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Recent analysis by the IPCC suggests that, across an array of scenarios,

both GHG emissions reductions and various degrees of carbon removal

will be required to achieve climate stabilization at a level that avoids the

most dangerous climate changes in the future. Among a large number

of options in the realm of natural climate solutions, atmospheric carbon

dioxide removal (CDR) via enhanced silicate weathering (EW) in global working

lands could, in theory, achieve billions of tons of CO2 removal each year.

Despite such potential, however, scientific verification and field testing of

this technology are still in need of significant advancement. Increasing the

number of EW field trials can be aided by formal presentation of e�ective

study designs and methodological approaches to quantifying CO2 removal. In

particular, EW studies in working lands require interdisciplinary “convergence”

research that links low temperature geochemistry and agronomy. Here,

drawing on geologic and agronomic literature, as well as demonstration-scale

research on quantifying EW, we provide an overview of (1) existing literature

on EW experimentation as a CO2 removal technique, (2) agronomic and

geologic approaches to studying EW in field settings, (3) the scientific bases

and tradeo�s behind various techniques for quantifying CO2 removal and

other relevant methodologies, and (4) the attributes of e�ective stakeholder

engagement for translating scientific research in action. In doing so, we provide

a guide for establishing interdisciplinary EW field trials, thereby advancing the

verification of atmospheric CO2 in working lands through the convergence of

geochemistry and agronomy.
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Introduction

Natural climate solutions (NCS) center on improved land

management techniques to remove carbon (C) from the

atmosphere in the near-term and, depending on the approach,

can retain C for decades to millennia. Enhanced weathering

(EW; the application of pulverized silicate rock to soils) is

an NCS that has been proposed to capture 1–2 billion metric

tons of CO2 from the atmosphere per year by 2100, storing

it as either as calcium carbonate in soil or bicarbonate in soil

pore water, which can eventually leach to the ocean through

groundwater and rivers (Beerling et al., 2018). Enhanced

weathering has been suggested across a wide variety of land

systems, including forests, coasts, and working lands (i.e.,

croplands and rangelands; Schuiling and Krijgsman, 2006;

Meysman and Montserrat, 2017; Beerling et al., 2018). Working

lands are particularly appealing for EW applications because

they are already highly managed, widely distributed across the

globe, and may experience co-benefits for crop production from

EW (Beerling et al., 2018). Applying novel technologies like

EW to agricultural systems requires a blending of scientific

knowledge from geology and agronomy, two disciplines which

do not interact strongly in many field studies. While EW in

working lands has garnered much attention in the literature, few

field studies of EW efficacy exist; rather, most of our existing

knowledge on EWand carbon dioxide removal (CDR) is sourced

from examinations of natural silicate weathering coupled with

small scale laboratory or mesocosm studies, which are then

scaled into global models. Verification of CDR rates and other

co-benefits of EW across climates, crop types, soil types, and

management practices will require a dramatic increase in field

studies to understand and optimize this NCS (e.g., Haque et al.,

2020).

Enhanced weathering accelerates the natural geologic

processes by which water and carbonic acid chemically weather

silicate rocks. As part of these reactions, atmospheric CO2

dissolves into water as carbonic acid, reacts with silicate

minerals, and forms bicarbonate, calcium carbonate or other

secondary minerals. While silicate weathering helps to stabilize

atmospheric CO2 levels over million-year time scales, it is too

slow to reduce the pace of modern climate change. By contrast,

the purposeful crushing and shattering of silicate rocks to create

high surface areas can be applied to soils to greatly accelerate the

natural weathering reaction kinetics and the concomitant CO2

removal process. The mechanisms by which geologic materials

sequester C have been widely studied in laboratory settings and

in natural ecosystem field studies (Gaillardet et al., 1999; Dupré

et al., 2003; Ibarra et al., 2016); however, the efficacy that smaller

rock sizes generated for use in EW have on weathering kinetics

and CO2 removal rates are largely untested at large (acre to

multi-acre) scales or in agronomic settings (Beerling et al., 2020).

Instead, global models, estimates of EW, weathering kinetics,

and reaction products have relied on mesocosm studies, often in

greenhouses or growth chambers (Ten Berge et al., 2012; Amann

et al., 2020). This is a major barrier to understanding the realized

potential for EW as an NCS and deployment of the technology

with confidence.

Working lands have the potential to remove CO2 through

the application of rock dust. Given that cropland and pastures

span 38% of the global land surface, small management changes

may have large impacts on the climate when scaled up (Beerling

et al., 2018; Food Agriculture Organization of the United

Nations, 2020). Because working lands, particularly croplands,

are already highly managed, EW does not pose the same risks to

biodiversity as in natural ecosystems. Most industrialized farms

already have or use spreading equipment required for silicate

rock applications and are familiar with spreading practices,

which are similar to applying lime, fertilizer, or other soil

amendments. Furthermore, silicate rocks are abundant and

globally common–roughly 90% of Earth’s crust is made up of

silicate minerals–and, while not all are available to mining, such

inputs have the potential to be widely available. At present,

stockpiles of natural and artificial silicate by-products from

mining and other industrial processes exist, however, future

demands for EW may require access to unmined material

for EW to be effective globally (Beerling et al., 2020). Many

working land soils are highly degraded due to years of intensified

agriculture that mines soils of C and nutrients, combined with

erosion that has resulted in soil loss (Janssens et al., 2022).

Since the dawn of agriculture, the top two meters of cultivated

soils have lost 133 Gt C globally with dramatic acceleration in

the past 200 years (Sanderman et al., 2017). This has resulted

in a soil C pool with high potential to be rebuilt through

management practices, including the restoration of both organic

and inorganic pools. EW has the potential to provide crop

and soil health benefits including increases in yield, soil and

plant nutrients, and water holding capacity that can provide

agronomic and economic benefits to farmers and ranchers

(Beerling et al., 2018). Many of the soil, crop, and C benefits

of EW are most likely to be observed in highly weathered, low

pH, low nutrient systems, but it remains unknown whether

such effects will persist across diverse soil conditions. An

understanding of factors that influence EW’s effectiveness

will require field tests across an array of crop, climate, and

soil types. Furthermore, potential negative impacts of EW

(e.g., heavy metal accumulation, dust inhalation, etc.) remain

largely untested under large scale or long-term field conditions.

As EW in working lands is under discussion as a globally

relevant approach for CO2 removal, it is incumbent upon

researchers to develop, test, verify, and scale this technology for

maximum impact.

A principal barrier to EW deployment lies in scientific

verification of CO2 removal under field conditions, which,

through testing and refinement of approaches, can help to

advance the technological readiness of EW in agronomic

settings. Here we provide an overview of geologic and
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agronomic methods that can be used to assess mechanisms by

which EW effectively sequesters C at field scales. This guide is

intended for geologists, agronomists, hydrologists, and natural

systems soil scientists, among others, who are interested in

conducting EW field research in working lands for the first

time. In this paper, we examine gaps in the literature related to

EW field trials and describe methods to measure CO2 removal

that bridge the fields of geology and agronomy, such that EW

can be deployed with less uncertainty and greater assurance in

terms of C benefits. In particular, we discuss relevant geologic

concepts and methodological options related to measuring

geologic, agronomic, and climate relevant processes, namely

CDR, factors that influence weathering kinetics, tools to trace

weathering products, and soil and crop health outcomes. Finally,

we conclude the paper by touching upon applied science

considerations such as outreach and engagement.

Literature survey of enhanced
weathering study methodology and
context

To better quantify the need for EW field research

development, we censused the literature on EW publications

to identify the number of existing field studies relative to

other methodologies and to identify the contexts in which

EW research is being conducted. We used Web of Science

to search “enhanced weathering” AND “carbon” AND “soil”

which resulted in 58 publications. We then further limited

our search criteria to only include studies that examined

ground silicate rock applications to soils as a method for

CDR. After reviewing the papers, we eliminated 17 papers that

did not meet this additional criterion, many of which were

either paleontological, limnological, or ecological studies that

examined rock weathering across natural gradients. We also

eliminated 5 papers published in 2022 since data for this year

were incomplete at the time of publication. The remaining

36 papers were categorized according to (1) the methodology

used (i.e., field, mesocosm, model, or review), and (2) the

context in which the study took place (i.e., agriculture, grassland,

mining, or non-specific). Mesocosm studies included laboratory

and greenhouse pot experiments, microcosms, microplots, soil

column, or soil core incubations. Modeling studies included

mathematical models and life cycle analyses. Review papers

included systematic reviews, meta-analyses, perspective, and

opinion pieces. Non-specific contexts included global, regional,

or national studies, studies that included multiple locations or

settings, or those that did not specify a location/setting, which

was most typical of modeling studies. One grassland study

also included a forest comparison, which we categorized as a

grassland study.

We found that the number of publications on EW

applications to soils as a method for CDR has grown in recent

years. In the last 4 years, we found 29 publications on EW,

whereas a total of only 7 publications had been generated prior

to 2018 then (Figure 1). Of the 36 publications our search

generated, the majority of papers employed either models (13

publications) to explore the potential of EW as a CDR strategy or

synthesized the literature/provided literature-based perspectives

in the form of review papers (12 publications; Table 1). Only

5 publications used field-based methods and 4 of those 5 were

generated by the same research group, seemingly from a single

field study in Ontario, Canada (see Supplementary Data). These

data suggest that there have only been data published from two

field trials of EW (with a third being published since the time of

our literature survey; Larkin et al., 2022). We also found that,

while most of the publications included in our dataset were

not specific in their context (16 publications), being modeling

studies that were broad in scope, the second most common

context was agriculture (15 publications; Table 2).

From our findings, it appears that EW is being most

rigorously explored in agricultural settings but that such

exploration is being predominantly studied using modeling and

synthesis approaches and are rarely examined using field trials.

In some ways this puts the cart before the horse in that EW is

being proposed as a widely scalable CDR technology without

adequate field trials to substantiate its effectiveness as such. Such

a low frequency of field trials limits our ability to understand

the capacity for EW to remove CO2 from the atmosphere or

infer other impacts that such practices may have on ecosystems.

Furthermore, published field methods serve a resource for

scientists seeking to embark on new field research. Without a

wealth of methods to draw on, scientist may struggle to deploy

field trials at a rate needed to develop this CDR technology in a

timeframe relevant to climate change mitigation.

Recommendations from geology
and agronomy for experimental
evaluation of enhanced weathering
in working lands

The settings under which weathering studies occur shape the

approaches that are used to build basic scientific knowledge. A

classical distinction involves whether an experimental design is

derived from the landscape setting, as is often the case in the

geosciences, or if the experimental design is implemented onto

the landscape, common to agronomic research. Field research

in geology and soil science (particularly sub-fields such as low-

temperature geochemistry, geomorphology, hydropedology,

and pedology) study how rocks interact with life through

an ecosystem process or biogeochemical lens (Dietrich and

Lohse, 2014). To address questions within this realm in

the field, geological scientists use landscape settings which

contain gradients in the factors they hope to study (Pickett,
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FIGURE 1

Number of publications on enhanced weathering (the application of silicate rock to soils) as a method for carbon dioxide removal in terrestrial

ecosystems. Publications were generated using the search “enhanced weathering” AND “carbon” AND “soil” and then further refined to meet

search criteria (see methods in section Literature survey of enhanced weathering study methodology and context).

TABLE 1 Literature survey results for publications that examined

enhanced weathering as a method for carbon dioxide removal,

categorized by methodology used in the publication (see methods in

section Literature survey of enhanced weathering study methodology

and context).

Methods # of publications

Model 13

Review 12

Mesocosm 6

Field 5

Total 36

1989; Vitousek, 2004). Conversely, agronomists are principally

concerned with identifying and improving issues related to crop

production, and thus implement management schemes onto

landscapes to test hypotheses. From these two approaches stem

various decisions related to site selection, data measurement

types, and sampling frequency and timing. To best assess how to

study EW, we compare and contrast (Table 3) how two different

fields, geoscience and agronomy, typically utilize the landscape

to test hypotheses.

Applying geologic approaches to agronomic field studies

designs could greatly improve our understanding of EW as a

C sequestration technology at shorter time scales. Fortunately,

it is likely that many geologic techniques will be more easily

deployed in agricultural settings than in natural field settings,

where terrain and remoteness pose challenges. At the same

time, there may be difficulties (e.g., replication, frequency, etc.)

TABLE 2 Literature survey results for publications that examined

enhanced weathering as a method for carbon dioxide removal,

categorized by the context in which this practice was examined (see

methods in section Literature survey of enhanced weathering study

methodology and context).

Context # of publications

Non-specific 16

Agriculture 15

Grasslands 3

Mining 2

Total 36

associated with scaling geologic methods to agronomic settings

and working around the dynamics of active farms and ranches.

There are tradeoffs associated with translating geologic

methods to agronomic contexts. Geologic studies often require

considerable care in choosing a study site that controls

for the underlying geology, land-use history, paleoclimate

influence, aspect, landscape position, and vegetation, among

other factors. In contrast, agricultural systems often control

for many of these factors, as most farmers select for flat

fertile soils and may control for climate through irrigation. At

the same time, agronomic studies call for higher replication

and sampling frequency than many geologic studies. For

instance, geologic measurements of water or sediment may

be collected at watershed outlets which provide watershed-

averaged measurements. Therefore, the number of samples is

limited by the total number of watershed replicates available.
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TABLE 3 Summary of the di�erences between geology and agronomy studies, and recommendations for geologic experimental designs in working

lands.

Consideration

for study type

Geologic study Agronomic study EW study recommendations in

working lands

Timeframe under

consideration

1–106 years or longer; shorter studies may

focus on current or short-term perturbations

to an ecosystem

Longer studies focus on landscape and

ecosystem evolution

Growing season (water-year), single or

multiple (1–5+ years)

Growing season (water-year)

Multiple years

Long-term preferred (∼10 years)

Replication Limited by availability of appropriate

sampling locations within the natural setting

Measurements are typically replicated

annually, preferably over multiple years

Replication is dependent on plot size

A minimum of 3 replicate plots is acceptable,

but 5–9 are highly recommended in

larger plots

Sampling

Frequency

Studies for short-term effects often involve

more frequent sampling (e.g., daily stream

water sampling over 1 year)

Landscape and ecosystem evolution studies

may only sample one time (using

space-for-time substitutions)

Multiple times over the growing season

(often 3–6 times)

More frequently during periods of

interest (e.g., fertilization,

rain/irrigation events, etc.)

Soils should be sampled annually

Other measurements can be taken more

frequently (e.g., soil alkalinity multiple times,

lysimeters weekly, GHGs continuously, etc.)

Sampling Depth Sampling depths for soil often extend well

below surface soils into deep soil and bedrock

0–10 cm is customary

Deeper sampling may occur depending

on the research

Sampling should consider tillage and

crop root depth

0–10 cm minimum

Carbon changes have been shown to occur at

depth (2m), so sampling 1–2m deep every

few years is suggested

We limit our scope to that of soil, soil water, plant material, and soil gas emission measurements.

In agronomic settings, sample size of soil and crop materials

depends on heterogeneity across the land. Samples could

represent land units (such as experimental plots), be divided

into similar areas/sections to account for heterogeneity (for

instance, drainage or sand content may vary across a site due

to the presence of a creek) or represent soil layers that are

affected by agronomic practices (e.g., tillage depth, plant root

depth, soil horizon depth, etc.). Soil sampling depth is also

a major difference between geologic and agronomic studies.

For geobiologists, sampling depth is extended to capture the

complete picture of how rock interacts with life (Richter

and Mobley, 2009), which means sampling depths for soil

often extend well below surface soils (0–10 cm) into deep

soil and bedrock. In agricultural soils, though C sequestration

has been detected as deep as 2m (Tautges et al., 2019),

most sampling efforts remain limited to the surface soil

(∼10–30 cm deep).

Sampling frequency is another consideration when

translating geologic methods to agronomic settings. For

geologists, the spatial and temporal scale of the geological study

determines where and what type of samples are taken and how

often sampling is conducted. For instance, a geomorphologist

focused on landscape and ecosystem evolution may try to

measure change over 103-106 years. Such long timescale-based

questions can use space-for-time substitutions which target

sites that span a gradient in landscape age to sample (Pickett,

1989) where samples are commonly taken one time (e.g.,

Long Substrate Age Gradient (LSAG), a long chronosequence

sampling design in Hawai’i; Crews et al., 1995). Agronomic

field studies typically take place over a growing season

(or water-year) and measurements are timed according to

management and plant growth (Saville, 1980). Over the

course of a growing season, planting, fertilization, irrigation,

and harvest are all important events to be considered with

agronomic measurements, thus measurements are often taken

at multiple time points and may be more intensive at certain

times (e.g., rain events, fertilization events, etc.), depending

on the measurement. To acquire robust data, is it important

that agronomic studies include multiple years of repeated

measurements to account for interannual variability (Martin

et al., 2004; Smith et al., 2004).

The most critical way in which geology must conform to

agriculture is in experimental study design. While geologic

studies may consider the landscape as their experimental

design, agronomy implements the experiment onto the field.

Agronomic field studies commonly use randomized block

designs (inclusive of an untreated control) that capture

spatial variation within a cropped field (see Chaney, 2017

for some experimental design options). However, within this

design, plot size, shape, and arrangement must consider not
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only the scientific question, but also practicalities related to

field equipment used for planting, harvest, irrigation, and

amendment spreading. Additionally, experimental designs need

to consider factors such as crop lifespan (e.g., annual vs.

perennial, short vs. long lived), crop traits (e.g., row crop vs.

grass crop, nitrogen fixing or not), irrigation method (e.g., flood

vs. drip vs. overhead) as well as other management practices

(e.g., tillage, fertilization, liming, etc.) as these may influence

weathering rates. Such factors influence the length of study,

the method and frequency of rock application, the spatial

distribution of sampling, and scientific equipment installation,

among other factors. Climatic and soil characteristics should

be controlled for in a robust experimental design unless

these are being systematically varied to explore their influence

on EW. Since agricultural amendment studies are intended

for practical application, it is common for researchers to

accommodate typical farming practices into experimental

designs. If farmers apply manure, use flood irrigation, practice

organic farming, and so on, including such practices benefits

from land manager knowledge and allows for results that

are relevant to real world farming. Lastly, when working

on active farms, one must adapt to necessary management

changes and be prepared to terminate treatments if they

cause issues to crops or aspects of the farm that are vital

to production.

Methodological considerations for
determining enhanced weathering
e�cacy

Diverse methods are available for determining the

kinetics and products of EW. Many geology methods have

been used in natural contexts to approach questions at

geologic timescales, so translating those approaches to

shorter timescales and agricultural management contexts

can pose challenges. While this research is highly necessary,

there are few examples of quantifying a geologic process

in an agronomic setting. Approaches to quantifying EW

products, CDR rates, drivers of CDR, and mechanisms by

which C is stabilized are varied, as this is a nascent field. At

present, techniques from geochemistry, agronomy, and soil

science are being agglomerated depending on specific project

objectives, researcher expertise, study system and scale, and

financial constraints. In this section, we examine a range of

methodological options, both proposed and implemented, for

approaching experimental design, measurements of mineral

weathering products, and crop and soil health. We conclude

this section with a brief list of recommended measurements,

acknowledging that a greater quantity of field studies will be

necessary to develop best practices for EW monitoring in

working lands.

Carbon dioxide removal

Assessing CDR and the mechanisms responsible as a

function of EW practices in agricultural settings requires

multifaceted approaches to measure different states of C.

Different C pools can be targeted to determine the impact

of EW technologies in croplands following the application of

EW materials, such as measuring total C content of bulk soil,

dissolved organic carbon (DOC) and dissolved inorganic carbon

(DIC) in pore water, plant biomass C, and soil greenhouse

gas (GHG) emissions, among others (Figure 2). The goal of

quantifying multiple fluxes and pools of C in a system is to

generate a total net C budget, which will elucidate if a crop

system is a net source or a net sink of C. In this section we

discuss a variety of measurement options for characterizing

CO2 removal in response to EW field trials and summarize the

strengths and weaknesses of each C measurement in Table 4.

An important first step in budgeting C is to directly

quantify the amount of C present in the soils, for which diverse

approaches have been studied and reviewed intensively (Smith

et al., 2020). To quantify soil C stocks, soil samples should be

collected before the initial application of silicate rock materials

(to quantify baseline stocks) as well as periodically throughout

the experiment. Given that soil C sequestration can take years

to observe, annual sampling should be more than adequate for

monitoring changes in the soil C pool, however, being a rarely

tested mechanism, further field trials will be needed to verify

this frequency. Sampled soil can be processed for subsequent

analyses; for example, once collected, samples may be air dried,

sieved, and ground. After preparation, several approaches can be

used to quantify the C present in the soil.

Measuring total (or bulk) soil C is the primary way to

quantify CDR in soils. However, there are more advanced

approaches measuring different C pools that can help refine

C budget estimates or answer specific research questions.

Conventionally, total bulk soil C, which consists of both the

organic and inorganic fractions (Figure 2), can be determined

using Dumas high-temperature combustion (Nelson and

Sommers, 1983). Combustion methods can also be used to

measure the amount of C in plant biomass such as crop

harvest or crop residues. Soil C stocks can be measured using

bulk density and depth measurements or by the equivalent

soil mass method. Determining soil C via equivalent soil

mass circumvents potential changes to bulk density that can

arise from management practices such as tillage or additions

of organic amendments (Von Haden et al., 2020). Robust

measurements of soil C are required to quantify CDR rates on

a per area basis. However, C stock measurements alone do not

indicate the mechanisms controlling changes in C storage.

As EW methods continue to develop, it is also crucial to

consider the broader scope of soil C cycling and potential

methodological approaches. EW of rock amendments can

interact with biogeochemical conditions of the soil matrix by
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FIGURE 2

Flow chart for field measurements, sample collection, and laboratory analyses from enhanced weathering studies in working land environments.

altering soil pH, base cation pools, and mineral mass in a

different range of scales. Such micro or macro environmental

changes in the soil matrix can in turn influence microbial

vitality, which is a major player in processing SOM into

different C pools in soil. SOM is susceptible to decomposition or

microbial oxidation and loss back into the atmosphere through

microbial respiration.

On one hand, microbial activity can indirectly change SOM

pool sizes by decomposing DOC, particulate organic matter

(POM) and mineral associated organic matter (MAOM), which

are key C pools of SOM (Figure 2; Cotrufo et al., 2019; Kleber

et al., 2021). On the other hand, these oxidized C forms, such as

organic acids derived from plant root or microbes and respired

CO2 dissolved in soil pore water, are a source of protons that

have the potential to drive reactions with minerals, which will

directly generate inorganic C products (HCO−

3 and CaCO3;

Zaharescu et al., 2020). Moreover, there has been a growing

consensus that microbially-derived OM is a key ingredient in

formulating stabilized soil C in a form of MAOM (Lavallee

et al., 2020). Regarding direct quantification of EW impact

on soil C, advanced analytical tools can be utilized to trace

biological and microbial processes (stable isotope probing using

labeled substrates such as 13C or 18O-H2O) and to visualize

and characterize OM at the sub-micrometer scale (Nano

Secondary Ion Mass Spectrometry and Scanning Transmission

X-ray Microscopy coupled to Near Edge X-ray Absorption Fine

Structure Spectroscopy; Asano et al., 2018; Wang et al., 2019;

Wilhelm et al., 2022). While these tools are helpful to identify

EW impact on SOC formation and CO2 removal mechanisms,

this approach can be unrealistic for monitoring large scale EW

impact in agricultural soils.

Soil inorganic carbon (SIC) pools have traditionally been

examined in arid and semi-arid regions where low moisture

availability and high average pH lead to carbonate precipitation

in the soil (Filippi et al., 2020). In arid soil, inorganic

forms of soil C are typically carbonates [CO3(2-)] existing as

solid form in carbonate minerals, which are commonly more

thermodynamically stable than organic C. Because agricultural

soils have highly variable water contents depending on irrigation

protocols and seasonal and regional water regimes, EW impact

on SIC formation in agriculture could be site specific depending

on targeting pools or mechanisms of SIC formation. The major

forms of soil inorganic C (SIC) to consider in EW study are

not only carbonates, but also bicarbonate ions (HCO−

3 ), which

is a dominating DIC form in groundwater. Soil pH controls

the fraction of EW-derived carbonates that are available as

aqueous bicarbonate or precipitated as pedogenic carbonates

(Haque et al., 2020; Vienne et al., 2022). The SIC pool can be

substantial and thus measurements should be incorporated into

EW field studies.

There are several options for quantifying organic and

inorganic soil C pools. Combustion methods such as elemental
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TABLE 4 Common carbon measurements for determining the CO2 removal capacity of enhanced weathering in agronomic settings, inclusive of measurement definition, sample type, common

methodology, strengths and weakness of each approach, and supplemental measurements best paired with each carbon measurement.

CO2 removal

measurements

Definition Samples Laboratory method Strengths Weaknesses Paired measurements

Total carbon (TC) Total carbon contents

(organic and inorganic) of soil

Soils and rock amendments Combustion (elemental

analyzer)

Most common carbon

measurement; relatively easy

and affordable

Labor intensive collection and

processing; does not separate

organic and inorganic forms

of carbon without additional

treatment; difficult to detect

changes against background

carbon

Bulk density; equivalent soil

mass (sample from three

depths); dry weight; sample

depth

Soil organic carbon

(SOC)

Carbon associated with

organic compounds

Soils and rock amendments Loss on ignition; acid digest

assay; Walkley-Black

(calculated from SOM);

LECO elemental analysis

SOC is the dominant carbon

pool in most soils

May not differ significantly

from TC; methodological

inconsistencies exist

Bulk density; equivalent soil

mass (sample from three

depths); dry weight; sample

depth

Total inorganic soil

carbon (SIC)

Inorganic (carbonate

minerals) forms of carbon in

the soil

Soils and rock amendments Total carbon minus organic

carbon; Thermogravimetric

analysis (TGA); acidification

with pressure calcimeter or

infrared analyzer

An important potential fate of

EW

SIC pool may be small in

many soils; SIC may

precipitate at depths >50 cm

making sampling more

difficult

Bulk density; equivalent soil

mass (sample from three

depths); dry weight; sample

depth

Soil extractable

alkalinity

Carbonate alkalinity

(buffering capacity) of soil

saturated paste extracts, which

contribute to bicarbonate and

carbonate formation

Soils and rock amendments Acidimetric titrations of soil

saturated paste extract

Direct measurement of initial

carbon product of weathering

reaction

Scaling from extractable soil

samples may miss transient

fluxes of high weathering

events

pH

Soil carbon pools

based on size and

density

Labile to recalcitrant soil

carbon pools which differ in

function and age (particulate

organic matter 53-2000 µm in

size and mineral-associated

organic matter <53 µm in

size; or free, occluded, and

heavy light fractions)

Soils and rock amendments Separation using a 53 µm

sieve; separation via density

fractionation using sodium

polytungstate

Can inform about the stability

of accumulated carbon

Labor and time intensive;

requires specialized

equipment to measure density

fractionation

Dry weight; carbon contents;

14C optional to assess age

Soil microbial

biomass carbon

(SMBC)

Carbon contents of microbial

biomass is soils

Soils and rock amendments Chloroform fumigation;

substrate induced respiration

Can indicate the rate of

potential microbial carbon

transformation processes in

the response to amendments

May miss the impact of rock

amendments in shifting the

microbial functional traits or

community composition

Carbon contents

(Continued)
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TABLE 4 (Continued).

CO2 removal

measurements

Definition Samples Laboratory method Strengths Weaknesses Paired measurements

Dissolved inorganic

carbon (DIC) of soil

pore water, leachate,

or discharge

The total amount of CO2 ,

carbonic acid (H2CO3),

bicarbonate (HCO3−), and

carbonate (CO3−) in water

Soil pore water, leachate, or

discharge

Coulometric and infrared

detection methods;

acidimetric titrations to

measure carbonate alkalinity

(carbonate and bicarbonate

anions in a solution)

An important potential fate of

EW; could be a large pool;

develops relatively quickly

Quick development requires a

need for frequent sampling;

can be difficult to sample at

high frequency, especially in

drier soils

Water balance, pH

Dissolved organic

carbon (DOC) of

soil pore water,

leachate, or

discharge

Organic carbon dissolved in a

water that does not include

the suspended solids

component

Soil pore water or leachate;

water or salt extracts

Filtration (operationally

defined as the fraction of

organic carbon that can pass

through a filter with a pore

size 0.45 µm)

Reflects the imminent change

of labile carbon pool size in

soil

Transient pool; typically small

pool in terrestrial ecosystems;

should be measured with

other pools

Water balance, carbon

contents

Total biomass

carbon

Total carbon contents of

biomass

Plants Combustion (elemental

analyzer)

Can inform about carbon

losses/the fate of carbon

Biomass weight can also be

used as a proxy, assuming

50% of biomass is carbon

Dry weight; carbon contents

by plant anatomy (grain vs.

stover) optional to get

agronomic implications

CO2 and CH4

emissions

Gaseous carbon dioxide and

methane exchange between

soil and the atmosphere

Atmosphere Laboratory incubations;

automatic or

manually-operated static flux

chambers, measured with

syringe sampling and gas

chromatography or in situ

with a portable gas analyzer;

Eddy covariance flux tower;

remote sensing

Can inform about carbon

losses or CH4 consumption

potential; can improve carbon

budgets

Costly and time intensive Air temperature; soil

temperature; soil moisture;

bulk density; chamber

volume; CH4 and N2O can be

converted to CO2 equivalents

to get GWP

13C Natural abundance stable

isotope

Any Mass spectrometer elemental

analyzer

Can inform about

mechanisms of carbon

accumulation; often included

with TC measurements

Snapshot of the process of

natural isotope fractionation;

data interpretation can be

challenging

Standard and 12C values to get

isotope ratios

14C Trace the fate or age of carbon Any Mass spectrometer elemental

analyzer

Can use a labeled substrate to

trace the fate of accumulated

carbon; can estimate the age

of carbon stored

Costly; requires specialized

expertise; requires a

laboratory that is ok with 14C

contamination

None necessary
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analyzer loss on ignition (LOI) or LECO elemental analysis can

be used to measure SIC or calculate the portion of inorganic

C (i.e., total C minus organic C). LOI measurements should

be used with caution as they are very sensitive to soil texture

and moisture and may produce inconsistent results (Personal

communication with Whendee Silver). Thermogravimetric

analysis (TGA) can also be used to measure carbonaceous

components in the mineral (clay and oxides) components of

soils (after the removal of OM) and rock samples (Pallasser

et al., 2013; Kemp et al., 2022). Additionally, soil can be acidified

to measure the evolved CO2 by using a pressure calcimeter

(gives bulk equivalent CaCO3 content; Sherrod et al., 2002), or

an infrared gas analyzer (Lin et al., 2016). Inorganic C in soil

samples can also be measured using acid dissolutions followed

by the manometric, titrimetric, or gravimetric determination of

CO2 (Presley, 1975; Wang et al., 2012). Similarly, carbonates

can be measured using rapid titrations (soil treated with

hydrochloric acid and titrated with sodium hydroxide) to get

CaCO3 equivalents (Rayment and Lyons, 2011). By measuring

organic and inorganic soil C stocks at the field scale over

time, treatment effects and CDR rates following silicate rock

applications can be determined.

In addition to measuring soil organic and inorganic C,

directly measuring DIC in the soil pore water is critical to

quantifying the flux of C that is removed through EW. An

important form of soil DIC is aqueous bicarbonate ions (HCO−

3 )

present in the soil pore water. HCO−

3 concentrations may

also be estimated using total alkalinity, depending on the

pH of the system (Olin Neal, 2001). To obtain soil water

samples for monitoring solute fluxes in natural soils, in situ

soil water extraction methods may be used. These include

vacuum lysimeters (also referred to as porous cups/tubes or

suction cups), suction plate or tension plate lysimeters, pan

or zero-tension lysimeters, wick samplers, and resin boxes

(Weihermüller et al., 2007). Lysimeters of varied types provide

a method for frequent measurement of soil pore water and

may be placed at multiple depths to monitor solute movement;

however, selection of a suitable sampler material depending

on the solutes of interest is imperative (Weihermüller et al.,

2007; Vandenbruwane et al., 2008). In agricultural systems, it

is likely that lysimeters will have to be removed and reinstalled

to accommodate certain machinery. HCO−

3 formed from EW

processes may leach deeper into soil profiles and precipitate

as carbonate minerals or eventually leach into groundwater;

therefore, SIC measurements at deeper soil depth or DIC

monitoring in downstream of ground watershed may be

appropriate depending on the hydrologic conditions of the

system (Sigfusson et al., 2006; Amann and Hartmann, 2022).

Once pore water is collected, samples can be measured for

pH, total alkalinity using acidimetric titration, DIC, cations and

metals by inductively coupled plasma emissions spectrometry

(ICP), or other measurements, enhancing understanding of EW

processes. Given the central roles of water volume and flow

path length in regulating chemical weathering, determining a

water balance estimate is critical to scale concentration values

into weathering or C fluxes (Maher and Chamberlain, 2014).

In the field, this may require monitoring irrigation inputs with

a flow meter, obtaining weather station precipitation data, or

establishing and monitoring a site-specific weather station, as

well as measuring evapotranspiration, soil moisture, infiltration,

and hydraulic conductivity.

C isotopic signatures of both SOC and SIC can be useful

to infer the mechanisms responsible for CDR within a system

(Del Galdo et al., 2003). C isotopic fractionation of SOC

and SIC can be measured by quantifying ratios of stable

C isotopes (12C and 13C), or by conducting pulse labeling

experiments using radioisotope (14C) as a tracer (Smith et al.,

2010). The δ
13C composition of SOC is largely determined by

the fraction of plant litter originating from C3 or C4 species

and by fractionation occurring during microbial decomposition

of the resulting organic matter. For SIC, the δ
13C isotopic

composition is controlled by the composition of soil CO2, which

is derived largely from root and microbial respiration (Cerling,

1984). The 14C abundance in pedogenic carbonates, a form

of SIC, is similarly determined by the relative proportion of

CO2 respired by the rhizosphere and microbially-induced SOM

decomposition (Zamanian et al., 2016). The contribution of

SOM decomposition determines 14C abundance in pedogenic

carbonates, however, is more important in deeper horizons. This

is because the age of SOM increases with soil depth (i.e., the older

the SOM, the more depleted the 14C abundance; Amundson

et al., 1994). Stable isotope data can often accompany total soil

C data, however 14C can be more complicated to obtain (i.e.,

tracers can be expensive and require special labs), and both

require specialized expertise to interpret.

GHG measurements determine the net flux (gain or loss) of

CO2 and can help inform estimates of CDR rate (Whitehead

et al., 2012). GHG emissions are most commonly measured

using: (1) static flux chambers where measurements are taken

weekly or bi-weekly (with more frequent sampling during

rain or fertilization events that can produce pulse emissions),

(2) automated flux chambers where measurements are taken

multiple times an hour, (3) Eddy covariance flux towers

that estimate net CO2 exchange across the landscape, or (4)

remote sensing (Smith et al., 2010). Of these GHG methods

discussed here, static flux chambers are on the low tech/cost

end of the spectrum and have the advantage of being movable,

while automated chambers are most costly but are much

better at capturing heterogenous fluxes. Ecosystem-scale GHG

measurements (often taken using eddy covariance) account

for the initial uptake of C through photosynthesis (gross

primary production), and its subsequent partial losses through

ecosystem respiration to give net ecosystem exchange. Eddy

covariance methods can effectively determine CDR given that

there are no lateral or hydrologic soil C fluxes (Arias-Ortiz

et al., 2021), but instrumentation are costly, require specialized

Frontiers inClimate 10 frontiersin.org

https://doi.org/10.3389/fclim.2022.970429
https://www.frontiersin.org/journals/climate
https://www.frontiersin.org


Almaraz et al. 10.3389/fclim.2022.970429

expertise, and are limited in the number of treatments they can

monitor (two). Arias-Ortiz et al. (2021) showed that sediment

cores and Eddy covariance CDR estimates agreed in flooded

peatlands, however this relationship broke down at the tidal

wetland site where lateral C fluxes were large. Gough et al.

(2008) found similar results but note that a single year of

Eddy covariance data may not be consistent with long-term

sediment data, thus multi-year datasets are recommended.

Remote sensing is best suited for larger scale observations and

also requires specialized training and skills. Eddy flux towers

integrate over all C sources and sinks providing real time

estimates of net ecosystem exchange (Novick et al., 2022),

while static chamber measurements are more typically used to

reveal differences in emissions of CO2, nitrous oxide (N2O)

and methane (CH4) between experimental treatments. N2O and

CH4, which have a higher GWP potential than CO2, can be

measured and converted into CO2 equivalents to assess the total

effect of GHG emissions from agronomic systems on global

warming. Currently proposed mechanisms for EW mitigation

of N2O emissions include increasing NUE through enhanced

P availability or decreasing N2O:N2 ratios of denitrification

through pH stimulated activity of N2O reductase (Blanc-Betes

et al., 2021).While CH4 emissions can also be quantified, it is less

known how EW may mechanistically influence these emissions.

In combination with biomass measurements and other soil C

measurements (gains from C inputs and CDR, losses from

bicarbonate leaching, respiration, or biomass harvesting), GHG

measurements make up one component that can contribute to

the development of more accurate calculations of total C budgets

in agronomic systems (Smith et al., 2010).

In addition to studying C capture potential from EW at

individual field sites, scaling up CDR to regional scales is

necessary for understanding the potential for EW technologies

to be deployed at a larger scale. Currently, the only available

assessments of the large-scale effects of EW on soil C capture

are estimates derived from models. These stoichiometric

models are parameterized using mass balance equations and

interactions between factors such as rock-dissolution reaction

rates, climate data, C dynamics, nutrient availability, plant

responses, hydrology, and soil physical properties (mineralogy,

grain size, soil moisture, bulk density, etc.) (Taylor et al., 2017;

Cipolla et al., 2021; Goll et al., 2021). In situ field studies and

on-the-groundmeasurements are necessary for both confirming

and improving these model estimates across broader scales.

Finally, the development of comprehensive life cycle analyses

(LCA’s) will be necessary to verify the net C benefit of EW,

particularly given the energy demands associated with crushing

and transporting rock. Existing LCA’s report conflicting results

regarding EW’s net C benefits (Beerling et al., 2020; Taylor et al.,

2021; Schlesinger, 2022), results that likely differ as a result of

modeled dissolution rate assumptions, C pools incorporated,

and transport methodology. In practice, the net C benefit of EW

will likely vary regionally based on access to mined materials

and soil conditions that support fast CDR rates, thus LCA’s will

be better informed when coupled with robust field data that

elucidates the actualized and regionally specific CDR capacity of

this emerging technology.

Influences on weathering kinetics

Terrestrial silicate weathering plays a central role in

regulating Earth’s atmospheric CO2 levels. As silicate minerals

weather, they react with CO2 dissolved as carbonic acid

(Equations 1 and 2), moving C from the atmosphere into

the hydrosphere as bicarbonate (Equation 3), and releasing

cations and silicic acid (Mitchell et al., 2010). Subsequently,

bicarbonate may react further, yielding carbonate minerals such

as calcite or magnesite and resulting in the release of one

mole of CO2 (Equation 4). The CDR benefit of EW may vary

based on emissions associated with rock transport (i.e., life

cycle emissions; Beerling et al., 2020), chemical composition of

the rock, soil characteristics (like pH or texture), management

practices (like irrigation or crop type), influences on carbonate

formation (i.e., dust inputs of IC, parent material, upward

groundwater movement; Zamanian et al., 2016), the form in

which CO2 is sequestered (with bicarbonate sequestering 2

mols and calcium carbonate sequestering 1mol of CO2), and

whether CO2 is released back into the atmosphere along surface

water flow paths. More field data are needed to better quantify

this variation.

Weathering rates and resulting solute concentrations are

dictated by tectonic forces and erosion, which control availability

of fresh mineral surfaces, and by runoff and water flow path

lengths (Maher and Chamberlain, 2014). Additional factors that

influence weathering rates include pH and temperature, as well

as rock characteristics such as mineralogy and porosity (Isson

et al., 2020). For this reason, areas with high rates of erosion,

hotter and wetter climates, more acidic soils, or heavily irrigated

management practices might expect to see faster rates of CDR

in response to EW applications. Dissolution kinetics are key

to understanding weathering rates of various lithologies and

reaction with atmospheric CO2 (Yadav and Chakrapani, 2006).

CO2
(

g
)

↔ CO2(aq) (1)

CO2
(

aq
)

+ H2O ↔ H2CO3 (aq) (2)

CaSiO3 (s) + 2H2CO3
(

aq
)

+ H2O ↔ 2HCO−

3

(

aq
)

+H4SiO4(aq)+ Ca2+(aq) (3)

2HCO−

3

(

aq
)

+ H4SiO4
(

aq
)

+ Ca2+
(

aq
)

↔ 3H2O

+ CO2
(

g
)

+ CaCO3 (s)+ SiO2 (s) (4)

A variety of silicate rocks may be used for EW. The chemical

dissolution and subsequent CDR rates vary with silicate rock

type, particle size, soil characteristics, climate, and other factors.

While particle size is a key determinant in weathering rate
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(with small higher surface area particles weathering faster than

coarse particles), from an applied perspective, extremely fine

materials can be difficult to apply and may present a dust

inhalation hazard. Furthermore, finely grinding rock materials

requires significant energy expenditures (Strefler et al., 2018)

that may exceed CDR benefits (Lewis et al., 2021). Most

studies suggest that particle sizes of 10–20 microns provide

the greatest CDR benefit (Rinder and von Hagke, 2021), but

larger particle sizes (∼100 microns) have been used in EW

research and may be more widely available (Kelland et al., 2020).

More recently, researchers have suggested that larger particles

may be comparable to finely ground particles in their CDR

potential (Kantzas et al., 2022), highlighting the need for critical

assessments that compare the efficacy of different grain sizes.

Figuring out the largest grain size that is reasonably effective

at CDR is critical to minimizing the energy demand of EW

as well as health and safety risks associated with handling

rock dust.

Mineralogy further impacts weathering rates, with minerals

forming at higher temperatures and pressures, such as olivine,

weathering more readily at Earth’s surface (Goldich, 1938).

However, ultramafic minerals that weather faster also pose a

higher risk of inducing heavy metal toxicity (Beerling et al.,

2018). Monitoring the content of heavymetals such as cadmium,

lead, chromium, and zinc in rock and soil before and after

application may help mitigate heavy metal toxicity. Moreover,

global availability and proximity to mines greatly impacts the

scalability of EW (Köhler et al., 2010). Basalt, though less rapidly

weathering than olivine-dominated rocks, such as dunite, exists

broadly and has lower risk of heavy metal accumulation when

applied to soils. Site location will largely determine mine

proximity and rock compositions that are accessible (Krevor

et al., 2009).

Designing field experiments that not only quantify CDR, but

also test the influence of various factors on CDR rates will be vital

to deploying highly effective EW strategies. Randomized block

designs that test the effect of particle size on CDR rate, multi-site

experiments that span gradients of soil pH, or comparisons

between tropical and temperate field sites are all examples of

ways that field studies can examine the factors that influence

weathering kinetics.

Tracing weathering products

A variety of analytical techniques common to pedology,

geochemistry, agronomy, and mineralogy may be employed to

elucidate the products of EW and track their movement in

soil, water, and plant biomass. These products, when quantified

alongside ion transport and secondary mineralization, can

be used to approximate weathering and dissolution rates,

trace nutrient release and movement, and monitor levels of

potentially toxic metals released from applied minerals. Markers

of weathering (e.g., Mg2+ release from olivine dissolution) may

also be used to estimate CDR.

Physical and chemical characterization of silicate rock

amendments, including grain size, specific surface area,

mineralogy, and elemental composition, is a necessary

first step in identifying expected weathering products and

estimating potential CDR. Both grain size and specific

surface area are relevant for estimating dissolution rates and

understanding available surfaces for weathering reactions.

Numerous approaches are available for characterizing grain

size distributions, but a particle size analyzer (PSA) using laser

diffraction is common. Additionally, the Brunauer, Emmett, and

Teller (BET) method, using gas adsorption to mineral surfaces,

is used to measure specific surface area. Mineralogy may be

determined using X-ray diffraction (XRD; Silva et al., 2021)

or quantitative evaluation of materials by Scanning Electron

Microscopy (QEMSCAN), while rock elemental composition

is regularly measured using lithium borate fusion coupled

with X-ray fluorescence (XRF) or inductively coupled plasma

atomic emission spectroscopy or mass spectroscopy (ICP-AES

or ICP-MS).

To understand EW dynamics in soil, imaging approaches

including scanning electron microscopy with energy dispersive

spectroscopy (SEM-EDS; Haque et al., 2020), transmission

electron microscopy (TEM; Bonneville et al., 2009), and

nanoscale secondary ionmass spectrometry (NanoSIMS)may be

relevant. Synchrotron-based x-ray absorption spectroscopy may

also help reveal weathering processes and specificmineral phases

(Nieva et al., 2019). As noted by Dudhaiya et al. (2019), some

of these approaches for tracing weathering products, including

thermogravimetric analysis (TGA; discussed in section Carbon

dioxide removal), EDS, and XRD may be limited in their

application in highly heterogeneous amended soils due to the

small sample sizes. However, in-depth examinations of organo-

mineral interactions and mineral weathering using SEM, TEM,

and other approaches common in natural systems research (e.g.,

Jongmans et al., 1997; Bonneville et al., 2009) will likely become

more common in EW studies as this field of research grows

more mechanistic and detailed. Many of the aforementioned

non-destructive approaches, as well as infrared spectroscopy

and additional forms of x-ray spectroscopy and microanalysis,

have been reviewed in detail (Haque et al., 2019a). Approaches

used to characterize rock amendment mineralogy and elemental

analysis are also relevant to understanding amended soils.

Beyond direct visualization and quantification of weathering

products, isotopic tracers are widely used in soils and geology

for dating, tracking landscape processes, and interpreting

biological influences, among other applications. For example,

because strontium (Sr) exhibits limited fractionation (i.e., mass-

dependent fractionation is corrected for during data reduction),

Sr isotopic ratios (87Sr/86Sr) may be used in soil systems as

a tracer, provided all input pools (dust, parent material, rain,

groundwater) are well-characterized (Capo et al., 1998). Because
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of this utility, Sr has been proposed as a tracer of EW products,

though this would require sufficient distinction between the

rock amendment and soil parent material. Refer to the section

Carbon dioxide removal for specifics concerning C isotopes in

the context of EW.

Because silicate weathering occurs via proton-consuming

reactions, increasing soil pH is a commonly observed

phenomenon (e.g., Haque et al., 2019b; Amann et al., 2020).

While not suitable as a direct proxy for dissolution rates, pH

is important for nutrient and trace metal mobility, runoff or

discharge chemistry, suitability for continued weathering and

crop growth, and other ecosystem or soil effects. Tracking

pH in soil and water of field experiments can help improve

understanding of these dynamics. The desirability of pH shifts

largely depends on the system’s baseline pH (e.g., increased pH

in an acidic system may alleviate some need for liming) (Ten

Berge et al., 2012). While increased pH may be highly beneficial

in mitigating metal toxicity and low cation exchange capacity (a

measure of the soil’s ability to hold positively charged ions) in

tropical systems, downstream effects of pH changes on aquatic

ecosystems may be negative, emphasizing the need for pH

monitoring (Edwards et al., 2017).

In addition to pH controls, explicitly measuring exchange

complex ions, changes in cation exchange capacity, and

macro- and micronutrient pools can help identify ancillary EW

effects beyond CDR, allowing for monitoring of both beneficial

nutrients and potentially toxic trace metals (Ramos et al., 2022).

In agricultural systems, the added step of quantifying trace

metal or nutrient content of plant biomass may be relevant for

assessing bioavailability of rock-derived ions, whether beneficial

or detrimental, and may be quantified using acid digestion of

dried plant biomass coupled with ICP-AES, ICP-MS, or AAS for

elemental quantification (Ten Berge et al., 2012).

Many of the approaches applied to soil are relevant to

the aquatic component of these systems, including the soil

pore water, leachate or runoff, and downstream chemistry.

Water pH, pore water cations and anions (quantified via

ICP-AES, ICP-MS or atomic absorption spectroscopy (AAS),

among other methods), and C species or other solutes are key

metrics for tracing ion movement and export (Ten Berge et al.,

2012; Amann et al., 2020; Taylor et al., 2021). A number of

these measurements are highly time-sensitive (e.g., pH) and

may require particular attention during sample collection (e.g.,

acidification for metal analysis); however, their wide application

in water quality monitoring means standard collection protocols

are widely available. As in soils, isotopic tracers may also be used

to monitor weathering products in the aquatic component of

agronomic systems.

More broadly, the roles of microbial communities, plants,

and SOM in mediating mineral weathering are significant

(Drever, 1994; Balogh-Brunstad et al., 2008; Bonneville et al.,

2009; Taylor et al., 2012); examining these interactions in the

context of EW requires a broad suite of additional tools beyond

the scope of this paper, though understanding these linkages

is essential to completing assessments of EW potential (Cipolla

et al., 2021; Verbruggen et al., 2021; Vicca et al., 2022).

Soil health and crop outcomes

While CDR is often the main goal of EW studies, it

is important to evaluate the effects of EW on properties

that are important to land managers, such as soil and plant

health. Soil health can be defined as the capacity of soil

to function optimally within an ecosystem to sustain plants,

animals, and humans. Components of soil health that are

of interest to land managers due to their influence on plant

health include cation exchange capacity, nutrient availability,

and soil stability and infiltration. Soil available micro- and

macronutrients can contribute positively to crop production

and soil health. Cation exchange capacity and base saturation

(the percentage of cation exchange capacity occupied) can

determine nutrient stock potentials in soils. Silicate rocks

typically have tradeoffs related to weathering rate and risk of

heavy metal accumulation, with more readily weathered rocks

having higher risks. Because heavy metals may be hazardous,

potential heavy metal accumulation in soils and crops from

EW practices should be assessed. Soil water measurements of

interest to land managers include soil water holding capacity,

infiltration rates, compaction, evapotranspiration, and salinity,

among others (Corwin and Lesch, 2005; Garg et al., 2016;

Li et al., 2016). The ability of soils to hold more water can

reduce irrigation needs, while poor infiltration rates can lead

to flooding, compaction, and increased overland flow. Similarly,

increased nutrient contents or increased rates of leaching and

runoff can result in contamination of water resources (Daryanto

et al., 2017).

Crop yield (biomass) and quality (e.g., nutrient content,

forage quality, etc.) are also important factors that should be

measured during EW studies in croplands. Yield are most

typically measured in the agronomic sciences using industrial

methods such as mechanical harvesting instruments, but

hand harvest methods that allow for observation of specific

changes in biomass can also be useful (Shapiro et al., 1989;

Trout and DeJonge, 2017). For instance, if corn biomass

increases, but that increase is in stover, that may not be

as valuable to farmers as an increase in grain. With certain

crops, hand harvest may be necessary if mechanical methods

(for instance, hay baling) are not accurate enough or not

common (e.g., forage biomass estimates). Remote sensing

methods can be employed to estimate yield (e.g., relative crop

height using normalized difference vegetation index; NDVI)

and crop nutrients (e.g., using near infrared spectroscopy;

NIRS). Crop nutrient concentrations can also be determined

by subjecting dried, finely-ground plant samples to elemental

analysis [using methods such as inductively coupled plasma
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emissions spectrometry (ICP)]. Crop yield and crop quality

analysis may cover total plant biomass or may be divided into

relevant sections of the target crop. For example, corn harvests

may be divided into grain and stover yields for analysis.

In addition to measurements of GHG emissions to the

atmosphere, there are other atmospheric measurements that

are relevant to environmental health. For instance, ammonia

(NH3) and nitric oxide (NO) emissions are widely produced

from agriculture, which have repercussions for air quality,

N deposition, soil acidification, eutrophication of waterways,

and adverse effects on human health (Almaraz et al., 2018;

Domingo et al., 2021). Dust production from EW practices may

create a health hazard for farmworkers and/or nearby residents.

Furthermore, dust can have fertilization effects both near and

far (Prospero et al., 2020). The degree to which dust from EW

practices becomes a hazard will likely depend on grain size

and application methods (e.g., tillage, wet vs. dry applications,

storage, etc.). The current scarcity of EW field trials means that

our understanding of dust and other hazards remains poor and

requires more targeted inquiries.

Priority measurements for enhanced
weathering field studies in working lands

While further field testing of EW is required to adequately

develop best practices for monitoring CDR and other pertinent

processes, we provide a brief list of priority measurement

recommendations for those seeking to deploy EW field trials in

working lands.

The primary set of measurements to include EW field trials

will be those to monitor and scale CDR. Measurements of total

soil C using combustion methods are the most basic assay for

observing soil C sequestration, though it does not capture all

pools. Since C sequestration is typically a slow process, soil

sampling can occur annually and should include at least three

depths (e.g., 0–10, 10–30, and 30–50 cm) so that equivalent soil

mass can be used to scale these measurements, as this has been

shown to be superior to traditional scaling methods based on

bulk density (Von Haden et al., 2020). Deeper depths may be

sampled to capture where carbonates precipitate, however, if

the soil is predominately organic C, the inorganic C pool may

be negligible, precluding the need to sample deeper. EW can

produce both carbonates in soil and bicarbonate in soil pore

water, thus measurements of soil pore water alkalinity will be

critical to observing the CDR removal effect of an experiment.

Soil pore water can be monitored using lysimeters sampled daily

to weekly and analyzed using acidimetric titration. Lysimeter

measurements should be coupled with water balance estimates

to scale findings.

Secondary measurements to prioritize would be GHG

emissions and yields. GHGs can be measured in a variety of

ways but automated chambers are recommended as they can be

moved between treatment plots to capture spatially variability,

while simultaneously capturing the temporal variability that

is critical to understanding the flux of these heterogenous

emissions. The effects of EW on yield will be a crucial piece

of data for land managers considering this practice. Mechanical

yield is preferred from an agronomic perspective; however, hand

harvest methods coupled with elemental analysis may better

inform C cycling dynamics (i.e., C removed during harvest).

We outline an extensive list of possible measurements to

explore rates and mechanisms of CDR and other soil processes

that are relevant to EW’s influence on the soil environment,

however, the above represents a minimal set of analyses that

should provide insight with regards to EW’s effect on CDR. The

best techniques to quantify CDR from EW trials are not yet

known because we have few results from field studies across

limited soil, rock, and crop types. For instance, lysimetry might

pose issues in dry climates or rainfed agriculture where soil

pore water is less abundant, and the importance of SIC may

vary geographically based on the ratio of SOC:SIC, altering

methodological needs. Further field tests will help to build a

more robust set of field measurement best practices for EW trials

in agronomic settings.

Applied science considerations

As researchers continue to develop robust science generated

by EW field studies, the reach of this applied science work can be

made more effective by incorporating a variety of stakeholders

into the research process. There are numerous constituents who

will be vital to developing practices that scale in a responsible

and just manner. First, computational modelers can generate

emission scenarios regionally or globally using field data, life

cycle analyses, and process-based models. Second, sociologists

and economists can help to increase an understanding of

the barriers to adopting EW practices, assess costs associated

with such practices as they scale, and identify potential

environmental justice issues. Third, private industry can not

only help facilitate EW material sourcing and shipping but

have a vested interest in and experiential knowledge of market

dynamics as they related to EW. Furthermore, technological

industries can help to develop smartphone tools that increase

uptake, knowledge, and access to EW practices. Fourth, farmers

and ranchers will be vital collaborators in EW research

and development, providing land on which to deploy trials,

knowledge regarding field maintenance, and feedback/support

related to practitioner adoption. Fifth, environmental work

has a history of widening environmental injustices, thus is

important to consider and incorporate local agricultural and

indigenous communities into research projects from their onset;

working with non-profit organizations can be a fruitful entry

point into community engagement. Lastly, policy is critical for
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incentivizing climate solutions; thus, partnering with policy

advocates and government agencies can help translate science

into action. Environmental issues, such as climate change, are

highly complex in nature and thus require interdisciplinary

approaches to responsible and scalable solution development.

Conclusion

Geoscientists (e.g., geologists, biogeochemists, soil scientists,

etc.) are interested in the prospect of EW as a climate mitigation

opportunity. While many geoscientists have the unique skill

set to explore questions related to EW, few have experience

working in contexts where EW is most likely to be applied (e.g.,

agronomy, rangeland science, forest ecology, coastal ecology,

etc.). Geology and agronomy differ in their scientific approach

in many ways; thus, we provide a path for incorporating

robust geologic measurement techniques into agronomic field

trials. While collaborations with interdisciplinary researchers

and stakeholders can aid in research project facilitation, we seek

to provide a framework by which researchers who are interested

in the topic of EW in working lands can gain insight prior to

the onset of a new project. As a new and emerging field that

urgently requires more field testing across a variety of systems

before becoming a viable climate mitigation strategy, we aim

to shed light on the experimental design and methodological

considerations for geologists and agronomists when establishing

new EW field trials.

Author contributions

MA and NB formulated the concept and produced a first

draft of the manuscript. EG, HG, IH, and JS contributed sections

of text to the manuscript. MA, NB, IH, and EG created tables

and figures. BH was the primary investigator, MA was the

program manager, and NB was the postdoctoral scholar who

led all co-authors in the field research project that informed

this manuscript. BH helped formulate concepts on silicate rock

weathering methodology and provided general guidance and

feedback. MA led the writing and revision of the manuscript

with input from all co-authors. All authors contributed to the

article and approved the submitted version.

Acknowledgments

California’s Strategic Growth Council provided funding

to support the research. The Working Lands Innovation

Center, housed at UC Davis’ Institute of the Environment,

organized the research team. The Campbell Tract Agricultural

Research Station, Russell Ranch Sustainable Agriculture Facility,

Bowles Farming Inc., Due Farm, the Pauma Tribe, and the

Imperial Valley Desert and Sierra Foothills Research and

Extension Centers provided field assistance, equipment, and

facilities. Mallika Nocco, Kate Scow, Whendee Silver, Sat

Darshan Khalsa, Patty Oikawa, and Nicole Tautges provided

valuable input on methods development. Figures were created

using BioRender.com.

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be

found online at: https://www.frontiersin.org/articles/10.3389/

fclim.2022.970429/full#supplementary-material

References

Almaraz, M., Bai, E., Wang, C., Trousdell, J., Conley, S.,
Faloona, I., et al. (2018). Agriculture is a major source of NOx
pollution in California. Sci. Adv. 4:eaao3477. doi: 10.1126/sciadv.
aao3477

Amann, T., and Hartmann, J. (2022). Carbon accounting for
enhanced weathering. Front. Climate 54:e849948. doi: 10.3389/fclim.2022.
849948

Amann, T., Hartmann, J., Struyf, E., de Oliveira Garcia, W., Fischer, E.
K., Janssens, I., et al. (2020). Enhanced Weathering and related element

fluxes–a cropland mesocosm approach. Biogeosciences 17, 103–119.
doi: 10.5194/bg-17-103-2020

Amundson, R., Wang, Y., Chadwick, O., Trumbore, S., McFadden, L.,
McDonald, E., et al. (1994). Factors and processes governing the 14C
content of carbonate in desert soils. Earth Planet. Sci. Lett. 125, 385–405.
doi: 10.1016/0012-821X(94)90228-3

Arias-Ortiz, A., Oikawa, Y., Carlin, J., Masqu, é, Shahan, J., Kanneg, S.,
Paytan, A., et al. (2021). Tidal and nontidal marsh restoration: A trade-
off between carbon sequestration, methane emissions, and soil accretion.

Frontiers inClimate 15 frontiersin.org

https://doi.org/10.3389/fclim.2022.970429
https://BioRender.com
https://www.frontiersin.org/articles/10.3389/fclim.2022.970429/full#supplementary-material
https://doi.org/10.1126/sciadv.aao3477
https://doi.org/10.3389/fclim.2022.849948
https://doi.org/10.5194/bg-17-103-2020
https://doi.org/10.1016/0012-821X(94)90228-3
https://www.frontiersin.org/journals/climate
https://www.frontiersin.org


Almaraz et al. 10.3389/fclim.2022.970429

J. Geophys. Res. Biogeosci. 126:e2021JG006573. doi: 10.1029/2021JG0
06573

Asano, M., Wagai, R., Yamaguchi, N., Takeichi, Y., Maeda, M., Suga, H., et al.
(2018). In search of a binding agent: Nano-scale evidence of preferential carbon
associations with poorly-crystalline mineral phases in physically-stable, clay-sized
aggregates. Soil Syst. 2:32. doi: 10.3390/soilsystems2020032

Balogh-Brunstad, Z., Keller, C. K., Dickinson, J. T., Stevens, F., Li, C. Y., and
Bormann, B. T. (2008). Biotite weathering and nutrient uptake by ectomycorrhizal
fungus, Suillus tomentosus, in liquid-culture experiments. Geochim. Cosmochim.
Acta 72, 2601–2618. doi: 10.1016/j.gca.2008.04.003

Beerling, D. J., Kantzas, E., Lomas, M. R., Wade, Eufrasio, R. M., Renforth,
Sarkar, B., Andrews, M. G., et al. (2020). Potential for large-scale CO2
removal via enhanced rock weathering with croplands. Nature 583, 242–248.
doi: 10.1038/s41586-020-2448-9

Beerling, D. J., Leake, J. R., Long, S., Scholes, J. D., Ton, J., Nelson, N., et al.
(2018). Farming with crops and rocks to address global climate, food and soil
security. Nat. Plants 4, 138–147. doi: 10.1038/s41477-018-0108-y

Blanc-Betes, E., Kantola, I. B., Gomez-Casanovas, N., Hartman, M. D., Parton,
W. J., Lewis, A. L., et al. (2021). In silico assessment of the potential of basalt
amendments to reduce N2O emissions from bioenergy crops. GCB Bioenergy 13,
224–241. doi: 10.1111/gcbb.12757

Bonneville, S., Smits, M. M., Brown, A., Harrington, J., Leake, J. R., Brydson, R.,
et al. (2009). Plant-driven fungal weathering: Early stages of mineral alteration at
the nanometer scale. Geology 37, 615–618. doi: 10.1130/G25699A.1

Capo, R. C., Stewart, B. W., and Chadwick, O. A. (1998). Strontium isotopes
as tracers of ecosystem processes: theory and methods. Geoderma 82, 197–225.
doi: 10.1016/S0016-7061(97)00102-X

Cerling, T. E. (1984). The stable isotopic composition of modern soil
carbonate and its relationship to climate. Earth Planet. Sci. Lett. 71, 229–240.
doi: 10.1016/0012-821X(84)90089-X

Chaney, D. (2017). Common Research Designs for Farmers. Sustainable
Agriculture Research and Education. Available online at: https://www.sare.
org/publications/how-to-conduct-research-on-your-farm-or-ranch/basics-of-
experimental-design/common-research-designs-for-farmers/ (accessed October
28, 2022).

Cipolla, G., Calabrese, S., Noto, L. V., and Porporato, A. (2021). The
role of hydrology on enhanced weathering for carbon sequestration II. From
hydroclimatic scenarios to carbon-sequestration efficiencies. Adv. Water Resour.
154:103949. doi: 10.1016/j.advwatres.2021.103949

Corwin, D. L., and Lesch, S. M. (2005). Apparent soil electrical
conductivity measurements in agriculture. Comp. Electr. Agricult. 46, 11–43.
doi: 10.1016/j.compag.2004.10.005

Cotrufo, M. F., Ranalli, M. G., Haddix, M. L., Six, J., and Lugato, E. (2019). Soil
carbon storage informed by particulate andmineral-associated organicmatter.Nat.
Geosci. 12, 989–994. doi: 10.1038/s41561-019-0484-6

Crews, T. E., Kitayama, K., Fownes, J. H., Riley, R. H., Herbert, D. A., Mueller-
Dombois, D., et al. (1995). Changes in soil phosphorus fractions and ecosystem
dynamics across a long chronosequence in Hawaii. Ecology 76, 1407–1424.
doi: 10.2307/1938144

Daryanto, S., Wang, L., and Jacinthe, A. (2017). Impacts of no-tillage
management on nitrate loss from corn, soybean and wheat cultivation: A meta-
analysis. Sci. Rep. 7, 1–9. doi: 10.1038/s41598-017-12383-7

Del Galdo, I., Six, J., Peressotti, A., and Francesca Cotrufo, M. (2003). Assessing
the impact of land-use change on soil C sequestration in agricultural soils by
means of organic matter fractionation and stable C isotopes. Glob. Chang. Biol.
9, 1204–1213. doi: 10.1046/j.1365-2486.2003.00657.x

Dietrich, W. E., and Lohse, K. (2014). Common Questions of the US NSF–
Supported Critical Zone Observatories. Available online at: https://czo-archive.
criticalzone.org/national/publications/pub/dietrich-lohse-2014-common-
questions-of-the-us-nsfsupported-critical-zone-o/ (accessed October 28, 2022).

Domingo, N. G., Balasubramanian, S., Thakrar, S. K., Clark, M. A., Adams, J.,
Marshall, J. D., et al. (2021). Air quality–related health damages of food. Proc. Nat.
Acad. Sci. U.S.A. 118:e37118. doi: 10.1073/pnas.2013637118

Drever, J. I. (1994). The effect of land plants on weathering
rates of silicate minerals. Geochim. Cosmochim. Acta 58, 2325–2332.
doi: 10.1016/0016-7037(94)90013-2

Dudhaiya, A., Haque, F., Fantucci, H., and Santos, R. M. (2019). Characterization
of physically fractionated wollastonite-amended agricultural soils. Minerals 9:635.
doi: 10.3390/min9100635

Dupré, B., Dessert, C., Goddéris, Y., Viers, J., François, L., Millot, R., et al. (2003).
Rivers, chemical weathering and Earth’s climate. Comptes Rendus Geoscience 335,
1141–1160. doi: 10.1016/j.crte.2003.09.015

Edwards, D., Lim, F., James, R. H., Pearce, C. R., Scholes, J., Freckleton,
R., et al. (2017). Climate change mitigation: potential benefits and pitfalls
of enhanced rock weathering in tropical agriculture. Biol. Lett. 13:20160715.
doi: 10.1098/rsbl.2016.0715

Filippi, Cattle, S. R., Pringle, M. J., and Bishop, T. F. (2020). A two-stepmodelling
approach to map the occurrence and quantity of soil inorganic carbon. Geoderma
371:114382. doi: 10.1016/j.geoderma.2020.114382

Food and Agriculture Organization of the United Nations (2020). Land Use
in Agriculture by the Numbers. Sustainable Food and Agriculture. Available
online at: https://www.fao.org/sustainability/news/detail/en/c/1274219/ (accessed
October 28, 2022).

Gaillardet, J., Dupré, B., Louvat, and Allegre, C. J. (1999). Global silicate
weathering andCO2 consumption rates deduced from the chemistry of large rivers.
Chem. Geol. 159, 3–30. doi: 10.1016/S0009-2541(99)00031-5

Garg, A., Munoth, and Goyal, R. (2016). “Application of soil moisture sensor in
agriculture,” in: Proceedings of Internation Conference on Hydraulic Pune.

Goldich, S. S. (1938). A study in rock-weathering. J. Geol. 46, 17–58.
doi: 10.1086/624619

Goll, D. S., Amann, T., Buermann, W., Chang, J., Eker, S., Hartmann, J., et al.
(2021). Potential CO2 removal from enhanced weathering by ecosystem responses
to powdered rock. Nat. Geosci. 14, 545–549. doi: 10.1038/s41561-021-00798-x

Gough, C. M., Vogel, C. S., Schmid, H., Su, H. B., and Curtis, S. (2008).
Multi-year convergence of biometric and meteorological estimates of forest carbon
storage. Agri. Forest Meteorol. 148, 158–170. doi: 10.1016/j.agrformet.2007.08.004

Haque, F., Santos, R. M., and Chiang, Y. W. (2019a). Using nondestructive
techniques in mineral carbonation for understanding reaction fundamentals.
Powder Technol. 357, 134–148. doi: 10.1016/j.powtec.2019.08.089

Haque, F., Santos, R. M., and Chiang, Y. W. (2020). CO2 sequestration by
wollastonite-amended agricultural soils–An Ontario field study. Int. J. Greenhouse
Gas Control 97:103017. doi: 10.1016/j.ijggc.2020.103017

Haque, F., Santos, R. M., Dutta, A., Thimmanagari, M., and Chiang, Y.
W. (2019b). Co-benefits of wollastonite weathering in agriculture: CO2

sequestration and promoted plant growth. ACS Omega 4, 1425–1433.
doi: 10.1021/acsomega.8b02477

Ibarra, D. E., Caves, J. K., Moon, S., Thomas, D. L., Hartmann, J., Chamberlain,
C., et al. (2016). Differential weathering of basaltic and granitic catchments from
concentration–discharge relationships. Geochim. Cosmochim. Acta 190, 265–293.
doi: 10.1016/j.gca.2016.07.006

Isson, T. T., Planavsky, N. J., Coogan, L. A., Stewart, E. M., Ague, J. J., Bolton,
E. W., et al. (2020). Evolution of the global carbon cycle and climate regulation on
earth. Global Biogeochem. Cycles 34:e2018GB006061. doi: 10.1029/2018GB006061

Janssens, I. A., Roobroeck, D., Sardans, J., Obersteiner, M., Penuelas, J., Richter,
A., et al. (2022). Negative erosion and negative emissions: land-based carbon
dioxide removal and enhanced food production by rebuilding fertile topsoils.
Front. Climate 169:e928403. doi: 10.3389/fclim.2022.928403

Jongmans, A. G., Van Breemen, N., Lundstrom, U. S., van Hees, A. W., Finlay, R.
D., et al. (1997). Rock-eating fungi. Nature 289, 682–683. doi: 10.1038/39493

Kantzas, E., Val Martin, M., Lomas, M. R., Eufrasio, R. M., Renforth, Lewis,
A. L., Taylor, L. L., et al. (2022). Substantial carbon drawdown potential from
enhanced rock weathering in the United Kingdom. Nat. Geosci. 15, 382–389.
doi: 10.1038/s41561-022-00925-2

Kelland, M. E., Wade, W., Lewis, A. L., Taylor, L. L., Sarkar, B., Andrews, M. G.,
et al. (2020). Increased yield and CO2 sequestration potential with the C4 cereal
Sorghum bicolor cultivated in basaltic rock dust-amended agricultural soil. Glob.
Chang. Biol. 26, 3658–3676. doi: 10.1111/gcb.15089

Kemp, S. J., Lewis, A. L., and Rushton, J. C. (2022). Detection and
quantification of low levels of carbonate mineral species using thermogravimetric-
mass spectrometry to validate CO2 drawdown via enhanced rock
weathering. Appl. Geochem. 146:105465. doi: 10.1016/j.apgeochem.2022.
105465

Kleber, M., Bourg, I. C., Coward, E. K., Hansel, C. M., Myneni, S. C., and Nunan,
N. (2021). Dynamic interactions at the mineral–organic matter interface. Nat. Rev.
Earth Environ. 2, 402–421. doi: 10.1038/s43017-021-00162-y

Köhler, P., Hartmann, J., and Wolf-Gladrow, D. A. (2010). Geoengineering
potential of artificially enhanced silicate weathering of olivine. Proc. Nat. Acad. Sci.
107, 20228–20233. doi: 10.1073/pnas.100054510

Krevor, S. C., Graves, C. R., Van Gosen, B. S., and McCafferty, A. (2009).
Mapping the mineral resource base for mineral carbon-dioxide sequestration in
the conterminous United States. US Geolog. Surv. 2009:14. doi: 10.3133/ds414

Larkin, C. S., Andrews, G., Pearce, C. R., Yeong, K. L., Beerling, D., Bellamy, J.,
et al. (2022). Quantification of CO2 removal in a large-scale enhanced weathering

Frontiers inClimate 16 frontiersin.org

https://doi.org/10.3389/fclim.2022.970429
https://doi.org/10.1029/2021JG006573
https://doi.org/10.3390/soilsystems2020032
https://doi.org/10.1016/j.gca.2008.04.003
https://doi.org/10.1038/s41586-020-2448-9
https://doi.org/10.1038/s41477-018-0108-y
https://doi.org/10.1111/gcbb.12757
https://doi.org/10.1130/G25699A.1
https://doi.org/10.1016/S0016-7061(97)00102-X
https://doi.org/10.1016/0012-821X(84)90089-X
https://www.sare.org/publications/how-to-conduct-research-on-your-farm-or-ranch/basics-of-experimental-design/common-research-designs-for-farmers/
https://www.sare.org/publications/how-to-conduct-research-on-your-farm-or-ranch/basics-of-experimental-design/common-research-designs-for-farmers/
https://www.sare.org/publications/how-to-conduct-research-on-your-farm-or-ranch/basics-of-experimental-design/common-research-designs-for-farmers/
https://doi.org/10.1016/j.advwatres.2021.103949
https://doi.org/10.1016/j.compag.2004.10.005
https://doi.org/10.1038/s41561-019-0484-6
https://doi.org/10.2307/1938144
https://doi.org/10.1038/s41598-017-12383-7
https://doi.org/10.1046/j.1365-2486.2003.00657.x
https://czo-archive.criticalzone.org/national/publications/pub/dietrich-lohse-2014-common-questions-of-the-us-nsfsupported-critical-zone-o/
https://czo-archive.criticalzone.org/national/publications/pub/dietrich-lohse-2014-common-questions-of-the-us-nsfsupported-critical-zone-o/
https://czo-archive.criticalzone.org/national/publications/pub/dietrich-lohse-2014-common-questions-of-the-us-nsfsupported-critical-zone-o/
https://doi.org/10.1073/pnas.2013637118
https://doi.org/10.1016/0016-7037(94)90013-2
https://doi.org/10.3390/min9100635
https://doi.org/10.1016/j.crte.2003.09.015
https://doi.org/10.1098/rsbl.2016.0715
https://doi.org/10.1016/j.geoderma.2020.114382
https://www.fao.org/sustainability/news/detail/en/c/1274219/
https://doi.org/10.1016/S0009-2541(99)00031-5
https://doi.org/10.1086/624619
https://doi.org/10.1038/s41561-021-00798-x
https://doi.org/10.1016/j.agrformet.2007.08.004
https://doi.org/10.1016/j.powtec.2019.08.089
https://doi.org/10.1016/j.ijggc.2020.103017
https://doi.org/10.1021/acsomega.8b02477
https://doi.org/10.1016/j.gca.2016.07.006
https://doi.org/10.1029/2018GB006061
https://doi.org/10.3389/fclim.2022.928403
https://doi.org/10.1038/39493
https://doi.org/10.1038/s41561-022-00925-2
https://doi.org/10.1111/gcb.15089
https://doi.org/10.1016/j.apgeochem.2022.105465
https://doi.org/10.1038/s43017-021-00162-y
https://doi.org/10.1073/pnas.100054510
https://doi.org/10.3133/ds414
https://www.frontiersin.org/journals/climate
https://www.frontiersin.org


Almaraz et al. 10.3389/fclim.2022.970429

field trial on an oil palm plantation in Sabah, Malaysia. Front. Climate 161:e959229.
doi: 10.3389/fclim.2022.959229

Lavallee, J. M., Soong, J. L., and Cotrufo, M. F. (2020). Conceptualizing soil
organic matter into particulate and mineral-associated forms to address global
change in the 21st century. Glob. Chang. Biol. 26, 261–273. doi: 10.1111/gcb.14859

Lewis, A. L., Sarkar, B., Kemp, S. J., Hodson, M. E., Taylor, L. L., Yeong, K. L.,
et al. (2021). Effects of mineralogy, chemistry and physical properties of basalts
on carbon capture potential and plant-nutrient element release via enhanced
weathering. Appl. Geochem. 2021:105023. doi: 10.1016/j.apgeochem.2021.105023

Li, S., Wang, X., Wang, S., Zhang, Y., Wang, S., and Shangguan, Z. (2016).
Effects of application patterns and amount of biochar on water infiltration and
evaporation. Transact. Chin. Soc. Agri. Eng. 32, 135–144.

Lin, Y., Prentice, I. I. I., Tran, T., Bingham, N. L., and King, J. Y. (2016). Modeling
deep soil properties on California grassland hillslopes using LiDAR digital
elevation models. Geoderma Region. 7, 67–75. doi: 10.1016/j.geodrs.2016.01.005

Maher, K., and Chamberlain, C. (2014). Hydrologic regulation of
chemical weathering and the geologic carbon cycle. Science 343, 1502–1504.
doi: 10.1126/science.1250770

Martin, C., Aquilina, L., Gascuel-Odoux, C., Molénat, J., Faucheux, M., and Ruiz,
L. (2004). Seasonal and interannual variations of nitrate and chloride in stream
waters related to spatial and temporal patterns of groundwater concentrations
in agricultural catchments. Hydrol. Process. 18, 1237–1254. doi: 10.1002/
hy1395

Meysman, F. J., and Montserrat, F. (2017). Negative CO2 emissions via
enhanced silicate weathering in coastal environments. Biol. Lett. 13:20160905.
doi: 10.1098/rsbl.2016.0905

Mitchell, M. J., Jensen, O. E., Cliffe, K. A., and Maroto-Valer, M. M. (2010).
A model of carbon dioxide dissolution and mineral carbonation kinetics. Proc.
R. Soc. A: Mathematical Phys. Eng. Sci. 466, 1265–1290. doi: 10.1098/rspa.20
09.0349

Nelson, D. A., and Sommers, L. (1983). Total carbon, organic
carbon, and organic matter. Methods Soil Analy. 9, 539–579.
doi: 10.2134/agronmonogr9.2.2ed.c29

Nieva, N. E., Bia, G., Garcia, M. G., and Borgnino, L. (2019). Synchrotron XAS
study on the As transformations during the weathering of sulfide-rich mine wastes.
Sci. Total Environ. 669, 798–811. doi: 10.1016/j.scitotenv.2019.03.160

Novick, K. A., Metzger, S., Anderegg, W. R., Barnes, M., Cala, D. S., Guan, K.,
et al. (2022). Informing nature-based climate solutions for the United States with
the best-available science.Glob. Chang. Biol. 28, 3778–3794. doi: 10.1111/gcb.16156

Olin Neal, C. (2001). Alkalinity measurements within natural waters:
towards a standardized approach. Sci. Total Environ. 265, 99–113.
doi: 10.1016/S0048-9697(00)00652-5

Pallasser, R., Minasny, B., and McBratney, A. B. (2013). Soil carbon
determination by thermogravimetrics. PeerJ 1:e6. doi: 10.7717/peerj.6

Pickett, S. T. (1989). “Space-for-time substitution as an alternative to long-term
studies,” in: Long-Term Studies in Ecology (New York, NY: Springer).

Presley, B. J. (1975). A simple method for determining calcium carbonate in
sediment samples. J. Sedimentary Res. 45:3.

Prospero, J. M., Barkley, A. E., Gaston, C. J., Gatineau, A., Campos y Sansano,
A., and Panechou, K. (2020). Characterizing and quantifying African dust
transport and deposition to South America: Implications for the phosphorus
budget in the Amazon Basin. Global Biogeochem. Cycles 34:e2020GB006536.
doi: 10.1029/2020GB006536

Ramos, C. G., Hower, J. C., Blanco, E., Oliveira, M. L. S., and Theodoro,
S. H. (2022). Possibilities of using silicate rock powder: An overview. Geosci.
Front. 13:101185. doi: 10.1016/j.gsf.2021.101185

Rayment, G. E., and Lyons, D. J. (2011). Soil Chemical Methods: Australasia.
CSIRO publishing.

Richter, D. D., andMobley, M. L. (2009). Monitoring Earth’s critical zone. Science
326, 1067–1068. doi: 10.1126/science.1179117

Rinder, T., and von Hagke, C. (2021). The influence of particle size
on the potential of enhanced basalt weathering for carbon dioxide
removal-Insights from a regional assessment. J. Clean. Prod. 315, 128178.
doi: 10.1016/j.jclepro.2021.128178

Sanderman, J., Hengl, T., and Fiske, G. J. (2017). Soil carbon debt of
12,000 years of human land use. Proc. Nat. Acad. Sci. U.S.A. 114, 9575–9580.
doi: 10.1073/pnas.1706103114

Saville, D. J. (1980). Replication of field trials in space and time. Proc. Agronomy
Soc. NZ 10, 97–99.

Schlesinger, W. H. (2022). Biogeochemical constraints on climate change
mitigation through regenerative farming. Biogeochemistry 2022, 1−9.
doi: 10.1007/s10533-022-00942-8

Schuiling, R. D., and Krijgsman (2006). Enhanced weathering: an
effective and cheap tool to sequester CO2. Clim. Change 74, 349–354.
doi: 10.1007/s10584-005-3485-y

Shapiro, C. A., Kranz,W. L., and Parkhurst, A. M. (1989). Comparison of harvest
techniques for corn field demonstrations. Am. J. Alternat. Agri. 4, 59–64.

Sherrod, L. A., Dunn, G., Peterson, G. A., and Kolberg, R. L. (2002). Inorganic
carbon analysis by modified pressure-calcimeter method. Soil Sci. Am. J. 66,
299–305. doi: 10.2136/sssaj2002.2990

Sigfusson, B., Paton, G. I., and Gislason, S. R. (2006). The impact of sampling
techniques on soil pore water carbonmeasurements of an Icelandic Histic Andosol.
Sci. Total Environ. 369, 203–219. doi: 10.1016/j.scitotenv.2006.01.012

Silva, F. M., Silva, S. H. G., Acuña-Guzman, S. F., Silva, E. A., Ribeiro, B.
T., Fruett, T., et al. (2021). Chemical and mineralogical changes in the textural
fractions of quartzite-derived tropical soils, along weathering, assessed by portable
X-ray fluorescence spectrometry and X-ray diffraction. J. South Am. Earth Sci. 112,
103634. doi: 10.1016/j.jsames.2021.103634

Smith, P., Lanigan, G., Kutsch, W. L., Buchmann, N., Eugster, W.,
Aubinet, M., et al. (2010). Measurements necessary for assessing the net
ecosystem carbon budget of croplands. Agric. Ecosyst. Environ. 139, 302–315.
doi: 10.1016/j.agee.2010.04.004

Smith, P., Soussana, J. F., Angers, D., Schipper, L., Chenu, C., Rasse, D., et al.
(2020). How to measure, report and verify soil carbon change to realize the
potential of soil carbon sequestration for atmospheric greenhouse gas removal.
Glob. Chang. Biol. 26, 219–241. doi: 10.1111/gcb.14815

Smith, W. N., Grant, B., Desjardins, R. L., Lemke, R., and Li, C. (2004). Estimates
of the interannual variations of N2O emissions from agricultural soils in Canada.
Nutr. Cycl. Agroecosyst. 68, 37–45. doi: 10.1023/B:FRES.0000012230.40684.c2

Strefler, J., Amann, T., Bauer, N., Kriegler, E., and Hartmann, J. (2018). Potential
and costs of carbon dioxide removal by enhanced weathering of rocks. Environ.
Res. Lett. 13:034010. doi: 10.1088/1748-9326/aaa9c4

Tautges, N. E., Chiartas, J. L., Gaudin, A. C., O’Geen, A. T., Herrera, I., and Scow,
K. M. (2019). Deep soil inventories reveal that impacts of cover crops and compost
on soil carbon sequestration differ in surface and subsurface soils. Glob. Chang.
Biol. 25, 3753–3766. doi: 10.1111/gcb.14762

Taylor, L. L., Banwart, S. A., Valdes, J., Leake, J. R., and Beerling, D. J. (2012).
Evaluating the effects of terrestrial ecosystems, climate and carbon dioxide on
weathering over geological time: a global-scale process-based approach. Philosoph.
Transact. R. Soc. B: Biol. Sci. 367, 565–582. doi: 10.1098/rstb.2011.0251

Taylor, L. L., Beerling, D. J., Quegan, S., and Banwart, S. A. (2017).
Simulating carbon capture by enhanced weathering with croplands: an overview
of key processes highlighting areas of future model development. Biol. Lett.
13:20160868. doi: 10.1098/rsbl.2016.0868

Taylor, L. L., Driscoll, C. T., Groffman, M., Rau, G. H., Blum, J. D.,
and Beerling, D. J. (2021). Increased carbon capture by a silicate-treated
forested watershed affected by acid deposition. Biogeosciences 18, 169–188.
doi: 10.5194/bg-18-169-2021

Ten Berge, H. F., Van der Meer, H. G., Steenhuizen, J. W., Goedhart, W.,
Knops, and Verhagen, J. (2012). Olivine Weathering in Soil, and Its Effects on
Growth and Nutrient Uptake in Ryegrass (Lolium perenne L.): A Pot Experiment.
doi: 10.1371/journal.pone.0042098

Trout, T. J., and DeJonge, K. C. (2017). Water productivity of maize in the US
high plains. Irrigat. Sci. 35, 251–266. doi: 10.1007/s00271-017-0540-1

Vandenbruwane, J., De Neve, S., De Schrijver, A., Geudens, G., Verheyen, K.,
and Hofman, G. (2008). Comparison of ceramic and polytetrafluoroethene/quartz
suction cups for sampling inorganic ions in soil solution. Commun. Soil Sci. Plant
Anal. 39, 1105–1121. doi: 10.1080/00103620801925661

Verbruggen, E., Struyf, E., and Vicca, S. (2021). Can arbuscular mycorrhizal
fungi speed up carbon sequestration by enhanced weathering? Plants People Planet
3, 445–453. doi: 10.1002/ppp3.10179

Vicca, S., Goll, D. S., Hagens, M., Hartmann, J., Janssens, I. A., Neubeck,
A., et al. (2022). Is the climate change mitigation effect of enhanced silicate
weathering governed by biological processes? Glob. Chang. Biol. 28, 711–726.
doi: 10.1111/gcb.15993

Vienne, A., Poblador, S., Portillo-Estrada, M., Hartmann, J., Ijiehon, S., Wade,
and Vicca, S. (2022). Enhanced weathering using basalt rock powder: carbon
sequestration, co-benefits and risks in a mesocosm study with solanum tuberosum.
Front. Climate 72. doi: 10.3389/fclim.2022.869456

Frontiers inClimate 17 frontiersin.org

https://doi.org/10.3389/fclim.2022.970429
https://doi.org/10.3389/fclim.2022.959229
https://doi.org/10.1111/gcb.14859
https://doi.org/10.1016/j.apgeochem.2021.105023
https://doi.org/10.1016/j.geodrs.2016.01.005
https://doi.org/10.1126/science.1250770
https://doi.org/10.1002/hy1395
https://doi.org/10.1098/rsbl.2016.0905
https://doi.org/10.1098/rspa.2009.0349
https://doi.org/10.2134/agronmonogr9.2.2ed.c29
https://doi.org/10.1016/j.scitotenv.2019.03.160
https://doi.org/10.1111/gcb.16156
https://doi.org/10.1016/S0048-9697(00)00652-5
https://doi.org/10.7717/peerj.6
https://doi.org/10.1029/2020GB006536
https://doi.org/10.1016/j.gsf.2021.101185
https://doi.org/10.1126/science.1179117
https://doi.org/10.1016/j.jclepro.2021.128178
https://doi.org/10.1073/pnas.1706103114
https://doi.org/10.1007/s10533-022-00942-8
https://doi.org/10.1007/s10584-005-3485-y
https://doi.org/10.2136/sssaj2002.2990
https://doi.org/10.1016/j.scitotenv.2006.01.012
https://doi.org/10.1016/j.jsames.2021.103634
https://doi.org/10.1016/j.agee.2010.04.004
https://doi.org/10.1111/gcb.14815
https://doi.org/10.1023/B:FRES.0000012230.40684.c2
https://doi.org/10.1088/1748-9326/aaa9c4
https://doi.org/10.1111/gcb.14762
https://doi.org/10.1098/rstb.2011.0251
https://doi.org/10.1098/rsbl.2016.0868
https://doi.org/10.5194/bg-18-169-2021
https://doi.org/10.1371/journal.pone.0042098
https://doi.org/10.1007/s00271-017-0540-1
https://doi.org/10.1080/00103620801925661
https://doi.org/10.1002/ppp3.10179
https://doi.org/10.1111/gcb.15993
https://doi.org/10.3389/fclim.2022.869456
https://www.frontiersin.org/journals/climate
https://www.frontiersin.org


Almaraz et al. 10.3389/fclim.2022.970429

Vitousek (2004). Nutrient Cycling and Limitation: Hawai’i as a Model System.
Princeton: Princeton University Press.

Von Haden, A. C., Yang, W. H., and DeLucia, E. H. (2020). Soils’ dirty little
secret: Depth-based comparisons can be inadequate for quantifying changes in soil
organic carbon and other mineral soil properties.Glob. Chang. Biol. 26, 3759–3770.
doi: 10.1111/gcb.15124

Wang, X., Jelinski, N. A., Toner, B., and Yoo, K. (2019). Long-term
agricultural management and erosion change soil organic matter chemistry
and association with minerals. Sci. Total Environ. 648, 1500–1510.
doi: 10.1016/j.scitotenv.2018.08.110

Wang, X., Wang, J., and Zhang, J. (2012). Comparisons of three
methods for organic and inorganic carbon in calcareous soils of
Northwestern China. PLoS ONE 7, e44334. doi: 10.1371/journal.pone.004
4334

Weihermüller, L., Siemens, J., Deurer, M., Knoblauch, S., Rupp, H., Göttlein,
A., et al. (2007). In situ soil water extraction: A review. J. Environ. Qual.
36, 1735–1748. doi: 10.2134/jeq2007.0218

Whitehead, D., Baisden, T., Beare, M., Campbell, D., Curtin, D., Davis, M., et
al. (2012). Review of Soil Carbon Measurement Methodologies and Technologies,
Including Nature and Intensity of Sampling, Their Uncertainties and Costs. Ministry
for Primary Industries, Technical Paper by Landcare Research No. 2012/36.

Wilhelm, R. C., Lynch, L., Webster, T. M., Schweizer, S., Inagaki, T. M., Tfaily, M.
M., et al. (2022). Susceptibility of new soil organic carbon to mineralization during
dry-wet cycling in soils from contrasting ends of a precipitation gradient. Soil Biol.
Biochem. 169:108681. doi: 10.1016/j.soilbio.2022.108681

Yadav, S. K., and Chakrapani, G. J. (2006). Dissolution kinetics of rock–water
interactions and its implications. Curr. Sci. 932–937.

Zaharescu, D. G., Burghelea, C. I., Dontsova, K., Reinhard, C. T.,
Chorover, J., and Lybrand, R. (2020). Biological weathering in the terrestrial
system: an evolutionary perspective. Biogeochem. Cycles 2020, 1–32.
doi: 10.1002/9781119413332.ch1

Zamanian, K., Pustovoytov, K., and Kuzyakov, Y. (2016). Pedogenic
carbonates: Forms and formation processes. Earth-Sci. Rev. 157, 1–17.
doi: 10.1016/j.earscirev.2016.03.003

Frontiers inClimate 18 frontiersin.org

https://doi.org/10.3389/fclim.2022.970429
https://doi.org/10.1111/gcb.15124
https://doi.org/10.1016/j.scitotenv.2018.08.110
https://doi.org/10.1371/journal.pone.0044334
https://doi.org/10.2134/jeq2007.0218
https://doi.org/10.1016/j.soilbio.2022.108681
https://doi.org/10.1002/9781119413332.ch1
https://doi.org/10.1016/j.earscirev.2016.03.003
https://www.frontiersin.org/journals/climate
https://www.frontiersin.org

	Methods for determining the CO2 removal capacity of enhanced weathering in agronomic settings
	Introduction
	Literature survey of enhanced weathering study methodology and context
	Recommendations from geology and agronomy for experimental evaluation of enhanced weathering in working lands
	Methodological considerations for determining enhanced weathering efficacy
	Carbon dioxide removal
	Influences on weathering kinetics
	Tracing weathering products
	Soil health and crop outcomes
	Priority measurements for enhanced weathering field studies in working lands

	Applied science considerations
	Conclusion
	Author contributions
	Acknowledgments
	Conflict of interest
	Publisher's note
	Supplementary material
	References


