of ERW and soil 

organic carbon maintenance to achieve maximum carbon storage depending on local conditions.  

 

It is important to emphasize that the value for CDR calculated based on the time-integrated amount 

of feedstock dissolution and cation loss should be regarded as an initial CDR value. There is 

potential for some amount of “leakage” of initially captured carbon downstream of a given field 

deployment, as alkalinity and dissolved organic carbon migrate from the soil through the transport 

continuum to the oceans (e.g., 20, 57). In addition, a large fraction of the dissolved cation load in 

any soil will be hosted, albeit transiently, in soil exchange sites (e.g., 111-113; see also 51). This 

cation storage at exchange sites is temporary, and upon their release dissolved cations will drive 

CDR through charge balance in the carbonic acid system (see 46, 47). However, there is a time-

varying “lag” between feedstock dissolution and CO2 capture that needs to be considered for 

accurate CDR quantification. A robust MRV approach with TiCAT at its core will also require 

modeling the transport of weathering products through the soil (14, 19, 43) and river-ocean system 

(20) to determine potential leakage through re-release of CO2 back to the atmosphere. 

 

Effective implementation of the TiCAT approach relies on stringent constraints on analytical error, 

which may be challenging via standard practice with most commercially available ICP-MS 

measurements (see 91, 92). Nonetheless, here, we have demonstrated that it is possible using 

isotope dilution on a standard quadrupole ICP-MS instrument to minimize analytical error to 1%, 

making even <10% basalt dissolution analytically resolvable for total feedstock application rates 

of 50 t ha-1. However, replication of this analytical precision in commercial laboratories will 

require adjustment to workflows and standard operating procedures. It is also likely that the 

aggregate impact on unit cost (dollar cost per ton of CO2 captured) of TiCAT as an MRV procedure 

will broadly follow a “learning curve” trajectory (e.g., 114). 

 

5 Conclusion 

We have demonstrated with mesocosm experiments that a soil-based mass balance approach to 

track ERW with a basalt feedstock — TiCAT — yields CDR estimates that are within error of 

those calculated by monitoring the gain of weathering products across mesocosm cation pools. 

Using an isotope dilution method, we can reduce analytical error sufficiently that a dissolution 

signal is resolvable in the solid soil phase at reasonable feedstock application rates. In mesocosm 

experiments, all reaction products can be tracked and measured with a high degree of certainty. 

Applying the methods used in this study to field-scale trials is a necessary next step in verifying 

the capacity of TiCAT to be used for MRV in ERW in the field, and the approach described here 

will ultimately need to be augmented by the development of cradle-to-grave MRV approaches that 

can provide error-bounded estimates of final CDR. Nevertheless, our results suggest that the 

TiCAT method has the potential to be a cost-effective and accurate centerpiece of a robust MRV 

toolkit for deploying ERW at scale. 
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Figure 1. The TiCAT conceptual framework as a simple two-component mixing model. An 

idealized soil and basalt endmember are plotted in Ti v CAT space (a). A mixture of soil+basalt 

initially plots on the idealized mixing line between both endmembers (b). Dissolution results in 

loss of CAT from the solid phase, while Ti is conserved as it is immobile (c). The original 

composition of the soil+basalt mixture (indicated by the white circle) is the intersection of Tiend 

with the mixing line; ΔCAT is the amount of CAT lost by dissolution (d). 

 

 

 

 

 

 



 

 

 

  
 

Figure 2. A mixing model with representative data for soil and basalt endmembers. Assumed 

homogeneous mixtures of basalt+soil are shown, for a range of basalt application scenarios (see 

inset, b). Error envelopes are shown for mixing line and a line indicating theoretical 75% 

dissolution, based on potential size of analytical error on basalt+soil samples. Resolvability of a 

dissolution signal is dependent on dissolution rate, basalt application rate, and analytical error. 

 

 

  

 

  



 

 

 

 
 

Figure 3. Representative analytical error on standards run on three models of ICP-MS, using 

calibration curve method and isotope dilution method. The grey shaded region represents an 

analytical error range of ±1%. 

 

  



 

 

 

 

Figure 4.  Initial CDR estimates for in this study, calculated using cation data from TiCAT and 

non-mineral-bound pools. Results are shown for individual mesocosms (a), and as mean values 

for all mesocosms pooled by treatment type, where grey bars show all basalt-treated columns as a 

single pooled data set (b).  Error bars for TiCAT are propagated analytical error and standard error 

where baseline soil and basalt samples have been pooled; error bars for leachate + plant + soil 

extraction are standard error from control columns used as baseline. 
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1 Supplemental Materials and Methods 

 

1.1 Mesocosm design and construction 

Replicated mesocosms (Supplemental Figure S1a) (n = 7) for the four soil treatments in this 

study (NPK –basalt, NPK +basalt, manure –basalt, manure +basalt) were constructed from two 

sections of polyvinyl chloride (PVC) pipe, joined by a pair of PVC endcaps fixed in a back-to-

back arrangement (152 mm internal diameter pipe, 160 mm internal diameter endcaps; Brett 

Martin, Newtownabbey, UK). The freestanding mesocosms were stabilised with a 170 mm × 190 

mm acrylic baseplate fixed to a further 160 mm internal diameter endcap that was attached to the 

lower pipe section. Weight-bearing external joints were secured with PVC weld cement (Tangit 

ABS; Henkel, Düsseldorf, Germany) and internal seals were formed from high-strength 

polyurethane sealant (PU18; Bond It Ltd, Elland, UK). 

 

Substrate was loaded into the 600 mm long top section and leachate collection apparatus were 

housed in the 400 mm long lower section. The joint attaching these pipe sections was fitted with a 

20 mm internal diameter nylon nozzle to direct leachate into a high-density polyethylene bottle via 

a polypropylene funnel (1 L narrow-neck polyethylene bottle, 150 mm lightweight polypropylene 

filter funnel; Azlon, Stoke-on-Trent, UK). Soil particle migration into the leachate nozzle was 

reduced by emplacing a 60 mm deep drainage layer in the base of the substrate-holding top section, 

comprised of 20 mm diameter polyoxymethylene balls (Bearing Warehouse Ltd, Sheffield, UK). 

A detachable 3-ply opaque mylar membrane (Reflex Total Blackout; GroWell Horticulture Ltd, 

Sheffield, UK) was used to reduce algal growth in the leachate collection apparatus. 

 

1.2 Substrate preparation and characterization 

Mildly acidic (pH 6.45) agricultural soil of clay-loam texture (29.0, 34.3 and 36.7% by mass of 

clay (<2 µm), silt (2-60 µm) and sand (60-2,000 µm), respectively) was collected from farmland 

under Brassica napus (oil seed rape) cultivation at the Game and Wildlife Conservation Trust, 

Allerton Project, Leicestershire, UK (latitude 52.611286 ºN, longitude 0.831559 ºW). The soil had 
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an initial cation exchange capacity of 22.0 cmol (p+) kg–1, with a base saturation of 70.0%, calcium 

saturation of 63.4%, and a gravimetric water content (GWC) at field capacity of 0.68 g g–1. The 

soil total carbon concentration was 2.3 wt% and the soil organic carbon concentration was 1.1 

wt%. 

 

Collected soil was manually comminuted at 18°C and stored in partially sealed polypropylene bags 

to reduce moisture loss. Large stones and invertebrates were removed before the soil was passed 

through a woven stainless-steel sieve (2 mm mesh size; Fisher Scientific UK Ltd, Loughborough, 

UK). After comminution, the soil had a GWC of 0.28 g g–1. Organic fertilizer for the experiment 

was derived from cow manure collected from Hope Farm, Hassop, UK. The manure was air dried 

for 30 days, then manually comminuted at 18 °C and passed through a 2 mm mesh size stainless-

steel sieve. 

 

Mesocosms were filled with substrate in a sub- and top-soil arrangement to simulate a tillage 

regime (3:1 mass ratio of sub- to top-soil) (Supplemental Figure S1b). The total dry mass of soil 

in each mesocosm was 8.252 kg, which – being compacted to a column height of 500 mm – had 

an average bulk density of 0.91 kg L–1. Basalt and fertilizer were added, as required, to the topsoil 

only and were mixed thoroughly into the substrate immediately prior to mesocosm filling on day 

0. A total mass of 91 g (equivalent to 5.0 kg m–2) of basalt (see below) was added to treated 

mesocosms. Soils treated with chemical fertilizer received individually weighed quantities of 

analytical-grade compounds (0.347 g of urea, 1.633 g of powdered diammonium phosphate and 

1.482 g of powdered potassium chloride), which were estimated to compensate for soil nutrient 

losses to the crop and leachate during the experiment. Mesocosms treated with organic fertilizer 

received 17.7 g (equivalent to 1.0 kg m–2) of air-dried cow manure, which contained 2.57, 1.23 

and 3.08% total nitrogen, phosphorus pentoxide and potassium oxide, respectively. The manure 

application rate was calculated to approximately equal the total nitrogen application rate in the 

chemical fertilizer treatment, being 25 g N m–2 (250 kg N ha–1). 

 

Initial soil pH was measured using a Jenway 3540 Bench Combined Conductivity/pH Meter 

(Jenway, Stone, UK) calibrated with standard solutions at pH 4, 7 and 14. Prior to pH 

determination, 15 g of air-dried soil was thoroughly mixed with 30 ml of deionized water in a 100 

ml borosilicate glass beaker using a glass stirrer. The solution was then left for 30 minutes before 

recording the pH of the slurry to 0.01 pH units. Soil carbon measurements were made using a Vario 

EL Cube Carbon-Nitrogen Analyzer (Elementar, Stockport, UK), with soil organic carbon content 

determined by comparing carbon concentrations before and after soil treatment with 6 M HCl 

(soil:acid ratio of 90 mg to 0.5 mL). 

 

1.3 Basaltic rock preparation and characterization 

Crushed basalt of middle Miocene age and belonging to the ‘Prineville Chemical Type Unit’ of the 

Columbia River Basalt was sourced from the Cascade Range, Oregon (Central Oregon Basalt 

Products LLC, Madras, ORE, USA). The basalt was passed through a series of stainless-steel 

sieves of decreasing mesh size (250 µm, 100 µm and 50 µm mesh size), suspended in analytical-

grade ethanol and sonicated for 30 minutes in a 5 L Pyrex beaker to separate submicron particles 

from larger grains. The suspension was then left for 24 h (sufficient to settle particles with 

diameters > 1 µm) after which the supernatant was decanted and the settled basalt material was 



 

 

exposed to the air for 72 h to evaporate the residual ethanol. The particle size distribution of the 

treated basalt was measured using an LA-950 laser diffraction particle size distribution analyzer 

(Horiba UK Ltd, Northampton, UK), where the particle diameter range was found to be 1.5-300 

µm and the P80 value (the size at which 80% of the particles have diameters less than or equal to) 

was 35 µm (Supplemental Figure S2). Specific surface area of the treated basalt was determined 

using an Anton Paar Nova 800 Brunauer Emmett Tell (BET) surface area analyzer in the Yale 

Geochemistry Center and found to be 10.22 m2 g-1. Error was estimated to be 0.01 m2 g-1, based 

on a 5-point analysis.  

 

The mineralogy of the basalt (Supplemental Figure S3) was determined using X-ray diffraction 

(XRD) analysis at the British Geological Survey (BGS) Keyworth laboratories, following the 

protocol reported in Lewis et al. (2021). The carbon dioxide removal potential of the basalt 

feedstock, E𝑝𝑜𝑡 (i.e. the maximum amount of carbon dioxide consumed if all basalt were to react 

with proton equivalents from carbonic acid), can be quantified using a modified Steinour 

formulation, which relates maximum theoretical carbon dioxide reaction with elemental 

composition of silicate feedstocks (Steinour, 1959; see e.g., Fernández Bertos et al., 2004; Gunning 

et al., 2010; Renforth, 2019; Bullock et al., 2021). The Steinour formulation using major cations 

for alkaline minerals is given as: 

  

E𝑝𝑜𝑡 =
𝜂 𝑀𝐶𝑂2

100
∗ (

𝛼 CaO

𝑀𝐶𝑎𝑂  
+

𝛽 MgO

𝑀𝑀𝑔𝑂  
+

𝜀 Na2O

𝑀Na2O 
+

𝜃 K2O

𝑀K2O 
) 

where Mi is molar mass; η, α, β, ε, and θ are stoichiometric constants (in this case with values 2.0, 

1.0, 1.0, 1.0, and 1.0 respectively); and CaO, MgO, Na2O and K2O are abundances of major oxides 

in the feedstock. Using this formulation, with the values for major oxide abundance given in 

Supplemental Table T1, E𝑝𝑜𝑡 for the basalt feedstock used here is 211.81 kgCO2 t-1. This 

assessment is a conservative estimate representing incongruent dissolution (i.e., does not include 

cations that will react to form secondary minerals, including Al3+ and Fe2+; e.g., Rinder and von 

Hagke, 2021). Note that some previous authors have simplified this formulation to only include 

CaO and MgO, when assessing E𝑝𝑜𝑡for fast-weathering Ca- and Mg-silicates (e.g., Renforth, 

2012), which are the most abundant cations. In this study, we ignore the contribution of K+ to 

carbon dioxide removal, due to its presence in NPK fertilizers; as such, when excluding K2O, E𝑝𝑜𝑡 

for the basalt feedstock is revised to 183.56 kgCO2 t-1. 

 

1.4 Plant varieties and growth conditions 

A single specimen of dwarf hybrid Sorghum bicolor (Pennsylvania 115, Oakbank Game and 

Conservation, Cambridgeshire, UK) was cultivated in each mesocosm. Approximately 600 seeds 

were germinated on filter paper (Whatman #1; Cytiva, Sheffield, UK) moistened with distilled 

water, placed in grip seal polyethylene bags and incubated at 25°C in darkness for 24 h. 144 seeds 

of similar radicle length (ca. 5 mm) were selected for planting in 24-cell seed trays containing soil 

from the same field site. Seed trays were transferred to a growth room and maintained at 60–70% 

relative humidity, with an 18 h day length and 25/17°C day/night temperatures. After 24 h, 87 

seedlings emerged from the soil, of which the 28 largest were grown for a further 9 d and chosen 

at random for transplantation to mesocosms on day 0. 

 



 

 

Additive CO2 was used to sustain atmospheric concentrations of 400 ppm in the controlled 

environment and a photosynthetic photon flux density of 800 µmol photons m–2 s–1 was maintained 

throughout the 18 h days between emergence and boot stage (days 0-60). From day 61 onwards 

the day length was reduced to 10 h and on day 115 (at physiological maturity) Sorghum seeds and 

shoots were harvested. Henceforth a fallow period was simulated by reducing the day/night 

temperatures to 5/3°C and maintaining relative humidity at 75% until the experiment was 

terminated on day 235. 

  

1.5 Irrigation regime 

Throughout the Sorghum lifecycle, mesocosms were weighed every 3 days using a portable 

laboratory balance (Navigator NVT; Ohaus, Parsippany, NJ, USA) to estimate depth-averaged soil 

GWC. An artificial rainwater solution (Supplemental Table T2) was then used to approximately 

compensate for soil water losses via evapotranspiration, with equal volumes of solution being 

supplied to each mesocosm (Supplemental Figure S4). Irrigation water was delivered manually 

to the top surface of each soil column using a 1.5 L low-pressure portable sprayer (Exo Terra, 

Castleford, UK), with amounts measured gravimetrically to the nearest gram. Approximately every 

12 d between day 0 and day 81, equal volumes of additional irrigation solution were supplied to 

all soil columns to produce leachate for geochemical analysis. During the simulated fallow period 

(days 115-235) mesocosms were weighed every 14 d and variably irrigated to maintain soil GWC 

at 0.38 g g–1. 

 

1.6 Soil sample preparation and analysis 

Soil samples were collected from all mesocosms after 235 days. Substrate was excavated from the 

mesocosms in five separate layers: the topsoil/amended layer (0-120 mm depth), three intermediate 

subsoil layers (120-240, 240-360, 360-480 mm depth) and the bottommost subsoil layer (480-500 

mm depth). Each soil layer was manually comminuted into a bulk sample, homogenized, air dried 

at 60 ºC for 48 h, and passed through a 2mm steel sieve. 100 mg of dried sample was subjected to 

leaching with a 1N ammonium acetate solution at pH = 8.2 in order to remove the exchangeable 

fraction from the solid phase (after Chapman, 1965). The resultant solid sample was dried at 60˚C 

overnight, then heated at 600 ˚C for 24 hours to remove organic matter in the soil mixture. The 

ashed sample was then dissolved in a mixture of aqua regia (hydrochloric and nitric acid) and 

hydrofluoric acid as follows: 10ml aqua regia was added to Teflon beakers containing ashed 

sample, left to sit for 4 hours after which 1ml hydrofluoric acid was added, the beakers capped and 

left on a hotplate for 24 hours at 100˚C. Samples were then uncapped and left to dry down on a 

hotplate at 90˚C. Samples were raised in nitric acid and diluted to run on a Thermo Scientific iCAP 

Triple Quadropole inductively coupled plasma mass spectrometer (ICP-MS) at the Yale 

Geochemistry Center. In order to reduce analytical error, we measured the concentrations of key 

elements (Ca, Mg, Ti) using an isotope dilution method (see Section 6.7). 

 

1.7 Analytical requirements: isotope dilution inductively coupled plasma mass spectrometry 

(ID-ICP-MS) 

). In order to reduce analytical error we measure the concentrations of key elements (Ca, Mg, Ti) 

using an isotope dilution method.The amount of an element in the sample, nsam, is given by: 

 



 

 

𝑛𝑠𝑎𝑚 = 𝑛𝑠𝑝𝑘

𝑅𝑠𝑝𝑘 − 𝑅𝑚𝑖𝑥𝛴𝑖𝑅𝑖𝑠𝑎𝑚

𝑅𝑚𝑖𝑥  −  𝑅𝑠𝑎𝑚𝛴𝑖𝑅𝑖𝑠𝑝𝑘
  

where R is the ratio of two isotopes, and ΣiRi is the sum of ratios of all isotopes to a reference 

isotope (e.g., Inghram, 1954; see also Evans and Clough, 2005; Stracke et al., 2014 We use an 

isotope spike ‘cocktail’, doped with isotopes of Mg, Ti, and Ca found in lower abundance in natural 

samples (Supplemental Figure S5). Isotope spikes are prepared from powders of spiked TiO2, 

MgCO2 and CaCO2. The pure spike Mg and Ca carbonate powders are digested using HCl, and 

the Ti oxide using HNO3+HCl+HF. Following the digest each spike solution is calibrated by 

measuring the relative concentration of Mg, Ca, and Ti isotopes on a ThermoFisher Neptune Plus 

multicollector ICP-MS for ~48 hours. Estimate of the error on the spike determination are < 0.1 

‰ based on replicate analysis. Individual spike solutions are then used to make an isotope spike 

‘cocktail’ solution containing Mg, Ca and Ti spikes. The cocktail is added to each sample during 

the dissolution stage of sample preparation to ensure sample-spike equilibration.  

 

Isotope dilution allows for sample-specific calculation of element concentrations, unlike a 

calibration curve method whereby standards of known concentration are run to relate element 

intensities (in counts per second) to concentration. Isotope dilution therefore corrects for matrix 

effects, mass bias, and instrument drift, and thus improves both accuracy and precision of 

measured concentrations (Figure 3; see also Willbold and Jochum, 2005). In addition to an iCAP 

TQ ICP-MS, we ran standards on a other ICP-MS models in order to test the data quality achieved 

by a variety of widely available instruments (a Perkin Elmer NexION 5000 Multi-Quadropole ICP-

MS and a Themo Scientific Element High Resolution Magnetic Sector ICP-MS).  

 

 

1.8 Leachate, soil extract and plant sample preparation and analysis 

Leachate was prepared for cation analysis by filtration of subsamples through a 0.45 μm cellulose 

nitrate filter (Minisart: Sartorius, Goettingen, Germany) and stabilization in a matrix of 2% (vol%) 

analytical-grade nitric acid. Harvested Sorghum root, shoot and seed tissues were dried in a forced-

air oven at 60 ºC for 48 h and comminuted separately using a laboratory grinding mill (Model: 

A10 S2, IKA-Werke GmbH & CO. KG, Staufen, Germany). Oven-dried, powdered tissue samples 

were then subjected to a 45-min microwave-assisted (Model: Multiwave; Anton Paar Ltd, St 

Albans, UK) nitric acid-hydrogen peroxide digest (0.2 g tissue:3 mL nitric acid:3 mL MQ 

water:2ml hydrogen peroxide), after which extracts were prepared for cation analysis by 

centrifugation and filtration of the supernatant through a 0.45 μm filter. Multi-element cation 

analysis of all prepared leachate, plant and soil extracts was conducted at the School of 

Biosciences, University of Nottingham (Sutton Bonington Campus) using an iCAP Q ICP-MS 

(Thermo Fisher Scientific, Bremen, Germany).  

 

1.9 Cases signifying breakdown of the TiCAT scheme 

Several cases signify a breakdown in the simple mixing scheme used for TiCAT (Supplemental 

Figure S6):  

1.  ΔCAT < 0 suggests that precipitation of a secondary mineral phase or phases 

containing cations has occurred between application of basalt and post-application 

sampling. This is pertinent to calculating initial CDR rates, as CO2 is released by these 

reactions (with the exception of salt formation) (Supplemental Figure S6a). 



 

 

2.     Tiend < Tisoil indicates that the soil baseline used is unsuitable, assuming no mass 

transport has occurred, and as such a more suitable soil baseline is required to obtain a 

reliable estimate of feedstock dissolution (Supplemental Figure S6b).  

3.   CATend < CATsoil indicates dissolution and loss of cations from the background soil. 

In this case it is necessary to apply the limit –ΔCAT = CATadd (i.e., fdissolution = 1) 

(Supplemental Figure S6c). 

  

In our experimental method we remove the exchangeable fraction (non-mineral-bound cations 

occupying exchange sites on clay mineral surfaces). However, clay and carbonate minerals are 

included in the solid phase of digested soil samples, which could result in an underestimate of 

the extent of silicate mineral dissolution given that secondary mineral formation could 

reincorporate mobile cations into the solid phase following dissolution. As a result, our technique 

should be considered to track net cation mobility from the system, including the impact of 

secondary phase formation. 

 

1.10 Calculating an initial CDR rate using TiCAT 

The TiCAT approach provides a time-integrated estimate of the amount of feedstock that has 

dissolved between application and post-application sampling. This can be directly converted into 

an initial CDR rate by using a modified Steinour formulation (Supplemental Information Section 

1.3). Assuming fdissolution for relevant cations CAT (Na+, Ca2+, Mg2+) in each sample (see Figure 

S7) is representative of fdissolution for each mesocosm, we can calculate the total mass of each 

cation mobilized from applied feedstock over a given area: 

             

𝑓𝑑𝑖𝑠𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛  ∗  𝐴𝐶𝐴𝑇  (𝑘𝑔 𝑚−2)  = 𝐴𝐶𝐴𝑇𝑑𝑖𝑠𝑠 (𝑘𝑔 𝑚−2)    , 
 

where ACAT is the application rate of the cation CAT, calculated as: 

  

𝐴𝑏𝑎𝑠𝑎𝑙𝑡  (𝑘 𝑔𝑚−2) ∗  𝑤𝑡%[𝐶𝐴𝑇]  = 𝐴𝐶𝐴𝑇  (𝑘𝑔 𝑚−2)   . 
  

We then convert ACATdiss to an amount (in mol m-2) and apply the relevant Steinour coefficient to 

convert from mol(CAT) to mol(CO2) consumed. Converting to a mass in kg m-2 gives the total 

potential CO2 removed by weathering of the feedstock for each cation; summed, these give total 

CO2 removed by weathering of the feedstock in kg m-2. 

 

Here, we use as our csoil endmember the mean concentration of cations obtained from the 

bottommost subsoil layer (480-500mm). This is more representative of an untreated soil within 

our mesocosms than using a single sample of bulk soil taken before the experiment was started 

(see Supplemental Figures S8 and S9). The total amount of metal cations added to each 

mesocosm via irrigation was negligible (see Supplemental Figure S4 and Supplemental Table 

ST2). 

 
  



 

 

Supplemental Tables 

 

Table ST1. Chemical composition (major oxides) of basalt feedstock used, Columbia River 

Basalt, Prineville Chemical Type Unit. Bulk rock total digest (HF+HNO3+HCl), measured on 

Element HR-ICP-MS. See also Kelland et al., 2020, and Lewis et al., 2021, for further chemical 

and textural information about the feedstock used. 

Oxide Concentration (wt%) 

CaO 5.26 

MgO 2.37 

Na2O 3.79 

K2O 3.02 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Table ST2. Chemical composition of artificial rainwater irrigation solution. 

Salt Solution concentration 

(mg L–1) 

NaNO3 0.000135 

NaCl 0.004790 

CaCl2.2H2O 0.001100 

K2SO4 0.000450 

MgSO4.7H2O 0.002050 

(NH4)2SO4 0.002270 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 

 

Supplemental Figures 

 

 

 
 

Figure S1. Mesocosm design. (a)  Schematic of mesocosm exterior; and (b) cutaway indicating 

sub- and top-soil arrangement simulating tillage regime. 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 
 

Figure S2. Cumulative particle size distribution of basalt material. Determined by laser 

diffraction particle size distribution analysis. 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 
 

 

Figure S3. Mineralogy of basalt material. Determined by X-Ray Diffraction analysis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 
 

Figure S4. Irrigation schedule. Volume of irrigation solution added to mesocosms. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 

 

 

 
 
 

Figure S5. Isotopic composition of key elements for which isotope dilution was used to reduce 

analytical error in this study, in natural samples (left) and the isotope spike cocktail added to the 

samples (right). Isotopes shown are those used in calculations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 



 

 

  

Figure S6. Cases where the composition of soil+basalt mixtures fall outside of the TiCAT 

framework: ΔCAT < 0, indicating precipitation of CAT into a secondary mineral phase (a); Tiend < 

Tisoil, indicating the soil baseline value for Ti is not suitable (b); CATend < CATsoil, indicating 

dissolution of CAT from soil (c). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

Figure S7. Concentration in ashed solid samples of Mg, Ca, and Na from the “topsoil” depth 

interval (0-12 cm) in all mesocosms in this study. “Soil” indicates the the mean concentration of 

cations obtained from the bottommost subsoil layer (480-500mm). Analytical error is shown 

(note the error bar for Na is smaller than the symbol).  

 

  



 

 

 

 
 
Figure S8. Depth profiles of concentration in ashed solid samples of Ti, Ca, Mg, and Na from 

mesocosms in this study. Points are averages of all columns for the relevant treatment, and shaded 

envelopes show σ. Samples are all homogenized across the depth interval between solid horizontal 

bars. Dashed brown vertical line indicates the composition of the baseline soil endmember. Dashed 

red vertical line indicates the composition of a fully homogenized baseline soil + basalt mixture in 

the topsoil layer, where the average additional amount of Ti is used to calculate average basalt 

addition rate in samples. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 

 

  

 

Figure S9. Depth profiles of ratios in concentration in ashed solid samples of (Ca+Mg+Na)/Ti, 

Ca/Ti, Mg/Ti, and Na/Ti from mesocosms in this study. Points are averages of all columns for the 

relevant treatment, and shaded envelopes show 2σ. Samples are all homogenized across the depth 

interval between solid horizontal bars. Dashed brown vertical line indicates the composition of the 

baseline soil endmember. Dashed red vertical line indicates the composition of a fully 

homogenized baseline soil + basalt mixture in the topsoil layer, where the average additional 

amount of Ti is used to calculate average basalt addition rate in samples. 
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