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1 Scope and Purpose of this Document

1.1 Document Scope
This document represents an assessment of the science and practice of carbon dioxide removal CDR
quantification for enhanced rock weathering ERW deployments, undertaken through a multi-stakeholder
process from October 2023 through August 2024. The focus of the assessment is scoped to ERW practices
that involve the spreading of alkaline feedstocks (e.g., silicates, carbonates, or other alkaline materials) on
agricultural soils. It excludes ERW conducted in other terrestrial ecosystems (e.g., forests or non-managed
soils), and excludes CDR practices that add alkalinity directly to surface water or ocean systems.

At this stage of the ERW field, agricultural soil systems are more operationally accessible for
practitioners—routine monitoring and infrastructure for transporting, spreading, and incorporation of
feedstock materials to a large extent already exist. In addition, the quantification considerations for managed
agricultural systems and other terrestrial ecosystems are different in noticeable ways (e.g., forests have
deeper root networks than agricultural soils, and non-managed ecosystems can be more exposed to fire and
mass wasting events in ways that managed agricultural systems are not).

The primary focus of this document is the quantification of additional CDR generated by ERW deployments,
articulating in detail the relevant biogeochemical fluxes that can impact the net carbon balance, including the
current state of scientific understanding and considerations for constraining the impact of relevant fluxes in
practice. In select sections, the document also provides high-level guidance on safety considerations for
early-stage deployments (e.g., Section 6 on feedstock characterization), but does not attempt to generate
comprehensive guidelines. More detailed considerations of ecological and human health safety, along with
best practices for community engagement and equity concerns, are critical for ERW as a pathway, but are
outside the scope of this current work.

In addition, this document is focused on project-level quantification, in which CDR is quantified for a single
deployment, at field-scale, attributing CO2 removal to individual feedstock spreading events. A detailed
exploration of what jurisdiction- or landscape-level quantification could entail is left for future work Khan,
2024.

6



The scope covered by each section of the document is as follows:

● Section 2
Establishes an overarching framework for
netCDR quantification, including the
consideration of two independent
conformance zones—the Near-Field Zone
NFZ and the Far-Field Zone FFZand the
fluxes/components of the term balance that
should be considered within each zone.

● Section 3
Provides high-level guidance on site
characterization to inform project design
and interpretation of monitoring results.

● Section 4
Provides guidance and considerations for
determining the spatial extent of the NFZ in
a site-specific manner.

● Section 5
Establishes a term balance for overall
netCDR and calculating the carbon balance
in the NFZ, FFZ, and for project life cycle
emissions, and provides guidance on
defining and quantifying counterfactual
baseline CDR, navigating the complexities
of time accounting for ERW projects, and
uncertainty quantification.

● Sections 6 and 7
Provide additional guidance on feedstock
characterization, sampling design, and
considerations for taking solid, aqueous,
and gas-phase measurements as part of
netCDR quantification.

● Sections 8 and 9
Provide a detailed consideration of each of
the fluxes/components of the term balance
in the NFZ and FFZ. Context on the
underlying science and state of
understanding is combined with
considerations and recommendations for
capturing that flux in project-level
quantification for early-stage deployments.
For many components of the term balance,
priority areas for further research and
development are flagged and discussed.

● Section 10
Covers high-level recommendations for
quantifying life cycle emissions for ERW
projects.
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1.2 Document Use
This document represents an assessment of the state of ERW quantification at a specific moment in time,
in the relatively early stages of the development of ERW as a CDR pathway. We do not intend for this to be
a static assessment with fixed recommendations; instead, we intend to regularly publish follow-on case
studies, analyses, assessment reports, and updates that reflect progress in the fundamental science
underpinning CDR quantification for ERW deployments, improvements in measurement and modeling
methods, and learnings from ongoing field trials and early-stage commercial deployments.

Please note that this document is not intended as an articulation of generalizable standard requirements
for quantifying netCDR of ERW deployments. It is the Cascade teamʼs assessment that the ERW pathway is
in a pre-standardization phase, where more real-world deployments are needed before coalescing around
a fixed set of requirements governing deployment practices. The key rationale for this assessment is that
the heterogeneity of deployment environments calls for quantification approaches that are tailored to the
site-specific context of a given deployment, and at this stage of the pathway, transparently reporting site
characterizations, measurement approaches, and quantification outcomes is likely to drive higher impact
than coalescing around a single approach. Additional data from deployments across a range of
environments and agronomic settings are required before we can more reliably characterize the optimal
implementation of quantification in different deployment settings. It is our view that putting out a standard
could create premature lock-in around an overly narrow set of measurement approaches. At this stage, we
believe it is better for practitioners to preserve diversity and flexibility in approaches taken across different
cropping systems, soil systems, topography, and operational constraints to maximize learning.

In short, we donʼt intend for this document to be used as a standard or as “generalized rulesˮ for netCDR
quantification in crediting activities. Instead, we intend for this document to be a foundation and ‘jumping
off pointʼ for the ERW community to systematically discover what approaches work in what situations,
which will lay the groundwork for robust, site-specific quantification of carbon removal outcomes across
deployment contexts over time.

We invite all ERW stakeholders to use this document–in particular:

● Project developers and credit issuers can
integrate the scientific context,
considerations, and recommendations
outlined in this document into new and
refined methodologies, protocols and
project design documents for ERW
deployments.

● Carbon removal buyers can build the
considerations and recommendations
provided into measurement, reporting, and
verification MRV due-diligence
requirements and contractual expectations
for project developersʼ quantification
approaches.

● Policymakers can use this document to
gain a more nuanced understanding of the
R&D priorities and open system-level
questions in ERW quantification, which can
then inform the design of targeted public
funding and innovation support programs.

● The broader research community can use
the multi-stakeholder assessment and key
R&D priorities highlighted in the document
to inform CDR quantification for field,
mesocosm, and laboratory experiments, as
well as inspire near-term research efforts.

All stakeholders are enthusiastically encouraged to provide feedback on, and contribute data and insights
to, the improvement of this document and Cascadeʼs follow-on work on ERW quantification.
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1.3 Process Architecture and Acknowledgements
This document is the primary output of a multi-stakeholder community process undertaken from October
2023 through August 2024. The process spanned 14 technical Working Group discussions and 19
collaborative Working Group-industry targeted problem solving sessions. Iterative periods of drafting,
reading, and constructive feedback were interlaced throughout the process.

The initial detailed assessment of the science and practice of CDR quantification for ERW deployments
was developed through facilitated discussions of five technical Working Groups. The focus areas of each
Working Group were designed to (as much as possible) comprehensively address the core components of
CDR quantification and target known challenges and open questions. Each Working Group met for three,
2-hour sessions from November 2023January 2024. Following each session, a synthesis of discussions
from the session was circulated to all process participants for feedback; this feedback was presented to
Working Group members during the next session, and is publicly available as an appendix to this
document.

In constructing the technical Working Groups, all participants confirmed in writing that they do not own
any equity stake in a for-profit company working in ERW, do not have any revenue-linked compensation
agreement with any for-profit company working in ERW, do not work for a carbon removal buyer nor are
involved in ERW purchasing decisions of any kind, and are not full-time employees of ERW suppliers,
credit issuers, or MRV services providers.

Working Group 1
Focused on methods for measuring initial feedstock dissolution and alkalinity dynamics in the soil column,
with a particular focus on sampling design and uncertainty characterization. The Working Group was
composed of Thorben Amann, Antonio Carlos de Azevedo, Jelle Bilma, James Campbell, Rachael James,
Mike Kelland, Frank McDermott, Isabel Montañez, Ian Power, Tom Reershemius, Radomir Schmidt, Jesper
Suhrhoff, and Noah Planavsky, who chaired the group. Discussions from Working Group 1 sessions
directly contributed to Sections 4, 5, 6, 7, and 8.18.2 of this document.

Working Group 2
Focused on the details of the carbon cycle fluxes / biogeochemical processes in the soil column that need
to be considered in a holistic accounting of netCDR, including interactions between ERW interventions and
soil organic carbon cycling and the non-CO2 greenhouse gas fluxes. The Working Group was composed of
Christiana Dietzen, Mathilde Hagens, Isabel Montañez, Noah Planavsky, Chris Reinhard, Rafael Santos,
Radomir Schmidt, Eric Slessarev, Noah Sokol, Sara Vicca, Arthur Vienne, Bonnie Waring, and Kate Maher,
who chaired the group. Discussions from Working Group 2 sessions directly contributed to Sections 4, 5,
7, and 8.

Working Group 3
Focused on downstream systems and the biogeochemical fluxes that should be considered as weathering
products are transported from the application site to the durable storage reservoir–discussing in detail how
to constrain net changes to the carbon balance in the lower vadose zone and along groundwater flow
paths, in surface water systems, and the ocean as a result of an ERW deployment. The Working Group
was composed of Yoshiki Kanzaki, Becca Neumann, Kirsty Harrington, Pete Raymond, Jim Saiers, Tao
Wen, Chris Reinhard, and Shuang Zhang, who chaired the Group. Discussions from Working Group 3
sessions are primarily reflected in Section 9.
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Working Group 4
Focused on soil biogeochemistry models, with a particular emphasis on the current role of modeling in
netCDR quantification and the infrastructure needed for evaluating, intercomparing and validating models
moving forward. The Working Group was composed of Salvatore Calabrese, Yoshiki Kanzaki, Maria Val
Martin, Brian Rogers, Lyla Taylor, and Chris Reinhard, who chaired the Group. Discussions in Working
Group 4 are primarily reflected in Section 8.9.

Working Group 5
Comprised two sub groups, one focused on considerations for quantifying life cycle emissions and the
other considerations for assessing the human health and ecological impacts for ERW deployments. The
life cycle emission Working Group was composed of Spyros Foteinis, Cara Maesano, Stephen McCord,
Morimoto Shinichirou, and Yuan Yao; the outcomes of the Groupʼs discussion are reflected in Section 10.
The human health and ecological impacts Working Group was composed of Maya Almaraz, Stephanie
Grand, Fatima Haque, Anu Khan, and Charlotte Levy. The outcomes of this session are partially reflected
in Section 6, including a call to action regarding the need for robust, fit-for-purpose guidelines for
assessing the ecosystem and human health risks of ERW deployments. Detailed discussion of such
guidelines was out of scope for this quantification-focused document and was left for future work.
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Following the Working Group sessions, further joint Working Group-Industry problem solving sessions
were convened to address targeted outstanding questions, generally focused on charting an actionable
path forward on challenging topics. A diverse group of industry practitioners participated in these targeted
problem solving sessions (note in parentheses the affiliations for all industry practitioner participants). The
focus areas and participants of each group were as follows:

Deep soil measurements: desired scientific
outcomes and operational challenges.

● Working Group members: Mike Kelland,
Noah Planavsky

● Industry practitioners: Mark Baum Lithos
Carbon), Benjamin Möller ZeroEx

● Non-Working Group, non-Industry
participant: Linah Ababneh

Assessing frameworks for time accounting.
● Working Group members: Freya Chay, Kate

Maher, Stephen McCord, Shinichirou
Morimoto, Chris Reinhard

● Industry practitioners: Mark Baum Lithos
Carbon), Matthew Gammans Isometric),
Jake Jordan Mati Carbon), Christina Larkin
Inplanet), Simon Manley UNDO Carbon),
Berta Moya Carbonfuture)

● Non-Working Group, non-Industry
participant: Eli Mitchell-Larson

Constraining secondary carbonate formation in
the Near-Field Zone.

● Working Group members: Mathilde Hagens,
Frank McDermott, Shinichirou Morimoto, Ian
Power

● Industry practitioners: Elisabete Pedrosa
Puro.earth), Ingrid Smet (reverse)

Driving towards actionable requirements for
assessing potential changes to soil organic
carbon stocks resulting from ERW
deployments.
● Working Group members: Maya Almaraz,

Becca Neumann, Radomir Schmidt, Arthur
Vienne, Bonnie Waring

● Industry practitioners: Viri
Alcantara-Shivapatham Verra, Marta
Camps-Arbestain Shell, Jens Steffen
Hammes Carbon Drawdown Initiative),
Maria Mooshammer Eion Carbon), Katie
Sierks Microsoft)

Accounting for soil baseline heterogeneity.
● Working Group members: Salvatore

Calabrese, Mike Kelland, Ian Power, Bonnie
Waring

● Industry practitioners: Mark Baum Lithos
Carbon), Jake Jordan Mati Carbon), Alison
Marklein Terradot), Marya Matlin-Wainer
Isometric), Katie Sierks Microsoft), Philipp
Swoboda Inplanet)

Developing guardrails and guidelines for
assessing CDR associated with counterfactual
pH control practices.

● Working Group members: Spyros Foteinis,
Noah Planavsky

● Industry practitioners: Marta
Camps-Arbestain Shell, Ben Westcott
UNDO Carbon)

● Non-Working Group, non-Industry
participant: Linah Ababneh, Tyler Kukla

Near-term best practice for constraining
potential CO2 evasion from surface water
systems.

● Working Group members: Frank
McDermott, Becca Neumann, Chris
Reinhard, Tao Wen

● Industry practitioners: Elliot Chang Eion
Carbon), Matthew Clarkson Inplanet), Jens
Steffen Hammes Carbon Drawdown
Initiative), Richard Hatz Puro.earth), Ella
Holme Isometric), Jake Jordan Mati
Carbon), Sasankh Munukutla Terradot)
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The outcomes of these joint Working Group-Industry problem solving sessions were reviewed by Working
Group members before being combined with the outputs of Working Group sessions to produce the initial
draft of this Foundations document.

A Steering Committee, composed of Freya Chay, Anu Khan, Isabel Montañez, and Noah Planavsky,
alongside the Working Group chairs, met for five sessions throughout the course of the community
process, and provided guidance and feedback on process governance.

Development and drafting of this document was led by Jenny Mills of Cascade Climate. Hara Wang and
Jenny Mills co-architected and ran the community process. The technical facilitation team at Cascade who
led Working Group and Working Group-Industry targeted problem solving sessions was composed of
Jenny Mills, John Sanchez, Noemma Olagaray, and Hara Wang. Jenny Mills, John Sanchez, Noemma
Olagaray, Hara Wang, Alison Tune, Noah Anderson, and Brad Rochlin authored and edited sections of the
document.

An earlier draft version of the Document was open for review in July 2024 to all Working Group
members, industry practitioners and other stakeholders involved in the community process. The following
Working Group members are particularly thanked for providing detailed reviews: Salvatore Calabrese,
Christiana Dietzen, Stephanie Grand, Kirsty Harrington, Rachael James, Yoshiki Kanzaki, Mike Kelland,
Maria Val Mart, Isabel Montañez, Becca Neumann, Ian Power, Pete Raymond, Tom Reershemius, Tim
Jesper Suhrhoff, Lyla Taylor, Sara Vicca, and Shuang Zhang. Representatives from the following industry,
government and not-for-profit organizations also participated in the review: Carbon 180, Carbon
Drawdown Initiative, Carbonfuture, Carbonplan, ClimeRock, Climeworks, Inplanet, Isometric, Lithos
Carbon, Mati Carbon, Shell, Silica, Terradot, Veolia, United States Department of Energy, and the National
Institute of Advanced Industrial Science and Technology of Japan.

In addition to the reviewers, we would like to give very special thanks to Mike Kelland for drafting of
Section 6 and consultation on Section 7.5, Jake Spertus for consultation on statistical methods discussed
in Section 7, and Phil Renforth for detailed reviews of Working Group Session discussion syntheses.

1.4 Use and Citation of this Document
All the content of this Document, including all texts and figures, is made available under Creative
Commons CCBY 4.0 license, which allows others to distribute, adapt, and build upon the work, even
commercially, as long as they cite and credit the original version.

To acknowledge and credit this work, please use the following citation: Mills, J. V., Sanchez, J., Olagaray,
N. Y., Wang, H., and Tune, A. K., 2024; Foundations for Carbon Dioxide Removal Quantification in ERW
Deployments, Cascade Climate.

If you identify any errors or have any suggested updates to this Document, please email
foundations@cascadeclimate.org.
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2 Framework for netCDR Quantification

2.1 Introduction to Enhanced Rock Weathering
Enhanced rock weathering ERW involves the spreading of alkaline feedstocks on agricultural soils; the
feedstock may or may not be mixed into the topsoil. Over time, the feedstock dissolves in soil porewater,
releasing base cations like Mg2 and Ca2 and removing H+ from solution, generating alkalinity. Carbon
dioxide removal CDR occurs due to the ‘carbonic acid systemʼ response to this alkalinity generation Eq.
2.1.3 and Eq. 2.1.5.
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The carbonic acid system is continuously responding to shifts in solution chemistry. The addition of
excess base cations and removal of H+ following feedstock dissolution shifts the balance of the carbonic
acid system towards HCO3

- and CO3
2 Eq. 2.1.3, generating a disequilibrium between dissolved CO2(aq)

and atmospheric or soil CO2(g). In accordance with Henryʼs Law Eq. 2.1.1, Eq. 2.1.2, CO2 from the pore
space or atmosphere will dissolve into porewater to re-establish equilibrium; notably, CO2(g) in the soil
profile is often much higher than in the atmosphere due to soil respiration.

The amount of CO2 sequestered is dependent on the feedstock mineralogy and the cations and anions
produced during dissolution. For example, the carbonic acid weathering of forsterite can consume up to 4
moles of CO2 per mole of Mg2SiO4 (shown here as a congruent weathering reaction):
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Production of acidity or removal of base cations (and replacement with acidity) in solution will drive the
carbonic acid system away from HCO3

- and CO3
2, leading to CO2 outgassing.

2.1.1 Excess Base Cations and Alkalinity Generation
Feedstock dissolution and the release of excess base cations generates alkalinity that can be quantified
using two different frameworks: proton balance and charge balance. We use these two alkalinity
frameworks interchangeably throughout this document to be intentionally inclusive. While geochemists
may prefer one over the other, they are considered equivalent and we treat them as such in this context
Middelburg et al., 2020; Wolf-Gladrow et al., 2007.

13



The proton balance framework of alkalinity is referred to as total alkalinity and is the proton balance
relative to a ‘zero pointʼ set to a pKa of 4.5 Dickson, 1981:

𝐴
𝑇

= [𝐻𝐶𝑂
3

−] + 2[𝐶𝑂
3

2−] + [𝐵(𝑂𝐻)
4

−] + [𝑂𝐻−] + [𝐻𝑃𝑂
4

2−] + 2[𝑃𝑂
4

3−] + [𝑆𝑖𝑂(𝑂𝐻)
3

−]

+ [𝑁𝐻
3
] + [𝐻𝑆−] +... − [𝐻+] − [𝐻𝑆𝑂

4
−] − [𝐻𝐹] − [𝐻

3
𝑃𝑂

4
] −...          (𝐸𝑞.  2. 1. 1. 1)

Where the ellipses represent additional ions that may be more minor or negligible in concentration.

The charge balance framework of alkalinity is derived from Dicksonʼs work and is called the explicitly
‘conservative formʼ of total alkalinity Wolf-Gladrow et al., 2007, where in this case ‘conservativeʼ refers to
conservative ions and alkalinity is defined as the difference between the total charge of conservative
cations and conservative anions:

𝑇𝐴
𝑒𝑐

= [𝑁𝑎+] + 2[𝑀𝑔2+] + 2[𝐶𝑎2+] + [𝐾+] + 2[𝑆𝑟2+] +... − [𝐶𝑙−] − [𝐵𝑟−] − [𝑁𝑂
3

−]

−... 𝑇𝑃𝑂
4

+ 𝑇𝑁𝐻
3

− 2𝑇𝑆𝑂
4

− 𝑇𝐻𝐹 − 𝑇𝐻𝑁𝑂
2
        (𝐸𝑞.  2. 1. 1. 2)

where the ellipses represent additional ions that are expected to be more minor in concentration and the
TXX variables stand for the total contributions of the associated anions. This ‘conservative formʼ is derived
from the principle of charge neutrality, i.e., the sum of all charges is zero Wolf-Gladrow et al., 2007.

Carbon removal associated with ERW deployments can thus be thought of through two interrelated lenses:
that of acid-base reactions and proton balance, or that of excess base cation release and charge balance.
As seen in Eq. 2.1.5 and Eq. 2.1.3, although the consumption of H+ and production of HCO3

- during
feedstock dissolution is ultimately an acid-base reaction, the release of Mg2 (or other base cations
depending on the feedstock) can be used to track CDR using charge balance arguments. Embracing a
cation and charge balance frame, netCDR quantification for an ERW project can be thought of as an
exercise in quantifying how many excess base cations have been released from a feedstock, if they
remain in solution, and how those base cations are variably charge-balanced by dissolved inorganic
carbon (or have locked up inorganic carbon in a carbonate mineral lattice) through space and time. This
can be done by tracking weathering products (i.e., excess cations) in deployment waters, monitoring their
movement through different reservoirs in the soil profile with solid-phase mass balance techniques, or by
trying to follow the carbon directly by monitoring the export of DIC from deployment soils or changes in
the soil CO2 efflux. We discuss the details of such measurement approaches in Sections 7.4Section 7.6. It
is important to note that there are processes which will not change alkalinity but will change the carbon
balance (e.g., CO2 degassing) and processes that will change base cation concentrations but not change
the carbon balance (e.g., cation sorption that does not exchange acidity), which are further discussed in
later sections.
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2.1.2 Durability
Weathering products are transported through the soil profile and into downstream systems–groundwater,
rivers and streams, and in many cases ultimately the ocean. The generation of DIC and its durable storage
in downstream systems is critical for CDR efficiency. In open systems, the residence time of carbon spans
many orders of magnitude, from the subsecond (e.g., aqueous carbonate system equilibration), monthly to
yearly (e.g., dissolution of feedstocks on a field), centennial to millennial (e.g., storage of bicarbonate in
the ocean), to the geologic (e.g.hundreds of millions of years of storage in carbonate rocks) Hartmann et
al., 2013; Hilton and West, 2020. The length of time that it takes a feedstock to dissolve, and the time until
transport and durable storage (storage in a long residence time reservoir), is a key tension in open system
CDR.

There are two primary durable storage pathways for CO2 removed through weathering reactions: 1
storage as a carbonate mineral in downstream systems Eq. 2.1.2.1; and 2 storage as dissolved inorganic
carbon DIC in a long residence time reservoir Eq. 2.1.4. Dissolved inorganic carbon includes all of the
dissolved species of the ‘carbonic acid system :̓ dissolved CO2, carbonic acid H2CO3, which will only be
present in small quantities), bicarbonate HCO3

-) and carbonate CO3
2) Eq. 2.1.3 and 2.1.4.

𝐶𝑎2+(𝑎𝑞) + 2𝐻𝐶𝑂
3

−(𝑎𝑞) ↔ 𝐶𝑎𝐶𝑂
3
(𝑠) + 𝐶𝑂

2
+ 𝐻

2
𝑂       (𝐸𝑞.  2. 1. 2. 1)

The durability of carbonate mineral storage will be site dependent and require careful consideration of the
many variables that allow for carbonate storage on geologic timescales, further outlined in Section 9.1.1.

2.2 Terminology of CDR
Throughout this Foundations document, concepts and terminology are used that have been developed
and/or repurposed for use in the carbon removal market. We provide context for some of these concepts
and how they apply to ERW; however, this should not be viewed as an exhaustive list of relevant
terminology.

CDR in ERW deployments can be quantified at multiple stages of the deployment leading to different CDR
estimates. In this document, we refer to maximum potential CDR, potential CDR, and netCDR as distinct
estimates of CDR. We use maximum potential CDR as the maximum amount of CDR that could occur
based on the feedstock composition and chemistry. Maximum potential CDR is calculated according to the
modified Steinour equation (Section 6.2.2) as an estimate that does not take into account additional ERW
considerations such as slow dissolution rates, losses, lags, etc. We use potential CDR to describe CDR
driven by feedstock dissolution in the Near-Field Zone, before accounting for any subsequent carbon
losses or inefficiencies (more on the NFZ in Section 2.3.1. This is equivalent to CO2eFeedstock Dissolution (Section
5.4.1.2) in the term balance equation and is based on the amount of feedstock that has been observed to
dissolve during the reporting period. We use netCDR to describe the potential CDR, minus the transient
cation or carbon losses and any reductions in efficiency, minus any permanent losses in the NFZ and Far
Field Zone FFZ, and minus all process emissions (see full equation Section 5.4). It is to be expected that
maximum potential CDR > potential CDR > netCDR.

Carbon storage in open systems takes place in ‘poolsʼ or ‘reservoirsʼ where carbon has a long residence
time, or the average time that carbon is estimated to spend in the reservoir. For ERW, reservoirs where DIC
has longer residence times include long residence time groundwater and the ocean. In some systems,
carbonates that form in the NFZ and along water flow paths may also have long residence times. When
carbon is estimated to have a significant residence time (a normative decision -- see Section 9.1 for
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discussion) in a reservoir due to geochemical (e.g., thermodynamic or kinetic limitations) and/or physical
(e.g., slow transport) processes that retain carbon in a region, this is referred to as a durable reservoir
(sometimes discussed as permanence in the carbon removal market). Durable reservoirs for ERW are
further discussed in Section 9.1.

Losses, time lags, and reversals are all reductions in netCDR that may refer to similar physicochemical
processes but differ in their location and time scale. Losses are explicitly present in netCDR quantification
and refer to a permanent loss of carbon in the NFZ and/or FFZ, i.e., they are a source of carbon to the
atmosphere. In ERW quantification, this may be directly observed as a decrease in DIC, an increase in
CO2(g), or cation loss from the dissolved phase. Time lags are transient reductions in netCDR in the NFZ
that occur after feedstock dissolution. They are the result of physicochemical processes that delay the
export of DIC and cations from the NFZ as a result of ERW. Time lags may either be resolved in
subsequent reporting periods if they are monitored for, or treated as losses in netCDR if they are not. In
the FFZ, processes that may be a time lag and delay the delivery of DIC and cations to a durable reservoir
are treated as losses as they are usually not directly monitored at this time. Reversals are permanent
re-releases of removed carbon from the durable reservoir where the carbon was stored (e.g., pumping
water from a groundwater system used for durable storage).

A key aspect of ERW quantification is comparing the deployment site to a counterfactual baseline. In
‘open systemʼ CDR projects, the ecosystem where the CDR project is occurring may already be removing
carbon naturally, and the CDR project is intended to enhance the carbon uptake of that ecosystem. The
counterfactual represents what would have happened in the absence of a deployment; i.e., quantifying
the netCDR from a project must take into account a forward-looking, counterfactual baseline scenario as
its base case.
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2.3 Conformance Zones: Near-Field Zone and Far-Field Zone

Figure 1. Net (negative) emissions associated with an ERW deployment are considered across three zones:
1 the Near-Field Zone (orange inset), which encompasses the upper portions of the soil profile; 2 the
Far-Field Zone (purple inset), which includes the lower vadose zone, groundwater, and all downstream
systems; and 3 life cycle LCA emissions, which include all emissions associated with the production,
transport, and spreading of the alkaline feedstock. Modified from Calabrese et al., 2022. Green arrows
represent the positive fluxes of DIC generated from ERW and orange arrows (or dots in the case of mineral
precipitation) represent losses from the flux of DIC generated from ERW. Note that the precipitation of
carbonate minerals will be both a loss and source term (see Eq. 2.1.2.1. Changes to SOC are depicted as a
blue arrow due to the variable responses of SOC to alkaline feedstock addition.

The overall framework for ERW quantification and carbon accounting presented here divides the full
system into two non-spatially overlapping “conformance zones ,ˮ which we define as the Near-Field Zone
and the Far-Field Zone.

The Near-Field Zone NFZ; depicted in the orange box in Figure 1 is the region of the upper soil profile in
which the ERW deployment must be directly tracked through empirical measurements, accounting for
feedstock dissolution, alkalinity sinks, and other carbon fluxes that impact netCDR. This includes directly
tracking both the magnitude of these fluxes and the timescale over which they occur.

As weathering products and DIC travel further down the soil profile, they are then exported into the
Far-Field Zone FFZ; depicted in the purple box in Figure 1. Section 4 provides a detailed discussion of
how the spatial extent of the NFZ and boundary between the Near-Field and Far-Field Zones can be
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defined in a site-specific way. The FFZ encompasses the entirety of the flow path traveled by the
weathering flux en route to durable storage after exiting the NFZ. This can include deeper portions of the
soil profile and lower vadose zone, groundwater systems, surface waters, and the ocean. While
weathering and the subsequent export of carbon and alkalinity out of the NFZ can and should be
empirically measured, models and geochemical calculations must be used to constrain carbon dynamics
in the FFZ (see Section 9).

We consider the Near-Field and Far-Field Zones separately as they can represent vastly different spatial
scales and time horizons, present fundamentally different monitoring challenges, and can thus have very
different uncertainty profiles regarding the magnitude of carbon impact through time. The FFZ
encompasses much larger spatial scales and longer time horizons over which to consider both reactions
and transport, and as such, represents a more significant monitoring (and modeling) challenge.

The other key category of carbon fluxes that must be quantified is project life cycle emissions, which can
take place both upstream of the deployment and throughout the project lifetime (Section 10). These
emissions are considered and estimated separately from NFZ and FFZ carbon dynamics.

These conformance zones are used to develop the high-level term balance presented in Section 5.2 where
netCDR is quantified according to:

𝐶𝐷𝑅
𝑁𝑒𝑡, 𝑅𝑃

= 𝐶𝑂
2
𝑒

𝑁𝐹𝑍, 𝑅𝑃
 + 𝐶𝑂

2
𝑒

𝐹𝐹𝑍, 𝑅𝑃
− 𝐶𝑂

2
𝑒

𝐿𝐶𝐴 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠, 𝑅𝑃
              (𝐸𝑞.  5. 2. 1)

where is the net CO2 removed by the ERW deployment during the reporting period, is𝐶𝐷𝑅
𝑁𝑒𝑡, 𝑅𝑃

𝐶𝑂
2
𝑒

𝑁𝐹𝑍, 𝑅𝑃

the net additional CDR in the NFZ during the reporting period, is the calculated net additional𝐶𝑂
2
𝑒

𝐹𝐹𝑍, 𝑅𝑃

CDR in the FFZ assigned to the reporting period, and is the calculated life cycle𝐶𝑂
2
𝑒

𝐿𝐶𝐴 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠, 𝑅𝑃

emissions assigned to the reporting period.

2.3.1 Overview of the Near-Field Zone
Although the ERW deployment is initiated with soil baseline sampling and the actual spreading of
feedstock, no carbon can be removed from the atmosphere until the feedstock dissolves and alkalinity is
released from the mineral lattice into the soil system (Section 8.2). We consider feedstock dissolution to
represent the initiation of carbon removal, or when potential CDR is generated. However, feedstock
dissolution is not the end of the NFZ story (Section 5.4.1 and Section 8).

The NFZ hosts a suite of biogeochemical processes that can lead to both permanent and transient losses
of base cations, and therefore alkalinity and carbon, as well as direct losses of carbon. For example, base
cations can be incorporated into secondary carbonate minerals and other phases that commonly form
within the soil profile, removing alkalinity from the system and therefore reducing carbon removal
efficiency (e.g., Eq. 2.1.2.1, also see Section 8.5, Section 8.6). Shifts in soil chemical and physical
properties induced by ERW deployments can also result in changes to the net carbon flux through
connected biogeochemical pathways (e.g., by influencing the soil organic carbon balance). For this
reason, additional measurements or models are required in the NFZ beyond tracking feedstock dissolution
to quantify these permanent and transient sinks of alkalinity and carbon as part of carbon removal
deployments. The significant NFZ processes discussed here include: pH dynamics and non-carbonic acid
weathering (Section 8.3), cation sorption (Section 8.4), secondary carbonate formation (Section 8.5),
secondary silicate and other secondary phase formation (Section 8.6), alkalinity loss due to biomass
uptake (Section 8.7), and changes to the net organic carbon balance (Section 8.8).
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Importantly, these biogeochemical processes may lead to permanent or transient changes to the net
carbon balance, and the timescales of reversal for transient carbon or alkalinity sinks can vary from
seasons to decades. This leads to consequential questions about the temporal dynamics of CDR, and how
to develop a consistent accounting framework that can account for carbon gain and loss processes that
occur over very different timescales in ERW quantification (Section 5.3).

Table 1. Components of the NFZ term balance. Here we present a summary of the carbon fluxes relevant
for quantifying ERW in the Near Field Zone and their considerations. Note that the first row describes the
integrated weathering flux which integrates the other components listed and is relevant for Endmember
Approach 1 (excluding the row on changes to soil organic carbon).

Description of term Considerations for CDR
quantification

Recommendations for near-term
path forward

Integrated weathering flux
The cumulative weathering
signal of the dissolved phase,
including the integrated effects
of feedstock dissolution, cation
sorption, secondary carbonate
formation, secondary silicate
formation, and alkalinity loss
due to biomass uptake.

The integrated weathering flux is
only required for the aqueous phase
approach and is part of one
endmember approach for
constraining the NFZ balance. If not
measuring the integrated
weathering flux, the components of
carbon sources and losses must be
accounted for individually (see
below).

● Measure dissolved weathering
products directly as they are
generated in, and exported from, the
NFZ.

● Aqueous phase measurements
should be taken at the end of the
NFZ (or in drainage waters or
downstream catchments) in order to
calculate a net export flux of
weathering products.

Feedstock dissolution
The dissolution of minerals in
the feedstock after application
on the deployment site
(potential CDR.

Impacted by temperature, pH,
variable water content and fluid
residence time, kinetic inhibitors
and dissolved phases that enhance
rates, the formation of secondary
phases, and the impacts of
biological processes.

● Collect direct empirical
measurements that capture alkalinity
release in the solid phase via
solid-phase, mass balance-based
approaches.

● It is highly recommended that
feedstock application rates be
empirically constrained by
measuring the soil concentration of
an immobile element or isotope ratio
before and after feedstock
application.

pH/non-carbonic acid
weathering
Chemical weathering done by
acids other than carbonic acid
such as sulfuric, nitric, or
organic acid, or in low pH soil.

● Weathering by non-carbonic
acids does not lead to base
cations charge-balanced by DIC,
but does neutralize acidity that
may have otherwise reacted with
bicarbonate and caused CO2
degassing.

● In strongly acidic soils (pH <
4.55, pCO2 dependent), the
cations released by weathering
are charge-balanced by very
little bicarbonate.

● Any non-carbonic acid weathering in
the NFZ should be removed from
netCDR.

● Constrain non-carbonic acid
weathering directly through aqueous
phase measurements or estimate
strong acid addition/production, fully
discount from netCDR, and account
for degassing.

● For now, assume organic acids will
be degraded following reaction with
silicate minerals and generate an
equivalent amount of DIC as
carbonic acid weathering Working
Group 2. Do not include in the term
balance.

● To account for low pH weathering,
monitor for declines in exchangeable
and bound acidity.
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Description of term Considerations for CDR
quantification

Recommendations for near-term
path forward

Cation Sorption
Adsorption of cations onto soil
particle surfaces (e.g., clay
minerals, organic matter,
mineral oxides).

Cation sorption can act as a
transient alkalinity sink; when base
cations exchange for acidic cations
on exchange sites, the removal of
those cations from solution ‘undoesʼ
any CDR they were driving (or
equivalently, the proton release into
solution drives CO2 evasion). As
base cation concentrations in the
soil solution decrease or the soil
begins to re-acidify, these cations
can eventually re-enter the soil
solution and drive CDR.

● If is constrained by the𝐶𝑂
2
𝑒

𝑁𝐹𝑍, 𝑅𝑃
time-integrated alkalinity flux at or
beyond the end of the NFZ, alkalinity
loss from cation exchange
processes has already been
accounted for–no direct
measurement of the exchangeable
fraction required.

● If feedstock dissolution is
constrained independently and
netCDR in the NFZ is calculated as
the sum of sources and sinks, cation
exchange capacity and base
saturation or exchangeable acidity
should be quantified using
established methods.

Secondary carbonate
formation
Precipitation of carbonate
minerals (e.g., calcite) in the
soil profile.

Secondary carbonate formation in
the soil profile and downstream
systems can represent a stable (and
measurable) store of atmospheric
CO2 for ERW deployments with
non-carbonate feedstocks.
However, secondary carbonate
formation reduces (and for
carbonate feedstocks, negates)
potential CDR by removing cations
and charge-balancing carbonate
alkalinity from solution.

● Can be directly monitored through
changes in soil inorganic carbon
stocks relative to business as usual
plots.

● Location-specific context will be
needed to determine the probability
of carbonate formation and how to
account for it.

● Potential strong acid weathering
should be considered if reductions in
SIC stocks between reporting
periods is observed.

Secondary silicate formation
Secondary silicate minerals
(e.g., clays), amorphous Si, and
Fe/Al oxy-hydroxides can form
in many potential deployment
sites, though other secondary
phases–for example,
Ca-phosphates–can be formed
in specific systems.

Secondary silicate phases can form
quickly (hours to days), and their
formation may be spatially and
temporally separated from the initial
weathering reaction. Their formation
will reduce CDR efficiency by
removing base cations from
solution. It is difficult to identify
regimes where secondary silicate or
Fe/Al oxy-hydroxide could be
assumed to be fully negligible
Working Group 2, and therefore
should be accounted for in netCDR.

● Potential quantification options may
depend on the secondary phase of
interest.

● It is not recommended that
early-stage commercial deployments
be required to independently
constrain NFZ alkalinity loss through
secondary silicate formation due to
challenges associated with direct
quantification of secondary silicate
phases.

● Placing bounds on the potential
netCDR loss through stoichiometric
arguments may be a good place to
start.

Biomass uptake of base
cations
Plants retrieve nutrients from
the soil solution, including base
cations such as Ca2, Mg2,
K, and Na+; generally
accompanied by a release of
protons to maintain charge
balance within the plant.

Biomass uptake of base cations
‘undoesʼ any CDR that was being
driven by the base cations in
solution; or equivalently, drives CO₂
evasion.

● Plant uptake should be estimated
through direct measurements of the
base cation content of relevant
biomass, including biomass that is
removed from the field.

● Sufficient data does not yet exist for
use of predictive frameworks to
estimate element-specific plant
uptake for different crop types under
different growing conditions
Working Group 2.
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Description of term Considerations for CDR
quantification

Recommendations for near-term
path forward

Changes to (soil) organic
carbon stocks
An increase in soil organic
carbon via accumulation or a
decrease in soil organic carbon
via respiration.

Observations thus far have
demonstrated variable responses of
SOC to alkaline feedstock addition
in field trials, mesocosm studies,
and laboratory experiments. Small
changes in the balance between
photosynthesis and respiration, or a
destabilization of existing soil
organic carbon stocks, could
substantially reduce (or even
completely negate) CO2 uptake by
an ERW deployment.There are some
soil conditions that are at
particularly high risk for SOC loss
resulting from an ERW deployment.

● ERW interventionʼs potential impact
on soil organic carbon stocks and
the net organic carbon balance is
nascent, and we do not yet have
enough data to consider the
potential for SOC mobilization
resulting from an ERW deployment to
be sufficiently de-risked Working
Group 2.

● Deployments should not be
undertaken under conditions that
have been deemed at ‘high risk of
substantial SOC lossʼ until sufficient
evidence has been generated to
de-risk the impact of an ERW
intervention on organic carbon
cycling in such systems.

● For deployments not considered
‘high risk ,̓ monitoring of bulk SOC
stocks should be implemented on a
representative sub-plot within the
deployment area and corresponding
‘business as usualʼ or negative
control plot.

● We do not recommend that any
changes to SOC stocks be directly
incorporated into netCDR
quantification for commercial ERW
deployments at this time.

● SOC monitoring data should be
transparently reported in a timely
manner.

2.3.2 Overview of the Far-Field Zone
Once the weathering flux is exported from the NFZ, it passes into the FFZ, which we separate into three
spatial regimes: the (lower) vadose zone and groundwater systems (Section 9.2), surface water systems
(Section 9.3), and marine systems (Section 9.4).

When considering the FFZ, it is first important to identify the ultimate carbon storage reservoir and the
probable transport path to that reservoir (Section 9.1). For example, while in many systems carbon will
ultimately be stored as DIC in the ocean, some deployment areas may drain into long residence time
groundwater systems that can be considered a durable storage reservoir–removing the need to consider
potential losses in systems further downstream. Carbon may also be durably stored in carbonate minerals
formed in the soil profile or along the flow path.

Importantly, processes operating in the FFZ can lead to carbon gains and losses through time, and net
additional CDR can be generated in the FFZ. CDR in the NFZ is dictated by the amount of carbon captured
as DIC that charge balances alkalinity released from feedstock dissolution within the soil profile. Evolving
conditions along the flow path and subsequent reactions can change the alkalinity:DIC ratio. For example,
weathering reactions in highly acidic soils will consume protons in the soil profile, but do not lead to any
CDR in the NFZ, as the base cations released from the feedstock will not be charge-balanced by DIC.
However, when these cations eventually reach a downstream, higher pH surface water system within the
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FFZ, the carbonate system can re-equilibrate and drive additional CDR. Similar arguments can be made for
non-carbonic acid weathering of alkaline feedstocks (Section 8.3).

Despite this, the carbon quantification framework developed here only considers net losses in the FFZ at
this time. This conservative approach is taken, as confidently predicting FFZ CDR would require robustly
validated, catchment-scale models capable of simulating the site-specific proton, alkalinity, and carbon
balance as a function of time for both counterfactual and deployment scenarios. The development of such
predictive frameworks remains nascent, but we discuss the outlook for simulating FFZ processes (Section
9) and explore the implications of not including FFZ CDR in project-level quantification–from how this
influences our understanding of CDR associated with carbonate weathering and liming (Section 5.5.1), to
how we interpret the potential carbon benefits of titrating acidity from soil systems (Section 8.3).

Table 2. Considerations for the FFZ. Fluxes that should be considered for each spatial regime in the FFZ
and recommended direction.

Spatial Regime Fluxes to consider in a comprehensive
accounting

Recommended near-term path
forward (minimum viable product)

Lower vadose zone
and groundwater
flow paths

● All the fluxes in the NFZ also apply in this
region.

● It will be important to understand and
identify permanent alkalinity sinks and
changes to counterfactual alkalinity
generation.

● Exchange with the atmosphere is limited
or nonexistent.

Largely a priority area for research and
development:
● Not currently feasible to require

monitoring or modeling of processes in
the deep vadose zone and along
groundwater flow paths in commercial
ERW deployments.

● Undertaking deep vadose zone
monitoring or installing groundwater
monitoring wells in a select subset of
commercial deployments, where
applicable and feasible, is
recommended.

Surface water
systems

● Outgassing caused by DIC system
equilibration.

● Carbonate mineral burial.
● Changes to organic matter respiration

and metabolic activity in stream/river
systems, including the influence on
aquatic vegetation that directly takes up
bicarbonate.

● Authigenic clay formation and reverse
weathering.

● Bedrock interaction with solution and
changes to counterfactual alkalinity
generation.

● Changes to nutrient export and nitrogen
cycling.

Focus primarily on:
● Outgassing caused by DIC system

equilibration.
● Carbonate mineral precipitation

(assume it doesnʼt re-dissolve)
It is recommended that practitioners assess
the potential for net CO2 loss due to these
processes at a minimum in two spatial
regimes: in the immediate discharge zone
(i.e., the surface water system the
weathering flux from a deployment is
draining into), and in the major river system
of the deployment catchment (i.e., the
highest order segment in the deployment
catchment).

Ocean ● CO2 evasion due to carbonic acid
system equilibration in the coastal
ocean.

● Carbon and alkalinity feedbacks due to
changes to surface ocean chemistry.

Focus primarily on:
● CO2 evasion due to carbonic acid

system equilibration in the coastal
ocean.

At a minimum, practitioners should derive a
conservative assumption of evasion from
carbonic acid system equilibration by
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● Carbon and alkalinity feedbacks due to
changes to diagenetic reactions in
shallow marine sediments.

● Long timescale marine carbonate burial.

considering the thermodynamic storage
efficiency as a worst-case scenario,
assuming complete equilibration with
atmospheric CO2 at representative
temperature, salinity, and current
atmospheric pCO2.

2.4 Document Explainer
As discussed in Section 1, this document is the result of a community process to develop guidelines for
ERW practitioners with a review of the initial draft. However, there remain some areas where Cascade
Climate expertise was used to fill in gaps where it was needed. As a result, there are several different ways
that guidance in this document came about, including Working Groups providing recommendations, joint
Working Group and other problem solving sessions resulting in recommendations brought to the Working
Groups, Cascade Climate filling in recommendation gaps, and places where there is not yet a direct
recommendation. As a result of this melded process, it is impractical to identify the path of each individual
recommendation; however, practitioners should be aware that recommendations came through these
varied pathways and draft language was reviewed by Working Group members.

There are three groupings of guidance present in this document. The first are areas where there is ‘no
recommendation at this timeʼ due to the lack of clarity in the literature and state of ERW. Potential forward
approaches may be presented, but definitive recommendations are not provided. The second is a
‘recommendation ,̓ which is the current suggested path forward out of the provided approaches. The final
is 'best practice ,̓ which is presented when there is an established best practice that should clearly be
followed.

We also include calls to action at several locations within this guidance that indicate areas where
advancement could be made to reduce substantial uncertainty or open questions in ERW quantification.
Finally, there are nods throughout the guidance to opportunities for research and development R&D,
which are listed chronologically in an R&D appendix for ease of reference.

23



3 Guidelines for Site Characterization

When approaching a new ERW project location, arguably the single most important step in CDR monitoring
and quantification is to 'know your system .̓ In practice, this means being able to answer a series of
questions that can provide justification for choices made during CDR quantification and serve to guide a
given quantification approach.

In the NFZ, these questions include, but may not be limited to:

● What types of soils are present at the
deployment site? What is the soil pH, buffer
pH, CEC, base saturation, total alkalinity,
SOC & SIC concentration, texture, bulk
density, etc.? What is the pH, total alkalinity,
and/or DIC concentration of soil porewater?
What are the concentrations of other
cations and anions of interest in soil
porewater? How do these parameters vary
with time (e.g., seasonally)? How do they
vary spatially?

● How deep is the soil? How do soil physical
and chemical properties vary with depth?
What are the depths and character of soil
horizons? At what depths are there
significant changes in the horizontal
subsurface structure?

● Are there abrupt changes in soil
permeability (e.g., clay layers, plow pans or
other indurated layers, caliche, fractures)
that will impact how water moves through
the soil profile?

● What is the hydrologic regime of the
system? How much precipitation does the
site receive and what does this look like
seasonally? What is the expected irrigation
scheme? Do you have access to data on
irrigation water chemistry?

● Where does water go when precipitation
lands on the soil surface? How significant is
overland flow, subsurface preferential flow,
etc? What are likely flow paths through
unsaturated soil and into groundwater (if
applicable)? Are there tile drains or other
engineered modifications to flow?

● What is the land use history? What is the
prevalence and history of inputs for
agronomic pH control, fertilizer use, and
crop rotation?

● What is the expected crop regime during
the deployment interval? What is the
rooting depth? What are tillage practices?
How will the feedstock be incorporated into
the soil?

● How does this baseline soil chemistry,
water chemistry, water balance, and
anticipated water movement through the
soil impact signal resolvability of different
monitoring approaches? Are different
monitoring approaches required in
treatment and control plots (inclusive of
business as usual and negative control
plots, Section 5.5.3.1? Given these site
specific conditions, where does it make
sense to install monitoring infrastructure
(e.g., where / at what depth should
lysimeters be installed, etc.?
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In the FFZ, these questions include, but may not be limited to:

● What is the intended durable storage
reservoir; is it carbonate minerals, dissolved
inorganic carbon stored in a sufficiently long
residence time groundwater system, or
dissolved inorganic carbon in the ocean?

● If the anticipated storage reservoir is a long
residence time groundwater system, do you
have sufficient evidence to demonstrate that
fluids infiltrating through soils of the
deployment site predominantly drain into a
flow path that has a mean residence time in
excess of the durability threshold (Section
9.1?

● If waters draining from a deployment site
are ultimately transported to the ocean,
what is the most probable path they take to
get there? What does the regional flow
system look like? What is the stream and
river system that the deployment ultimately
drains into (if any)?

● What monitoring and data already exists
along the FFZ flow path? What monitoring
approaches would be additive and
informative for justifying transport and/or
storage durability in the FFZ?

● What CDR losses or additional removals
might be happening beneath the NFZ
boundary but still within the vadose zone at
the deployment site? How deep is the
unsaturated zone and the potential for
extending NFZ processes and fluxes with
depth? Are secondary precipitates a
concern in the unsaturated FFZ beneath
the NFZ?

● How deep is groundwater, and therefore
where will weathering products encounter
reduced CO2(g) and O2(g) fluxes? When
and where will weathering products be
transported by saturated flow rather than
unsaturated flow?

● At the catchment scale, what is the
distribution of groundwater residence
times? How might stream or watershed
drainage water chemistry measurements
be interpreted? Is there historic information
on CQ (concentration-discharge)
relationships for the catchment to aid in
water chemistry interpretation?

Some of this initial period of site-specific information gathering can happen with desk studies that look
into previously published literature, large compilation datasets, or from data provided by farmers.
However, collecting other site-specific information may require a pilot study to characterize baseline
conditions and site characteristics. Ideally, there will be multi-year data available for a location. The
importance of practitioners intimately understanding the ERW system for a given deployment location
cannot be overstated.
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4 Defining the Near-Field Zone
As described in Section 2, the Near-Field Zone NFZ is operationally defined as the region of the soil
profile in which project developers must directly track and account for weathering, alkalinity sinks, and
other carbon fluxes that impact netCDR. In an idealized framing, after weathering products pass out of the
NFZ, carbon losses do not directly influence atmospheric CO2 concentrations until the weathering
products return to a downstream surface water system (Section 9). As such, below the lower depth of the
NFZ, transient alkalinity loss processes in the soil profile (e.g., cation sorption or transient carbonate
precipitation) are not incorporated into the carbon accounting framework proposed here. Net carbon or
alkalinity losses following this export from the NFZ–in the lower vadose zone, groundwater and surface
water systems, and in the marine environment–are considered separately as components of the FFZ
carbon balance (Section 9).

Defining the NFZ requires a judgment of the depth range through which direct measurements are critical
for quantifying netCDR. Although the depth to which carbon cycling is significant in an ecosystem is
ultimately a normative and somewhat subjective decision, it has large implications for both the operational
difficulty of an ERW deployment and on the timing and magnitude of calculated netCDR. There was
consensus amongst Working Group 1 that it is critical to include deeper soil processes, including cation
sorption and secondary mineral precipitation, in CDR quantification. Datasets representing these
processes in deeper soils are urgently needed for accurate parameterization and validation of soil models
that represent ERW processes (Section 8.10). Such data are also critical for realistically quantifying net
carbon removed for a given project, and will be central for iterative improvement of frameworks for
assessing the NFZ in ERW project design.

Given the operational demands of taking deeper soil measurements, the discussion and recommendations
presented here aim to strike a balance between ensuring that enough data are collected to capture and
help elucidate the core components of the net carbon balance (Section 8) throughout the soil profile,
without posing an infeasible operational burden on early-stage ERW projects.

4.1 Site-Specific Considerations for Defining the Near-Field Zone
The spatial extent over which the weathering flux should be tracked through the soil profile may vary
substantially between different deployment contexts. Below, we detail potential approaches and
considerations for how the lower depth of the NFZ could be defined in a site-specific way, along with
advantages and challenges associated with each approach.

Approach 1 The NFZ ends at the depth of the water table. Terminating the NFZ at the water table is a
convenient mechanistic distinction in that it aligns with sharp changes in weathering regimes, redox
conditions, fluid transport processes, and the rate at which CO2 exchanges with the atmosphere
(molecular diffusion of CO2 is orders of magnitude slower in saturated systems than in air Haynes, 2014;
Jähne et al., 1987). However, water table depth varies immensely between different regions Fan et al.,
2013 — in some systems, groundwater is reached within 10ʼs of centimeters, while in others this would
entail tracking fluxes 10ʼs of meters into the critical zone. For such deep water tables, direct measurements
would be both infeasible and of diminishing utility. The water table depth is also not fixed in many areas,
with marked seasonal fluctuations or changes through time, further complicating the operational
implementation of a NFZ definition based on the water table depth Fan et al., 2007. However, this
definition may be ideal for systems with shallow water tables.
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Approach 2 The NFZ ends at the estimated rooting depth of the cropping system. Biological processes
associated with plant roots have a strong impact on both weathering reactions Verbruggen et al., 2021;
Vicca et al., 2022) and the geochemical conditions in the rhizosphere Pett-Ridge and Firestone, 2017,
and plants directly take up cations (and small amounts of DIC Enoch and Olesen, 1993) through their root
systems. It could thus be argued that cation and carbon fluxes should at least be tracked through the
depth of the rooting zone. However, this may also be operationally infeasible in some systems, as while
the root systems for most commercially cultivated agricultural crops do not extend much below 1 meter
Jackson et al., 1996; Ordóñez et al., 2018, the root systems of some crops–particularly perennials and
trees–can extend several meters deep Smith et al., 2005; Stone and Kalisz, 1991. This definition may be
ideal for systems with relatively shallow rooting depths and deep water tables.

Approach 3 The NFZ ends at the depth at which diffusive exchange of CO2 between the atmosphere
and soil water is sufficiently slow. This definition has the advantage of restricting the NFZ to a depth
where the ERW project will immediately impact atmospheric CO2 concentrations—any transient or
permanent losses of carbon or alkalinity that occur above this depth would result in a near-immediate
release of CO2 to the atmosphere, undoing the associated carbon removal. This definition supports the
assumption that permanent alkalinity losses below this depth of sufficiently slow diffusive exchange would
not be considered a carbon loss in netCDR quantification until the dissolved weathering flux re-enters
contact with the atmosphere in a surface water system, and transient alkalinity sinks below that depth may
not result in a reduction in netCDR at all.

While theoretically compelling, this definition is challenging to implement in practice due to the potential
high temporal variability of this boundary. Modeling work would need to be done to determine how this
depth varies as a function of time for a given soil (soil diffusivity is a function of both the physical
properties of the soil and water content (e.g., Moldrup et al., 1999. Furthermore, the depth at which
diffusive exchange with the atmosphere may occur on the order of hours or days could in practice extend
well beyond a meter, rendering this approach operationally challenging for project developers.

Approach 4 The NFZ ends at a soil horizon boundary, such as at the estimated average lower depth of
the final B-horizon across the field. Generally, using soil horizons to define the base of the NFZ could be a
reasonable and accessible method given that important soil properties being measured (e.g., pH, base
saturation, bulk density) and soil processes relevant for cation and carbon accounting in ERW
deployments often exhibit discontinuities at soil horizon boundaries. B-horizons often represent illuviated
soil layers in which secondary minerals have accumulated over time and can have elevated cation
exchange capacity, and thus represent an important region to observe in quantifying carbon removal
through enhanced weathering (e.g., Weil and Brady, 2016. Similarly, in soils with calcic horizons, the base
of the NFZ could be defined to encompass those horizons, as areas of increased probability of long-lived
secondary carbonate formation.

One primary challenge with implementing this method is that determining the depth of particular soil
horizons at a given site may be challenging in practice, given the somewhat subjective nature of horizon
identification and given that horizon depths can vary across a field or deployment site. Nevertheless, we
would encourage the consideration of using soil horizons to define the NFZ in early-stage deployments.

Approach 5 The NFZ ends at the tillage depth, plus a small (e.g., 10 centimeter) buffer. This choice
reflects the fact that measurements should at a minimum extend to the depth at which the feedstock is
incorporated (i.e., via tillage) within the soil profile, along with a buffer to account for potential deeper
mixing and spatial heterogeneity in tillage depth at the field scale. The advantage of this approach is its
operational simplicity, in many cases only requiring sampling of shallow soils within the traditional
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“agronomicˮ zone 30 centimeters). However, prescribing this approach as the NFZ across all
deployments is problematic, given that it excludes the effects of important soil processes that should be
readily measurable in the field and that will have a clear impact on netCDR calculations (e.g., cation
sorption and secondary mineral formation). This is particularly true prior to rigorous and widely accepted
validation of predictive models of soil carbon and alkalinity dynamics that would allow for modeled
constraints on deeper soil processes. On the other hand, this definition may be beneficial for systems
where a plow pan or shallow clay layer limits water infiltration significantly past the regularly plowed layer.

Approach 6 The NFZ ends at a predetermined, fixed soil depth (e.g., 30 centimeters or 1 meter). This
approach has the advantage of being generalizable to a wide variety of fields, and has the operational
benefit of creating more predictability in the sampling process. Developing high-level protocols and
methodologies independent of the context of any particular deployment site will likely need to lean on
setting fixed depths for the end of the NFZ, at least as a default approach until further site-specific
information is provided. The clear downside of this approach is that any choice of fixed depth will be a
semi-arbitrary decision, may be largely independent of the details of any particular soil system, and may
miss processes within the soil column that have a substantial impact on the timing and magnitude of
netCDR.

4.2 Considerations Based on Field Hydrology
Often, the simplifying assumption is made that the movement of water and solutes through the soil occurs
solely through vertical infiltration. However, some soil systems and crop management regimes plainly
violate this assumption. Here, we outline some of these cases and provide recommendations for how to
delineate the NFZ in these systems.

The presence of hardpans, plow pans, caliche layers, or other soil layers may prevent substantial deeper
vertical infiltration of water through the soil profile. This presents two interrelated challenges: 1 sampling
beneath this layer may be operationally infeasible; and 2 the flow path of water and dissolved weathering
products may be lateral along the impermeable or semi-permeable soil layer instead of through the layer.
In these cases, it may be operationally necessary for the NFZ to extend only down to this layer. However, it
is important to consider the likely flow path of water when designing a sampling strategy and to account
for NFZ fluxes (e.g., cation sorption and secondary mineral formation) along that flow path. Notably, there
may also be localized areas of high permeability or preferential flow within otherwise low permeability
layers; these should be considered when determining the likely flow path.

Similarly, the presence of a high water table may necessitate an exception if a methodology or protocol
defines a default NFZ depth and the water table is shallower than the prescribed depth. In such cases, we
recommend that the water table depth be considered the end of the NFZ.

One significant example of a crop management regime where multiple of these hydrological
considerations may be important is in rice paddies. The hydrology of rice paddies is complicated—the
plowing of saturated soils often creates a plow pan that prevents vertical water infiltration, but raised
“bundsˮ that form boundaries around the flooded field perimeter stay unflooded, so water tends to runoff
horizontally in the field and infiltrate vertically downward into the bund, where hydraulic conductivity is
higher Neumann et al., 2009. In addition, cracks often form over time after plowing events, which form
preferential flow paths for fluid infiltration within the field itself Neumann et al., 2009. This complexity
means that it is difficult to assign a fixed depth across the field that represents the end of the NFZ. To
appropriately capture the reactive transport of weathering products through the NFZ, some level of
monitoring of deeper portions of the soil profile within the bunds is likely needed in such systems.
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In general, project developers should be cognizant of field hydrology when making and justifying sampling
locations and interpreting measurements (Section 3).

4.3 Operational Considerations and Challenges with Deeper
Measurements
ERW quantification practices from field trials and early commercial deployments often focus
measurements on shallow soils, given both the greater ability to resolve a weathering signal and the
operational challenges of taking deep samples. While it is critical that the ERW community prioritizes
deeper measurements in the coming years in order to better understand alkalinity dynamics in the soil
profile, this must be done while transparently navigating tradeoffs associated with operational feasibility.
Here, we highlight some of the operational challenges encountered by both project developers and
academic researchers when routinely taking deeper soil measurements.

While shallow soil cores can often be extracted by hand using push cores or augers, collecting deep soil
cores may not be easily integrated with traditional agronomic practice, and may require bringing heavy
machinery (e.g., power augers) to the field site. Heavy equipment may pose a risk of soil compaction, and
access roads must exist to accommodate the size and weight of a drill rig and towing vehicle. Additional
challenges exist in perennial cropping systems (e.g., sugarcane), where sampling events occur with crops
still in the soil, making it challenging to bring machinery on-site for deep sampling without causing
potential damage to the crop. More broadly, it was stressed by practitioners with field experience that a
requirement for deeper sampling would impose longer timelines and higher labor costs on each sampling
event, given that sampling a particular deployment may require a multi-day effort instead of being a
shorter, simpler task.

One final important challenge with deep measurements is that the parameters being measured at depth,
from cation concentrations on the exchangeable fraction to soil inorganic carbon, are often highly spatially
variable, and so high sampling densities will likely be needed to detect a field-scale change in these
parameters above the baseline soil variability. In particular, one-off or sporadic deep cores that do not
account for baseline variability of the parameters being measured, as well as the analytical error of
measurement techniques, may provide a qualitative sense of the in-field alkalinity dynamics but have
limited utility compared to more statistically robust and quantitative analyses for which uncertainty can
be reported. A large number of deep samples may be required to constrain each component of the NFZ
term balance at the field scale.

Given these challenges, it is important that projects maximize the likelihood that deep measurements yield
high-quality data that can meaningfully contribute to our collective understanding of deeper soil
processes and help quantify CO2 removal outcomes. These operational challenges are not impossible to
overcome, and must be seriously considered in the coming years as an upfront investment so that the
community has the datasets it needs to rely more heavily on models for predicting feedstock dissolution
and cation transport, storage, and exchange in the soil column for ERW deployments undertaken at scale
(Section 8.10).
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4.4 Synthesis and Call to Action
The considerations outlined in Section 4.14.3 demonstrate that site-specific factors should play a strong
role in determining the spatial extent of the NFZ, as informed by an initial site characterization Section 3.
All site-specific considerations used to delineate the NFZ should be clearly justified and documented for a
given deployment.

In some cases, the decision of how to define the NFZ may have substantial impacts on the overall netCDR
quantification, both in terms of the magnitude of tonnes quantified and the time horizon over which these
tonnes are achieved (Section 5.3). Comparative analyses that demonstrate the implications of choosing
different definitions of the NFZ on the same field would be a helpful step to guide decision making and
future protocols and methodologies.

Recognizing the simultaneous importance and operational challenge of taking deeper measurements, a
near-term approach that balances the imperative to sufficiently characterize the system with operational
constraints could be to focus comprehensive sampling that includes direct characterization and monitoring
of deeper soils on targeted representative subplots of larger deployments and/or more highly monitored
demonstration sites.

In order for the data to be quantitatively useful, deeper soils must be sampled at a sufficient density to
resolve a signal above baseline spatial variability of measured parameters; a smaller number of
demonstration sites where the necessary level of sampling resolution is achieved in representative
treatment-control blocks (Section 7.2) is preferable to sporadic deep measurements that cannot
meaningfully inform quantitative CDR estimates.

Near-term quantification protocols and methodologies could consider taking a hybrid approach, in which
the NFZ is defined to a shallower (but still site-specific) depth on most fields, but on a small representative
subset of each deployment the NFZ is set deeper (i.e., secondary mineral precipitation and cation sorption
dynamics are quantitatively constrained at depth). For example:

● On a majority of the deployment area, the minimum depth of the NFZ could be set to the deeper of a)
20 centimeters, or b) the tillage depth plus a 10 centimeter buffer. A depth of 20 centimeters (or 8
inches) is commonly recommended for “surface soilˮ agronomic samping (e.g., USDA, 2022. In
addition, it is important to ensure measurement to at least the depth at which the feedstock is
incorporated through tillage, with a 10 centimeter buffer to account for both potential additional
vertical feedstock transport and spatial heterogeneity in tillage depth. As per above, this definition
should be informed in practice based on site-specific considerations (e.g., site hydrology).

● On a small representative subset of the deployment area, a deeper definition of the NFZ boundary is
utilized, e.g., between 60100 centimeters, or the end of a relevant soil horizon. This depth is
intended to interrogate secondary mineral precipitation and cation sorption, where soil porewater is
still very likely in rapid diffusive exchange with the atmosphere.
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Importantly, solid-phase mass balance methods to quantify feedstock dissolution (see Section 8.2) may
not be able to accommodate a sampling depth of the full NFZ and still be able to resolve a signal. If this is
the case, project developers are encouraged to sample a shallower depth interval to constrain feedstock
dissolution; however, these measurements must be supplemented with other methods of constraining
cation sinks and alkalinity export between the ‘feedstock dissolution zoneʼ measurement depth and the
end of the NFZ. As a general rule, it may be challenging to generate resolvable signals if an entire deep
core is homogenized; separate analysis of different depth intervals is recommended whenever analyzing
deep soil cores.

In the context of commercial deployments, we strongly recommend that in the near-term, these “deeper
NFZˮ subset fields be included in the MRV cost of the deployment, given the central importance of
deep-soil processes to the ultimate netCDR quantification. Quantified carbon removal outcomes and
measurement costs may be substantially different in fields with shallow versus deeper NFZs. At this stage
of development in the ERW pathway, this is advantageous in that it allows for the direct comparison of
measurement costs and quantification outcomes in each NFZ regime, but may also add complexity to
project contracting and analytical cost per ton of CDR.
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5 Overview of netCDR Quantification

5.1 Defining a Single Deployment
In this quantification framework, a “deployment areaˮ is defined as a field or group of fields that represent
the statistical population to which a single ERW treatment is applied and for which net carbon removal will
be estimated. It is the grouping at which an overall statistical analysis will be performed (a quantification of
netCDR with uncertainty), and for which a single project design document should be specified.

All fields or field areas within the same deployment must have broadly consistent:

● Time of feedstock application.
● Composition of applied feedstock.
● Geographic area.

The concept of a deployment area is distinct from its stratification—once defined, a deployment area can
additionally be stratified to create distinct field areas that share certain characteristics, as per the
recommendations in Section 7.3.

5.2 High-Level CDR Term Balance
In this framework for ERW carbon accounting, CDR is quantified over discrete time intervals that we will
refer to as reporting periods RP. In each reporting period, netCDR is quantified according to the following
term balance:

Eq. 5.2.1𝐶𝐷𝑅
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Where:
● is the net CO2 removed by the ERW deployment during the reporting period.𝐶𝐷𝑅

𝑁𝑒𝑡, 𝑅𝑃

● is the net additional CDR in the NFZ during the reporting period (Section 5.4.1).𝐶𝑂
2
𝑒

𝑁𝐹𝑍, 𝑅𝑃

● is the calculated net additional CDR in the FFZ assigned to the reporting period Section 9.𝐶𝑂
2
𝑒

𝐹𝐹𝑍, 𝑅𝑃

Importantly in the quantification framework presented here, only net carbon loss in the FFZ is
considered. This value is thus always negative. FFZ CO2 losses are amortized across reporting
periods as described in Section 5.3.2.

● is the calculated life cycle emissions assigned to the reporting period. Emissions𝐶𝑂
2
𝑒

𝐿𝐶𝐴 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠, 𝑅𝑃

are amortized across reporting periods as described in Section 10.3.
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Each of these terms can be further broken down into the difference between a treatment term and a
counterfactual CF term:

Eq. 5.2.2𝐶𝑂
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Eq. 5.2.4𝐶𝑂
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Where:
● The terms representing the “Treatmentˮ are statistical estimates of the quantity of CO2 removed from

the atmosphere (or in Eq. 5.2.4, emitted to the atmosphere as life cycle emissions) in reporting
period RP, as measured or estimated in the scenario where alkaline feedstock has been applied.

● The terms representing the “Counterfactualˮ are statistical estimates of counterfactual CO2 fluxes if
the ERW deployment had not occurred (Section 5.5). In order to keep track of avoided emissions
separately from atmospheric removals, these terms must be nonnegative (Section 5.5.4).

All terms in Eq.s 5.2.1 to 5.2.4 are expressed in units of tonnes CO2.

5.3 Time Accounting
A prevailing challenge across CDR pathways is that CO2 emissions and removals do not all occur
simultaneously with the initiation of a project. The carbon balance of an ERW deployment is arguably best
thought of as a timeseries of carbon ‘gainsʼ (removal from the atmosphere) and losses through time.
Upstream LCA emissions occur before and during the initial spreading of the alkaline feedstock. Feedstock
dissolution will occur over a period of years. Following the release of alkalinity through feedstock
dissolution, the transport and storage of cations in the soil profile can lead to non-negligible lags between
feedstock dissolution and when DIC is produced and exported from the NFZ Amann et al., 2020; Kanzaki
et al., 2024. Carbon can continue to be lost and gained as the weathering products are transported
through downstream systems to an eventual durable storage reservoir (Section 9). It is thus important to
develop a consistent carbon accounting framework that can account for processes that occur over
different timescales, and informs when carbon benefits can be credibly claimed over the course of a
project lifetime.

More broadly, for any given CDR pathway, it is important to differentiate between when carbon is actually
removed from the atmosphere, and when carbon credits are awarded in the context of a commercial CDR
deployment.

We propose the following frame for considering when CO2 has been removed from the atmosphere due to
an ERW intervention:

● Potential CDR is generated when base cations are released into solution through feedstock
dissolution (or when a non-carbonate feedstock mineralizes to form a carbonate mineral).

● Carbon removal has occurred when base cations released from the feedstock are charge-balanced
by dissolved inorganic carbon DIC in a fluid in diffusive exchange with the atmosphere. This may

33



occur in soil porewaters, or in downstream surface water systems (though net carbon removal
generated in the FFZ is not considered in the accounting framework presented here, Section 5.4).
This CDR is maintained as long as the base cations and charge-balancing DIC remain in solution or
reach a permanent storage reservoir that is not in contact with the atmosphere over the timescale of
the durability threshold (e.g., long duration groundwater reservoirs, Section 9.1).

● For non-carbonate feedstocks, carbon removal has also occurred when base cations released from
the feedstock have formed a secondary carbonate mineral, incorporating 1 mole of CO2 per mole of
Ca2 or Mg2.

Ideally, carbon credits that are used to offset emissions should be awarded in an ex-post manner, after
atmospheric CDR actually occurs. This is most clearly guaranteed by issuing credits as CDR is achieved
through time. However, a range of operational and normative choices, as well as precedent from other
CDR pathways, may also play a role in determining when credits are issued for CDR deployments.

The choice of a time accounting framework is ultimately a normative decision, but one that has many
nuanced and interlocking implications. Importantly, developing cohesive frameworks for time accounting
within and across CDR pathways is very much a work-in-progress and critical challenge for the broader
CDR community in the coming years. In this section, we lay out a series of potential frameworks for time
accounting in ERW, along with the advantages and practical implementation challenges associated with
each.

5.3.1 Near-Field Zone time accounting frameworks
We first introduce a series of frameworks for considering when CDR is generated in the NFZ. A common
thread to all of these frameworks is that potential CDR is generated upon feedstock dissolution, and thus
crediting should not be considered until alkalinity release from the feedstock has been empirically
demonstrated. These proposed frameworks largely differ in the details of how the potential for transient
and permanent alkalinity sinks within the NFZ are treated.

In almost all of the approaches below, the temporal dynamics of carbon loss and gain in the FFZ and the
amortization of LCA emissions are considered separately from the NFZ Section 5.3.2). Amortized life
cycle emissions (Section 10.3) and FFZ net predicted carbon losses assigned to a reporting period are
incorporated at the time of credit generation.

At this stage of development of the ERW pathway, we do not recommend that the temporal dynamics of
downstream carbon gains and losses be considered explicitly. Instead, given the relatively higher level of
uncertainty around the timing of carbon dynamics in the FFZ, we recommend making the conservative
assumption that estimated net FFZ losses occur when CDR is generated in the NFZ (see Section 5.3.2 for
further consideration of amortizing FFZ carbon loss).

5.3.1.1 Approach 1 Credit upon feedstock dissolution
In this approach, carbon credits are assigned when base cation release and/or associated DIC generation
due to feedstock dissolution has been measured within the NFZ. This time accounting method does not
consider transient sinks of alkalinity in the soil profile (e.g., cation sorption or the formation of secondary
carbonates that later dissolve). Expected permanent losses in the NFZ are subtracted from netCDR at the
time of credit generation as projected or estimated percentages of the potential carbon removal generated
by feedstock dissolution.
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There are two primary disadvantages to this framework. First, there can be context-specific time lags on
the order of months-to-years between feedstock dissolution and when DIC is produced and exported from
the NFZ–i.e., when CDR is considered to occur Amann et al., 2020; Kanzaki et al., 2024. Crediting at
feedstock dissolution in many systems will thus result in credits being issued before CDR has occurred
and significant temporal uncertainty as to when the credited CDR will actually lead to a reduction in
atmospheric CO2.

Second, this approach requires that permanent losses and reductions in CDR efficiency within the NFZ
must be estimated before they can be measured empirically, and so conservative assumptions have to be
made about the magnitude of each of these fluxes (Section 5.4, Section 8). Improved soil models and
frameworks for model validation are required to confidently estimate the magnitude of potential NFZ
losses in a site-specific way.

5.3.1.2 Approach 2 Consider temporal dynamics within the Near-Field Zone
This method requires detailed tracking of the temporal dynamics of netCDR until weathering products are
exported from the NFZ (Section 4). Instead of crediting upon feedstock dissolution, carbon credits are
assigned when released cations that are charge-balanced by dissolved inorganic carbon are either a)
exported from the NFZ, or b) remain in porewater within the NFZ. Secondary carbonate accumulation
within the NFZ can also be credited as CDR after appropriately accounting for the reduction in CDR
efficiency (Section 8.5).

One way of considering NFZ carbon dynamics is that in each reporting period, carbon credits are issued
corresponding to the potential CDR associated with alkalinity release from the feedstock during the
reporting period, tempered by the change in each soil stock that can represent a reduction in netCDR. The
change in carbon sink terms during the reporting period (e.g., change in base cations in the exchangeable
fraction, inorganic carbon content, cations incorporated into secondary clays, plant uptake, soil organic
carbon stocks) is calculated for the integrated soil profile in the NFZ.

The NFZ term balance described in Section 5.4.1.2 reflects this framing. Independently constraining
potential CDR associated with alkalinity release from the feedstock, alongside changes in any transient or
permanent sinks of alkalinity within the NFZ (represented by Endmember Approach 2), should in theory
yield an equivalent mass balance to directly measuring the time-dependent export of dissolved-phase
weathering products and associated DIC from the NFZ (in addition to any net additional DIC stored within
the NFZ at any given time; represented by Endmember Approach 1). This has yet to be rigorously
demonstrated in an ERW field trial or deployment. Pursuing this method intercomparison–comparing
solid-phase mass balance results with those from aqueous phase monitoring of DIC and weathering
products–at a range of well-instrumented sites should be a key priority for the ERW community in the
near-term.

This time accounting framework attempts to most closely and conservatively mirror when the atmosphere
feels the effect of the ERW intervention, so that credits are issued in an ex-post manner. The magnitude of
each potential transient or permanent reduction in CDR efficiency within the NFZ is empirically constrained
and incorporated into netCDR quantification.

5.3.1.3 Approach 3 Hybrid Near-Field Zone time accounting methods
A key tension with Approach 2 is its implications on cash flows and financing for commercial ERW
projects. Delaying carbon removal crediting until base cations released from the feedstock and
charge-balancing DIC have been exported from the NFZ, or are stored as dissolved species within the
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NFZ, means that netCDR and associated cash flow from the sale of carbon credits may be delayed by a
period of years from initial feedstock spreading. During discussions involving both representatives from
the technical Working Groups and market practitioners, it was repeatedly highlighted that this time delay in
the near-term could prove to be a potentially prohibitive financial bottleneck. Importantly, time delays
between feedstock application and credit generation are also inherent to Approach 1 (crediting upon
feedstock dissolution); for most ERW feedstocks there will be a significant time delay between feedstock
application and complete dissolution. However, given the fact that potential CDR is not generated until
feedstock dissolution, there was much greater consensus amongst Working Group and market practitioner
participants that CDR should not be credited before feedstock dissolution.

Thus, this section explores a series of time accounting frameworks that attempt to still take into account
the time dynamics of the NFZ following feedstock dissolution, but without waiting to strictly assign credits
until NFZ CDR is realized.

Time discounting of netCDR generation. Theoretically, one could envision a system in which operators
produce a prediction of netCDR through time, and CDR is credited at the time of feedstock dissolution,
with temporal discounting applied to future net gains and losses in CDR. The question of how to value
carbon removal that will occur in the future is a normative question that parallels ongoing field-wide
discussions about the value of short-duration removals, and would likely involve some version of
assigning a discount rate that reflects the social cost of carbon Balmford et al., 2023; Cullenward et al.,
2020; Fearnside et al., 2000; Matthews et al., 2023; Parisa et al., 2022.

Importantly, this type of economic discounting would break the claim of “physical equivalenceˮ between a
tonne of CO2 removed and cumulative radiative forcing impacts Chay et al., 2022, and thus require
careful discussion and consensus-building around how to translate projected carbon removals and
emissions into reductions in climate damages and then net present value.
While this may be worth exploring in the future, this method is largely infeasible today given our
insufficient ability to currently model CDR from source to sink (i.e., from the dissolution event to durable
storage in the ocean or a long residence time groundwater system; Section 9).

Guardrail-based time accounting. In this approach, CDR can be considered to occur when alkalinity is
released from the feedstock, but only under certain conditions. One example is considering CDR to be
generated with feedstock dissolution under conditions when there is a very high probability that the
weathering flux will be exported from the NFZ within a threshold time interval (e.g., 10 years).

Analogous frameworks for time accounting exist in CDR pathways that utilize waste biomass feedstocks
(e.g., Belmont et al., 2022; Gammans et al., 2024. When using waste biomass for CDR, the atmosphere
feels the effect of the CDR intervention only at the time when CO2 from the biomass would have been
counterfactually released to the atmosphere via biomass decay. A recently released protocol accounts for
this by creating a binary threshold—any CO2e from the biomass that would have been released within a 15
year time period can be credited immediately, and anything beyond that cannot be credited at all
Gammans et al., 2024. A clear counterfactual of sufficiently decay (or combustion) is required to enable
this type of accounting.

Considering the potential to apply an analogous approach to ERW deployments, this is likely infeasible
given that we do not currently have a sufficient predictive understanding of the controls on alkalinity
storage in and transit through the soil profile to predict export timescales with high precision.
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Consider NFZ temporal dynamics, with some crediting at dissolution. Here, credits are issued for a fixed
percentage of the potential CDR generated upon feedstock dissolution (e.g., 2550%, while waiting to
credit the remaining CDR until cations are observed to be exported from the NFZ, or actively driving CDR
within the NFZ. This would functionally entail maintaining an operationally-defined “buffer poolˮ of
uncredited potential CDR, held back until the magnitude of NFZ loss processes and the timescale of
realizing NFZ carbon removal are empirically determined.

Importantly, in this method, project developers still need to do the same temporal tracking and NFZ
measurements described in Approach 2 above (Section 5.3.1.2), such that the magnitude of NFZ loss can
be quantified, and the correct number of credits remaining after deducting these losses can be released
from the buffer pool.

To operationalize this method in an ERW deployment, project developers should keep track of both a) the
cumulative number of credits issued upon dissolution in the deployment, as well as b) the cumulative
number of tonnes of CDR demonstrated through detailed temporal tracking and NFZ measurements.
Additional credits are only released from the buffer pool when the cumulative number of tons of CDR
demonstrated in the NFZ is greater than the cumulative number of credits issued upon dissolution; this
represents CDR that has not yet been credited, and so double counting can be avoided.

While this time accounting framework does not rely on the existence of sufficiently validated models to the
same degree as the other hybrid approaches above, an informed decision needs to be made regarding the
percentage of credits held back in the buffer pool. The size of the buffer pool should be determined by a
conservative estimate of the magnitude of permanent sinks in the NFZ (i.e., more credits should not be
issued than will be eventually realized).

Given our current level of understanding, this would necessarily be a somewhat arbitrary and normative
choice, but we strongly recommend that if this approach is pursued, the buffer pool should be no less than
50% of potential credits, and any assumptions used to justify a buffer pool size in a protocol or
methodology should be articulated explicitly.

5.3.1.4 General recommendation for Near-Field Zone time accounting
For near-term commercial deployments, we recommend that protocols and methodologies follow
Approach 2 above, considering temporal dynamics within the NFZ. This approach most closely allows for
crediting when CDR is biogeochemically realized, does not rely on predictive modeling to estimate NFZ
fluxes, and ensures that each NFZ loss process is constrained through empirical measurement.

It is important to note that the operational difficulty and financing challenge represented by this time
accounting framework substantially increases as the depth of the NFZ increases (Section 4) and will vary
substantially between different deployment contexts. Within a given deployment environment, when
project developers are required to track the temporal dynamics of cation and carbon stores over a greater
depth interval, they will likely need to wait longer until carbon removal is realized and credits can be
issued. As one suggestion to balance operational feasibility with the need to monitor relevant processes in
deeper soils, see the recommended approach for defining the extent of the NFZ in Section 4. However,
practitioners should also be cognizant of how characteristics of the deployment
environment–microclimate, soil characteristics, and cropping system–will impact both the appropriate
spatial extent of the NFZ and likely time lags between feedstock dissolution and netCDR generation within
or export from the NFZ (Section 3).
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Lastly, if time accounting Approach 2 is not pursued given challenges surrounding cash flows and
financing, we believe that hybrid approaches which require consideration of temporal dynamics and
empirical measurement of NFZ processes (e.g., the buffer pool scheme described above) are an
improvement from issuing credits upon feedstock dissolution. However, it is important to note that these
time accounting proposals still need to be pressure tested in practice; as such, we recommend a pilot
period to test the efficacy of these frameworks before they are implemented commercially.

5.3.2 Far-Field Zone loss amortization
For each deployment, FFZ losses must be estimated using the methods and principles outlined in Section 9.

These net carbon losses in the FFZ must then be assigned to, or amortized across, reporting periods. The
recommended, easiest, and most conservative approach is to deduct calculated potential FFZ losses
associated with quantified NFZ carbon removal at the time of credit generation.

Notably, in some systems, CO2 losses in downstream systems may not occur until decades after the
weathering flux is exported from the soil profile. In addition, CO2 losses due to marine carbonate
precipitation will occur gradually in the decades to centuries following the initial weathering event.
Whether and how declines in CDR efficiency associated with long-term marine carbonate precipitation
should be included in netCDR is discussed in Section 9.4.3.

Process participants thus discussed the potential to deduct the components of downstream losses that
are justifiably argued to occur well after the end of the project lifetime equally across a project lifetime, as
opposed to proportionally at the time of credit generation for NFZ CDR (i.e., projected downstream loss for
a given tonne of NFZ CDR is realized in the reporting period the NFZ CDR is claimed). This would include
losses from long-term marine carbonate precipitation by default; a project developer would need to
provide justification based on residence time arguments that other FFZ losses would occur well after the
project lifetime (e.g., due to transit through a groundwater system with a residence time longer than the
project lifetime).

Importantly, in this accounting, care would also need to be taken to ensure that the downstream losses
realized in the later years of the project lifetime are not greater in magnitude than the netCDR being
generated in those later reporting periods (as if so, this portion of downstream losses would never be
taken into account). Similarly, provisions would also need to be put in place for early project termination.

Given the substantially more straightforward accounting, as a default it is recommended that net CO2

losses in the FFZ are allotted proportionally at the time of crediting. Projects that do amortize downstream
losses across the project lifetime should be accompanied by clear justification based on the estimated
timescale of downstream losses in the project design document.

5.3.3 Life cycle emissions amortization
There are two forms of life cycle emissions associated with an ERW deployment: upstream emissions that
occur before or during the deployment event, and ongoing emissions that occur over the lifetime of the
project.

Ongoing emissions should be accounted for in the reporting period in which they occur.

It is recommended that upstream emissions be allowed to be amortized across a portion of the potential
CDR of the deployment. At the beginning of the project (before feedstock is spread), a project-specific
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potential CDR should be calculated, representing the potential CDR generated by the feedstock expected
to dissolve within the lifetime of the project (Section 6.2.1). Upstream life cycle emissions may be
amortized proportionally as credits are issued across the first 50% of this CDR potential.

This is a practical middle ground between two endmember approaches also discussed by process
participants:

● Upstream life cycle emissions are
amortized proportionally over the entire
weathering curve, subtracted
proportionally to credits issued in each
reporting period. The challenge with this
accounting scheme is that the entire
feedstock may not weather, which would
mean that LCA emissions are not fully
accounted for.

● All life cycle emissions are taken into
account in the first reporting period(s) of
the deployment in which they occurred.
This is maximally conservative and closest
to when the atmosphere feels the effect of
the life cycle emissions, but is arguably
overly punitive given that it does not
conform with current precedent in other
CDR pathways (e.g., direct air capture).
Any acceptance of this endmember
approach is likely contingent on the
creation of amortization frameworks and
best practices adopted across CDR
pathways at the industry level that more
readily account for when the atmosphere
feels the impact of a project emission.
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5.4 CDR Term Balance Equations

5.4.1 Near-Field Zone term balance equation
In this section we lay out the term balance for quantifying net carbon removal in the NFZ ( , Eq.𝐶𝑂

2
𝑒

𝑁𝐹𝑍, 𝑅𝑃

5.2.1, Section 5.2); the fluxes of cations and carbon that must be considered in the FFZ are delineated in
Section 5.4.2 and Section 9.

NFZ CDR can be quantified as the additional DIC that has been exported from the NFZ relative to a
counterfactual baseline, plus CDR occurring in the NFZ as dissolved weathering products and precipitated
secondary carbonates. Changes to the soil organic carbon balance should also be included in this term
balance where applicable (Section 8.8). Note that this definition is represented by the time accounting
framework in Section 5.3.1.2 Approach 2.

Within the NFZ, it can be helpful conceptually to think about two endmember approaches for empirically
constraining CDR

Endmember Approach 1 Direct measurement of dissolved weathering products or DIC produced. CDR is
calculated as the export of carbonate alkalinity above a counterfactual baseline through aqueous-phase
measurements of carbonate system parameters and/or major ion concentrations at the end of the NFZ (or
in drainage / catchment waters past the NFZ. To additionally quantify CDR occuring within the NFZ,
practitioners can generate an estimate of additional DIC within the NFZ relative to the counterfactual
baseline, via direct measurements at a series of depths.

Endmember Approach 2 Independently constrain feedstock dissolution and each term balance
component. Instead of directly measuring changes in alkalinity or DIC in the aqueous phase, the potential
CDR associated with cations released through feedstock dissolution is calculated in each reporting period,
tempered by the change in each potential carbon loss term relative to the last reporting period. After
accounting for each potential loss term, the remaining CDR from feedstock dissolution should represent
the magnitude of additional DIC in and exported from the NFZ.

The term balance equations presented in these endmember approaches allow for the consideration of DIC
in the NFZ as part of a holistic accounting of generated CDR. Importantly, in the solid phase mass balance
approach, DIC in the NFZ is counted as CDR since there is no measurement of DIC in the NFZ to subtract
from the term balance. Therefore, the dissolved phase approach includes the approach to calculate an
estimate of the additional DIC in the NFZ.

Practitioners should be cognizant of the higher vulnerability of DIC in the NFZ to losses, lags, and
reversals. Similar considerations apply to carbonate minerals that form in the NFZ, as in agricultural soils
they are vulnerable to subsequent dissolution and non-carbonic acid dissolution. At the current state of
ERW, we are considering the formation of DIC and secondary carbonates in the NFZ from ERW to be CDR.
It is important for practitioners to capture dynamics in the project period and explicitly discuss reversal
risk, possibly projecting out subsequent precipitation and dissolution dynamics to determine whether one
should consider further downstream dynamics of the carbon and alkalinity that is stored within the
carbonate lattice. If carbonates are a primary storage pathway in the NFZ at a project location, one needs
to be much more cognizant of the long-term durability of those carbonates, specifically with regard to
potential changes in land use (e.g., fertilizer application or changing root depth).
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A note on secondary carbonates (discussed in more detail in Section 8.5). The formation of a secondary
carbonate mineral removes two moles of alkalinity from solution, but stores one mole of CO2 in the mineral
lattice. In Endmember 1, the reduction in CDR efficiency from the removal of alkalinity from solution is
reflected in the measurement, but the additional CDR represented by the CO2 stored in the mineral lattice
is not. This carbonate-based CDR may be incorporated into the term balance by directly measuring
carbonate formed (Section 8.5.3). In Endmember 2, depending on the details of the quantification method,
the reduction in CDR efficiency from the removal of alkalinity from solution may not be captured by the
feedstock dissolution measurement. Direct quantification of (potential) carbonate formation may be
required to account for the net reduction in CDR efficiency associated with any secondary carbonate
formation (Section 8.5.3).

For either endmember, changes to the net organic carbon balance would need to be accounted for
separately from the inorganic carbon flux measurements represented in the endmember approaches. As
discussed in Section 8.8, it is currently recommended that project developers be cognizant of, and monitor
for, potential changes to the net organic carbon balance as a result of an ERW deployment, but that
practitioners should not be required to incorporate potential net organic carbon loss into the (inorganic)
netCDR quantification. Instead, organic carbon gains and losses should be tracked separately Manning et
al., 2024, and constraining scenarios in which ERW deployments are likely to lead to meaningful loss of
organic carbon relative to counterfactual practice–either transiently or over longer timescales–should be a
key priority for the pathway in the coming years (Section 8.8). The potential for biogeochemical changes
induced by ERW deployments to lead to net additional accumulation of organic carbon also emphasizes
the coming need to navigate between different carbon quantification and crediting regimes (e.g., soil
organic carbon, standing biomass (e.g., in forested settings), and ERW to avoid overcounting while
providing a more holistic accounting of the overall carbon balance (Section 8.7).

Within each endmember, a wide array of measurement approaches and techniques can be used Almaraz
et al., 2022; Campbell et al., 2023; Clarkson et al., 2024—the goal here is to present two different
approaches for considering the inorganic term balance, spelled out in more detail in the following sections.

5.4.1.1 Endmember approach 1 Direct measurement of dissolved weathering products
When directly measuring dissolved weathering products, a project developer must estimate:

a. The total time-integrated export of carbonate alkalinity or DIC from the NFZ for the reporting period;

(Section 8.1). Note that direct measurements of DIC need not be taken; rather, DIC
𝑡𝑖𝑚𝑒
∑ 𝐷𝐼𝐶

𝐸𝑥𝑝𝑜𝑟𝑡, 𝑅𝑃

may be calculated from measurements of carbonate system parameters. Monitoring other dissolved
weathering products (e.g., major ions) is also useful.

b. Optionally, the concentration of DIC spatially integrated throughout the NFZ at at the time of

quantification; (Section 8.1).
𝑣𝑜𝑙𝑢𝑚𝑒

∑ 𝐷𝐼𝐶
𝑁𝐹𝑍, 𝑅𝑃

c. Optionally, any additional carbon removal that has occurred due to secondary carbonate
precipitation; . 𝐶𝐷𝑅

𝑆𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦 𝑐𝑎𝑟𝑏𝑜𝑛𝑎𝑡𝑒𝑠, 𝑅𝑃

NFZ CDR generated in each reporting period using this method can be calculated through the following
term-balance equation:
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𝐶𝑂
2
𝑒

𝑁𝐹𝑍, 𝑅𝑃
=

𝑡𝑖𝑚𝑒
∑  𝐷𝐼𝐶

𝐸𝑥𝑝𝑜𝑟𝑡, 𝑅𝑃
+

𝑣𝑜𝑙𝑢𝑚𝑒
∑  𝐷𝐼𝐶

𝑁𝐹𝑍, 𝑅𝑃
 −

𝑣𝑜𝑙𝑢𝑚𝑒
∑  𝐷𝐼𝐶

𝑁𝐹𝑍, 𝑃𝑟𝑒𝑣 𝑅𝑃
 

Eq. 5.4.1.1.1 +  𝐶𝑂
2
𝑒

𝑆𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦 𝐶𝑎𝑟𝑏𝑜𝑛𝑎𝑡𝑒𝑠, 𝑅𝑃

Where:
● is the NFZ CDR during the reporting period (Eq. 5.2.2).𝐶𝑂

2
𝑒

𝑁𝐹𝑍, 𝑅𝑃

● is the CO2 removal represented by time-integrated DIC export from the NFZ during the
𝑡𝑖𝑚𝑒
∑ 𝐷𝐼𝐶

𝐸𝑥𝑝𝑜𝑟𝑡, 𝑅𝑃

reporting period. This can be calculated from a time series of porewater or drainage water chemistry
measurements coupled with constraints on the water flux at the end of the NFZ in a treatment plot,
compared to porewater or drainage water measurements in a representative control plot (Section
8.1).

● is the CO2 removal represented by the concentration of DIC in porewater spatially
𝑣𝑜𝑙𝑢𝑚𝑒

∑  𝐷𝐼𝐶
𝑁𝐹𝑍, 𝑅𝑃

  

integrated throughout the entire NFZ. This can be estimated via a series of porewater chemistry
measurements at a range of depths in the NFZ, and using an interpolation technique to estimate
concentrations throughout the NFZ. (Optional.)

● is the same NFZ DIC quantity as the previous term, but for the previous reporting
𝑣𝑜𝑙𝑢𝑚𝑒

∑  𝐷𝐼𝐶
𝑁𝐹𝑍, 𝑃𝑟𝑒𝑣 𝑅𝑃

period. For the first reporting period of a given deployment, this represents the DIC concentration
spatially integrated throughout the entire NFZ before the deployment has occurred. (Optional.)

● is the additional CO2 removal this reporting period due to the precipitation of𝐶𝑂
2
𝑒

𝑆𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦 𝐶𝑎𝑟𝑏𝑜𝑛𝑎𝑡𝑒𝑠, 𝑅𝑃

secondary carbonate minerals in the NFZ (measured as the difference in NFZ soil inorganic carbon
stocks in the current reporting period relative to NFZ inorganic carbon stocks in the previous
reporting period–Section 8.5). In this endmember approach, this term can either be directly
measured or assumed to be zero. (Optional.)

All terms in Eq. 5.4.1.1.1 are expressed in units of tonnes CO2.

Note that this equation implicitly requires the estimation of CO2e fluxes for the treatment scenario relative
to the counterfactual scenario; each term represents the difference between the change in the associated
parameter in treatment areas, minus the change in that parameter in control areas. This corresponds to the
high-level term balance in Section 5.2

Eq. 5.2.2.𝐶𝐷𝑅
𝑁𝐹𝑍,𝑅𝑃

 =  𝐶𝑂
2
𝑒

𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 𝑁𝐹𝑍, 𝑅𝑃 
 − 𝐶𝑂

2
𝑒

𝐶𝐹 𝑁𝐹𝑍, 𝑅𝑃 
  

5.4.1.2 Endmember approach 2 Independently constrain feedstock dissolution and each
term balance component
In this endmember, the potential CDR associated with alkalinity release from the feedstock during a given
reporting period is calculated alongside changes in soil stocks that represent a reduction in netCDR. At
each reporting period, project developers generate a new estimate of how each term in the below
term-balance equation has changed since the last reporting period (e.g., how much alkalinity is tied up
on sorption sites, or how much net new carbonate formation is in the soil profile during the time of the
reporting period). The change in each term during the reporting period (e.g., change in base cations in the
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exchangeable fraction or change in soil inorganic carbon stocks) is calculated for the integrated soil
profile in the NFZ.

NFZ CDR quantified for a reporting period using this method can be calculated through the following
term-balance equation:

𝐶𝑂
2
𝑒

𝑁𝐹𝑍, 𝑅𝑃
= 𝐶𝑂

2
𝑒

𝐹𝑒𝑒𝑑𝑠𝑡𝑜𝑐𝑘 𝐷𝑖𝑠𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛, 𝑅𝑃
− 𝐶𝑂

2
𝑒

𝐵𝑖𝑜𝑚𝑎𝑠𝑠 𝑈𝑝𝑡𝑎𝑘𝑒, 𝑅𝑃
− 𝐶𝑂

2
𝑒

𝑝𝐻 𝑎𝑛𝑑 𝑁𝑜𝑛−𝐶𝑎𝑟𝑏𝑜𝑛𝑖𝑐 𝐴𝑐𝑖𝑑 𝑊𝑒𝑎𝑡ℎ𝑒𝑟𝑖𝑛𝑔, 𝑅𝑃
 

Eq. 5.4.1.2.1          − 𝐶𝑂
2
𝑒

 𝑆𝑜𝑟𝑝𝑡𝑖𝑜𝑛, 𝑅𝑃
  − 𝐶𝑂

2
𝑒

 𝑆𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦 𝐶𝑎𝑟𝑏𝑜𝑛𝑎𝑡𝑒𝑠, 𝑅𝑃
  − 𝐶𝑂

2
𝑒

 𝑆𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦 𝑆𝑖𝑙𝑖𝑐𝑎𝑡𝑒𝑠, 𝑅𝑃
 

Where:
● is the NFZ CDR during the reporting period (Section 5.2).𝐶𝑂

2
𝑒

𝑁𝐹𝑍, 𝑅𝑃

● is the potential “theoretical maximumˮ CDR generated through the release of𝐶𝑂
2
𝑒

𝐹𝑒𝑒𝑑𝑠𝑡𝑜𝑐𝑘 𝐷𝑖𝑠𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛, 𝑅𝑃

base cations from the alkaline feedstock in the current reporting period (Section 8.2). In this
presentation, assumes that base cations released through dissolution are fully𝐶𝑂

2
𝑒

𝐹𝑒𝑒𝑑𝑠𝑡𝑜𝑐𝑘 𝐷𝑖𝑠𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛, 𝑅𝑃

charge balanced by bicarbonate; corrections for the soil solution DICAlkalinity ratio and
non-carbonic acid weathering are included in the term.𝐶𝑂

2
𝑒

𝑝𝐻 𝑎𝑛𝑑 𝑁𝑜𝑛−𝐶𝑎𝑟𝑏𝑜𝑛𝑖𝑐 𝐴𝑐𝑖𝑑 𝑊𝑒𝑎𝑡ℎ𝑒𝑟𝑖𝑛𝑔, 𝑅𝑃
 

● is the decrease in CDR over the reporting period due to cation uptake into𝐶𝑂
2
𝑒

𝐵𝑖𝑜𝑚𝑎𝑠𝑠 𝑈𝑝𝑡𝑎𝑘𝑒, 𝑅𝑃

biomass that is removed from the system (Section 8.7).

● is the decrease in CDR over the reporting period due to alkalinity𝐶𝑂
2
𝑒

𝑝𝐻 𝑎𝑛𝑑 𝑁𝑜𝑛−𝐶𝑎𝑟𝑏𝑜𝑛𝑖𝑐 𝐴𝑐𝑖𝑑 𝑊𝑒𝑎𝑡ℎ𝑒𝑟𝑖𝑛𝑔, 𝑅𝑃
 

generation that is not charge-balanced by bicarbonate (including the impact of non-carbonic acid
weathering) (Section 8.3).

● is the decrease in CDR over the reporting period due to base cation sorption on soil𝐶𝑂
2
𝑒

 𝑆𝑜𝑟𝑝𝑡𝑖𝑜𝑛, 𝑅𝑃

exchange sites, or equivalently, a reduction in exchangeable acidity (Section 8.4).

● is the decrease in CDR over the reporting period due to the precipitation of𝐶𝑂
2
𝑒

 𝑆𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦 𝐶𝑎𝑟𝑏𝑜𝑛𝑎𝑡𝑒𝑠, 𝑅𝑃

secondary carbonate minerals (Section 8.5). Note that secondary carbonate minerals represent a
sink of CO2 from the atmosphere for non-carbonate feedstocks, but the reduction in CDR efficiency
due to the removal of alkalinity from solution must still be accounted for.

● is the decrease in CDR over the reporting period due to the formation of𝐶𝑂
2
𝑒

 𝑆𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦 𝑆𝑖𝑙𝑖𝑐𝑎𝑡𝑒𝑠, 𝑅𝑃

secondary silicate minerals and other secondary phases (Section 8.6).

All terms in Eq. 5.4.1.2.1 are expressed in units of tonnes CO2. As above, note that each term should be
computed separately for the treatment scenario (as measured on treatment fields; ) and𝐶𝑂

2
𝑒

𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 𝑁𝐹𝑍, 𝑅𝑃 

for the counterfactual scenario (as measured on control fields; ). The difference between𝐶𝑂
2
𝑒

𝐶𝐹 𝑁𝐹𝑍, 𝑅𝑃 

and yields .𝐶𝑂
2
𝑒

𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 𝑁𝐹𝑍, 𝑅𝑃 
𝐶𝑂

2
𝑒

𝐶𝐹 𝑁𝐹𝑍, 𝑅𝑃 
𝐶𝑂

2
𝑒

𝑁𝐹𝑍, 𝑅𝑃

The guardrails and requirements for accounting for each of these listed fluxes are considered in detail in
Section 8. As described above, many of these terms may be either positive or negative, depending on the
direction of change of the corresponding flux in the given reporting period. In addition, some terms may
be excluded for some or all reporting periods, as detailed in Section 8.
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5.4.2 Far-Field Zone term balance equation
Guidelines for determining the durable storage reservoir for the CO2 removed by an ERW deployment and
the associated spatial scope of the FFZ are discussed in Section 9.1. Broadly, a project should consider net
carbon losses in three spatial regimes: the lower vadose zone and along groundwater flow paths, surface
water systems, and the ocean. A term balance equation for the FFZ can thus expressed as:

Eq. 5.4.2.1𝐶𝑂
2
𝑒

𝐹𝐹𝑍, 𝑅𝑃
= 𝐶𝑂

2
𝑒

𝐺𝑟𝑜𝑢𝑛𝑑𝑤𝑎𝑡𝑒𝑟, 𝑅𝑃
 +  𝐶𝑂

2
𝑒

𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑊𝑎𝑡𝑒𝑟, 𝑅𝑃
+  𝐶𝑂

2
𝑒

𝑂𝑐𝑒𝑎𝑛𝑠, 𝑅𝑃
 

Where:
● is the calculated net additional CDR in the FFZ assigned to the reporting period.𝐶𝑂

2
𝑒

𝐹𝐹𝑍, 𝑅𝑃

Importantly, in the quantification framework presented here, only net carbon loss in the FFZ is
considered. This value is thus always negative.

● is the net change in CDR relative to the counterfactual due to permanent alkalinity𝐶𝑂
2
𝑒

𝐺𝑟𝑜𝑢𝑛𝑑𝑤𝑎𝑡𝑒𝑟, 𝑅𝑃

sinks in the lower vadose zone and along groundwater flow paths (Section 9.2). In the framework for
CDR quantification presented here, this will always be a reduction in CDR, and thus should be a
negative value.

● is the net change in CDR relative to the counterfactual due to permanent alkalinity𝐶𝑂
2
𝑒

 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑊𝑎𝑡𝑒𝑟, 𝑅𝑃

sinks and CO2 evasion in surface water systems (Section 9.3). In the framework for CDR
quantification presented here, this will always be a reduction in CDR, and thus should be a negative
value.

● is the net change in CDR due to carbonic acid system re-equilibration and any𝐶𝑂
2
𝑒

𝑂𝑐𝑒𝑎𝑛𝑠, 𝑅𝑃
 

permanent alkalinity sinks in the ocean (Section 9.4). In the framework for CDR quantification
presented here, this will always be a reduction in CDR, and thus should be a negative value.

All terms in Eq. 5.4.2.1 are expressed in units of tonnes CO2, and should be nonpositive values. However,
we note that while these terms are separate in this equation, in reality, processes in one part of the FFZ
may affect other processes, and there may be scenarios where the individual terms are positive even if

is negative.𝐶𝑂
2
𝑒

𝐹𝐹𝑍, 𝑅𝑃

Recommendations regarding the cation and carbon fluxes that should be explicitly quantified in each of
these FFZ environments as part of project-level netCDR for ERW deployments, including current
capabilities and path forward, are discussed in detail in Section 9. Guidance for amortizing reductions in
CDR efficiency in the FFZ across reporting periods is provided in Section 5.3.2.
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5.5 Defining a Counterfactual Baseline
Establishing a counterfactual baseline is a key element of determining the additionality of a project. Only
net additional CO2 removal should be credited as part of a CDR project, so the project needs to be
compared against the baseline of netCDR that would have occurred had the project never been
established Millock, 2013. Determining an accurate counterfactual is nuanced and complex—from
defining the counterfactual practice, to practically estimating carbon outcomes as a result of that practice.

We begin this section with a discussion of one of the core components and outstanding debates of
defining counterfactual CDR in agronomic systems: how to consider and quantify the net (potentially
negative) emissions associated with liming for soil pH control. The section then walks through the key
elements of defining a counterfactual baseline for an ERW deployment: defining the counterfactual
scenario, quantifying the netCDR of that counterfactual, and integrating estimates of the counterfactual
baseline into netCDR calculations.

5.5.1 CDR and liming
The practice of applying alkaline rock powder to agricultural soils to adjust soil pH for improved crop
production is well-established and is a common commercial practice in many regions. This most
commonly takes the form of the addition of fine-grained carbonate minerals (agricultural lime, or ag-lime)
to raise soil pH levels. This established practice is functionally enhanced rock weathering with carbonate
feedstocks. Depending on the timeframe considered and a number of site-specific factors, liming can
represent a net source or sink of CO2 Hamilton et al., 2007; Oh and Raymond, 2006; West and McBride,
2005.

Carbonate weathering has the potential to produce 2 moles of charge-balancing DIC for every mole of
Ca2 or Mg2 released into the soil solution. One of these moles of DIC will be released from the carbonate
mineral itself, meaning a maximum of one mole of CO2 is removed from the atmosphere. However, the
mole of carbon contained within the carbonate mineral also means that carbonate weathering can be a net
source of CO2 to the atmosphere (over certain timescales), or net neutral if a carbonate mineral is
re-precipitated in the soil profile or in a downstream system.

For example, if CaCO3 weathers in low-pH soils, the weathering reaction will remove acidity from the soil,
but the carbon contained within the CaCO3will be released to the atmosphere, making the liming reaction
an immediate net source of CO2. However, when the weathering products reach a downstream surface
water system with higher pH, the carbonate system will re-equilibrate and the cation may then be
charge-balanced by DIC. Equivalently, the reduction in acidity being exported from the soil profile could
drive CDR by reducing CO2 evasion downstream. As such, in some contexts, liming could be a CO2 source
initially but an eventual sink of CO2 downstream. Indeed, measurements in the Mississippi River watershed
have demonstrated a significantly enhanced bicarbonate flux over the past 50 years, attributable in part to
large-scale agricultural liming Raymond et al., 2008.

For ERW deployments that lead to a change in agronomic pH control practice, it is important to consider
the CDR of that counterfactual practice. Many regulatory agencies (e.g., EPA, Defra) currently provide
guidance on the emissions factors associated with agricultural liming, which assume that liming practices
lead to net CO2 emissions in all scenarios. Although this is a conservative assumption from the
perspective of emissions accounting, this is not a conservative assumption from the perspective of
netCDR quantification. The guidance outlined in the following sections calls for a deliberate tracking or
conservative estimation of the net emissions associated with counterfactual liming practices.
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5.5.2 Defining a counterfactual scenario
For ERW deployments in agricultural systems, the counterfactual scenario represents the ‘business as
usualʼ BAU suite of agronomic practices that would have been employed had the project not been
established. This can include agronomic pH control, cropping and tillage practices, fertilizer use, and
irrigation practices. Defining a counterfactual scenario can be challenging–someone must decide what a
farmer would have done without being able to actually observe it.

Defining the counterfactual agronomic pH control practice is of particular importance, as the practice of
applying alkaline rock powder to agricultural soils is a widespread commercial practice in many regions
and, depending on the deployment context and timescale considered, can drive netCDR (Section 5.5.1).
We thus focus the majority of this section on recommendations and guardrails for defining the
counterfactual agronomic pH control scenario, but start with high-level guidance on other components of
counterfactual agronomic practice that may require particular consideration.

Alongside this counterfactual agronomic practice, in some cases counterfactual feedstock use should also
be considered, particularly for existing ‘wasteʼ feedstocks that were not mined or produced specifically for
an ERW deployment. For example, feedstocks that would have otherwise been stored in an outdoor
tailings pile in contact with atmospheric CO2 could drive some amount of CDR in the counterfactual use
case Khalidy and Santos, 2021; Pullin et al., 2019; Wilson et al., 2014, 2009. To be fully comprehensive,
deployments should consider whether the counterfactual feedstock use could drive non-negligible CDR,
and–if so–quantify the counterfactual CO2 uptake over at least the project lifetime of the ERW deployment.
Any quantified CDR from the counterfactual feedstock use scenario should be subtracted from netCDR as
part of the counterfactual baseline.

5.5.2.1 Cropping and tillage practices
Any land-use change as a result of the ERW deployment should be reflected in the counterfactual baseline
scenario. In the case that financing for the deployment led to different decisions regarding crop selection
or farming practice (e.g., a shift in tillage practice to enable spreading and mixing of the ERW feedstock),
the counterfactual practice should be included in the counterfactual scenario and implemented in any BAU
plot, Section 5.5.3.

5.5.2.2 Fertilizer use
Some ERW feedstocks will provide micro- and macro-nutrients to the soil system, and improved
agronomic pH control may increase the nutrient use efficiency of the cropping system Beerling et al.,
2018; Skov et al., 2024; Swoboda et al., 2022. It is thus possible and even likely that over time, ERW
deployments will be accompanied by a shift in fertilizer use. There is significant potential to achieve
reductions in both direct and indirect greenhouse gas emissions from a reduction in fertilizer use
(particularly from nitrogen-based fertilizer), and these avoided emissions should be quantified and
possibly credited through fit-for-purpose crediting schemes Alberta Environment and Protected Areas,
2023; Millar et al., 2013. The counterfactual fertilizer use practice (i.e., business as usual) should be used
in the counterfactual scenario.

5.5.2.3 Irrigation
It is also plausible to envision scenarios where irrigation practices are changed to accommodate an ERW
deployment (e.g., previously rain-fed fields are irrigated to maintain higher dissolution rates). In this case,
the counterfactual irrigation practice should again be included in the counterfactual scenario defined for a
deployment.
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5.5.2.4 Agronomic pH control
The counterfactual scenario defined for agronomic pH control practice should consist of an estimated
counterfactual application rate, application frequency, and composition of the liming agent. Importantly,
different materials can be used for agronomic pH control, including calcium carbonate, dolomitic
carbonates, and calcium or magnesium hydroxides. Silicate feedstocks have also been used for pH and
nutrient management in some regions–most notably Brazil Manning and Theodoro, 2020; Ramos et al.,
2017)–but also in other geographies (e.g., Gillman et al., 2002; Van Straaten, 2021, 2006, 2002. As
shorthand in the following section, we refer to counterfactual agronomic pH control by any of these
methods as ‘liming .̓

There is no set method for defining counterfactual liming practice that will apply across all deployment
scenarios. In deciding what liming practices to adopt, farmers are striking a balance between ‘optimalʼ pH
control from an agronomic perspective (e.g., maximizing nutrient use efficiency and yield) and economic
and operational considerations. Records of historic agronomic pH control practices can thus be an
informative lens in determining what agronomic practices would have been in the absence of the ERW
project. If historical, site-specific liming records are available for the deployment site, they can be utilized
to establish the counterfactual scenario by projecting the historic decision making on liming application
rates into the future.

However, historical records can be difficult to come by as a result of landowner changes, land-use
changes, and incomplete record-keeping. Regional liming records are available in some areas but may not
be representative of site-specific decision-making. Thus, if historical records are not available, and clear
evidence does not exist that liming is absent from regular commercial practice for the deployment site, we
recommend that practitioners assume the site would have been limed in a manner consistent with
commercial practice for the area. This would entail assuming the use of a farmerʼs historical liming agent,
or that recommended as default by local agronomists or extension agents, to bring the soil buffer pH up to
the average soil buffer pH of other fields of a similar crop type within a regional radius of 50 km.
Calculations should be performed to translate between this assumed target pH and a defined
counterfactual management scenario that defines an application rate and frequency for the liming agent. It
is also justifiable to assume the soil would have been limed to achieve the target pH recommended by
local agronomists or agricultural agencies; considering the average soil pH for a crop type in a localized
region is simply an option that may better represent realistic liming decisions, as commercial crops are
limed at lower-than-recommended rates in many regions.

5.5.2.5 Reporting
Before a deployment begins, a counterfactual management practice scenario should be clearly articulated,
along with justification that either refers to relevant records or articulates the assumptions and calculations
used to define the scenario. Project developers are also encouraged to report ‘sense checksʼ on this
counterfactual, such as a comparison to average liming rates (or sales of liming agents) in the region, or a
comparison between reported historic liming rates and fertilizer use.

5.5.3 Quantifying the netCDR of a counterfactual scenario
Once a counterfactual scenario is defined, project developers then need to quantify the netCDR
associated with that scenario.
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5.5.3.1 Counterfactual Near-Field Zone CDR
We begin by considering how to estimate NFZ CDR ( , Eq. 5.2.2) for a given counterfactual𝐶𝑂

2
𝑒

𝐶𝐹 𝑁𝐹𝑍, 𝑅𝑃

management practice scenario.

As a default, we recommend that the counterfactual scenario is implemented on a business-as-usual
BAU plot, and that is quantified through monitoring of the BAU plot. Here we define a BAU𝐶𝑂

2
𝑒

𝐶𝐹 𝑁𝐹𝑍, 𝑅𝑃

plot as a control plot on which all counterfactual management practices are implemented, including any
counterfactual agronomic pH control practice.

Assuming that BAU plots are sufficiently representative of their corresponding treatment areas (Section
7.2.2), BAU plots provide the ability to directly monitor carbon and alkalinity fluxes in the counterfactual
scenario through time, and represent a dynamic baseline to which to compare time-varying fluxes in the
treatment plot (e.g., aqueous cation or carbonate system measurements, or changes to organic carbon
cycling). In addition, BAU plots may allow for observation of potential agronomic co-benefits of ERW
treatment compared to counterfactual management practices.

While monitoring BAU plots is the recommended approach for quantifying , there are a few𝐶𝑂
2
𝑒

𝐶𝐹 𝑁𝐹𝑍, 𝑅𝑃

ways in which maintaining and comparing measurements against BAU plots may be operationally difficult:
● In some cases, maintaining BAU plots could be particularly operationally taxing, such as for smaller

farms on which delivering and spreading both ag-lime and an additional ERW feedstock could
represent an economically impractical operational burden.

● As a default, should be monitored and calculated in the same manner as𝐶𝑂
2
𝑒

𝐶𝐹 𝑁𝐹𝑍, 𝑅𝑃

(Eq. 5.2.2). However, mobile/immobile tracer techniques used to quantify𝐶𝑂
2
𝑒

𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 𝑁𝐹𝑍, 𝑅𝑃
 

feedstock dissolution in treatment plots may be difficult or impossible to use to quantify carbonate
dissolution in a BAU plot, given the lack of relevant immobile tracers in carbonate feedstocks.
Therefore, an alternative quantification method may need to be used in the BAU plot in some
circumstances (Section 8.2).

● Using BAU plots that have been amended with ag-lime as the baseline from which to compare
changes in soil inorganic carbon SIC stocks presents an operational complication, as shallow soils
may contain undissolved carbonate amendments. In these cases, we recommend focusing SIC stock
measurements below the shallow soil layer where the carbonate minerals in the liming agent have
been incorporated (Section 8.5.3).

Negative control plots, on which all counterfactual management practices are implemented except for
counterfactual pH control, offer an alternative way of establishing a dynamic baseline for time-varying
fluxes, but are more problematic than BAU plots under most scenarios.

Because negative control plots do not fully implement the business-as-usual scenario, there could be a
marked departure from counterfactual conditions, particularly in cases where the negative control plot
becomes substantially more acidic over time through continued nitrogen-based fertilizer use without
continued ag-lime application. In general, negative control plots are recommended as a potentially
informative supplement to a BAU plot (particularly for research studies), but not as the sole control plot
used. Note, throughout this document we use ‘control plotʼ as an umbrella term to refer to either a
“business as usualˮ BAU plot or a negative control.
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If a project cannot establish a BAU plot, then a conservative estimate of due to the liming𝐶𝑂
2
𝑒

𝐶𝐹 𝑁𝐹𝑍, 𝑅𝑃

practice may be developed by assuming that all of the applied liming agent dissolves and drives netCDR at
100% field efficiency (e.g., assuming no secondary mineral precipitation, negligible plant uptake, assuming
rapid transport of alkalinity out of the NFZ, ignoring base cation sorption to exchange sites, etc.). This
calculation may be adjusted for non-carbonic acid weathering in the BAU plot using the same methods as
the treatment. This theoretical estimate of must be assigned to a time interval or reporting𝐶𝑂

2
𝑒

 𝐶𝐹 𝑁𝐹𝑍, 𝑅𝑃

period(s); the simplest, most conservative assumption is to assign the entire calculated counterfactual
carbon removal to the reporting period in which the counterfactual liming event would have occurred.

If a conservative estimate of from the liming counterfactual is pursued, then it should be𝐶𝑂
2
𝑒

𝐶𝐹 𝑁𝐹𝑍, 𝑅𝑃

accompanied by a negative control plot to observe the rest of the counterfactual scenario and provide a
baseline to any time-varying fluxes.

Due to a lack of fully validated or benchmarked models (or even the existence of accepted
validation/benchmarking frameworks) that could estimate the amount of CDR occurring from a
counterfactual pH control practice, using reactive transport models of the soil profile coupled to models of
downstream processes is not currently an acceptable method for quantifying the counterfactual netCDR
(Section 8.10).

5.5.3.2 Counterfactual Far-Field Zone CDR
All terms within the FFZ term balance should be calculated for the counterfactual scenario to estimate

(Eq. 5.2.3). For any site-specific model runs that are used to calculate FFZ losses given the𝐶𝑂
2
𝑒

𝐶𝐹 𝐹𝐹𝑍, 𝑅𝑃 

treatment practice, corresponding site-specific model runs should be performed representing the
counterfactual scenario. Net FFZ carbon removal should be calculated as FFZ CO2 fluxes to the
atmosphere in the treatment scenario in excess of FFZ CO2 fluxes in the counterfactual scenario (where
both terms on the R.H.S. should be negative, representing losses):

.𝐶𝑂
2
𝑒

𝐹𝐹𝑍, 𝑅𝑃 
= 𝐶𝑂

2
𝑒

𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 𝐹𝐹𝑍, 𝑅𝑃 
− 𝐶𝑂

2
𝑒

𝐶𝐹 𝐹𝐹𝑍, 𝑅𝑃 

5.5.3.3 Counterfactual life cycle emissions
The same framework and methods for emissions accounting (e.g., emissions factors) that are used to
calculate life cycle emissions for the treatment scenario should also be used to calculate the life cycle
emissions of the counterfactual scenario (Eq. 5.2.4). In addition, the same method for𝐶𝑂

2
𝑒

𝐶𝐹 𝐿𝐶𝐴 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠, 𝑅𝑃 

amortizing upstream emissions for a deployment across reporting periods should be used for both
treatment and counterfactual LCA emissions.

The LCA emissions of maintaining the BAU plot should be considered within the system boundary of the
ERW project as a whole and allocated to . However, when estimating the LCA𝐶𝑂

2
𝑒

𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 𝐿𝐶𝐴 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠, 𝑅𝑃 

emissions of the counterfactual scenario, the emissions associated with that counterfactual practice, not
the BAU plot, should be used (e.g., if the transportation pathway for the small quantity of ag-lime used in
the BAU plot differs from that which would normally be used, the ‘business as usualʼ transportation would
be used in calculating the counterfactual LCA emissions).
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5.5.4 Complexities with counterfactual carbon accounting
Following the high-level term balance in Eq. 5.2.2 under ideal circumstances, project developers could
directly calculate , the netCDR occurring within the NFZ in the counterfactual scenario.𝐶𝑂

2
𝑒

𝐶𝐹 𝑁𝐹𝑍, 𝑅𝑃 

However, depending on the methods used to quantify the counterfactual–i.e., measurements on a BAU
plot or a theoretical calculation–there are important nuances and accounting decisions that may have a
substantial impact on calculated netCDR in practice.

5.5.4.1 Direct observability of treatment and counterfactual CDR
For many fluxes in the NFZ term balance (Section 8), a dynamic, time-varying baseline must be
established that reflects ‘naturalʼ or ‘baselineʼ fluctuations in the parameters being measured. As a simple
example, if a project developer is taking measurements of dissolved Ca2 in soil porewater over time,
determining a CDR signal requires calculating the difference between Ca2] in the treatment porewater
and baseline porewater Ca2].

However, when using measurements on a business-as-usual plot as a dynamic baseline, it is important to
note that BAU plot measurements represent the aggregate effect of both natural baseline fluctuations and
counterfactual weathering products that are driving CDR in the counterfactual scenario (assuming that the
BAU plot is sufficiently representative of the corresponding treatment plot; Section 7.2.2).

In order to to directly calculate , we would need an independent constraint on baseline Ca2]𝐶𝑂
2
𝑒

𝐶𝐹 𝑁𝐹𝑍, 𝑅𝑃 

without the influence of the counterfactual liming practice. Similarly, cannot be𝐶𝑂
2
𝑒

𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡, 𝑁𝐹𝑍, 𝑅𝑃 

calculated independently from without an independent measure of baseline Ca2].𝐶𝑂
2
𝑒

𝐶𝐹, 𝑁𝐹𝑍, 𝑅𝑃 

However, monitoring of a BAU plot can still be used to derive:

= - Eq. 5.2.2𝐶𝑂
2
𝑒

𝑁𝐹𝑍, 𝑅𝑃 
𝐶𝑂

2
𝑒

𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 𝑁𝐹𝑍, 𝑅𝑃 
𝐶𝑂

2
𝑒

𝐶𝐹 𝑁𝐹𝑍, 𝑅𝑃 

For any given NFZ flux,
, and𝐶𝑂

2
𝑒

𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡, 𝑁𝐹𝑍, 𝑅𝑃 
=  [𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 𝑝𝑙𝑜𝑡 𝑜𝑏𝑠𝑒𝑟𝑣𝑎𝑡𝑖𝑜𝑛𝑠] −  [𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 𝑜𝑓 𝑛𝑎𝑡𝑢𝑟𝑎𝑙 𝑓𝑙𝑢𝑐𝑡𝑢𝑎𝑡𝑖𝑜𝑛𝑠]

.𝐶𝑂
2
𝑒

𝐶𝐹, 𝑁𝐹𝑍, 𝑅𝑃 
=  [𝐵𝐴𝑈 𝑝𝑙𝑜𝑡 𝑜𝑏𝑠𝑒𝑟𝑣𝑎𝑡𝑖𝑜𝑛𝑠] −  [𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 𝑜𝑓 𝑛𝑎𝑡𝑢𝑟𝑎𝑙 𝑓𝑙𝑢𝑐𝑡𝑢𝑎𝑡𝑖𝑜𝑛𝑠]

The baseline of natural fluctuations cancels out when calculating netCDR so that:
.𝐶𝑂

2
𝑒

𝑁𝑒𝑡 𝑁𝐹𝑍, 𝑅𝑃 
=  [𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 𝑝𝑙𝑜𝑡 𝑜𝑏𝑠𝑒𝑟𝑣𝑎𝑡𝑖𝑜𝑛𝑠] −  [𝐵𝐴𝑈 𝑝𝑙𝑜𝑡 𝑜𝑏𝑠𝑒𝑟𝑣𝑎𝑡𝑖𝑜𝑛𝑠]

In order to isolate or , one option could be to implement a negative control𝐶𝑂
2
𝑒

𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 𝑁𝐹𝑍, 𝑅𝑃 
𝐶𝑂

2
𝑒

𝐶𝐹 𝑁𝐹𝑍, 𝑅𝑃 

plot alongside the BAU plot. Monitoring a negative control plot is also imperfect, however, in the case of
significant drift in soil pH over time (Section 5.5.3).

5.5.4.2 Separate accounting of avoided emissions
Many carbon crediting frameworks explicitly call for the separating accounting of removals of CO2 from
the atmosphere from avoided emissions that may have occurred as a result of the project. It is possible
that some amount of the calculated will represent avoided emissions.𝐶𝐷𝑅

𝑁𝑒𝑡, 𝑅𝑃

In this section, we discuss a framework for how to identify and quantify the avoided emissions that may be
wrapped up in the netCDR calculation, so they can be tracked separately from removals and credited with
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fit-for-purpose accounting schemes. Properly calculated avoided emissions still represent very real tonnes
of CO2 that arenʼt entering the atmosphere, and may still be used against climate targets elsewhere, e.g.,
as reductions to Scope 3 agricultural emissions Bhatia et al., 2011).

Much of this discussion is predicated on how an “avoided emissionˮ is defined. Here we utilize the
definition that an avoided emission is an anthropogenic flux of CO2 to the atmosphere that would have
occurred in the counterfactual scenario, but does not occur in the treatment Johannes et al., 2021.
Namely, a human activity would have directly led to the emission in the counterfactual, and this activity
ceases in the treatment scenario.

The approach recommended here is to separately calculate netCDR for the NFZ, FFZ, and life cycle LCA
emissions Eq. 5.2.1, and quantify any avoided emissions in each of these parts of the system.

Consider a deployment where the LCA emissions in the counterfactual scenario ( ) are greater𝐶𝑂
2
𝑒

𝐶𝐹 𝐿𝐶𝐴, 𝑅𝑃 

than the LCA emissions for the treatment ( ). For example, this could occur in an𝐶𝑂
2
𝑒

𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 𝐿𝐶𝐴, 𝑅𝑃 

endmember case where an alkaline feedstock was already being applied to a field, but an innovation has
led to significantly lower life cycle emissions in the treatment scenario relative to the counterfactual. In this
case, the CDR occuring in the NFZ is the same in the treatment and control, so any difference between
CDR calculated in the counterfactual and treatment scenarios represents avoided emissions rather than
removals—the difference is solely due to a reduction in LCA emissions. As a general rule, we consider any
counterfactual LCA emissions that are in excess of treatment LCA emissions to represent avoided
emissions. These avoided emissions should not be included in netCDR and should instead be accounted
for separately.

Another potential example of avoided emissions would be a deployment where the counterfactual liming
practice would have led to net emissions in the NFZ (e.g., the mole of CO2 contained in the carbonate
feedstock is released), but the treatment practice of applying a silicate feedstock leads to net removals in
the NFZ. In this example, is positive (representing net removals), while is𝐶𝑂

2
𝑒

𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 𝑁𝐹𝑍, 𝑅𝑃 
𝐶𝑂

2
𝑒

𝐶𝐹 𝑁𝐹𝑍, 𝑅𝑃 

negative (representing net emissions). In this case where is a net emission, the entire𝐶𝑂
2
𝑒

𝐶𝐹 𝑁𝐹𝑍, 𝑅𝑃 

absolute value of represents avoided emissions because the counterfactual liming practice is𝐶𝑂
2
𝑒

𝐶𝐹 𝑁𝐹𝑍, 𝑅𝑃 

a direct human activity that can be attributed to emissions. Thus, should be capped at zero in𝐶𝑂
2
𝑒

𝐶𝐹 𝑁𝐹𝑍, 𝑅𝑃 

the netCDR calculation, and the avoided NFZ emissions accounted for separately.

Thus, we recommend following these general rules for avoided emissions quantification:

● Any net emissions represented by (i.e., the counterfactual liming practice as an𝐶𝑂
2
𝑒

𝐶𝐹 𝑁𝐹𝑍, 𝑅𝑃 

emissions source in the NFZ are avoided emissions; as discussed above, these avoided emissions
may not be directly calculable in all circumstances. In practice, negative values of 𝐶𝑂

2
𝑒

𝐶𝐹 𝑁𝐹𝑍, 𝑅𝑃 

should be tracked as avoided emissions, and should be capped at zero in the𝐶𝑂
2
𝑒

𝐶𝐹 𝑁𝐹𝑍, 𝑅𝑃 

calculation of .𝐶𝑂
2
𝑒

𝑁𝐹𝑍, 𝑅𝑃 

● Any LCA emissions in the counterfactual ( in excess of LCA emissions in treatment (𝐶𝑂
2
𝑒

𝐶𝐹 𝐿𝐶𝐴, 𝑅𝑃 
)

) represent avoided emissions.𝐶𝑂
2
𝑒

𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 𝐿𝐶𝐴, 𝑅𝑃 

● Any FFZ losses in the counterfactual scenario in excess of FFZ losses in the treatment represent
avoided emissions, although they may be realized after a time delay.
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There may also be other avoided emissions that are not included in the bounds of the netCDR calculation.
For example, a reduction in nitrogen fertilizer use as a result of the ERW deployment would represent
avoided emissions. Although not included within the netCDR of an ERW deployment, we encourage the
tracking, reporting, and appropriate crediting of such negative emissions as part of a holistic
understanding of the greenhouse gas emissions of agricultural systems.

To summarize, the recommended approach to integrating counterfactual CDR into netCDR quantification is
to calculate the net CO2 contributions from the NFZ, FFZ, and LCA emissions separately, representing the
difference between the treatment and counterfactual scenarios in each case. Then, determine whether
there are avoided emissions included in any of these terms according to the rules above, and separate
those emissions from the netCDR calculation.
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5.6 Statistical Methods, Uncertainty Quantification, and
Discounting
A core component of calculating netCDR for an ERW deployment is the quantification of associated
uncertainty. There are many sources of uncertainty in ERW quantification, including the analytical error of
all measurement techniques used, sampling uncertainty due to both baseline soil spatial variability and
temporal variability, uncertainty in the composition of the feedstock, and sub-sampling uncertainty (i.e.,
how subsamples are chosen from a larger soil sample for analysis).

The datasets needed to quantify CDR in ERW deployments can be highly complex, often with many
different parameters measured at several points in time. Parameters can also co-vary with complex spatial
correlation structures. It is therefore likely that more simplistic statistical tests, like Student t-tests or
simple parametric confidence intervals, will not be able to accommodate this high-dimensional data, and
that closed-form expressions for the standard error or statistical power will be difficult or impossible to
develop analytically. Instead, some degree of simulation, re-sampling, or novel statistical model
development may be required.

This section aims to break down the task of uncertainty quantification into a series of interrelated steps
and provide considerations and recommendations for each component. This includes:

● A discussion of the use of both frequentist
confidence intervals and Bayesian
modeling for uncertainty quantification,
along with advantages and drawbacks of
each approach.

● Considerations for propagating error
through netCDR quantification.

● A recommended framework for consistent
uncertainty discounting.

● A potential causal inference driven
approach to CDR quantification.

● Approaches for validating statistical
models.

5.6.1 Frequentist approaches to uncertainty quantification
One approach to quantifying uncertainty for an estimate of netCDR from a given deployment (weʼll
reference this estimate as ) is to create a confidence interval for netCDR with a significance level . This θ

^
α

is a frequentist approach to uncertainty characterization—if one was to repeat the process of collecting a
sample of in-field measurements and develop a confidence interval many times, the fraction shouldα
represent the proportion of these confidence intervals that contain the true netCDR value .θ

When nonparametric approaches are used to develop a confidence interval, or when asymptotic
assumptions can be justified (e.g., via the Central Limit Theorem), a strong advantage of using confidence
intervals is that they do not require making modeling or distributional assumptions that are likely hard to
justify in practice (e.g., normality of a particular parameter) Stanley et al., 2023.

There are several potential methods for generating this confidence interval, which might include:

● A Wald interval: , where is the quantile of the standard normal distribution, andθ
^

± 𝑧
α/2

𝑆𝐸
^

(θ
^

) 𝑧
α/2

α/2

is an estimate of the standard error of netCDR. This is fairly simple and asymptotically justified𝑆𝐸
^

(θ
^

)

by the central limit theorem for a wide range of estimators , given the assumption that theθ
^
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population doesnʼt contain extreme outliers. However, it requires a consistent estimate of the 𝑆𝐸
^

(θ
^

)
standard error, which may be difficult to derive analytically when the estimator is a complex function
of the data.

● Percentile intervals of the non-parametric bootstrap: the empirical and quantiles of theα/2 (1 − α/2)

bootstrap distribution of . A bootstrap distribution can be estimated by resampling from the originalθ
^

data with replacement some large number of times, recomputing each time on the resampled data.θ
^

It does not require any analytical calculations to derive a standard error estimate, but is more
computationally intensive than a Wald interval and provides no insight into sources of variation (i.e.,
a decomposition of into the variances of inputs and sample sizes). Given the complexity of𝑆𝐸(θ

^
)

ERW data, the non-parametric bootstrap can be a powerful tool for developing confidence intervals.

● Other methods for creating a confidence interval are possible, but should be justified theoretically
and/or via finite sample performance (as described below–Section 5.6.5).

5.6.2 Propagation of error
Given a set of estimators representing each soil parameter needed to calculate components of the CDR
term balance (Section 5.4.1), proper error propagation methods must be used to quantify uncertainty in
overall netCDR of the deployment. Error propagation can be done theoretically through asymptotics and
independence assumptions (e.g., using the delta method, which approximates the variance of an estimator
via the first-order terms in a Taylor expansion) or numerically.

Independence assumptions for each soil parameter being estimated need to be justified. If two different
parameters are not independent (e.g., bulk density and soil inorganic carbon), they should be jointly
measured (e.g., by measuring properties on the same core) and their full joint distribution passed through
the appropriate error propagation method (e.g., the nonparametric bootstrap).

5.6.3 Bayesian approaches to uncertainty quantification
Another approach to quantifying uncertainty is by creating a Bayesian model, where Bayesʼ theorem is
used to take all available deployment data into account to generate a posterior distribution, explicitly
assigning a probability distribution to netCDR that has occurred in the deployment. Given the complexity
and number of parameters involved in calculating the term balance, this may take the form of a
hierarchical Bayesian model, in which the parameters of the model are also modeled as distributions and
also updated using Bayesʼ theorem.

The use of Bayesian modeling for uncertainty quantification in ERW deployments has advantages and
disadvantages compared to the frequentist confidence interval approach described above. Bayesian
approaches require prior distributions to be assigned to a range of relevant parameters, which may
represent important assumptions that often cannot be justified on empirical grounds, and may have a large
impact on the final netCDR quantification. In addition, if two different project developers are each using
their own Bayesian model, their different choices of prior distributions will lead to different quantification
outcomes, even given the same deployment data.

However, it can also be argued that there is a real benefit to making input assumptions explicit as stated
prior distributions, and that the full set of prior information available should be brought to bear on netCDR
quantification. For example, in frequentist approaches, necessarily sample sizes are determined via
estimation of the baseline variance of the parameter of interest (Section 7.4.1.1); however, there exists
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uncertainty in this baseline variance estimate, which is ignored in the frequentist approach, but can be
included and given a prior distribution using a Bayesian model Brus et al., 2022.
If Bayesian models are used, all model priors should be explicitly stated in a project design document, with
corresponding justification based on pre-existing data and assumptions about the system. In addition,
each term within the NFZ term balance (Section 5.4.1) must still be empirically measured and a sample
size determination should be provided for each NFZ parameter, e.g., using established
performance-based Bayesian sample size criteria Brus et al., 2022.

Given the early stage of the ERW pathway, we consider transparency and documentation of the statistical
approach utilized, and collective investigation and iteration upon these statistical approaches, to be more
important than standardizing around any given statistical approach today. In the coming years, the
statistical methods applied to ERW deployments will undoubtedly evolve as we gain experience
quantifying CDR from larger-scale field trials and early commercial deployments.

5.6.4 Uncertainty discounting for carbon removal crediting
Uncertainty discounting is an important component of the translation of netCDR to carbon credits. After a
robust quantification of netCDR uncertainty, discounting involves conservatively issuing credits at the
lower-bound of a confidence interval of prescribed coverage probability, or at a pre-defined and
conservative percentile of a posterior distribution.

To ensure fairness and consistency in how carbon accounting is done across ERW deployments, it will
ultimately be important to determine a standardized level of uncertainty discounting that is shared across
commercial deployments and credits issued. While we provide recommendations below for how
early-stage protocols and methodologies might approach this today, there are a few core challenges that
arise when attempting to determine a shared level of uncertainty discounting.

First, depending on the methods used to characterize uncertainty in netCDR quantification, the level of
discounting will have different interpretations in subtle but important ways. For example, given the goal of
calculating something akin to 90% certainty in a ton of CDR generated, consider the difference between
quantifying netCDR uncertainty with a confidence interval versus with a Bayesian posterior distribution:

● Discounting at a chosen percentile of Bayesian posterior distributions for netCDR (e.g., the 10th
percentile of the distribution) would imply a belief that there is a 90% chance that the true value of
netCDR is greater than or equal to the number of credits issued.

● Discounting at the lower bound of a confidence interval of given coverage probability (e.g., the lower
bound of a two-sided 80% confidence interval). The coverage probability of a confidence interval
describes the likelihood that the generated interval contains the true netCDR value. This discounting
approach would imply that if a very large number of CDR deployments were to occur, where CDR is
credited at this lower bound of an 80% confidence interval, fewer than 10% of these crediting events
will overestimate carbon removal. It does not mean that in any single deployment, the probability of
over-crediting is 10%, but instead constrains the long-run behavior.

These differing interpretations pose a subtle barrier to applying consistent discounting practices across all
commercial deployments.

Second, in discussions with working group members and market practitioners, it was emphasized that
prematurely setting a conservative discounting level may be overly punitive or prevent early-stage
projects from being able to get off the ground and bring down uncertainty over time. The ERW community
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simply has not done full-stack carbon removal quantification many times before, so as we better
characterize uncertainty across a range of measurement approaches and field conditions, we may be
better equipped to more confidently assert a standardized discounting level that is actionable in practice.

More broadly, the ERW community will need to learn-by-doing–i.e., pursuing netCDR magnitude and
uncertainty quantification in a range of deployment contexts. We strongly advocate for the transparent
reporting and sharing of data, methods, and results, including for deployments where no credits are issued
because the confidence interval overlaps with zero and/or a statistically significant signal is not found.

5.6.4.1 Recommendation for uncertainty discounting
As a default, we recommend that crediting of CDR should occur at the lower bound of a two-sided 80% (

) confidence interval. Assuming the interval is valid, this ensures that over the long run, fewer thanα = 0. 2
10% of crediting events will overestimate carbon removal. In the case that Bayesian models are used, then
carbon removal credits may be issued corresponding to the 10th percentile of a posterior distribution for
net carbon removal, noting the differing interpretation described above.

In both cases, there is a strong requirement that all deployments must demonstrate a weathering signal
from the data–ideally using their pre-registered statistical methods and sampling plan (Section 7.1). Most
straightforwardly, because crediting occurs at the lower bound of an 80% two-sided confidence interval, a
signal is demonstrated when this lower-bound is greater than zero. This corresponds to a hypothesis test
of the null that no CDR has occurred (i.e., that netCDR is no more than zero).

If no signal can be detected from the data that is discernable from baseline variability and analytical error,
no carbon removal should be considered to be generated in the associated reporting period.

5.6.5 Validation of statistical methods
It is important that any novel statistical models or estimators for netCDR be subjected to rigorous
validation. This is to ensure both that:

● There is no bias in the estimation of netCDR (i.e., on average, the estimator is correct).
● The uncertainty in the estimate is well characterized.

The statistical methods used for any deployment should be justified and clearly documented;
methodological details, including derivations and worked examples as well as method validation results,
should be transparently reported. Example avenues for validating the statistical approach include:

● Theoretical justification (asymptotics) - the bias and variance of estimators used or developed
must be theoretically calculated and demonstrated. Any assumptions made should be justified.

● Empirical justification via synthetic data (finite sample performance) - in such a process, a large
number (e.g., 10,000 of synthetic datasets are generated that represent the underlying statistical
process being modeled and for which the correct answer is known. Then, the proposed statistical
method for net carbon removal quantification is tested on each synthetic dataset to derive the
following performance characteristics: bias, root mean squared error, confidence interval coverage,
and expected confidence interval width. Robustness to deviations from any distributional
assumptions should also be demonstrated.
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5.6.6 Demonstrating causality and causal inference
Demonstrating the additionality of CDR generated by an ERW deployment means showing that the
observed carbon removal effect would not have occurred in the counterfactual scenario; the changes to
the carbon balance were caused by the intervention itself. Thus, it can be argued that ERW deployments
should demonstrate and quantify a causal relationship between alkaline feedstock application and

Eq. 5.2.1. We explore the implications of applying a causal inference frame and associated𝐶𝑂
2
𝑒

𝑁𝐹𝑍, 𝑅𝑃

statistical methods to ERW quantification here.

Simply observing a greater CDR effect on a treatment plot than on a corresponding representative BAU
plot does not suffice to demonstrate causality; particularly for soil parameters with a high degree of
baseline temporal and spatial variability (e.g., aqueous DIC concentrations or soil organic carbon stocks),
the observed effect on a treatment plot relative to the control may potentially be due to confounding
factors.

For a more comprehensive discussion of experimental design requirements to demonstrate causality in
ecological field studies, see Hurlbert 1984. Here, we highlight two components of project design that
must be considered for ERW deployments in order to demonstrate a statistically significant causal effect,
which are further discussed in Section 7.2.3.

First, systematic bias in the way that field areas are assigned to either the control or treatment could
influence their relative outcomes. Theoretically, the field areas receiving the control versus treatment
should thus be assigned at random, even if the total amount of treatment area is much larger than the
control area. This presents an immediate challenge in ERW deployments, due to operational challenges
and the potential for contamination of control plots if they are placed downhill or downwind of treatment
plots. The location of control plots can thus likely not be fully randomly assigned in real-world
deployments. Instead, we recommend that practitioners be cognizant of the need to minimize systematic
bias in the assignment of control plot areas, even while design decisions are made to minimize the
potential for contamination and to ensure controls are representative of treatment areas. The approach
used to define treatment and control areas should be transparently documented.

Second, even as care is taken to ensure representativeness, there will inevitably be a great deal of
variability inherent within different field areas of the same deployment. Underlying spatial and temporal
variability may lead to substantially different measured outcomes even for two fields that are assigned to
the exact same treatment; other confounding variables will influence observed outcomes on each field.
When statistical causal inferences are drawn despite only having one replicate assigned to each of the
control and treatment, this is known as pseudoreplication Hurlbert, 1984. As an analogy, one could not
draw causal conclusions about the efficacy of a drug based on outcome data from only two patients, one
given the drug and one given the control, even if the two patients were shown to have similar
characteristics.

Thus, multiple paired control and treatment areas would ideally be created to help differentiate between
the inherent spatial and temporal variability within and between field areas, and netCDR that has actually
been caused by the treatment. These replicates should be interspersed (e.g., all of the control plots should
not be spatially grouped in one area of the deployment). This could take the form of a stratified design in
which the deployment area is subdivided into relatively homogeneous regions, which are then each split
into a treatment and control area.
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A deployment design with multiple paired treatment and control areas may present real operational
challenges in practice, which are described in more detail in Section 7.2.3; these challenges must be
carefully weighed against the need to sufficiently account for the random differences (confounders)
between any given control and treatment pair. To avoid pseudoreplication, the sample size used in
statistical analysis when estimating and its standard error should be taken to be the number of𝐶𝑂

2
𝑒

𝑁𝐹𝑍, 𝑅𝑃

replicates rather than the total number of measurements taken.

In addition to project design, practitioners would also need to use statistical methods and estimators from
causal inference to rigorously demonstrate and quantify the causal effect and associated uncertainty. One
such approach would be to estimate the average treatment effect ATE for a deployment. Conceptually,
each field area has two potential outcomes–one representing CDR over time had it received treatment, and
one representing CDR over time had it received the control (i.e., business as usual practices, Section
5.5.2). In reality, exactly one potential outcome is observed for each field in the deployment.

Practitioners could aim to estimate the ATE for the deployment, which represents the netCDR per hectare
that would be observed had every field in the deployment been assigned to treatment (rock spreading),
minus the CDR per hectare had every field been assigned to control. could be calculated as the𝐶𝑂

2
𝑒

𝑁𝐹𝑍, 𝑅𝑃

average treatment effect ATE across all control-treatment pairs, multiplied by the number of pairs
represented in the deployment. With a design that is stratified at the block level (Section 7.3), the estimate
and inference would need to reflect this stratified design. For example, generating a stratified estimate of
the ATE and its standard error involves computing means and variances within strata and combining
across strata by taking a weighted sum (e.g., Imbens and Rubin, 2015, Chapter 9.5.

Ultimately, while explicitly leveraging causal inference methods and project designs may be difficult today,
we encourage more conversations across the CDR community about whether each individual deployment
should rigorously demonstrate and statistically estimate a causal impact, or instead if it should be
sufficient to simply quantify the change observed in a treatment relative to a control. At the very least,
project developers and academic researchers alike should be explicit about what the quantification
represents and the conclusions that can be drawn given the project design and statistical analysis.
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6 Feedstock Characterization
Characterization of the alkaline feedstock proposed for use in an ERW context is a critical component of
deployment planning. Outlined here are recommendations for a suite of minimum requirements for
feedstock characterization, which serves two purposes:

● Assessing CDR potential: Determining the feedstock's capacity to take up atmospheric CO₂ through
mineral weathering reactions.

● Identifying potential health and environmental impacts: Assessing risks associated with the
feedstock's chemical composition, mineralogy and particle size distribution.

To ensure responsible deployment, all feedstock characterization steps outlined here should be
completed, and the suitability of the feedstock confirmed based on the results, before field application
commences. Importantly, while this section does discuss relevant feedstock characterization steps to
understand potential health and safety risks, this document does not represent comprehensive guidance
for performing ecosystem and human health risk assessment, monitoring, and mitigation.

In the future, it could be highly beneficial for the geochemical CDR community to align around more
formalized standards and regulations for feedstock and source rock characterization. These could
potentially be modeled off of mineral reserves reporting standards, such as those stewarded by the
Committee for Mineral Reserves International Reporting Standards CRIRSCO and standards of disclosure
for mineral projects used by stock exchanges (e.g., Canadaʼs National Instrument 43101.

6.1 Characterization Frequency
The frequency with which a feedstock should be sampled and characterized depends on the
heterogeneity of the feedstock source with respect to key variables (e.g., major oxide content,
mineralogy), as well as site-specific factors. Project developers should construct a feedstock sampling
plan that considers the following factors:

● Feedstock heterogeneity: The inherent variability of the feedstock's properties (chemical
composition, mineralogy, particle size) across the source material.

○ Factors influencing heterogeneity may include the variable geology of the deposit,
processing history, and storage conditions. Through an initial characterization of the
feedstock source (e.g., deposit or discrete pile) with subsampling that represents the entirety
of the pile or deposit, an estimated coefficient of variation for each parameter in a feedstock
pile or quarry output should be developed to inform the necessary frequency of future
sampling.

● Sampling location: The number and location of sampling points within the feedstock source (e.g.,
quarry, stockpile).

○ A sufficient number of samples should be collected from various locations to capture
variability across the feedstock source.
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● Sample collection methods: The procedures used to collect representative samples from the chosen
locations.

○ This may involve specific techniques for handling large or heterogeneous materials. Methods
used to subsample larger piles should be clearly documented in any Project Design
Document.

● Analytical requirements: The sampling plan should ensure enough material is collected to conduct
all requisite analyses, and consider the analytical precision of characterizations when calculating a
requisite sample density.

At this stage, in addition to robust initial feedstock source characterization, it is highly recommended that
practitioners characterize their feedstock on an ongoing basis–at minimum, once per every deployment
(see Section 5.1). As a default, a tonnage-based requirement for ongoing characterization, in which the
feedstock is re-characterized for every X tonnes spread (e.g., every 1,000 or 5,000 tonnes), could be
justified in protocols or methodologies. This tonnage threshold could be revised upwards or downwards
depending on demonstrated variability within a particular feedstock source.

6.2 Recommended Minimum Suite of Characterizations

6.2.1 Characterization of CDR potential
The potential CDR of a feedstock application is a critical metric for ERW projects. It is recommended that
practitioners calculate both a maximum potential CDR based on the elemental composition of the
feedstock and a project-specific CDR potential that captures the likely CDR potential over the project
lifespan. This quantification should be based on the results of physical, chemical, and mineralogical
analyses conducted on representative samples.

The following measurements and calculations are recommended at a minimum:

6.2.1.1 Chemical composition
Concentrations of the major elements calcium Ca, magnesium Mg, potassium K, sodium Na, sulfur
S, phosphorus P, aluminum Al, silicon Si, and iron Fe must be determined using established
analytical methods.

6.2.1.2 Mineralogical composition
The mineralogical composition of the feedstock must be determined to more accurately predict the CDR
potential of the feedstock through consideration of the expected dissolution kinetics of constituent mineral
phases, as well as to assess potential health and safety risks such as the presence of asbestiform
minerals or problematic concentrations of potentially toxic trace elements (Section 6.2.3). The relative
abundance of constituent crystalline minerals and (inferred) amorphous phases should be determined
using established quantitative analytical methods.

For silicate feedstocks specifically, the abundance of carbonate minerals within the feedstock must also
be determined, using quantitative analytical methods suitable for the material. When estimating netCDR,
practitioners must appropriately account for the differing CDR efficiency of carbonate minerals. If the
carbonate content of the feedstock is less than the detection limit of the analytical method used, then
practitioners should assume a carbonate content equal to the detection limit.
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6.2.1.3 Particle size distribution
The feedstock's particle size distribution PSD should be characterized using established analytical
methods capable of measuring the entire size range, from particles with a diameter of greater than 2.0 mm
to those with a diameter of 2.5 µm or less. This is done both to inform estimates of feedstock dissolution
rate and to characterize respirable particles (diameter 10 µm) that can pose a health and safety risk.

Specific surface area measurements (e.g., BET can be used in addition to PSD measurements to better
characterize surface roughness and reactive surface area when assessing or modeling the feedstockʼs
CDR potential.

6.2.1.4 Moisture content
The gravimetric water content of the feedstock should be determined immediately prior to application (i.e.,
from a sample taken at the deployment site) using established analytical methods. This is particularly
important when gravimetric methods are used to monitor feedstock application rate. Any estimations of
feedstock application rate that are reported or assumed in CDR quantification must appropriately account
for this water content and associated uncertainty.

6.2.2 Calculating CDR potential of a feedstock
One simple approach for calculating the maximum CDR potential of a feedstock is using a modified
Steinour equation Renforth, 2019:
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where CaO, MgO, SO3, P2O5, Na2O and K2O are elemental concentrations expressed as oxides, Mx is the
molecular mass of each oxide; α, β, γ, δ, ε, and θ are pH-dependent coefficients that consider the relative
contribution of each oxide Supplementary Figure 9, Renforth, 2019); and η is the molar ratio of CO2

sequestered per divalent cation in the feedstock Renforth, 2019. The η used should reflect the feedstock
used (e.g., silicate versus carbonate) and predicted durable storage location of the CO2 removed (e.g., as
DIC in seawater versus as a carbonate mineral).

Note also that if CDR associated with only a subset of base cations will be considered in the project-level
CDR quantification (e.g., Ca2 and Mg2, but not Na+ or K+), the maximum CDR potential calculation should
be modified to reflect only those cations.

Practitioners are encouraged to calculate and report a maximum potential CDR for their feedstock using
this modified Steinour equation, and should document and provide site-specific justification for the
coefficients used. However, this calculation represents a fairly coarse upper bound on potential CDR given
the elemental composition of a feedstock. The details of the feedstock mineralogy, particle size
distribution, and deployment conditions will play a substantial role in determining the CDR potential in
practice, particularly over the projectʼs lifetime. In the coming years, improved and sufficiently validated
models of feedstock dissolution in soils may be able to meaningfully improve the accuracy of a priori
estimates of a feedstockʼs CDR potential over a given time interval.

Even in the absence of model advancements, we encourage practitioners to use the feedstock mineralogy,
particle size or specific surface area, and first-order site characteristics (e.g., soil pH and climate) to
estimate a dissolution rate, which–when coupled with the anticipated project lifetime–should yield a more
realistic estimate of the deploymentʼs CDR potential. This ‘project-specificʼ CDR potential should be
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calculated and used when amortizing across the potential CDR of a deployment (e.g., when amortizing
LCA emissions–Section 5.3.3).

6.2.3 Analyses for Health and Safety Assessment
It is clear that fit-for-purpose ecosystem and human health safety guardrails for ERW deployments are
urgently needed.

This section outlines analyses required to assess potential health and ecological risks associated with the
feedstock. Given the scope and focus of this document, the aim here is not to provide a comprehensive
assessment of all possible risks to ecosystems and human health. For example, expectations for ongoing
monitoring for heavy metal accumulation in soils and drainage waters are not covered in this section,
which focuses only on feedstock characterization. Nor do we summarize existing regulations that apply to
ERW deployments in different geographies, or develop specific thresholds or guardrails to mitigate
potential environmental harms.

Until comprehensive cross-jurisdictional requirements exist, we opt to outline a set of baseline feedstock
characterizations that are crucial for assessing these risks. Project developers must follow all applicable
jurisdictional and international regulations pertaining to human and environmental health and safety, and
document a proposed adherence plan in a Health and Safety Risk Assessment.

6.2.3.1 Health and Safety Risk Assessment HRSA
Based on the results of the mandatory analyses for health and safety outlined below, practitioners should
produce a Health and Safety Risk Assessment HSRA prior to project initiation. This HSRA should:

● Evaluate potential human health hazards associated with the feedstock based on the chemical
composition, mineralogy, and particle size distribution. This includes assessing risks from exposure
to dust (including respirable crystalline silica), heavy metals, and potential radioactive materials.

● Identify potential environmental risks associated with the feedstock, considering potential impacts
on soil, water, air quality, organisms, and biodiversity.

● Demonstrate compliance with all applicable environmental and health & safety regulations in the
relevant jurisdictions for the intended deployment of the feedstock, referencing specific regulations
and providing evidence of adherence.

● Develop and outline mitigation strategies to ensure safe handling, transportation, and application of
the feedstock. These strategies should address all identified health and environmental risks and may
include:

○ Engineering controls: Implementing measures to minimize worker and community exposure.
○ Personal protective equipment PPE Specifying the required PPE for workers handling the

feedstock, based on identified hazards.
○ Worker training programs: Developing and implementing training programs to educate

workers on the safe handling procedures and potential health risks.
○ Waste management plan: Outlining procedures for the safe disposal of any waste generated

during handling, transportation, or application of the feedstock.
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6.2.3.2 Chemical composition
The release of potentially toxic trace elements from applied feedstocks presents risks due to the potential
for uptake into agricultural crops, accumulation in soils, and leaching into groundwater. Concentrations of
the following potentially harmful trace elements should be determined using established analytical
methods: antimony Sb, arsenic As, barium Ba, beryllium Be, cadmium Cd, chromium Cr, cobalt
Co, copper Cu, lead Pb, manganese Mn, mercury Hg, nickel Ni, selenium Se, silver Ag,
thallium Tl, uranium U, vanadium V and zinc Zn.

Practitioners should include a calculation or demonstration in their HSRA that the use of feedstock for
enhanced weathering at the projected application rate and application frequency is safe for the soil and
crop system, and complies with jurisdictional regulations. This includes conservative assumptions about
potential Cr(III) oxidation to Cr(VI) in the deployment environment.

6.2.3.3 Mineralogical composition
Feedstocks must be analyzed for asbestos and asbestiform minerals, according to established analytical
methods sensitive enough to meet regulatory limits for environmental applications in the relevant
jurisdiction for the deployment (e.g., OSHA 1910 Subpart Z for asbestos regulations in the United States).

Additionally, due to the acute risk of silicosis for those involved in feedstock spreading, the risk presented
by respirable silica should also be considered and mitigated against. The feedstock should be analyzed to
quantify the respirable crystalline silica RCS fraction (including quartz, cristobalite, and tridymite) using
established analytical methods. If the RCS fraction is not analyzed, practitioners should assume that RCS
is present, take appropriate mitigation measures, and follow local regulations.

Practitioners should also consider the potential impact of rapid shifts in biogeochemical conditions, such
as the effects of rapid pH increase, on soil biodiversity. This is particularly relevant for fast dissolving
feedstocks, such as those containing hydroxide and oxide minerals.

6.2.3.4 Radionuclide content
Naturally occurring radioactive elements can be present in some rock types, including mafic and
ultramafic feedstocks. While the natural radioactivity levels in these rocks are typically low, crushing and
processing feedstock may potentially enhance their release rates.

Thus, feedstock sources must initially be analyzed for radioactivity to assess potential radiological risks.
The analytical method chosen should be sensitive enough to detect activity levels below regulatory limits
for environmental applications in the relevant jurisdiction for the deployment (e.g., see OSHA 1910 Subpart
Z for US regulations regarding ionizing radiation).

6.2.3.5 Particle size distribution
As per above, the feedstock's PSD must be characterized using established analytical methods, ideally
that are capable of measuring respirable particles with a diameter of 2.5 µm or less. If approaches that
cannot determine PSD into the single digit micron range are used, practitioners must make conservative
assumptions when assessing potential risk (e.g., anything within or below the smallest size class
measured is assumed to be respirable).
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Importantly, all practitioners must follow relevant jurisdictional and international regulations governing air
quality, the production of respirable particulate matter, and associated mitigation and safety measures.
Practitioners should document the regulations considered and propose an adherence plan in a Health and
Safety Risk Assessment (Section 6.2.3).
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7 Sampling Requirements

7.1 Pre-Registration
Before beginning a new deployment, all statistical methods and a full sampling plan should be
pre-registered: for example, in a project design document. Pre-registration incentivizes careful
consideration of the project design beforehand, supports the proper data collection, and ensures that
analyses or groupings cannot be altered to produce a more favorable estimate of CDR after data is
collected. It also avoids a "specification search", whereby multiple analyses or groupings are checked and
the one producing the largest estimate/lower confidence bound is chosen.

This pre-registration can occur after a round of pilot sampling to initially characterize the deployment area,
but should occur before rock spreading or any further sampling rounds. Ideally, data from pilot sampling,
other sampling campaigns, and/or existing agronomic data will be used to justify design decisions (e.g.,
the choice of stratification and/or sample sizes at baseline and follow-up).

Elements of the statistical methods and sampling plan that should be pre-registered include:

● The fields and coordinates in the area
representing the deployment.

● All blocking and other stratification
performed (Section 7.3), including how
strata were determined and the size and
location of each stratum. The number of
homogeneous pairs created should be
clearly indicated, as well as the location
and size of the treatment area and control
area within each block.

● Sampling pattern design (e.g., random,
grid, transect, etc.).

● Number of samples for each parameter
measured, with power analysis or other
justification for this choice.

● Sampling depth.

● Sample handling and laboratory analysis
techniques, including protocols for drawing
cores, compositing (if any), shipment and
storage, sample preparation, analysis
method/instrument, and method for
determining analytical error (e.g., QA/QC
protocols, measurement standards,
replication).

● All calculations that will be performed on
the data to calculate net carbon removal,
including the functions used to map data to
CDR, additional uncertainties in the
parameters of those functions (e.g.,
variable or poorly constrained coefficients),
and any grouping or averaging performed
on the data.

Any deviations from the pre-registered plan should be recorded and justified (e.g., in crediting
documentation or associated publications).
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7.2 Control Plots
As discussed in Section 5.5.2, calculating netCDR for a deployment requires defining an appropriate
counterfactual. At this stage of the ERW pathway, maintaining some type of control plot is an integral
component of quantifying netCDR relative to the counterfactual baseline.

Importantly, throughout this document we use ‘control plotʼ as an umbrella term to refer to either a
“business as usualˮ BAU plot where counterfactual management practices are implemented, or a
negative control on which no pH control amendments are applied, but counterfactual management
practices are otherwise implemented (Section 5.5.3.1). As detailed in Section 5.5.3, we strongly
recommend that deployments implement BAU plots as a default, and negative control plots be included for
supplementary data and only act as a substitute for a BAU plot when circumstances require.

7.2.1 What is being controlled for
For each deployment, depending on the parameters being measured, it is helpful to specify which soil
processes the control plot is aiming to represent as a counterfactual baseline. To give some examples, this
may include some combination of:

● Capturing baseline natural weathering and
CDR driven by counterfactual management
practices.

● Providing a dynamic temporal baseline of
counterfactual fluid flow and aqueous
chemistry.

● Providing a baseline for cation uptake into
biomass as measured by cation
concentrations in plant tissues.

● Providing a dynamic baseline from which to
compare soil organic and/or inorganic
carbon changes.

● Quantifying the impact of the ERW
treatment on crop yields.

This identification of the purposes of a control plot and how it will be used as a reference for
measurements is an important first step in deciding what constitutes a representative control plot, or when
designing a control plot sampling strategy.

7.2.2 Representativeness of control plots
In order for control plots to serve as realistic counterfactuals or points of reference for CDR quantification,
it is important that control plots sufficiently represent the treatment areas for which they are intended to
serve as a baseline. As described in Section 7.3, each treatment area should be paired with a sufficiently
representative control plot, and measurements of carbon removal should be performed separately within
each treatment and control area.

In judging ‘representativeness ,̓ it is most important to index on characteristics that will either strongly
impact dissolution rates and the transport of weathering products through the soil profile, or that can
strongly bias measurements and their interpretation. It is recommended that the following parameters
should be shown to be consistent across control areas and corresponding treatment areas to ensure
control plots are sufficiently representative:
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● Inputs and agronomic practice (tillage,
irrigation, etc.).

● Crop type.

● Soil properties that affect field hydrology,
including soil texture and soil type, water
throughput in irrigated systems, and mean
elevation, slope, and aspect. For aqueous
phase measurements, it is particularly
important for the control plot to have similar
discharge characteristics as the
corresponding treatment (Section 7.5).

● The initial buffer capacity of the soil,
including the mean soil pH, buffer pH, CEC,
and base saturation.

● Soil organic carbon and soil inorganic
carbon stocks, with particular care taken to
ensure representativeness on deployments
where SOC and SIC stock changes are
being directly quantified.

Depending on what is being measured in the control plot to calculate netCDR and on the context of the
deployment site, some of these properties will matter more than others. In addition, given the high degree
of heterogeneity within soil systems, even at small spatial scales, there will always be operational and
practical complexity to manage in finding field areas that are relatively homogenous across all of these
variables. It is thus recommended that care is given in examining how these parameters vary across a
deployment site; control and treatment areas are selected in an informed manner; and explicit
documentation is included that notes any clear drawbacks or ways in which selected control areas serve
as imperfect counterfactuals. Practitioners should also be cognizant of changes to parameters over time
with changing land use (e.g., changes to liming practice).

As one form of documentation and representativeness sense check, we recommend that the project
design document should include a table in which the parameters listed above are compared for each
treatment and control pair. For each continuous covariate listed, the estimated mean for each treatment
and associated control should be listed in the table alongside the calculated standardized mean
difference. The control could be considered to be ‘sufficiently representativeʼ if the standardized mean
difference between the treatment and control is less than 10%, a common practice within observational
causal inference (e.g., Austin et al 2009.

7.2.3 Location, size, number, and sampling density of control plots
As discussed in Section 5.6.6, commercial ERW deployments must strike a balance between the need for
statistical rigor in deployment design and the operational complexities of implementing and maintaining
control plots in practice.

Control plot locations should ideally be selected in a way that avoids selection bias, to avoid introducing
systematic differences between controls and treatment areas that influence the outcomes measured in
treatment versus control plots. Generally in experimental design, this is done via random assignment of
the control and treatment—for example, after a large field area is identified that is sufficiently homogenous
across the above “representativenessˮ parameters, a small, randomly assigned subset of that full area
could be designated to be a control.

However, this type of random selection is in many cases either not possible or not a good idea in ERW
deployments. As an example, control plots placed downhill or downwind of the corresponding treatment
area are more likely to be contaminated by feedstock or weathering products exported from treatment
plots. Operationally, many farmers may also be resistant to randomly distributed elements across their
fields, which may interfere with established practices and workflows. In some cases it may also be

67



important that control plots be located near access roads. We thus recommend that practitioners choose
control plot locations that attempt to capture as much of the variability present in the associated treatment
plot as possible (e.g., in the above hydrologic and geochemical parameters), while balancing the need to
avoid contamination risk and minimize systematic differences between treatment and control areas.

In commercial deployments, the size of control plots will inevitably be much smaller than their
corresponding treatment areas. Even so, it is recommended that control plots capture the baseline
variability of the treatment plot, even if this necessitates enlarging the control plot.

As discussed in Section 5.6.6, deployments should ideally have several control plots in order to
demonstrate a causal effect—the above checks for "representativeness" are inherently imperfect, and
there will very likely be confounding variables that lead to temporal variability in the parameters being
measured on control and treatment field areas. A greater number of smaller control plots is likely more
effective than a small number of large control plots as a means of better capturing in-field heterogeneity.
However, this needs to be balanced with the fact that with fewer and smaller control plots, “edge effects"
at the boundary of control and treatment plots may be more pronounced, and smaller control plots are also
more likely to be contaminated by feedstock blown by the wind.

Collecting statistically meaningful data in control plots for parameters that exhibit high degrees of temporal
variability is crucial for being able to interpret these measurements. Sample density in control plots should
be large enough to demonstrate a resolvable treatment effect between control and treatment areas, and
should reflect the baseline variability of soil parameters being measured in the control plot (e.g., see
Section 7.4.1.1).

7.3 Blocking and Stratification
We recommend that stratification be performed within the full deployment area to create “blocks ,ˮ where
each block is a subset of the deployment area that is relatively homogenous with respect to the agronomic
parameters that may influence weathering rates or CDR efficiency (see list in Section 7.2.2). Blocks should
each be divided into a larger treatment area and smaller corresponding control plot. This blocking (or
pairing, since each block is of size n=2 is done as a means of ensuring that all control plots are
sufficiently representative of their corresponding treatment areas. As discussed in Section 5.6.6, in order
to quantify a causal effect, the deployment design should include several blocks (i.e., several treatment
and control pairs).

When measuring CDR within any particular block, sub-stratification can also be performed as needed to
minimize the influence of within-field spatial heterogeneity, and to increase power and precision of
estimates without expanding sample sizes. Further stratification within a block is necessary when different
application rates are used across a single treatment area, such that CDR can be initially estimated for each
individual region where the application rate is consistent. Variables that are chosen to stratify on should be
readily observable or already observed at design time.

Any stratification methods used, along with the field locations of each stratum, should be pre-registered
and stay consistent throughout the project lifetime. When stratification is performed, any deployment-wide
estimates must weight the estimate based on each stratumʼs relative area.
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7.4 Solid Phase Measurement Guidelines and Sampling Patterns

7.4.1 Types of sampling rounds and sampling density
For clarity, we define the following four types of sampling rounds that could be pursued for an ERW
deployment for reference in the discussion that follows:

● Type A Pilot Study - an initial round of
sampling taken before any feedstock is
spread to assess the baseline spatial
variability of parameters being measured to
track weathering fluxes. This is done to
help inform the required sample size that
would be needed to pick up a statistically
significant signal above baseline variability
and design stratification approach.

● Type B Baseline Sampling - once the
required sample size has been determined,
this is a round of samples taken before any
feedstock is applied to the field in order to
set the baseline for the project.

● Type C Post-Spreading Sampling - a
round of samples taken after feedstock has
been spread, but before meaningful
weathering has occurred. This sampling is
intended to gain a better understanding of
localized heterogeneity in feedstock
application rates or post-application
feedstock mobilization

● Type D Post-Weathering Sampling - any
round of samples taken after some amount
of feedstock has weathered, to assess
changes against a pre-application or
pre-weathering baseline.

7.4.1.1 Determining sampling density and pilot studies
Rather than directly recommending a particular minimum sampling density that would hold across
deployment contexts, we strongly encourage pre-registration and transparent uncertainty
characterization. Failing to take sufficient samples will result in a lack of resolvable signal, and therefore no
net carbon removal quantified. Broadly speaking, the density of required sampling for baseline,
post-spreading, and post-weathering rounds should be determined by an estimate of the soilʼs underlying
spatial baseline variability of the parameters being sampled.

Some justification for the chosen sample size for each soil parameter should be provided in a project
design document, likely in the form of an explicit or numerical power analysis. If pre-existing data about a
deployment site is insufficient to estimate the baseline mean and variance of the parameters being
measured for netCDR calculation, then a Pilot Study Type A sampling) should initially be performed to
generate a sample mean and sample variance for each relevant parameter in the soil baseline. This should
then inform a sample size for future sampling rounds.

7.4.1.2 Post-spreading sampling
If a project developerʼs quantification approach involves using solid-phase mass balance methods to
determine feedstock dissolution rates, Type C Post-Spreading sampling done in addition to a round of
Type B Baseline Sampling could also be undertaken. The goal of this post-spreading round would be, in
certain cases, to gain a better understanding of localized heterogeneity in feedstock application rates or
post-application feedstock mobilization. As described in Section 8.2, this is also the goal of using an
immobile tracer when constraining feedstock dissolution, and as such, a Type C sampling round will be
most useful either when there is not a useful immobile tracer in the feedstock, or as an additional check
that information from the tracer is accurate (e.g., that the tracer is, in fact, immobile under deployment
conditions).
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In practice, there was no consensus among Working Group members regarding the utility of
post-spreading sampling rounds in the manner described above. Type C sampling rounds would likely take
place only days or weeks after spreading occurs. The soil samples may be taken before homogenisation
or redistribution of feedstock within soil (e.g., before tilling or rain events can redistribute feedstock),
making the sampling round less useful as a check on application rates. If the post-spreading round occurs
much later than that, the finest particle size fraction will likely have already reacted with available acidity in
the soil profile, making Type C sampling less representative of pre-weathering soil conditions.

Type C sampling (done in addition to baseline measurements) is likely not necessary if other measurement
techniques are utilized (e.g., porewater measurements).

7.4.2 Guardrails for common sampling patterns
In addition to any stratification performed, and within any given stratum, common field sampling patterns
include simple random sampling, grid sampling, zone sampling, and transect patterns. When developing a
sampling pattern for a deployment site, it is important to avoid sampling bias, where the choice of
sampling pattern systematically biases the estimate of a given parameter beyond the effects of random
sampling error Ramsey et al., 1995.

To ensure unbiased estimates, sample locations within a field or deployment should ideally be determined
through random sampling. Any systematic sampling methods with fixed distances, including grids or
transects, can be prone to bias when there are periodicities in the field area (e.g., crop rows), and as such
are not recommended unless an argument is made with regards to how potential systematic bias has been
mitigated.

7.4.3 Geo-located sampling
Geo-located sampling is a paired sampling method in which the location of each baseline sample (taken
during Type B sampling) is recorded with a GPS device, and future sampling rounds Type D sampling)
return to each location within a narrow radius rather than selecting new random locations. Location-paired
samples from before and after weathering has occurred are directly compared. When there is less
variability at small spatial scales compared to broader field heterogeneity, geo-located sampling can
reduce the variance for an equal number of samples in a particular field or deployment. It is recommended
that project developers consider the potential benefits of geo-located sampling, particularly for
parameters exhibiting a high degree of spatial variability.

However, in the context of commercial ERW deployments, geo-located sampling also creates the potential
for “gaming the system ;ˮ if sample sites where re-measurements will occur are known in advance, then an
operator could in theory apply a greater amount of feedstock to these locations in order to generate a
greater number of carbon credits for the deployment. To mitigate this risk, methodologies could mandate
that only a certain fraction of total sample sites can be reused (e.g., 50%, or attempt to ensure that those
involved in rock spreading are blind to information about where samples will be taken.

7.4.4 Compositing of soil samples
This section covers guidelines for sample compositing, meaning the physical combination of several
physical soil samples into a single sample for subsequent analysis. It is important that soil samples are
thoroughly homogenized after compositing, before analysis is performed, and proper sample splitting
techniques are used.
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For clarity, we define two different types of sample compositing for discussion here:

● Type 1 A single “sampleˮ is created by
combining 620 individual soil cores
within a tight radius of a central point, to
smooth out variability at small scales.

● Type 2: Samples from across a field or
deployment are combined, at more
substantial spatial distances from each
other. This is done to decrease the lab
analysis burden, but increases uncertainty

Type 1 sample compositing is strongly recommended during the collection of soil cores, as it is a best
practice followed by most agronomic providers and academic researchers, especially in the case of
shallow agronomic nutrient sampling. Type 1 compositing may be less feasible if deep cores are being
collected.

Type 2 sample compositing can also be pursued, but the resulting larger standard error due to a smaller
sample size should be incorporated into uncertainty quantification and discounting of crediting volumes
(Section 5.6; Spertus et al., 2021).
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7.5 Aqueous Phase Measurement Guidelines
Aqueous measurements for quantifying carbon removal associated with ERW deployments can take many
forms, including measurements of soil porewater collected at various depths (e.g., Holzer et al., 2023;
Paessler et al., 2023) or sampling drainage waters—such as from catchment waters like proximal streams
or the outlet of tile drained systems (e.g., Larkin et al., 2022).

An advantage of aqueous phase measurements is that they integrate the cation and alkalinity fluxes that
must be tracked for NFZ CDR quantification down to the depth where samples are collected (see Section
5.4). For example, one sample from a suction lysimeter represents a larger radial sampling volume than a
solid core captures depending on the tension of the lysimeter and the surrounding water potential. Done
well, they have the potential to directly measure the export of weathering products and charge-balancing
DIC from the NFZ over time, thus providing the most direct measure of CO2 removed from the atmosphere
in the soil profile. That said, the integrated nature of the measurement (including the integration of waters
traveling along different flow paths and with different residence times in the case of catchment waters)
means that supplementary measurements may be required to disentangle the sources and sinks for
alkalinity within the soil column for the purposes of calibrating and validating process-based models
(Section 8.10).

In addition, quantifying a robust CDR signal from aqueous-phase monitoring can be significantly
complicated by spatial and temporal variability and the physical challenges of extracting water from the
system. For example, incorporating and operating an array of lysimeters represents a significant logistical
challenge, particularly given the need to physically access the site to sample on a frequent, and often
non-periodic (i.e., responsive to rainfall events) basis. Soil water content must also be sufficiently high to
allow for porewater extraction by suction lysimeters or rhizons.

There is a decades-long history of collecting measurements of porewater, groundwater, and surface
waters across the soil science and low-temperature geochemistry communities that practices employed
for ERW quantification can build upon (e.g., Singh et al., 2018; Weihermüller et al., 2007. However, best
practices for quantifying dissolved carbon and cation fluxes for ERW deployments are context-dependent
and very much still under development. Thus, the discussion and recommendations in this section aim to
strike a balance between setting guardrails for what we already know should be required for high quality
aqueous measurements, while maintaining flexibility for learning and iterative development of
measurement strategies over the coming years.

7.5.1 Counterfactual temporal baseline
Establishing a robust temporal baseline of key aqueous phase parameters (e.g., cation concentrations,
DIC, total alkalinity, pH is important in order to distinguish the additive impact of an ERW deployment from
existing temporal variability in the soil system. Practitioners must interpret aqueous phase measurements
through time against a temporal baseline that reflects the counterfactual scenario—the state of fluid flow
and alkalinity movement through the soil profile in the absence of ERW application.

As outlined in Section 7.2 and Section 7.3, it is recommended that practitioners pair each treatment area
with a sufficiently representative control plot in terms of soil properties, topography, hydrology, and
management practices (note: in most cases, this control will be a ‘business as usualʼ plot–Section 5.5.3.1).
The most accurate means of constraining this temporal baseline will often be performing corresponding
aqueous phase measurements on the control plot, which will capture the time-varying natural fluctuations
in the system. Crucially, this relies on the control plot being both hydrologically similar to the deployment
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area (e.g., similar flow paths and levels of discharge), and also as much as possible hydrologically isolated
from the treatment.

In irrigated systems, operators should also be cognizant of where irrigation water is drawn from and have
constraints on irrigation water chemistry.

7.5.2 Site hydrology: understanding soil fluid flow and water balance
Accurately quantifying the flow rate of water through the soil column is a core requirement for quantifying
carbon removal via aqueous phase measurements. The calculation of a time-integrated export flux
requires knowledge of the concentration of the dissolved species of interest (e.g., cation or inorganic
carbon) and the total volume of water exported from the NFZ over a defined period. For example, export of
DIC from the NFZ over a given time interval

( ; Eq. 5.4.1.1.1) can be calculated as:
𝑡𝑖𝑚𝑒
∑ 𝐷𝐼𝐶

𝐸𝑥𝑝𝑜𝑟𝑡, 𝑅𝑃

Eq. 7.5.2.1𝐷𝐼𝐶
𝐸𝑥𝑝𝑜𝑟𝑡

=
𝑡𝑖𝑚𝑒
∫  𝑐(𝑡) 𝑞(𝑡) 𝑑𝑡 

where is the concentration of DIC in soil porewater at the end of the NFZ at time t, and is the net𝑐(𝑡) 𝑞(𝑡)
water flux through the NFZ at time t (Dressing, 2003.

Estimating the water flux is complicated by both the spatial variability of soil properties affecting field𝑞(𝑡)
hydrology and infiltration, as well as temporal variability of water fluxes due to precipitation,
evapotranspiration, and irrigation rates that change over time. As a default, project developers should at
least calculate the time-varying water mass balance of the system, considering net infiltration as the
balance between water inputs (e.g., precipitation and irrigation) and losses (e.g., surface runoff and
evapotranspiration). Whether more nuanced hydrologic modeling is required should be considered on a
site-by-site basis.

The complexity of the hydrologic modeling required to appropriately characterize the fluid flux at a
particular site should match the complexity of the fieldʼs hydrology. In some fields, the simplistic
assumption of roughly vertical fluid infiltration and transport downward through the soil profile may be
appropriate. In others, the situation may be more complicated, due to preferential flow paths, high amounts
of fluid runoff into surface water, tile drains, drainage ditches, or other physical structures that impede or
redirect fluid flow. Thus, we recommend an initial characterization of field hydrology (Section 3).

For simpler field hydrologies that resemble vertical infiltration, considering the time-varying water mass
balance may be sufficient. Net infiltration can be calculated from an estimate of water inputs (irrigation
inputs and precipitation as measured by a local weather station), consideration of the ratio of surface
runoff to net infiltration for a given rain event, and calculation of the evapotranspiration rate (e.g., using the
Penman-Monteith equation or other empirical parameterization, informed by weather station
measurements Allen et al., 1998; McColl, 2020; Monteith, 1981). Although costly, evapotranspiration can
also be directly constrained using weighing lysimeters or eddy covariance techniques Alfieri et al., 2018;
Moorhead et al., 2019.

In more complex hydrological cases, the use of 1, 2, or 3D soil unsaturated flow models may be useful,
especially when the goal is explicitly to determine the rate of flow past a certain soil depth (e.g., export
from the NFZ, or to inform optimal sampling locations in more complex systems. The parameterization of
any soil physics / hydrology model should be informed by an initial site characterization, and
supplemented by ongoing measurements such as soil water content, soil water potential, or net infiltration
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(e.g., with a weighing lysimeter). Where available, practitioners should use peer-reviewed and
publicly-available models, and always transparently document model assumptions and sources of input
data.

7.5.3 Temporal variability and frequency of aqueous measurements
A key challenge of using aqueous measurements to estimate CDR in ERW deployments is the potentially
high temporal variability of fluid flux through the soil systems, and daily and seasonal fluctuations in
porewater chemistry. In computing estimates of time-integrated fluxes of weathering products,
representative concentration measurements need to be assigned to specific time intervals of fluid flow,
potentially using a temporal interpolation method to fill in the data gaps. The accuracy of this calculation is
in part determined by the frequency of these concentration measurements—whether sufficient
measurements are taken to capture temporal variability and transient signals—as well as the specific
interpolation methods chosen Moatar and Meybeck, 2005.

Studies that use a time series of instantaneous concentration measurements to characterize nutrient load
in catchments can often substantially underestimate the true load value, due to under-sampling of a
substantial proportion of the total fluid flux that occurs during short-duration precipitation events Cassidy
and Jordan, 2011. Given the approach of creating a time series of instantaneous measurements, it is
important to be cognizant that concentration varies with net infiltration and evaporation. Measurements
and temporal interpolations should take this into account; otherwise, practitioners run the risk of under or
overestimating the alkalinity signal through the soil profile. Such temporal interpolation might best be done
with process-based models to predict the response of the soil water chemistry to fluctuating soil water
dynamics, a key area of R&D moving forward. Protocols and methodologies should allow for flexibility in
the temporal measurement cadence used, but measurement collection timestamps should always be
reported alongside the data and details on any spatial and temporal interpolation should be transparently
reported.

Depending on the climatology of the deployment, there will likely be time periods where there is not
sufficient water content in the soil profile to collect porewater samples at all. During such periods, zero
export from the NFZ should be assumed, unless an alternate temporal interpolation method for this period
can be realistically justified.

While many methods of collecting aqueous phase samples will yield concentration data for a single point
in time (or averaged over a short time interval), other methods that collect soil water for more extended
periods of time will represent a time-integrated view into concentrations of dissolved species and fluid
volumes. For example, this could include the use of ion exchange resins, which have been used to track
nitrate and other nutrient leaching from agricultural systems in a time-integrated manner Apostolakis et
al., 2022; Grunwald et al., 2020; Wolf et al., 2022. By capturing more of the water (or, in the case of ion
exchange resins, ions) flowing through the soil system, these methods have the advantage of requiring
little-to-no temporal interpolation, with the ability to capture more of the temporal variability and transient
alkalinity pulses through the soil.

Similarly, proxy measurements or novel sensor development that allow for the use of in-situ soil sensors,
such as using electrical conductivity as a proxy for total alkalinity, could allow for the production of a
continuous time-series of a given variable of interest, also reducing or eliminating the need for temporal
interpolation Amann and Hartmann, 2022; Paessler et al., 2024; Rieder et al., 2024. Sufficient validation
of any in-situ proxies used in place of standard analytical measurements must be demonstrated across a
representative array of field conditions.
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7.5.4 Spatial variability and density of aqueous soil measurements
Carbon removal calculations making use of soil-based porewater measurements should capture
uncertainty due to both the spatial variability of baseline porewater chemistry at a particular depth, as well
as spatial variability in the rate of feedstock weathering and alkalinity transport. Several ERW studies to
date have observed substantial variability of key weathering indicators in soil porewater at the same
depth, at small spatial scales Holzer et al., 2023; Paessler et al., 2023. Spatially sparse aqueous
measurements across large deployment areas will likely not provide a robust quantification of field-wide
changes in key weathering parameters (particularly if consideration is not given to underlying soil
heterogeneity).

Ideally, deployments would develop a quantitative sense for the baseline spatial variability of the dissolved
species being measured (e.g., base cation concentrations) at a single point in time before feedstock is
applied to the soil, potentially during a rain event when much of the fluid flux will be occurring. This
baseline variability, understood either through direct pre-deployment measurements or extrapolation from
similar systems, could be used to inform some form of power analysis to determine the sampling density
needed to interpret a signal above baseline variability.

Given the nascent state of the field and operational challenges involved with conducting high density
baseline porewater measurements before beginning the deployment, the spatial density of aqueous
measurements could also be potentially justified by reference to the underlying variability of the soil
properties that dictate hydrology, weathering rates, and transport of weathering products through the soil
column. These properties may include:

● Topography.

● Soil pH and buffer pH.

● Cation exchange capacity and base saturation.

● Soil texture, porosity, and permeability.

Where there is more variability in these baseline parameters, a higher spatial density of aqueous
measurements is likely required. At a minimum, aqueous measurements should be taken within each
treatment and corresponding representative control area (see Section 7.3). We strongly advise that
practitioners document their assumptions and justification for aqueous phase sampling density, and apply
statistical methods to directly quantify uncertainty due to spatial variability, given their chosen sampling
approach.

7.5.5 Measuring field or catchment drainage waters
Measuring a deploymentʼs drainage waters–for example, from tile drains or a low-order stream that the
deployment area can be demonstrated to be draining into (Section 9.1.4)–is another method of directly
measuring an integrated inorganic weathering signal Clarkson et al., 2024; Knapp et al., 2023; Larkin et
al., 2022.

In these cases, practitioners first need to ensure they have defined the hydrologic boundaries of the
watershed and characterized likely ground and surface water flow paths (Section 3). Measurements of
field drainage integrate over much larger spatial areas than soil-based porewater measurements, and
understanding what deployment areas are being represented in the signal is critical; for example, if a
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control and a treatment area are not hydrologically isolated, contamination of the ‘controlʼ waters could
attenuate the apparent weathering signal.

Also, there may be a substantial transit time for a weathering signal to travel from the point of feedstock
application, through the vadose zone and along groundwater flow paths, to the point of monitoring in
drainage waters or in a downstream catchment. Thus, practitioners should attempt to estimate the
distribution of flow paths, temporary storage of weathered cations (e.g., via cation exchange sites), and
groundwater residence times draining into the specific water being sampled to enable an estimate of the
predicted ‘breakthrough timeʼ when a signal is expected. This is particularly important for efforts aiming to
mass balance–for example, measurements of feedstock dissolution in shallow soils with the export of
weathering products in drainage waters.
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7.6 Gas phase measurement guidelines
Direct measurements of CO2 fluxes can be another important lens on the soil system and NFZ carbon
dynamics. They can be particularly impactful for understanding the net carbon balance, as the vast
majority of ecosystem CO2 exchange for the agricultural systems where ERW is deployed will still be
driven by organic carbon fixation (photosynthesis) and respiration (Section 8.8, Friedlingstein et al., 2023;
Kantola et al., 2023; Kutsch et al., 2010). In addition, soil CO2 concentrations exert a primary control on
mineral dissolution rates in a manner that is highly dynamic through time Andrews and Schlesinger, 2001;
Perez-Fodich and Derry, 2019; Vargas et al., 2010). Thus, gas-phase measurements represent an
important data stream to help improve predictive modeling capabilities over time.

Soil or ecosystem CO2 exchange can be measured through various approaches that target different spatial
scales:

● CO2 profile measurements from in-situ CO2

sensors at one or more depths in the soil
profile yield direct measurements of in-situ
CO2 concentration and provide a
depth-resolved window into soil processes
and their response to environmental drivers
Paessler et al., 2023; Vargas et al., 2010).
Soil CO2 fluxes can still be calculated from
in-situ CO2 concentration methods using
Fick's first law of diffusion (e.g., Vargas et
al., 2010), though the need to constrain soil
diffusivity can lead to significant
uncertainty in the calculated surface flux
Sánchez‐Cañete et al., 2017. A number of
different methods can be used to
empirically constrain or estimate how soil
diffusivity varies as a function of soil and
environmental conditions (see
Sánchez‐Cañete et al., 2017 and references
therein), and non-CO2 gas concentrations

may be used to determine additional
processes impacting CO2 concentrations
(e.g., Angert et al., 2015

● Flux towers provide an integrated
measurement of net ecosystem exchange
(capturing both carbon fixation and
respiration) Baldocchi, 2003; Kantola et
al., 2023.

● Flux chambers provide a direct
measurement of the net CO2 flux at the soil
surface at a given point in time (for the
surface area covered by the chamber),
which gives a depth-integrated view of
subsurface processes Chiaravalloti et al.,
2023; Dietzen et al., 2018; Myklebust et al.,
2008; Pavelka et al., 2018; Stubbs et al.,
2022.

While CO2 uptake due to inorganic weathering reactions will be reflected in the broader gas flux signal of
an ERW deployment, resolving the inorganic component will be highly challenging given the significant
background of space and time-varying carbon fixation and soil respiration. These organic fluxes are often
an order of magnitude or more higher than the inorganic CDR flux Kantola et al., 2023; Kutsch et al.,
2010. In order to quantify the inorganic signal, gas phase measurements at high temporal resolution will
be needed, as single or sporadic measurements of CO2 concentrations or fluxes will likely not be
interpretable against the highly dynamic background of soil respiration.

As a broad recommendation for deployments today, soil CO2 measurements should not be used as a sole
means of quantifying CDR in ERW deployments, at least until gas-phase approaches are repeatedly
co-deployed with and validated against high quality solid and/or aqueous-phase measurements. However,
we strongly encourage the continued collection of high resolution CO2 concentration and flux data in both
laboratory and field settings where possible.
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8 Components of the Near-Field Zone Term
Balance

8.1 Integrated Weathering Flux
One strategy for constraining the NFZ term balance is to measure dissolved weathering products directly
as they are generated in, and exported from, the NFZ. This can integrate the cumulative inorganic
weathering signal—including the integrated effects of feedstock dissolution, cation sorption, secondary
carbonate formation, secondary silicate formation, and alkalinity loss due to biomass uptake—to the depth
in the soil profile or location in the catchment drainage system at which measurements are taken Clarkson
et al., 2024; Holzer et al., 2023; Larkin et al., 2022. As described in Section 7.5, capturing the weathering
flux through dissolved phase monitoring requires careful consideration of spatial and temporal variability
at the field scale, as well as controlling for counterfactual baseline fluctuations in the parameters being
measured.

Aqueous phase measurements should be taken at the end of the NFZ (or in drainage waters or
downstream catchments) in order to calculate a net export flux of weathering products, and may also be
taken at shallower depths to capture an earlier weathering signal and track any CDR occurring in shallow
soils (Section 5.4.1.1).

Given the ultimate goal of constraining the carbonate system and calculating an export of DIC from the

NFZ above a counterfactual baseline ( , Eq. 5.4.1.1.1), at least two (and ideally three)
𝑡𝑖𝑚𝑒
∑  𝐷𝐼𝐶

𝐸𝑥𝑝𝑜𝑟𝑡, 𝑅𝑃

carbonate system parameters should be measured out of pH, total alkalinity, DIC, CO2], HCO3
-], and

CO3
2] Wolf-Gladrow et al., 2007; Zeebe and Wolf-Gladrow, 2001. Practitioners should also be cognizant

of potential contributions from organic alkalinity when interpreting total alkalinity measurements
Middelburg et al., 2020; Wolf-Gladrow et al., 200707. Tracking weathering reactions through
measurements of major ions, including both base cations and major anions, may also be used for
alkalinity, the latter of which can help constrain the magnitude of non-carbonic acid weathering. Proxy
measurements, such as electrical conductivity as a proxy for total alkalinity, have also been proposed, but
further work to validate these approaches against standard analytical measurements must be
demonstrated across a representative array of lab and field conditions Amann and Hartmann, 2022;
Paessler et al., 2024; Rieder et al., 2024).

When calculating Eq. 5.2.2 (Section 5.2) from base cation concentrations or total alkalinity, the𝐶𝑂
2
𝑒

𝑁𝐹𝑍, 𝑅𝑃

speciation of the carbonic acid system must be considered to convert those concentrations to
corresponding DIC (e.g., Bertagni and Porporato, 2022; Turner et al., 1981; Wolf-Gladrow et al., 2007.

Finally, when calculating netCDR from aqueous phase parameters, it is important to disentangle if
weathering products are derived from silicate weathering, or from the dissolution of any carbonate
minerals that may be present within the feedstock or fertilizers (when working with non-carbonate
feedstocks). For each mole of divalent cation released from carbonate mineral dissolution, two moles of
DIC can be generated, but only one is derived from the soil atmosphere; the other is released from the
carbonate mineral. When using the aqueous phase to calculate netCDR where the counterfactual includes
liming, will include the integrated weathering flux of background weathering plus ag-lime𝐶𝑂

2
𝑒

𝐶𝐹 𝑁𝐹𝑍, 𝑅𝑃 
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dissolution, therefore the DIC derived from the feedstock in any BAU plot measurements should similarly
account for disentangling silicate versus carbonate dissolution.

Thus, for feedstocks that contain both carbonate and silicate phases, including silicate feedstocks that
may have partially carbonated prior to application, adjustments to the netCDR calculation must be
performed to account for the lower CDR potential of carbonate minerals. In the context of commercial
deployments, when characterizing the mineralogy of a silicate feedstock, practitioners should determine
the weight percentage of carbonate phases. As a default, we recommend conservatively assuming that all
carbonate phases in the feedstock preferentially dissolve first, and interpreting dissolved phase
measurements accordingly. Isotope tracers (e.g., 87Sr / 86Sr) can also be helpful for partitioning the relative
contribution of carbonate versus silicate weathering Andrews and Jacobson, 2017; Clarkson et al., 2024;
Gaillardet et al., 1999; Larkin et al., 2022 and references therein).
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8.2 Feedstock Dissolution
The prediction and modeling of mineral (particularly silicate) dissolution rates in soil systems remains a
key outstanding challenge in ERW quantification and Earth sciences more broadly. There are many
complex and interrelated processes that can exert a strong influence on dissolution kinetics in soils, such
as temperature, pH, variable water content and fluid residence time, kinetic inhibitors and dissolved
phases that enhance rates, the formation of secondary phases, and the impacts of biological processes
(see Oelkers et al., 2018; White and Brantley, 1995.

It is extremely well documented that dissolution kinetics observed in field settings can diverge from those
predicted from laboratory measurements by several orders of magnitude Drever and Clow, 2018; Richards
and Kump, 2003; White and Brantley, 2003. These markedly slower field dissolution rates have been
attributed a range of mechanisms, including decreased reactivity of the mineral surface over time (e.g.,
due to coatings from secondary phases Maher et al., 2016; Navarre-Sitchler et al., 2011; Nugent et al.,
1998; Oelkers et al., 2018 and changes in surface roughness at the mineral interface (Navarre-Sitchler
and Brantley, 2007) as well as factors related to aqueous chemistry (e.g., the interplay between water
infiltration rates, fluid residence time, and mineral saturation states Maher, 2010; Maher et al., 2009).
Such details are often not well-represented in laboratory experiments Calabrese et al., 2022; Li et al.,
2017; White and Brantley, 2003.

Given that robustly validated models capable of predicting dissolution kinetics do not yet exist, particularly
for silicates (Section 8.10), direct empirical measurements that capture alkalinity release from feedstock
dissolution are a critical part of ERW quantification. This can take the form of either dissolved phase
measurements of weathering products (Section 8.1), or solid-phase measurements in surface soils that
aim to constrain feedstock dissolution in a more isolated way.

In the presentation of the NFZ term balance in Eq. 5.4.1.2.1, represents the potential𝐶𝑂
2
𝑒

𝐹𝑒𝑒𝑑𝑠𝑡𝑜𝑐𝑘 𝐷𝑖𝑠𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛, 𝑅𝑃

CO2 removed, assuming that all cations released from the feedstock are charge-balanced by bicarbonate
(i.e., 2 moles of CO2 removed for every mole of divalent base cation released). In reality, the chemistry of
the soil solution will dictate the speciation of the carbonate system, and therefore the true change in DIC
per unit of alkalinity addition. This reduction in CDR due to charge balance by carbonate ions or non-DIC
anions is taken into account in the term (Section 8.3).𝐶𝑂

2
𝑒

𝑝𝐻 𝑎𝑛𝑑 𝑁𝑜𝑛−𝐶𝑎𝑟𝑏𝑜𝑛𝑖𝑐 𝐴𝑐𝑖𝑑 𝑊𝑒𝑎𝑡ℎ𝑒𝑟𝑖𝑛𝑔, 𝑅𝑃

In recent years, solid-phase, mass balance-based approaches–long used to constrain natural weathering
rates Brantley and Lebedeva, 2011; Brimhall et al., 1991; Fisher et al., 2017; Riebe et al., 2003–have been
applied in an ERW context Kantola et al., 2023; Reershemius et al., 2023; Suhrhoff et al., 2024; Wolf et al.,
2022). In such approaches, the loss of base cations from feedstock-amended surface soils relative to an
immobile tracer is measured over time, yielding a time-integrated signal of feedstock dissolution. The use
of solid-phase mass balance methods to constrain in-situ weathering rates has been demonstrated in both
mesocosm and field studies within the past year Beerling et al., 2024; Kantola et al., 2023; Reershemius
et al., 2023).

When using solid-phase mass balance approaches, one core challenge is the need to pick up a resolvable
signal. This is a function of the analytical uncertainty of the measurement technique, the amount of
feedstock applied and fraction that has dissolved, the depth to which the feedstock is mixed and method
applied (i.e., the ratio of added feedstock to soil), and baseline soil concentrations and variability of the
chosen immobile tracer Suhrhoff et al., 2024. Care should be taken in deployment and sampling design
to ensure signal resolvability.
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Another key challenge is precisely constraining the amount of feedstock that has been applied to a given
sampling location due to inevitable inhomogeneities in application rate and potential mixing or
post-application transport. It is highly recommended that feedstock application rates be empirically
constrained by measuring the soil concentration of an immobile element or isotope ratio before and after
feedstock application. Some feedstocks (e.g., wollastonite, carbonates) may not have sufficient
concentrations of immobile tracers to produce a resolvable signal; measurements of base cation loss can
still be performed, but should ideally be coupled with secondary constraints on local feedstock addition
rates (e.g., Beerling et al., 2024. In addition, it is important to ensure that the tracer used is actually
immobile under the conditions of the deployment (e.g., considering pH, redox state, etc.).

One alternative approach for tracking feedstock dissolution involves measuring the addition of base
cations to the exchangeable fraction over time, which can be a proxy to determine how much alkalinity has
been released from the feedstock Dietzen and Rosing, 2023. This has the important advantage of being
easily integrated into typical agronomic practice, as cation exchange capacity and base saturation are
commonly performed agronomic measurements. However, increases in base cations in the exchangeable
phase that replace exchangeable or bound acidity (thereby releasing acidity into the soil solution) do not
represent active CDR (Section 8.4), and it may be challenging to differentiate changes to the exchangeable
fraction due to feedstock dissolution from other controls on cation sorption. In addition, as the base
saturation of the soil system increases, a lower percentage of base cations released through feedstock
dissolution will be incorporated into the exchangeable fraction, decreasing the ‘information richnessʼ of
the exchangeable fraction as a proxy for dissolution. While this method may therefore be difficult to utilize
today for direct quantification of feedstock dissolution, it could represent an important and
readily-available form of empirical validation for eventual model-reliant ERW quantification.
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8.3 pH Dynamics and Non-Carbonic Acid Weathering
The weathering of silicate and carbonate minerals will consume protons and generate alkalinity. The
extent to which that alkalinity is charge-balanced by DIC is pH and pCO2 dependent. This sets up a
question of spatiotemporal scope when considering the impact of porewater pH and non-carbonic acid
weathering on CDR efficiency. CDR in the NFZ is dictated by the amount of carbon captured as DIC that
charge balances alkalinity released from feedstock dissolution within the soil profile. Non-carbonic acid
weathering, or chemical weathering done by acids other than carbonic acid such as sulfuric, nitric, or
organic acids, does not lead to base cations charge-balanced by DIC, but does neutralize acidity that may
have otherwise reacted with bicarbonate and caused CO2 degassing as seen in these reactions Taylor et
al., 2021:
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3
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𝑆𝑖𝑂

4
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−

𝐶𝑎𝑆𝑖𝑂
3

+ 𝐻
2
𝑂 + 2𝐻

3
𝐴 → 𝐶𝑎2+ + 𝐻

4
𝑆𝑖𝑂

4
+ 2𝐻

2
𝐴−

Quantifying organic acids is difficult Jones et al., 2003, and often the simplifying assumption is made
that organic acids will degrade over short timescales (e.g., Jones, 1998. At this stage, Working Group 2
agreed that it is valid to assume that organic acids will be degraded following reaction with silicate
minerals and generate an equivalent amount of DIC as carbonic acid weathering.

There are additional reservoirs of acidity in the soil system that can also reduce netCDR including bound
(also called residual) and exchangeable acidity, and their presence or removal contributes to the total
buffer capacity of the soil. Exchangeable acidity is measured in an equivalent manner to the cation
exchange capacity and is functionally the inverse of base saturation (cation exchange sites will either be
occupied by acidic or base cations). Bound acidity is ‘boundʼ on the surfaces of soil minerals or organic
matter, and is dictated by pH-dependent surface speciation or complexation reactions; bound acidity is
the difference between total buffer capacity of the soil and exchangeable acidity. Both residual and
exchangeable acidity may include hydrogen and/or aluminum depending on the pH.

Analogously, as weathering products exported from the NFZ are transported downstream, they will
continue to react and the carbonic acid system will re-speciate, potentially driving net additional CDR in
the FFZ. But while the NFZ can be directly measured, reactive transport of cations and carbon in the FFZ
must be modeled, with associated significantly higher uncertainties on the magnitude and timing of net
carbon gains and losses.

The conservative approach is thus to solely consider carbon removal in the NFZ, and only include
estimated net carbon losses in the FFZ in netCDR. This has important implications, particularly for acidic
soils where feedstock dissolution rates will often be highest and the potential for beneficial agronomic
impact will be substantial. In soils with a pH greater than about 6.2, cations released by weathering are
variably charge-balanced by bicarbonate in the soil profile. For alkaline soils (pH > 8, a non-negligible
portion of the cations released will be charge-balanced by carbonate, reducing CDR efficiency in the NFZ
that could be regained through re-speciation downstream. For lower pH soils 6.2 ) where the base
cations are not fully charge-balanced by bicarbonate Dietzen and Rosing, 2023, more CDR than
suggested by the DIC at the base of the weathering zone could again be achieved if those base cations
are transported to a more buffered/higher pH system in the FFZ. In strongly acidic soils (pH < 4.55, pCO2

dependent), the cations released by weathering are charge-balanced by very little bicarbonate, yielding
little CDR in the NFZ ( ~ ). Under these conditions,𝐶𝑂

2
𝑒

𝐹𝑒𝑒𝑑𝑠𝑡𝑜𝑐𝑘 𝐷𝑖𝑠𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛, 𝑅𝑃
𝐶𝑂

2
𝑒

𝑝𝐻 𝑎𝑛𝑑 𝑁𝑜𝑛−𝐶𝑎𝑟𝑏𝑜𝑛𝑖𝑐 𝐴𝑐𝑖𝑑 𝑊𝑒𝑎𝑡ℎ𝑒𝑟𝑖𝑛𝑔, 𝑅𝑃
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weathering will only drive netCDR by decreasing the proton flux from the soil profile, thereby potentially
reducing CO2 evasion downstream. The core question when weathering mobilizes base cations that are
not charge-balanced by DIC in the NFZ is whether the impact of proton buffering by the weathering
reaction can be considered in the quantification of netCDR.

CDR generated in the FFZ could be calculated by considering the proton balance on a catchment scale
(i.e., from the soil profile to downstream surface water and marine systems), but this presents a significant
counterfactual challenge: how has the ERW intervention changed alkalinity fluxes relative to the
counterfactual scenario? In the case of non-carbonic acid weathering neutralizing acidity in the soil
profile, was that acidity going to react with bicarbonate downstream, driving evasion, or would it have
reacted with another carbonate or silicate rock along the flow path? Understanding the timing of FFZ CDR
generation would also require good constraints on the transit time of the weathering flux: when will the
weathering products mix with downstream surface water systems? To further complicate matters, the
counter-ions that charge balance base cations in non-carbonic acid weathering reactions–particularly
nitrate–can also be removed from the system by biotic reactions downstream (e.g., via denitrification or
assimilation), again raising the possibility of those base cations driving additional CDR.

Accounting for CDR in the FFZ would thus require sufficiently rigorous and validated models of
catchment-scale reactive transport to quantify the net CO2 flux from downstream river/stream and ocean
systems for both counterfactual and ERW scenarios (Section 9). Based on assessments from Working
Groups 2, 3, and 4, such sufficiently validated, catchment-scale models do not yet exist; thus, it is
recommended that practitioners utilize conservative accounting and only consider CDR that is generated
in the NFZ, along with any net carbon loss in the FFZ. Any non-carbonic acid weathering in the NFZ should
be removed from netCDR.

There are multiple potential approaches to quantify the reduction in CDR efficiency due to soil solution pH
and non-carbonic acid weathering ( ):𝐶𝑂

2
𝑒

𝑝𝐻 𝑎𝑛𝑑 𝑁𝑜𝑛−𝐶𝑎𝑟𝑏𝑜𝑛𝑖𝑐 𝐴𝑐𝑖𝑑 𝑊𝑒𝑎𝑡ℎ𝑒𝑟𝑖𝑛𝑔, 𝑅𝑃
 

● If dissolved-phase measurements are made of the integrated weathering flux exported from the NFZ
(Section 5.4.1.1), DIC export can be constrained through either direct measurements of DIC or
measurement of two or more carbonic acid system parameters.

○ Quantification of integrated DIC export from the NFZ (relative to the counterfactual) is
sufficient for netCDR quantification, but the magnitude of non-carbonic acid weathering can
be constrained through either measurement of non-DIC counter-ions (i.e., nitrate, sulfate,
chloride, and dissolved phosphorus) Kantola et al., 2023 or base cations–increases in base
cation concentration without associated DIC production is evidence for non-carbonic acid
weathering Hamilton et al., 2007; Larkin et al., 2022.

● If solid-phase measurements are used to constrain feedstock dissolution (Section 5.4.1.2), the
amount of DIC generated per mole of alkalinity released from the feedstock must be independently
constrained, including the impact of non-carbonic acid weathering.

○ Importantly, soil solution (porewater) pH is not equivalent to soil pH (e.g., Kanzaki et al.,
2023. Deriving an aqueous phase pH and carbonic acid system speciation from solely
solid-phase measurements is not a trivial problem. At this stage of the pathway, taking both
solid and aqueous phase samples to inform the carbon, alkalinity, and proton balance from
multiple perspectives is strongly recommended.
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○ In the absence of direct measurements of porewater pH or other carbonic acid system
parameters, one potential path forward is to 1 independently estimate the magnitude of
strong acid addition to–or production in–the system, and fully discount that acidity generated
from netCDR, and 2 account for degassing due to acidity already present in the soil system
by considering changes to exchangeable acidity.

○ Methods to independently constrain the magnitude of non-carbonic acid weathering include:

■ Measurement of the flux of non-DIC counter-ions (i.e., nitrate, sulfate, chloride, and
dissolved phosphorus) from the NFZ.

■ For soil systems where it can be justified that the nitric acid produced through
nitrification is the dominant contributor to non-carbonic acid acidity, an estimate of
non-carbonic acid weathering may be developed from documented NH4-based
fertilizer application rates. By default, practitioners should assume 100% of the
ammonium applied is nitrified; to move away from this assumption, nitrogen-use
efficiency (i.e., the amount of applied nitrogen that is taken up into biomass) could be
measured for the deployment. Sulfuric acid production through sulfide oxidation
should also be considered for feedstocks containing appreciable reduced sulfur.

○ After accounting for strong acid weathering, practitioners must still account for any reduction
in CDR efficiency due to the re-equilibration and speciation of the carbonic acid system,
including contributions from the release of exchangeable and bound acidity in the NFZ as soil
surfaces respond to changing solution chemistry. Two considerations come from this:

■ 1 Monitoring for declines in exchangeable and bound acidity–the exchangeable
component of which is included in the component of the term balance𝐶𝑂

2
𝑒

𝐶𝑎𝑡𝑖𝑜𝑛 𝑆𝑜𝑟𝑝𝑡𝑖𝑜𝑛
 

(Section 8.4)–should account for any reduction in CDR efficiency due to the reaction
of bicarbonate with acidity released from soil surfaces.

■ 2 In alkaline soils, where a non-negligible portion of alkalinity will be charge-balanced
by CO3

2, an additional correction may need to be made to account for the lower
DICAlkalinity ratio within NFZ soils.

○ Critically, such approaches should be further explored in the peer-reviewed literature and
applied in ‘method intercomparison studiesʼ in real-world deployment systems where
quantification is approached through solid, aqueous, and gas phase sampling (e.g.,
deploying both endmembers of the NFZ term balance–Section 5.4.1.1 and Section 5.4.1.2).
This continued exploration will help support the development of tools to constrain the impact
of non-carbonic acids from readily-available measurements (e.g., Dietzen and Rosing, 2023.
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8.4 Cation Sorption
The adsorption of cations onto soil particle surfaces (e.g., clay minerals, organic matter, mineral oxides)
plays a crucial role in regulating cation availability for uptake by plants and other soil organisms, as well as
their storage in and transport through the soil column Weil and Brady, 2016. Cation exchange processes
are also fundamental to understanding the temporal evolution of carbon dioxide removal for ERW
deployments. Cation sorption can act as a transient alkalinity sink; when base cations exchange for acidic
cations on exchange sites (e.g., H+, Al3), the addition of acidic cations to the soil solution will reduce
alkalinity and pH and drive CO2 evasion, reducing CDR efficiency.

As base cation concentrations in the soil solution decrease through time (e.g., due to continued net
infiltration of water out of equilibrium with the soil solution), or the soil begins to re-acidify, these base
cations can eventually re-enter the soil solution and drive CDR. The magnitude of potential base cation
uptake by exchange reactions will be strongly dependent on soil conditions; cation uptake and associated
lag time between alkalinity release through feedstock dissolution and export from the NFZ will be highest
in high cation exchange capacity CEC, low base saturation (often acidic) soils (e.g., Kanzaki et al., 2024).

Many ERW experiments have reported findings of increased exchangeable pools of base cations in soils
treated with silicate minerals (e.g., Amann et al., 2020; Dietzen and Rosing, 2023; Kelland et al., 2020; Ten
Berge et al., 2012. A planted mesocosm study using a basalt feedstock reported an increase in the
exchangeable pool of soil Mg, but no significant change in the pool of exchangeable Ca, and detected no
significant changes in leachate Si, Mg, or Ca, which suggests that the base cations released by
weathering were retained either on soil exchange sites or in plant biomass Kelland et al., 2020. A
different planted mesocosm study using dunite 90% olivine) saw 13x lower Mg2 concentrations in the
outflow of a 26 centimeter pot experiment than measured in the surface layer over a year-long study, even
in a relatively low CEC soil 8.6 meq/100 g dry soil) (Amann et al., 2020). A series of soil column studies
investigating olivine dissolution at different temperatures demonstrated temperature-dependent cation
exchange behavior, with Mg2 much more strongly retained in the soil column at 32°C than 19°C Iff et al.,
2024; Renforth et al., 2015).

ERW interventions can also increase the cation exchange capacity of soils. In a downflow soil column
experiment, the release of base cations from olivine and wollastonite dissolution increased the base
saturation of the soil, and also almost doubled the soilʼs CEC Te Pas et al., 2023. Soil CEC has also been
shown to substantially increase in studies that applied basalt to highly weathered soils Anda et al., 2015,
2013, a potential agronomic co-benefit (Te Pas et al., 2023. This increase in soil CEC after silicate
weathering is likely due to the increase in soil pH and resultant deprotonation of soil functional groups,
alongside potential formation of secondary mineral phases Anda et al., 2015; MacBride, 1994; Te Pas et
al., 2023. Such feedbacks are important to consider, as the creation of new sorption sites in the soil
profile may lead to longer lag times in realizing CDR.

Base cation removal from solution in the NFZ due to cation sorption should be quantified and accounted
for in netCDR quantification (Eq. 5.4.1.2.1NFZ term balance).
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8.4.1 Guidance for quantifying cation sorption in the NFZ
The actions required to quantify the impact of cation sorption will depend on the measurement approach
being used to quantify netCDR

● If is constrained by the time-integrated alkalinity flux at or beyond the end of the NFZ𝐶𝑂
2
𝑒

𝑁𝐹𝑍, 𝑅𝑃

(e.g., monitoring of tile drainage, deep lysimeters, or catchment drainage waters), any alkalinity loss
from cation exchange processes has already been accounted for, and no direct measurement of the
exchangeable fraction is required.

● If feedstock dissolution is constrained independently and netCDR in the NFZ is calculated as the sum
of potential CDR driven by feedstock dissolution and the change in carbon/alkalinity sources and
sinks in the soil profile, changes to the stock of base cations in the exchangeable fraction in the NFZ
should be monitored at each reporting period ( .𝐶𝑂

2
𝑒

 𝑆𝑜𝑟𝑝𝑡𝑖𝑜𝑛, 𝑅𝑃
 )

○ Cation exchange capacity and base saturation or exchangeable acidity should be quantified
using established methods. There are several different extraction techniques (for example,
see Dietzen and Rosing 2023 for a comparison of ammonium nitrate and ammonium
acetate extractions in an ERW context); in the future, it could be beneficial for the ERW
community to develop common standards of practice for extraction methods to allow for
field-wide data inter-comparability.
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8.5 Secondary Carbonate Formation
Secondary carbonate formation in the soil profile and downstream systems can represent a stable (and
measurable) store of atmospheric CO2 for ERW deployments with non-carbonate feedstocks. That said,
the potential for carbonate formation must be considered in the netCDR calculation of all ERW
deployments, as secondary carbonate formation reduces (and for carbonate feedstocks, negates)
potential CDR by removing cations and carbonate alkalinity from solution:

𝐶𝑎2+(𝑎𝑞) + 2𝐻𝐶𝑂
3

−(𝑎𝑞) ↔ 𝐶𝑎𝐶𝑂
3
(𝑠) + 𝐶𝑂

2
+ 𝐻

2
𝑂       (𝐸𝑞.  2. 1. 2. 1)

Carbonate formed as the result of an ERW deployment can thus represent both CO2 removed from the
(soil) atmosphere–there is a mole of CO2 incorporated in the mineral lattice–and a decrease in the overall
efficiency of CDR relative to a scenario where CO2 removed is stored as DIC in a long residence time
reservoir (groundwater or the ocean). Similarly to DIC in the NFZ that is counted towards netCDR in the
term balance (Section 5.4.1), secondary carbonates that form in the NFZ are also considered CDR that is
generated, although they may be vulnerable to dissolution and weathering. In particular, weathering by
non-carbonic acids would be of concern (see Section 8.3).

Constraining the magnitude of net carbonate precipitation in the NFZ (as well as downstream of the
weathering site–Section 9) is thus required in a thorough accounting of netCDR associated with an ERW
deployment. However, not all combinations of feedstock, soil conditions, and microclimates will be
conducive to net carbonate accumulation in the soil profile. Here, we first lay the groundwork for
understanding and predicting when secondary carbonation formation is likely to occur within the NFZ (or
deeper portions of the soil profile) before outlining recommended criteria for determining when the
potential for secondary carbonate precipitation in the soil profile can be safely assumed to be negligible.
We then provide recommendations for how the impact of potential secondary carbonate formation on
netCDR can be quantified for deployments where it must be considered as part of the term balance (

).𝐶𝑂
2
𝑒

 𝑆𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦 𝐶𝑎𝑟𝑏𝑜𝑛𝑎𝑡𝑒𝑠, 𝑅𝑃

8.5.1 Controls on pedogenic carbonate formation
As with all secondary phase formation, the accumulation or loss of carbonate minerals from the soil profile
is a question of thermodynamics and kinetics. The accumulation of secondary carbonate minerals will be
fundamentally dictated by the mineral saturation state, which means that to first order, pedogenic
carbonate formation is a function of cation supply, soil CO2 dynamics and pH, temperature, and the
all-important soil water balance Breecker et al., 2009. In soils, plant roots and microorganisms primarily
impact the formation of pedogenic carbonates via respiration and CO2 generation, however, soil organisms
may also directly contribute to the production of pedogenic carbonates by forming carbonates as part of
their skeleton or glands (see Zamanian et al., 2016 and references within). Pedogenic carbonates will
often go through multiple cycles of precipitation and dissolution in response to fluctuating soil conditions
Breecker et al., 2009; Huth et al., 2019. Carbonate precipitation tends to be favored during warmer, drier
intervals, as net evaporation increases aqueous cation activity and higher temperatures reduce carbonate
mineral solubility (as a general rule, both Ca2 and Mg2 carbonates are retrograde soluble Bénézeth et al.,
2011; Plummer and Busenberg, 1982). In turn, carbonate dissolution is favored under cooler, wetter
conditions, particularly when this coincides with periods of high soil respiration and CO2 concentrations
Licht et al., 2022. In ERW deployments, the temporal dynamics of feedstock dissolution (which requires
sufficient water and will be favored under high pCO2 conditions) will further impact variations in carbonate
saturation state through space and time.
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The most significant accumulations of soil inorganic carbon occur in dry environments Plaza et al., 2018),
though pedogenic carbonates are common throughout temperate regions. Pedogenic carbonate formation
and persistence in the soil profile is generally thought to be rare in wetter environments–meta-analyses
suggest that soil carbonates are unlikely to form when mean annual precipitation exceeds 1000 mm/yr
Retallack, 2005; Zamanian et al., 2016–though there is some evidence for persistent pedogenic
carbonates in high annual rainfall environments with strongly monsoonal climates (e.g., Licht et al., 2022;
van der Kaars and Dam, 1997.

Kinetics can also exert a strong control on carbonate mineral formation in natural systems. From the
perspective of ERW quantification, kinetics inform two key considerations: what minerals are likely to form
and should thus be of primary concern, and at what saturation states is substantial precipitation likely to
occur? For geochemical calculations, it is recommended that practitioners consider the precipitation and
dissolution of calcite as the primary carbonate phase. Calcite is the most thermodynamically stable CaCO3

polymorph under Earth surface conditions; although some aragonite has been observed in calcareous
horizons Watts, 1980, calcite with varying levels of Mg substitution is the most commonly formed
carbonate phase in soil systems Lorenz and Lal, 2018. At ambient temperatures, the formation of
Mg-carbonates is kinetically limited Power et al., 2019, 2017 due to the strong hydration and slow
desolvation rates of Mg2 Helm and Merbach, 1999, although the very high Mg concentrations expected
from dissolution of Mg-rich feedstocks and the potential for biologically induced precipitation
McCutcheon et al., 2019 could allow for the precipitation of Mg-carbonates in some systems.

Secondly, carbonate precipitation will only occur in soil solutions that are oversaturated with respect to the
carbonate phase. However, carbonate precipitation will not necessarily occur at equilibrium (and indeed,
seldom does in the complicated aqueous solutions characteristic of soil porewaters). Soil solutions are
often observed to be substantially oversaturated with respect to calcite, and it is well-known that inhibitors
of calcite growth (e.g., Mg2, PO4

3, organic molecules, etc.) can prevent substantial carbonate
precipitation in low supersaturation solutions Davis et al., 2000; Dobberschütz et al., 2018; Dove and
Hochella, 1993; Hoch et al., 2000; Inskeep and Bloom, 1986; Lin et al., 2005; Mucci and Morse, 1983). The
saturation state with respect to CaCO3 can be expressed as:

Eq. 8.5.1.1Ω =  𝐼𝐴𝑃
𝐾

𝑠𝑝
=

{𝐶𝑎2+}{𝐶𝑂
3

2−}

𝐾
𝑠𝑝

Where IAP is the ion activity product, Ksp is the solubility product constant, and and are the{𝐶𝑎2+} {𝐶𝑂
3

2−}

aqueous ion activities of Ca2 and CO3
2, respectively. Saturation states are also commonly expressed as

saturation indices SI, where . Inskeep and Bloom 1986 report the maintenance of𝑆𝐼 =  𝑙𝑜𝑔
10

Ω

oversaturations ranging from SI = 0.40.7 in (calcareous) soil solutions, even after seeding the solutions
with calcite. Suarez 1977 similarly recommends using a ion activity product of 107.95 as the threshold
where CaCO3 precipitation occurs based on observations from soil solutions and the drainage waters of
irrigated calcareous agricultural fields; taking the Ksp of calcite to be 108.48 Plummer and Busenberg,
1982, this equates to SI = 0.53. Recent work considering the potential for secondary carbonate
precipitation in rivers due to ERW deployments assume a saturation state threshold of SI = 1.0 Harrington
et al., 2023; Knapp and Tipper, 2022. It is thus reasonable to assume that substantial secondary
carbonate formation will not occur until a saturation state threshold substantially higher than SI = 0 is
reached; as such, we recommend SI = 1.0 as the upper limit of that threshold.

Finally, it is important to note that unlike soil organic carbon, soil inorganic carbon tends to accumulate
deeper in the soil profile Kim et al., 2020; Lorenz and Lal, 2018; Retallack, 2005. In an ERW context,
Khalidy et al. 2024, 2023 demonstrated carbonate accumulation in response to wollastonite deployment
was not limited to surficial layers containing the feedstock amendment. Monitoring for soil carbonate
formation within the near-surface weathering zone will not be sufficient to capture carbonate formation
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that has a meaningful impact on netCDR; in the very least, the entirety of the NFZ must be considered, and
accumulation of carbonate deeper in the soil profile and throughout the lower vadose zone will be an
important component of better understanding the FFZ carbon balance moving forward (Section 9.2).

8.5.2 Approaches to monitoring and accounting for potential soil carbonate
formation in netCDR quantification
Broadly, there are five approaches to account for (potential) secondary carbonate formation in the soil
profile in netCDR quantification ( ):𝐶𝑂

2
𝑒

 𝑆𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦 𝐶𝑎𝑟𝑏𝑜𝑛𝑎𝑡𝑒𝑠, 𝑅𝑃

1 The decline in CDR efficiency due to carbonate formation may already be conservatively captured by
the feedstock dissolution measurement (Section 8.2) or monitoring of the integrated weathering flux
(Section 8.1). In this case, carbonate formation does not need to be considered independently in the
NFZ term balance Eq. 5.4.1.1.1, though it may be to account for carbon stored in the carbonate lattice.

Specifically:
● soil profile (e.g., monitoring of tile drainage, deep lysimeters, or catchment drainage If

is quantified by measuring the time-integrated alkalinity flux at the base of the𝐶𝑂
2
𝑒

𝑁𝐹𝑍, 𝑅𝑃

waters), the decline in NFZ CDR due any carbonate formation will already be conservatively
accounted for.

● If is quantified by approaches that span the entirety of the NFZ (e.g.,𝐶𝑂
2
𝑒

𝐹𝑒𝑒𝑑𝑠𝑡𝑜𝑐𝑘 𝐷𝑖𝑠𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛, 𝑅𝑃

by solid-phase measurements of [mobile]/[immobile] elements), the decrease in netCDR due
to carbonate precipitation in the soil profile may already be conservatively accounted for.
This will be the case if the base cations incorporated into carbonate minerals are partitioned
into the ‘unweatheredʼ phase by the measurement technique. Importantly, for solid-phase
mass balance approaches, care must be taken to ensure that carbonate phases are not
removed during any pretreatment steps (e.g., via ammonium acetate extractions or an acid
rinse) such that precipitated carbonates are still considered part of the solid or unweathered
phase.

● If or the integrated weathering flux is quantified in shallow portions of𝐶𝑂
2
𝑒

𝐹𝑒𝑒𝑑𝑠𝑡𝑜𝑐𝑘 𝐷𝑖𝑠𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛, 𝑅𝑃

the soil profile but not the entirety of the NFZ, the alkalinity removed from solution by any
carbonate precipitation within the measurement depth horizon is already captured by the
empirical measurement. However, the potential for carbonate precipitation from the
measurement depth through the end of the NFZ must be additionally accounted for.

● In all cases described here, this would provide a conservative estimate of netCDR and not
account for the CO2 stored in any secondary carbonates formed. The additional CDR
associated with CO2 stored as carbonate minerals may be accounted for via direct
quantification of SIC stocks (Section 8.5.3).

2 Carbonate formation in the soil profile can be directly monitored through measurements of how
soil inorganic carbon stocks evolve through time relative to a business as usual plot. Guidance for
the quantification of SIC stocks is provided in Section 8.5.3.
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3 As models improve, carbonate accumulation throughout the soil profile (including deeper soils and
into the lower vadose zone) could eventually be estimated through geochemical modeling,
parameterized by site-specific soil physiochemical and hydrologic characteristics as well as
climatic forcing.

● While the first-order controls on pedogenic carbonate formation are well understood,
predictive modeling of pedogenic carbonate accumulation in the soil profile remains
challenging; process-based models must accurately capture soil water dynamics, fluctuating
pCO2 and pH driven by biological processes, and may need to incorporate more nuanced
mechanisms and controls on carbonate mineral formation (e.g., interactions with inhibitors)
than are currently used in most models. In the future, well-validated models may be able to
simulate soil processes with sufficient accuracy to move to a largely model-based
quantification approach (Section 8.10); however, the assessment of Working Groups 2 and 4
is that reactive transport or other NFZ models should not currently be relied upon to predict
soil carbonate accumulation in the NFZ.

● Future R&D priorities should include gathering long-term (multi-annual) datasets of SIC
accumulation in ERW contexts, including measurements of deeper soils. These datasets are
required to develop validated modeling frameworks that can predict pedogenic carbonate
formation over annual to decadal timescales to the requisite degree of certainty.

4 Under some circumstances, soil carbonate formation may be justifiably assumed to be negligible
based on the combination of feedstock, soil conditions, and climatic conditions that characterize a
deployment. In this case, potential carbonate formation would not need to be considered as part of
the NFZ term balance. This is explored in detail below (Section 8.5.2.1).

5 On the other hand, in systems where there is a high probability of carbonate formation, it may be
justified to assume that all alkalinity released from the feedstock forms a carbonate either within
the soil profile or downstream and adjust the CDR efficiency accordingly. Notably, this assumes
that there is not substantial formation of secondary phases with a lower cation:carbon
stoichiometry than carbonates (e.g., some clays), but assuming stoichiometric carbonate
precipitation is likely a justifiable assumption at this stage of the field.

8.5.2.1 Under what conditions could pedogenic carbonate formation be assumed to be
negligible?
Here, we consider what suites of conditions would either indicate there is a high probability of soil
carbonate formation (and thus negligible carbonate formation should not be assumed), or indicate that
there is a low likelihood of meaningful carbonate accumulation in the soil profile as the result of an ERW
deployment.

8.5.2.1.1 Conditions that would indicate a high probability of carbonate formation
● If the soil contains calcic horizons, contains pedogenic evidence of carbonate accumulation, or if the

baseline soil inorganic carbon content is high (e.g., > 0.5 wt %, the probability of secondary
carbonate formation associated with an ERW deployment should be considered high. This criterion
applies across all feedstocks used for ERW.

○ Elevated baseline soil inorganic carbon content is interpreted to be indicative of either active
pedogenic carbonate formation or situations where there is a high probability that porewaters
are near saturation with respect to CaCO3 phases. In the case of high annual infiltration rates,
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it may be possible to prevent unduly triggering more robust quantification in the case of soils
with high SIC contents due to calcareous parent materials or significant deposition of
calcareous materials where there is a low probability that any carbonates formed will persist
long enough to represent a long-term sink of alkalinity in the NFZ. Example metrics that could
be used to delineate sufficiently high infiltration rates include an aridity index substantially > 1
(also considering water added via irrigation). However, this should be approached cautiously.
As discussed above, persistent pedogenic carbonates have been observed in tropical, high
annual rainfall soils with strong monsoonal climates (e.g., Licht et al., 2022; van der Kaars
and Dam, 1997. This suggests additional care may be warranted when considering soil
systems that are seasonally dry, even with high annual infiltration rates.

○ This condition applies to all alkaline feedstocks, not just Ca-rich feedstocks, as if there is
evidence of active pedogenic carbonate formation or soils buffered by CaCO3, the changes
induced to the soil carbonate system by the ERW intervention could drive additional CaCO3

formation whether or not the feedstock is Ca-rich. Mg-rich feedstocks can also make Ca
more bio-available e.g., via ion exchange which would also alter the CaCO3 saturation state.

● A high probability of pedogenic carbonate formation should also be assumed for fast-weathering
feedstocks prone to direct mineral carbonation, for example wollastonite Haque et al., 2020; Khalidy
et al., 2024, 2023; Wood et al., 2023 and silicate assemblages or alkaline wastes with high
hydroxide content Gras et al., 2017; Sanna et al., 2014).

● Broadly, soil conditions that lead to persistently or seasonally elevated carbonate saturation states
(explored more below) should be considered to yield a high probability of pedogenic carbonate
formation.

8.5.2.1.2 Justifying assumed negligible carbonate formation in the soil profile
Given the current lack of robustly validated models capable of simulating pedogenic carbonate
accumulation over annual to decadal timescales, the assessment of the joint market practitioner-working
group session assigned to this topic was that for near-term deployments, any justification that (persistent)
soil carbonate formation is likely to be negligible for a given deployment would need to be based on
saturation state arguments informed by empirical measurements.

One such approach is outlined here. Notably, in some instances, the measurements required to sufficiently
justify that carbonate formation is likely negligible may be more onerous than pursuing direct
quantification of carbonate formation (e.g., through monitoring of soil inorganic carbon stocks–Section
8.5.3).

As a default, practitioners should produce an estimate of baseline CaCO3 (calcite) saturation state and a
‘deploymentʼ saturation state–specifically considering how the porewater pH, DIC, and Ca are likely to
evolve as a result of the deployment. Practitioners could justify that CaCO3 formation is likely to be
negligible based on consideration of the predicted range in soil porewater CaCO3 saturation states
throughout the NFZ

● If the baseline calcite saturation index SI = log10Ca2CO3
2}/Ksp)) is greater than 0 in any region of

the soil profile and the feedstock contains non-negligible Ca (e.g., > 5 wt% CaO, carbonate
formation cannot be assumed to be negligible.
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● If the calcite saturation index at the evolved pH, DIC, and Ca predicted for the deployment is
greater than 1 in any region of the soil profile, carbonate formation cannot be assumed to be
negligible regardless of feedstock used.

● Otherwise, a practitioner may argue that carbonate precipitation in the NFZ is likely to be negligible
and thus does not need to be constrained as part of netCDR quantification.

Calculations of saturation index should be performed with direct measurements of at least 2 components
of the carbonate system (e.g., pH and DIC and major ion concentrations from deployment soils,
considering the entirety of the NFZ. Direct measurements of porewater are recommended (e.g., using
water collected via rhizons or lysimeters, where care has been taken to prevent or properly account for
CO2 degassing).

Variation in porewater saturation state through time is a serious complicating factor when considering
carbonate saturation state. Fluctuations in soil water content, pCO2, and temperature can drive significant
fluctuations in carbonate saturation state seasonally Breecker et al., 2009 and in response to
precipitation or irrigation Gallagher and Breecker, 2020. Ideally, any justification for a negligible
probability of carbonate formation would be based on a robust time series of aqueous phase
measurements, with sampling designed to capture representative variations in water content and pCO2

through time in the system of interest. Calcite saturation state calculations should be performed for a
representative suite of conditions (e.g., considering different seasonal or wet/dry season conditions, in
addition to the average annual water content), and the highest calcite saturation states should be
considered.

8.5.3 Constraining pedogenic carbonate formation in cases where direct
quantification is required
As with quantifying changes in soil organic carbon stocks in response to a change in land use, quantifying
changes in soil inorganic carbon content and stocks in response to ERW interventions is complicated by
baseline spatial heterogeneity and the fact that even small changes to the soil inorganic carbon pool could
represent meaningful changes to netCDR in the NFZ. For example, assuming a bulk density of 1.4g/cm3,
even a change of 0.1 wt % CaCO3 over the top 50 centimeters of the soil column equates to 3.1 ton CO2/ha
stored as CaCO3, with an equivalent reduction in CDR efficiency due to alkalinity removal from solution.
High-precision measurements and high spatial density sampling may be required to meaningfully
constrain reductions in CDR efficiency and carbon stored due to secondary carbonate formation. We
provide high-level guidelines for empirically measuring carbonate formation in the soil profile here:

● The change in soil inorganic carbon SIC stock should be quantified both relative to the initial
baseline and relative to a Business As Usual BAU plot (Section 5.5.3.1).

● The addition of agricultural lime could significantly complicate the assessment of SIC changes
induced by the ERW deployment–at least in the upper portions of the soil profile, as shallow soils
may contain undissolved carbonate amendments. This may be commonly encountered in BAU plots
in regions where liming is a common commercial practice; it is also possible that ag-lime will
continue to be deployed on treatment plots alongside other alkaline feedstocks. In these cases, it is
recommended that SIC stock measurements focus on soil depths below the surface soil layer into
which the liming agent is mixed. An alternative option could be to quantify SIC changes relative to
the project baseline in cases where there is a difference in carbonate inputs between the treatment
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and BAU plot; in this case, it would be particularly important for successive SIC monitoring to occur
at a similar time of year.

● As is the case for soil organic carbon, practitioners must be cognizant of baseline variability in SIC
and implications for sample density required to achieve the requisite level of precision in quantifying
changes in SIC stocks. The following guidelines are recommended:

○ SIC measurements should be taken at a similar time of year, in both the BAU and treatment
plots. Note: both the total inorganic carbon content and bulk density must be constrained.

○ The baseline spatial variability in SIC concentration and analytical precision of the
measurement technique must be considered in calculating the sample density required (e.g.,
Section 7.4.1.1).

○ The analytical precision required also should be considered when selecting a measurement
method Campbell et al., 2023); while high-precision measurements of inorganic carbon
content are possible through techniques like coulometry Power et al., 2020, uncertainty
due to small-scale sample heterogeneity can still be challenging to overcome.

○ Uncertainty in the SIC stock quantification should be explicitly quantified and accounted for
in the overall netCDR quantification (Section 5.6).

A final important consideration is the durability of any carbonates formed within the soil profile. In many
environments, cycles of carbonate dissolution-reprecipitation will occur, and carbonates may be leached
from the NFZ into deeper soils or groundwater. As further developed in Section 9.1.1, carbonic acid
weathering of pedogenic carbonates has the potential to drive net additional CDR if the alkalinity produced
remains in solution; strong acid weathering of the carbonate would lead to immediate evasion of the
stored CO2 while also neutralizing 2 moles of acidity in the soil system (Section 8.3). Reductions in SIC
stocks between reporting periods should be interpreted with consideration of potential strong acid
weathering.
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8.6 Secondary Silicate and Other Secondary Phase Formation
The non-carbonate products of incongruent weathering reactions can also substantially impact the
efficacy and CDR efficiency of ERW deployments. Of primary concern are secondary silicate minerals
(e.g., clays and amorphous Si) and Fe/Al oxy-hydroxides, though other secondary phases–for example,
Ca-phosphates Hayder et al., 2019; Wood et al., 2023–can be formed in specific systems.

Secondary mineral formation can both play a role in maintaining solution disequilibrium Harrington et al.,
2023; Maher et al., 2009; Schuiling et al., 2011), thereby facilitating faster and sustained dissolution and,
on the other hand, acting as an overall limit to dissolution by preventing access to unreacted material
Daval et al., 2011; Maher et al., 2016; Oelkers et al., 2018. The precipitation of secondary minerals can
also reduce CDR efficiency by removing base cations from solution or generating acidity; weathering
products can be removed from solution via sorption Bourg and Sposito, 2011, co-precipitation Leckie et
al., 1980, or as a stoichiometric constituent of a mineral phase Sposito, 2016.

Considering secondary silicate formation specifically: while the absolute magnitude of terrestrial
secondary silicate formation remains poorly constrained, estimates based on the global Si isotope budget
suggest that a substantial proportion of dissolved Si released through silicate weathering may be cycled
through terrestrial secondary silicate minerals Rahman and Trower, 2023. In any case, it is
well-established that secondary clay formation is a fundamental component of soil formation and
evolution Pogge Von Strandmann et al., 2021a; Ryu et al., 2014; Wilson, 1999. Authigenic clay formation
in marine sediments via ‘reverse weatheringʼ reactions is also thought to be quantitatively important for
global cation and alkalinity budgets Dunlea et al., 2017; Isson and Planavsky, 2018; Loucaides et al., 2010;
Michalopoulos and Aller, 2004, 1995a; Rahman, 2019.

Secondary silicate phases can also form quickly, and their formation may be spatially and temporally
separated from the initial weathering reaction. Column experiments of basalt weathering show evidence of
clay formation within hours to days Pogge Von Strandmann et al., 2021b, 2019; substantial secondary
clay formation was interpreted from the Mg isotope composition of well waters at the CarbFix injection site
on a timescale of days Oelkers et al., 2019; and incubation experiments probing olivine dissolution
dynamics in seawater solutions have documented the formation of Mg-silicate phases over a timescale of
100 days Fuhr et al., 2022; Rigopoulos et al., 2018. The translocation of clay minerals from dissolution in
upper soil horizons to accumulation in deeper horizons is also a quintessential pattern in soil formation
Maher et al., 2009; Weil and Brady, 2016, which emphasizes the fact that monitoring for secondary
silicate formation within the shallow weathering zone of ERW deployments will often not be sufficient to
capture potential alkalinity loss via this pathway. The probability of substantial secondary silicate
formation (particularly secondary silicate minerals with high cation:Si or Al ratios) is higher in systems with
long fluid residence times, such as poorly drained soils and along groundwater flow paths with extended
timescales of fluid-rock interaction Dellinger et al., 2015; Pogge von Strandmann et al., 2023; Wilson,
1999.

8.6.1 Monitoring and explicitly accounting for the CDR impact of secondary
phase formation
For ERW deployments utilizing silicate feedstocks, the consensus assessment of Working Group 2 was
that, unlike secondary carbonate formation, it is difficult to identify regimes where secondary silicate or
Fe/Al oxy-hydroxide could be assumed to be fully negligible. The impact of potential secondary phase
formation should thus ideally be accounted for in netCDR quantification ( ). As with𝐶𝑂

2
𝑒

 𝑆𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦 𝑆𝑖𝑙𝑖𝑐𝑎𝑡𝑒𝑠, 𝑅𝑃

most NFZ alkalinity loss pathways, the extent to which the impact of secondary phase formation on
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is captured by measurements of the integrated weathering flux (Section 8.1) or feedstock𝐶𝐷𝑅
𝑁𝐹𝑍, 𝑅𝑃

dissolution (Section 8.2) will depend on the details of those measurements:

● If is effectively quantified by measuring the time-integrated alkalinity flux at the base of𝐶𝑂
2
𝑒

𝑁𝐹𝑍, 𝑅𝑃

the soil profile (e.g., monitoring of tile drainage, deep lysimeters, or catchment drainage waters),
the decline in NFZ CDR due any secondary phase formation will already be accounted for.

● If is quantified by approaches that span the entirety of the NFZ (e.g., by𝐶𝑂
2
𝑒

𝐹𝑒𝑒𝑑𝑠𝑡𝑜𝑐𝑘 𝐷𝑖𝑠𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛, 𝑅𝑃

solid-phase measurements of mobile/immobile elements), the decrease in netCDR due to
secondary phase formation in the soil profile may already be conservatively accounted for
(specifically, if the base cations incorporated into secondary phases are partitioned into the
‘unweatheredʼ phase by the measurement technique).

● If or the integrated weathering flux is quantified in shallow portions of the𝐶𝑂
2
𝑒

𝐹𝑒𝑒𝑑𝑠𝑡𝑜𝑐𝑘 𝐷𝑖𝑠𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛, 𝑅𝑃

soil profile but not the entirety of the NFZ, the alkalinity removed from solution by any secondary
phase formation within the measurement depth horizon is already captured by the empirical
measurement. However, the potential for declines in CDR efficiency due to secondary phase
formation from the measurement depth through the end of the NFZ should be additionally
accounted for.

If the decline in CDR efficiency due to secondary phase formation is not already captured by
measurements of feedstock dissolution or the integrated weathering flux, potential quantification options
depend on the secondary phase of interest.

8.6.1.1 Fe and Al oxy-hydroxides
The formation of Fe and Al oxy-hydroxides alone may not lead to a decline in CDR efficiency, as long as Fe
or Al are not being considered to potentially drive CDR. While acidity will be produced through Fe3 and
Al3 hydrolysis, as a general rule, that production of acidity will simply balance the acidity consumed
during the feedstock dissolution that mobilized those cations (though for any dissolved-phase Al under
circumneutral to basic pH, the hydrolysis of Al(OH)30 to Al(OH)4- will produce acidity and reduce CDR
efficiency Povar and Rusu, 2012; Renforth, 2019). Metal oxy-hydroxide formation can, however, reduce
CDR efficiency through base cation sorption (reflected in , Section 8.4) or co-precipitation of𝐶𝑂

2
𝑒

𝑆𝑜𝑟𝑝𝑡𝑖𝑜𝑛, 𝑅𝑃

base cations, including the successive cation enrichment of meta-stable Fe and Al oxy-hydroxides. CDR
may also be reduced when OH- generated during feedstock dissolution substitutes for organic ligands on
organic-Al complexes and therefore does not increase DIC. The high point of zero charge of Fe and Al
oxy-hydroxides (Kosmulski, 2016 also means they can provide anion exchange capacity in circumneutral
and acidic soil solutions, though it has not yet been demonstrated that carbonate or bicarbonate uptake
via sorption to metal oxides would represent a meaningful carbon flux in the cropland soil systems
relevant to ERW deployments Mendez and Hiemstra, 2019.

Pedogenic Fe and Al oxy-hydroxides and associated base cation content can be assessed using a variety
of extraction methods (see Rennert 2018 for a review). It is recommended that such characterizations are
pursued in an R&D capacity for near-term deployments.

8.6.1.2 Secondary silicates
Direct quantification of newly formed secondary clays, e.g., via quantitative XRD (Zhou et al., 2018, could
be extremely challenging, particularly over the short timescales of reporting periods and given that the
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secondary phases most likely to form rapidly in the field are non-crystalline or short-range order phases
that cannot be identified via XRD Bonatotzky et al., 2021; Parfitt, 2009. The detection and quantification
of such short-range order phases (both silicates and Fe/Al oxy-hydroxides) should be considered a key
research priority, particularly given their importance to soil organic matter stabilization Chevallier et al.,
2019; Kleber et al., 2015; Rasmussen et al., 2018. Looking forward, there is potential to capture secondary
silicate formation in reactive transport models (Section 8.10), but substantially more calibration and
validation of post-dissolution cation dynamics is required before such models can be used to capture
netCDR with high confidence.

Building an improved predictive understanding of the timing and magnitude of secondary silicate
formation in both the soil profile and along the long fluid residence time flow paths of the lower vadose
zone and groundwater systems (Section 9.2) should be considered a key R&D priority. In a research
context, isotope fractionation can be a particularly powerful tool for tracking and inferring secondary
silicate formation; lithium Chapela et al., 2022; Golla et al., 2021; Pistiner and Henderson, 2003; Pogge
Von Strandmann et al., 2021b, 2021a), magnesium Oelkers et al., 2019; Pogge von Strandmann et al.,
2008; Ryu et al., 2016; Teng et al., 2010; Tipper et al., 2006; Wimpenny et al., 2014, and silicon isotopes
Z. Li et al., 2020; Pogge von Strandmann et al., 2012; Vienne et al., 2023 can all be used to inform the
extent of clay formation in the field and provide empirical constraints for validating reaction-transport
models. Solid-state NMR (nuclear magnetic resonance) has also been used to quantify the relative
abundance of primary to secondary silicates (based on inferred Al and Si coordination, e.g., Hiradate
2004).

8.6.1 Call to action: Quantitatively consider the outcome of different
pathways of incongruency
Given the challenges associated with direct quantification of secondary silicate phases, it is not
recommended that early-stage commercial deployments be required to independently constrain NFZ
alkalinity loss through secondary silicate formation.

However, the potential for secondary phase formation and the implications of different potential
incongruent weathering pathways should not be ignored. One option to constrain the ‘worst case scenarioʼ
potential impact of secondary phase formation is to consider the implications of different representative
secondary phase products on the overall cation and proton balance, informed by the deployment context.
The key question is: what secondary phases are likely to form in a given system, and what is the cation
stoichiometry of those phases?

The ultimate impact on the net carbon balance of different incongruent weathering pathways (e.g.,
forming a kaolinite or smectite with an assumed compositional range) could be estimated through the
development of a stoichiometric matrix Morel and Hering, 1993, and assuming those net reactions occur
(e.g., balancing on Al). This would yield a maximally conservative estimate of the reduction in CDR
efficiency due to secondary phase formation, notably including the potential for secondary phase
formation in downstream systems. There will be high uncertainty in this estimate given uncertainty in the
Si:cation or Al:cation stoichiometry of potential secondary phases in addition to the general classes of
material that will be formed. Nonetheless, starting to acknowledge openly that some fraction of netCDR
can and likely will be undone by the formation of secondary (silicate) phases, and placing bounds on that
potential through stoichiometric arguments, could be a good place to start.
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8.7 Alkalinity Loss due to Biomass Uptake
Plants retrieve nutrients from the soil solution, including base cations such as Ca2, Mg2, K+, and Na+

Clarkson and Hanson, 1980. The removal of these cations from the soil solution–generally accompanied
by a release of protons to maintain charge balance within the plant–‘undoesʼ any CDR that was being
driven by the base cations in solution or equivalently drives CO₂ evasion. No net charge can cross the
soil-root boundary, so any excess cation or anion uptake by the plant is stoichiometrically matched by H+

or OH- release Fried and Shapiro, 1961. Analogously, properly attributing the removal of base cations
from the soil system via biomass uptake is critical for cation accounting approaches to weathering
quantification; cations incorporated into biomass will be removed from the NFZ but not contribute to CDR.
Accounting for base cation uptake into plant biomass is thus important for a holistic accounting of netCDR.

There was consensus amongst Working Group 2 that, while the development of sufficiently robust
predictive frameworks to estimate element-specific plant uptake for different crop types under different
growing conditions is a good goal for the ERW community to work towards, sufficient data (or in the very
least sufficient synthesized data) does not yet exist. There are several controls on plant nutrient uptake
that could potentially be affected by an ERW deployment, such as the presence of biotic and abiotic
stressors, competition between plants and soil microorganisms for available nutrients in the rhizosphere,
and the presence of soil enzymes that control the availability of nutrients to the plantʼs roots Naeem et al.,
2017. Because of the complex interactions between plants, soils, and microbes, as well as their various
controls on plant nutrient uptake, it is not a trivial task to accurately predict the amount of cations that will
be taken up by a given crop in a deployment area. Significantly more data on how base cation uptake
varies across crop types and as a function of growth rate, growing conditions, soil enzyme and microbial
activity, and soil chemistry (pH, base cation concentrations, nutrient ratios, etc.) is needed to produce
such a predictive understanding, although existing compilations of net cation uptake by plant roots may
provide a good starting point (e.g., Espeleta et al., 2017 and references therein).

There are a few direct measurements of plant base cation uptake from ERW field trials, but there is still
relatively little certainty about how different crops will respond to increased nutrient availability provided
by feedstock dissolution. A 4-year study conducted in a Midwestern U.S. corn and miscanthus cropping
system treated with 50 t ha1of basalt per year showed that 4.5% of base cations released via weathering
were taken up by the maize plants, whereas only 1.1% were taken up by miscanthus plants in the
neighboring experimental plots Kantola et al., 2023. Research in the Hubbard Brook experimental
watershed, an acidified (base-poor) forested catchment where a one-time 3.8 t ha1 wollastonite treatment
was applied, showed a 7.55% greater export of Ca from the surficial Oa horizon than in the Bh horizon,
which they concluded was due to plant uptake of Ca from the Oa horizon and/or the lateral flow of soil
water Shao et al 2016. In a field trial examining the effects of a 50 t h1 application of felsic glacial rock
flour on potato and corn growth in Denmark, results showed no differences in soil K availability between
the treatment and control, which led to the conclusion that any K released via rock flour dissolution was
taken up by crops Gunnarsen et al., 2023. It is clear from these studies that the amount of cation uptake
varies widely by element and across different crop types and conditions.

Another consideration as ERW deployments expand is the relationship between base cation uptake and
increases in carbon stored as standing biomass, and the implications for holistic carbon accounting. For
perennial cropping and forestry systems, while increased growth and standing biomass will lead to
alkalinity losses via nutrient uptake, it will also lead to increased carbon stored as biomass Taylor et al.,
2021. Although this increased carbon sequestration from additional biomass growth should not be
considered equivalent to the CO2 removed by geochemical reactions in an ERW deployment, this scenario
highlights the need to navigate between different carbon quantification and crediting regimes (e.g., soil
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organic carbon, forest biomass, and ERW to avoid overcounting while providing a more holistic
accounting of the overall carbon balance.

Similar considerations are relevant to the question of what components of plant biomass should be
monitored for base cation uptake, given that some base cations will be incorporated into biomass that is
ultimately left on the field. Should base cation uptake into such biomass (e.g., roots or biomass that is not
collected during harvesting) be considered as reducing the CDR efficiency as well? Consider the case of
base cations incorporated into the root system of annual crops. Such belowground biomass is commonly
left on the field after harvesting, and thus not removed from the soil system. However, the base cations will
not be returned to the aqueous phase until the biomass decomposes, which for fine roots will likely occur
on a continuum of months to years See et al., 2019; Zhang and Wang, 2015. Base cation uptake into
biomass that is not removed from fields may thus represent a transient alkalinity sink with a variable time
lag. We recommend that practitioners focus on quantifying the magnitude of base cation uptake into
biomass that is removed from the field for netCDR quantification, but to consider base cation incorporation
into below-ground biomass and biomass that is returned to the field in research studies.

8.7.1 Guidance for quantifying base cation uptake by biomass
The approach for constraining plant uptake ( , Eq. 5.4.1.2.1 will depend on the𝐶𝑂

2
𝑒

𝐵𝑖𝑜𝑚𝑎𝑠𝑠 𝑈𝑝𝑡𝑎𝑘𝑒, 𝑅𝑃

measurement technique being used to quantify netCDR

● If is constrained by the time-integrated alkalinity flux at or beyond the end of the NFZ𝐶𝑂
2
𝑒

𝑁𝐹𝑍, 𝑅𝑃

(e.g., monitoring of tile drainage, deep lysimeters, or catchment drainage waters), then the alkalinity
loss from plant uptake has already been accounted for and no direct measurement of base cation
content of biomass is required.

● If feedstock dissolution is constrained independently and is calculated as the sum of𝐶𝑂
2
𝑒

𝑁𝐹𝑍, 𝑅𝑃

potential CDR driven by feedstock dissolution and the change in carbon/alkalinity sources and sinks
in the soil profile, plant uptake should be estimated through direct measurements of the base cation
content of relevant biomass. This also applies to shallow measurements of the integrated weathering
flux (Section 8.1); if measurements of dissolved weathering products do not extend to the shallower
of the maximum rooting depth for the crop type and the depth of the NFZ (Section 4), plant uptake
should also be estimated through direct measurements of the base cation content of relevant
biomass.

○ For annual crops, this should be informed by direct measurement of the total base cation
content of harvested biomass (including all relevant portions of the plant), coupled with an
estimate of the total biomass removed from the field. All base cations considered as potential
drivers of CDR must be measured, alongside the carbon content of the biomass. Comparable
measurements should be made on the BAU plot to quantify counterfactual base cation
uptake ( in the counterfactual scenario calculated as ).𝐶𝑂

2
𝑒

𝐵𝑖𝑜𝑚𝑎𝑠𝑠 𝑈𝑝𝑡𝑎𝑘𝑒, 𝑅𝑃
𝐶𝑂

2
𝑒

𝐶𝐹 𝑁𝐹𝑍, 𝑅𝑃 

○ For perennial crops or in agroforestry systems, this should be informed by direct
measurement of the total base cation content in new growth over the reporting period,
coupled with an estimate of net new biomass Battles et al., 2014. Comparable
measurements of new biomass growth should be made on the BAU plot to quantify
counterfactual base cation uptake ( in the counterfactual scenario).𝐶𝑂

2
𝑒

𝐵𝑖𝑜𝑚𝑎𝑠𝑠 𝑈𝑝𝑡𝑎𝑘𝑒, 𝑅𝑃
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8.8 Changes to the Net Organic Carbon Balance
The inorganic carbon uptake flux of most ERW deployments will be dwarfed by the magnitude of CO2

uptake by primary productivity and release through respiration; these organic fluxes will often be an order
of magnitude or more higher than the inorganic CDR flux in agricultural systems Kantola et al., 2023;
Kutsch et al., 2010. Small changes in the balance between photosynthesis and respiration, or a
destabilization of existing soil organic carbon stocks, could substantially reduce or completely negate CO2

uptake by an ERW deployment. The evidence base for how shifts in soil biogeochemistry and physical
conditions due to ERW deployments can influence different aspects of soil organic carbon cycling
(productivity, respiration, stabilization, or destabilization of existing organic carbon stocks) is just
emerging. The consensus opinion of Working Group 2 was that our understanding of a given ERW
interventionʼs potential impact on soil organic carbon stocks and the net organic carbon balance is
nascent, and we do not yet have enough data and sufficient predictive understanding of the underlying
mechanistic drivers of interactions between SOC and ERW to consider the potential for SOC mobilization
resulting from an ERW deployment to be sufficiently de-risked. The consensus opinion of the Working
Group was that, at this stage of our understanding, some monitoring of soil organic carbon stocks is
required in the near term.

Observations thus far have demonstrated variable responses of SOC to alkaline feedstock addition in field
trials, mesocosm studies, and laboratory experiments Almaraz, 2023; Buss et al., 2023; Pihlap et al.,
2024; Sokol et al., 2024. There are multiple pathways by which an ERW intervention could lead to net
stabilization and accumulation of SOC; the release of multivalent cations and formation of secondary
minerals can lead to SOC stabilization chemically through organo-mineral associations and physically by
aggregate formation Rasmussen et al., 2018; Slessarev et al., 2022; Te Pas et al., 2023; Torn et al., 1997.
A recent incubation experiment showed that the addition of basalt increased the stabilization of soil
organic matter from the release of Ca, Mg, and formation of secondary minerals, although this stabilization
was partially counteracted by the addition of wheat plants to the soil experiment Buss et al., 2023.
However, other field trials have shown decreases in SOC content in the top 010 centimeters of soil
relative to a control plot following silicate rock amendment Almaraz, 2023; Sokol et al., 2024.

Meta-analyses investigating the impact of liming on SOC stocks have highlighted the differential response
of soil carbon inputs and outputs to agricultural lime addition Holland et al., 2018; Paradelo et al., 2015;
Rowley et al., 2018. It has been found in many studies that the pH increase from liming can increase
microbial respiration, which results in CO₂ losses, but that those losses can be offset by increased carbon
inputs courtesy of improved productivity and SOC stabilization over longer timescales Paradelo et al.,
2015.

There are some soil conditions that are at particularly high risk for SOC loss resulting from an ERW
deployment. These areas are predicted to be of high-risk because of pH-dependent mechanisms such as
the disruption of organo-mineral and organo-metal bonds, or an increase in microbial activity and
respiration due to an increase in soil pH Kleber et al., 2015; Y. Li et al., 2020; Rousk et al., 2009. Given
that a relatively small percent change in SOC stocks–even just in surface soils 1020 centimeter
depth)–can be large enough to entirely negate or surpass the carbon captured through inorganic
geochemical reactions of an ERW deployment, there is a need to guard against potential SOC losses
resulting from ERW deployments. Note that accounting for the accrual of SOC as the result of an ERW
deployment is outside the scope of this document because carbon stored as soil organic carbon has a
substantially different permanence profile than that of ERW and therefore should not be bundled within the
same accounting framework Brander et al., 2021; Manning et al., 2024.
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Given the current state of understanding about the potential impact of an ERW deployment on the net
organic carbon balance (inputs versus respiration), it is difficult to say whether a given deployment will
have a negligible risk of SOC loss. At the same time, robustly monitoring commercial deployments for
changes in soil organic carbon stocks would be expensive and operationally challenging. A two-fold
approach is thus recommended here:

● First, deployments should not be
undertaken under conditions that have
been deemed at ‘high risk of substantial
SOC lossʼ (Section 8.8.1), until sufficient
evidence has been generated to de-risk the
impact of an ERW intervention on organic
carbon cycling in such systems.

● Second, for deployments not considered
‘high risk ,̓ monitoring of bulk SOC stocks
should be implemented on a representative
sub-plot within the deployment area
(randomly selected, representing 10% of
the total deployment area) and
corresponding ‘business as usualʼ or
negative control plot.

We do not recommend that any changes to SOC stocks be directly incorporated into netCDR quantification
for commercial ERW deployments at this time. Instead, SOC monitoring data should be transparently
reported in a timely manner, and this data should be used to regularly assess whether changes are needed
in how the ERW community monitors and accounts for any changes to the net organic carbon balance due
to ERW interventions, and guards against significant organic carbon loss (including transient losses).

8.8.1 Criteria that represent a ‘high risk of substantial SOC lossʼ
The consensus assessment of Working Group 2 and a joint Working Group-Market Practitioner convening
was that deployments not be undertaken under conditions considered to be at a high risk of substantial
SOC loss outside of a research context.

Table 3 High risk of SOC loss. Criteria that would identify a deployment as being at ‘high risk of
substantial SOC lossʼ

Criteria identifying a
deployment as ‘high risk
of substantial SOC lossʼ

Justification for the criteria

Organic soils: peatlands
(histosols) or forest soils
with acid organic horizons

Increasing soil pH in acidic soils can increase rates of microbial respiration
Rousk et al., 2009. A meta-analysis of studies investigating the effect of
liming on SOC stocks found that several trials observed increased
respiration in limed soils compared to non-limed ones Holland et al., 2018;
Paradelo et al., 2015.

However, changes in SOC stocks reflect the balance between carbon
inputs and outputs. Although the pH increase from liming soils can increase
microbial respiration on short-term timescales, liming can also stimulate
biomass production, thereby increasing long-term SOM accumulation
Fornara et al., 2011; Holland et al., 2018

In acidic peat soils in particular, increasing pH has been demonstrated to
increase levels of the enzyme phenol oxidase, which can increase both
peat decomposition and DOC export Kang et al., 2018; Klemme et al.,
2022.

Other studies surveyed below demonstrate a soil pH-microbial respiration
relationship in studies of liming forest soils:

Forest–Podzol: The liming of acidic forest soils results in an initial pulse of

100



respiration, and the mean residence time of soil C tends to decrease with
an increasing dose of lime Persson et al., 2021.

Forest–Podzol: A highly acidic forest soil in Quebec received a 50 Mg/ha
dolomitic lime dose in 1994 and 15 years later exhibited a 2030%
decrease in organic matter relative to a control Moore et al., 2012).

Forest–Podzol: Results from liming a forest soil in Sweden with 9 t ha1 of
CaCO3 showed long-term decreases 40 year time horizon) in C pools
Persson et al., 1995.

Forest–Podzol (increase in DOC An acidified Norwegian forest soil was
limed in with 3 t h1 in 1994 and showed a small increase in TOC when
compared to a reference plot Hindar et al., 2003

Forest–Cambic Arenosol: A Berlin urban forest limed at 6.1 t ha1 showed a
sharp decrease in SOC after one year, which is attributed to an increase in
microbial respiration Marschner and Waldemar Wilczynski, 1991.

The high risk of SOC destabilization, driven by increased pH in organic
soils such as peat or forest soils with acidic organic horizons, leads to the
current recommendation that deployments should not be undertaken in
these areas.

Organic-rich agricultural
soils 5 wt% OC in the top
10cm, with caution advised
above 3 wt% OC content)

A soil with a bulk density of 1g/cm3 and 5 wt% SOC contains 50 tonnes of
organic C per ha in the upper 10 cm. A loss of even 5% of that SOC stock is
equivalent to 9.2 t CO₂1 ha1, which would represent most, if not all, of the
total potential inorganic CDR of a typical ERW deployment (e.g., 20t ha1

basalt application). Because of this risk of SOC losses entirely offsetting a
deploymentʼs CDR, early commercial deployments should avoid sites with
organic-rich top soils. Although 5% is the threshold proposed here, we
recognize that there are potential risks of SOC loss in soils with OC
contents lower than 5%. To first order, the higher the OC content of a soil,
the higher the potential for significant SOC losses. Therefore, in soils with
35% OC content, caution is strongly advised when undertaking an ERW
deployment.

Soil classified as either acid
Andosol (e.g., alu-andic
Andosol) or Umbrisol

Increasing the pH of Andosols and Umbrisols can lead to increased soil
respiration. Any site where commercial soil pH modification (e.g., liming) is
a current practice should be evaluated on a case by case basis and the risk
of SOC loss (compared to the counterfactual scenario) should still be
strongly considered on these sites.

Alkalinization of Andosols (mineral soils with a high organic C
concentration) could disrupt the organic matter association with both Al3
and short-range order Al constituents, leading to increased soil respiration
Y. Li et al., 2020.

Takahashi et al. 2006 report results from a field trial investigating the
effects of liming an Andosol, in which they found that the 12 unit pH
increase from liming significantly reduced organically complexed Al.

Forster et al. 2021 investigated the influence of a 0.5 unit pH increase
from liming on a grassland Umbrisol, where liming was found to “enhance
conditions relating to OM decomposition .ˮ

Soil with either an “andicˮ or
“umbricˮ qualifier

The mechanism at play here is the same as described above in Li et al.
2020.

Before a deployment begins, the deployment area should be surveyed to determine if any of these
characteristics apply. Commercial deployments should not be undertaken under such conditions until
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further research de-risks the possibility of significant SOC destabilization/loss. Once an ERW deployment
has occurred, there is little that can be done to mitigate SOC destabilization after the fact.

8.8.1.1 Consideration of changes in agronomic practices
It is also recommended that operators monitor for potential changes in SOC stocks if an ERW deployment
leads to an increase in tillage, or a change in cover cropping or irrigation practices. Because of the high
potential for increased tillage to negatively impact SOC stocks Follett and Schimel, 1989; Haddaway et al.,
2017; Havlin et al., 1990; Salinas‐Garcia et al., 1997, any deployment that leads to increased tillage should
monitor for changes in SOC stocks. If other agronomic practices are changed as a result of an ERW
deployment, such as cover cropping practices or irrigation (e.g., a shift from rain-fed to irrigation due to an
ERW intervention), monitoring for SOC stock changes relative to the counterfactual practice implemented
in a BAU plot is also recommended.

8.8.2 SOC monitoring should be undertaken on a subcomponent of all
deployments
Potential SOC losses should be considered for all deployments, even those that are not identified as ‘high
risk ,̓ until a sufficient evidence base has been built to sufficiently de-risk SOC destabilization pathways as
a result of ERW deployments. SOC monitoring is thus still recommended for deployments not identified as
high-risk, both to further the communityʼs understanding of ERWSOC interactions and to flag any site
characteristics that indicate a high risk for SOC loss that are not currently considered high risk criteria.
However, robustly monitoring the entirety of every deployment could be prohibitive from an operational
and cost perspective given field-level variability in SOC content. The monitoring recommendations in this
section aim to ensure that the requisite data is being gathered to regularly update a synthesized
understanding of ERWSOC interactions–with a particular emphasis on constraining situations in which
substantial SOC loss may occur–and amend the recommendations accordingly.

For deployments that do not fall into the high-risk category, monitoring of bulk SOC stocks is strongly
recommended on an area representing 10% of the acreage of each deployment, as well as on a
corresponding Business As Usual BAU plot.

Selecting a deployment area for monitoring:
The area targeted for SOC monitoring should be randomly selected from amongst the control-treatment
block pairs of a deployment (Section 7.3); it is recommended that SOC measurements are made on
approximately 10% of the total deployment.

Guidance for monitoring:
Designing a monitoring plan to capture potential SOC losses is complicated by the underlying temporal
fluctuations of SOC stocks and potential time evolution on ERWSOC interactions. Not only are SOC stocks
variable through time in natural systems, but the response to an ERW deployment is likely also variable
through time. Established SOC monitoring protocols (generally measuring for SOC accrual, not loss) often
require baseline measurements and measurements 5 years in the future BCarbon, 2022; Ebert et al.,
2020. However, because the aim of these recommendations is to guard against SOC loss rather than to
track SOC accrual, monitoring once every 5 years could mean that SOC loss occurring on shorter time
scales is overlooked, and critically, data to inform our understanding of potential near-term SOC loss
would not be available for many years. Therefore, it is recommended that SOC stock measurements are
performed at each reporting period as a default, or at a minimum once every 2 years to ensure no major
SOC losses are occurring as a result of the ERW deployment. Baseline SOC content and bulk density
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measurements should be taken before the spreading event in both the treatment and control areas. The
randomly selected control-treatment subplots should be sampled at the same time of year to minimize the
influence of seasonal variability in the SOC stock measurement.

It is recommended that monitoring should continue for a minimum of 10 years. At that 10 year point, if SOC
stocks have not significantly declined (see Section 8.8.3 for definition of significance) relative to the BAU
plot, monitoring is still recommended for the duration of the project, but should be considered of lower
importance than monitoring in the initial 10 years. The recommendation of a 10 year monitoring window
applies each time a spreading event occurs, even if re-applying to the same deployment area.

8.8.3 What counts as a “significant lossˮ?
A significant loss is defined as a statistically significant decline in SOC stocks between the treatment and
BAU plot, with sampling that allows for a minimum detectable difference of 15% of the total potential
inorganic CDR of the ERW deployment (Section 6.2.2).

8.8.4 Incorporation of SOC loss into netCDR
Regular monitoring and transparent reporting of changes to bulk SOC stocks are thus strongly
recommended for a subset of fields under management. However, it is recommended that changes to SOC
stocks be reported separately from quantified (inorganic) netCDR, instead of attempting to incorporate any
measured SOC losses into netCDR calculations at this stage. Rather, this monitoring data should form the
basis of datasets used to regularly assess the risk of SOC mobilization due to ERW interventions, and
whether changes in practice should be implemented or requirements for SOC monitoring in commercial
deployments should be re-evaluated.

One substantial challenge with incorporating changes in SOC stocks into ERW netCDR calculations is the
potential mismatch between the complex temporal dynamics of SOC and the timing of ERW credit
generation. It is entirely possible that short-term losses in SOC could be balanced out by a longer-term
accrual of SOC or increased biomass in perennial systems. Therefore, future incorporation of SOC losses
into the netCDR quantification should be flexible to this type of time-dependent SOC response. For
example, any credits withheld or negated due to a measured decline in SOC stocks early in the project
should theoretically be allowed to be reissued if SOC stocks return to baseline levels over the project
lifetime (i.e., dictated by the dynamic baseline of the BAU plot).

8.8.5 SOC Monitoring Recommendations
Monitoring should follow an established SOC monitoring protocol that has the following characteristics:

● Uses empirical measurement techniques
based directly on soil sampling, rather than
relying on any use of models to quantify SOC
stocks.

● Required measurement is bulk SOC stocks
(rather than any specific soil carbon pool).

● Robust direct sampling requirements that
account for potentially high baseline spatial
variability in bulk SOC stocks, and require

uncertainty quantification through a
confidence interval.

● Requires SOC measurements on a BAU plot
to establish a dynamic baseline. Changes in
bulk SOC stocks for the ERW deployment are
evaluated relative to this BAU plot.

● Bulk SOC stocks must be measured for the
entire depth of the NFZ.
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Note: SOC stock quantification calculations should account for the dilution effect of adding feedstock with
very-low-to-negligible organic carbon content. The assumptions used to make this correction should be
documented and reported.

Examples of protocols with SOC stock measurement requirements that adhere to these characteristics
include the Australia Soil Carbon Credits Methodology (2018 and the BCarbon Soil Carbon Protocol
2022.

The SOC crediting community has established protocols that have been put in place to directly monitor
changes in SOC in agricultural systems. Utilizing the direct monitoring requirements established in these
protocols allows the ERW community to not “reinvent the wheel ,ˮ but rather rely on the MRV expertise and
experience of the SOC community.

8.8.6 Call to action: Regular re-evaluation of recommendations and
requirements for commercial deployments
Given the current evidence base for ERWSOC interactions, regular re-assessment of emergent learnings
will be needed. Meta-analyses should be regularly conducted that incorporate both new understanding
from the academic literature (drawing across lab, mesocosm, and field trial data) and findings from
commercial deployments (Section 8.11). The outcomes of such meta-analyses would dictate whether the
recommendations for SOC monitoring, reporting, and incorporation into netCDR quantification described
here need to be updated (e.g., via updates to the conditions considered to be at “high risk for SOC loss ,ˮ
recommended changes in practice, or suggested monitoring requirements). Specifically, findings that
point to significant SOC loss in certain regions, environments, or soil conditions in a meta-analysis should
trigger an expedited re-evaluation and potential update of the recommendations put forth in this document
(Section 8.11).

8.8.7 Future research priorities
This section contains preliminary recommendations on the outlook and R&D path forward to build a better
predictive understanding of SOCERW interactions. Suggested near-term areas of focus include:

● Incorporation of ERW interventions into
models of SOC dynamics–e.g., building on
the CORPSE Carbon, Organisms,
Rhizosphere, and Protection in the Soil
Environment) framework Sulman et al.,
2014. Measurement approaches, particularly
for long-term monitoring sites, should
consider data needed for model
parameterization and model-data
comparison.

● Probing the microbial community response to
ERW interventions.

● Understanding the biological, mineralogical,
and chemical effects of ERW on different
pools of SOC.

● Investigating the evolution of mineral-organic
and Ca-bridging SOC stabilization pathways
across different ERW deployment contexts.
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8.9 Potential Changes to Other Greenhouse Gas Emissions
The biogeochemical changes induced by alkaline feedstock addition can also impact the production and
consumption of non-CO2 greenhouse gasses, principally CH4 and N2O. For pH-sensitive nitrogen cycling in
particular, initial mesocosm and modeling studies are consistent with silicate addition tending to decrease
N2O emissions Blanc-Betes et al., 2021; Chiaravalloti et al., 2023; Val Martin et al., 2023, but the nitrogen
cycle response to a given deployment can be context-dependent, nuanced, and complex (e.g., Nadeem et
al., 2020; Poblador et al., 2024. A recent meta-analysis of the impact of liming on soil greenhouse gas
fluxes reported significant declines in N2O emissions, no significant effect on CH4 uptake in well-aerated
agricultural soils, and a decline in CH4 emissions from rice paddy soils H.M. Zhang et al., 2022.

An important immediate consideration is whether reductions in non-CO2 greenhouse gas emissions should
be considered in netCDR of an ERW deployment. The consensus opinion of Working Group 2 was that, as
with increases in soil organic carbon stocks or avoided emissions associated with counterfactual ag-lime
or fertilizer input use, any decreased N2O or CH4 emissions resulting from ERW deployments should not be
considered in the netCDR calculation. Such emissions reductions should absolutely be quantified and
tracked as a part of holistic accounting of the net greenhouse gas balance of an ERW deployment;
crediting these emissions reductions may also be pursued as part of a fit-for-purpose monitoring and
crediting scheme. The Working Group concluded that any required monitoring should focus on protecting
against potential downside risks of non-negligible increases in other greenhouse gas emissions due to an
ERW deployment. Building a broader predictive understanding of potential feedback between ERW
interventions and non-CO2 greenhouse gas fluxes in different environments should remain a key R&D
priority and be subject to regular meta-analyses (Section 8.11)

8.9.1 Recommendations for monitoring and path forward
The consensus opinion of the Working Group was that no direct monitoring for changes in non-CO2

greenhouse gas emissions should be required for commercial deployments as default practice at this
stage of the ERW pathway.

However, better understanding interactions between ERW interventions and soil N2O emissions and CH4

production in methanogenic systems is a key R&D area for both commercial deployments and academic
studies. Focus areas should include expanded monitoring of N₂O and CH4 fluxes following ERW
deployments under a range of soil and environmental conditions–including both field and mesocosm
studies (e.g., Chiaravalloti et al., 2023–and model development (e.g., Val Martin et al., 2023.
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8.10 Modeling the Near-Field Zone: Validation and Uncertainty
Quantification
Geochemical modeling of ERW in soil systems is a critical tool for understanding and interpreting the soil
processes at play. In general, there are two endmember types of models used for simulating ERW
dynamics in the soil profile.

● Process-based models, such as reactive transport models RTMs, computationally simulate relevant
soil physics and chemical processes in ERW in the NFZ, including feedstock dissolution and cation
transport and storage within the soil profile Beerling et al., 2020; Deng et al., 2023; Kanzaki et al.,
2023a, 2022; Kelland et al., 2020; Lewis et al., 2021; Mayer et al., 2002. Integrated soil models have
also been developed, which couple field hydrology with biogeochemical dynamics Bertagni et al.,
2024; Cipolla et al., 2021.

● Data-driven models, e.g., ‘black-boxʼ machine learning models, can be trained on large amounts of
empirical data from ERW deployments, without directly representing the physical and chemical
processes in the soil.

Looking to the future, it is highly likely that these soil models will eventually need to be a central
component of CDR quantification as ERW reaches greater scale, such that monitoring and verification can
become less reliant on high density measurement and sampling for every deployment. However, given the
early stage of the application of such models to ERW contexts and the need for stronger frameworks and
datasets for calibration and validation, there is currently strong consensus in the community that soil
models should not be used today in place of direct measurements and empirical constraints to quantify
CDR. In an informal poll of the 100 in-person attendees of the ERW24 conference in April 2024 (including
ERW academics, market practitioners, and other key stakeholders), none of the attendees indicated they
believed that models could reliably be used today for CDR quantification in ERW.

Thus, there is a strong need for the development of third-party, impartial systems for model validation and
uncertainty analysis, such that we can evaluate the predictive skill and sensitivity of ERW models, and
understand how and when they can play an increasing role in robust CDR quantification. The goal of this
section is to outline the needs and considerations for a robust model validation system, along with a call to
action for the community in the coming few years.

8.10.1 High level components of a model evaluation framework
The process of model validation aims to determine whether a modelʼs description, parameterization, or
prediction of the underlying hydrologic and biogeochemical processes in ERW systems sufficiently match
reality. This can most rigorously be done by comparing model predictions to empirical data from real soil
systems. Given the complexity and heterogeneity of soil systems, a model may have greater predictive
skill for a particular subset of deployment environments than others (e.g., particular soil types or field
hydrologies), and a system for model validation should be able to reflect this system-specific nuance.
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A broader system for model evaluation should also explicitly set out to characterize two distinct forms of
uncertainty:

● Structural uncertainty, representing uncertainty around whether the computational implementation
of physical and chemical processes within a model accurately represents the behavior of a soil
system.

● Parametric uncertainty, representing uncertainty in the model output that is caused by uncertainty
in the input parameters, including those used to represent the initial state of the soil system for
modeling runs. This may arise due to measurement error, sampling uncertainty, or coarse estimates
being used given insufficient data about the system.

In the following sections, we discuss four core components of a model evaluation framework that includes
both a process for model validation and guidelines for characterizing uncertainty for model application in a
specific project. These include:

1. Shared expectations and structure for model documentation.

2. A benchmarking system for data-model validation.

3. Robust and inclusive ERW model intercomparison efforts.

4. A shared pipeline for multivariate sensitivity analyses and quantification of parametric uncertainty.

It is important to note that these goals of model validation and uncertainty analysis are just as important in
the context of the reactive transport, river, and ocean models being developed to track downstream
processes (Section 9); for simplicity and to focus the calls to action, only soil models are discussed here.

8.10.2 Represented processes and shared documentation structure
There is a wide array of interconnected geochemical processes that NFZ models for ERW will likely
attempt to implement, and each process has a range of possible implementations of varying complexity.
Potentially relevant processes might include, for example, mineral dissolution and particle size distribution
tracking, cation exchange and secondary site processes, and soil mixing (e.g., bioturbation and tillage),
amongst many others.

One early step that the ERW modeling community should take in order to increase the legibility of
published NFZ models and facilitate greater ease of mutual understanding and intercomparison is to
develop a common structured format and set of expectations for model documentation. Such a format
could be developed iteratively and by community consensus, and be designed to highlight important
assumptions, details of model spin up, initialization, and parameterization, and process implementation
decisions that may otherwise be hard to interpret.

The shared documentation format would include a structured means of describing the ERW scenario being
simulated in any particular model run. The model tuning process should also be described in a structured
way—this could include an articulation of which parameters are being tuned with particular data sets
versus which parameters are fixed, and should also include an articulation of the assumed prior
distribution of important model parameters. The process used for model spin-up and initialization can also
be complex—the agricultural soils being modeled are often not in steady-state due to many decades of
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intensive human management, and so a common way of articulating the datasets used and the
assumptions and decisions made to do spin-up may be helpful.

Geochemical processes may be represented in models in a variety of ways, so developing means of
categorizing these different types of implementations, or structuring the discussion of how each is
represented and parameterized into clear documentation sections, could help elucidate the nuances and
limitations of each model. Relatedly, beginning to standardize around a common set of core model input
and output variables will likely be helpful when creating community goods for model validation,
intercomparison, and sensitivity analysis.

8.10.3 Benchmarking for ERW
There is an established literature describing benchmarks for geochemical reactive transport codes
comparing model results for a range of subsurface applications (e.g., acid rock drainage and the dynamics
of subsurface CO2 storage) to known analytical solutions or to lab or field data Mayer et al., 2015;
Poonoosamy et al., 2021; Steefel et al., 2015. However, even where models that have been previously
benchmarked for other applications are being used to simulate ERW, there is a strong case for the
development of ERW-specific benchmarks, to evaluate the predictive skill of a range of models in this
unique context. Some examples of ways in which application in ERW contexts might require novel model
development and benchmarking compared to existing geochemical RTMs include:

● The context of a managed application of
solid (reactive) feedstock with known
particle size distributions.

● The centrality of cation exchange
processes to ERW dynamics, which may
require nuanced parameterization.

● The need to parameterize linkages
between organic carbon cycling and
evolving aqueous chemistry and soil
mineralogy.

● The need to couple geochemical models
with agronomic and land surface modeling
frameworks (e.g., interactions with plant
roots, biomass growth, and land
management practices).

A good analogy the ERW modeling community can learn from is the International Land Model
Benchmarking ILAMB System, an systematic and widely-used open source benchmarking tool which
assesses the relative performance of large-scale land models across a standardized series of diagnostic
tests and compiled public datasets Collier et al., 2018. Each modelʼs performance is evaluated for a
series of variables (e.g., gross primary production, evapotranspiration, surface relative humidity) in a
series of graphical, diagnostics-like contour maps and Taylor diagrams, as well as quantitative metrics
(e.g., bias, root-mean-square error, mean for the entire time period, interannual coefficient of variation)
that are aggregated into a single scalar score for each variable. Relevant datasets are assigned a score
with respect to each variable that represents data quality, based on relevance, level of certainty, and the
spatial and temporal scale of the data, and this score is used to weight the datasetʼs importance in the
overall model evaluation process Collier et al., 2018. The ILAMB open software package generates a
series of hierarchical web pages that make using the system and reviewing diagnostic results
straightforward.
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8.10.3.1 Data-model comparison needs
The development of an open-source benchmarking system for enhanced rock weathering models is a
critical near-term need for the modeling community. To enable this, there is a clear need for
comprehensive, shared community datasets for use in both model development efforts and as part of such
benchmarking systems. One approach could be to generate a series of high-resolution, public datasets at
newly-established sentinel field sites, representing both feedstock dissolution and carbon and cation
dynamics as the weathering flux transits the soil profile, extending into deeper soils. These sentinel sites
could be established across distinct regions, field conditions, and with a variety of feedstock mineralogies,
allowing for model predictive skill to be tested and compared across heterogeneous soil conditions. A
shared suite of well-articulated model run scenarios and boundary conditions could be developed, and
much like ILAMB, the benchmarking system could include a scoring method and a set of common
diagnostic metrics across a core set of variables of interest.

By scoring model performance separately for each variable of interest, we can also accelerate the
inclusion of models as an increasingly important component of MRV systems for commercial
deployments—rather than waiting until models can simulate the entire system to be able use them in
commercial ERW quantification, simulations can begin to replace direct measurements for the particular
components of the system where process-based understanding is sufficiently validated. For example, by
separately scoring a modelʼs performance of dissolution kinetics from its implementation of
post-dissolution reactive transport in the soil column, the ERW community can potentially move more
quickly towards reducing the need for deep soil measurements in the medium-term, even if silicate
dissolution cannot yet be modeled with sufficient accuracy at that time.

8.10.3.2 Model intercomparison
Model intercomparison projects are another important component of a robust validation and
benchmarking system, which can play an important role in the near-term even before ERW sentinel sites
and data-model benchmarking systems develop. Model intercomparison provides a means of evaluating
structural uncertainty—dispersion between models in a key diagnostic result can help evaluate the
accuracy and/or uncertainty of underlying parameterizations. For example, differences between
well-established IPCC-class climate models have been a key tool for climate model validation Arias et al.,
2021. At least initially, we expect to observe significant spread in ERW model predictions, and so finding
these sources of misalignment and uncertainty across models can inform iterative model improvement.

Initial efforts for ERW model intercomparison have begun (e.g., RockMIP, Taylor et al., 2023), but greater
efforts are needed to develop the infrastructure for ongoing intercomparison with a higher degree of
inclusion of both academic and private-sector models. This could include creating a shared set of model
scenarios and boundary conditions for spin-up, a list of parameters to vary and ranges to vary them over,
and infrastructure and documentation to automate and streamline the process of including additional
models.

8.10.4 Sensitivity analysis and model uncertainty quantification
When using a NFZ model to predict ERW outcomes and quantify carbon removal at a particular field site,
measured or estimated site-specific baseline data must be provided to initialize the model. Meteorological
variables can be estimated using local weather stations at granular temporal resolution, while variables
representing soil baseline conditions (e.g., initial buffering capacity, soil hydrology and infiltration) may
need to be measured at field scale or even sub-field scale, depending on the degree of site heterogeneity.
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In order to understand the response of model output to each input variable, and the degree to which
uncertainty in the value of each parameter affects key model outputs, sensitivity analyses should be
performed that vary a range of potentially important parameters (e.g., the initial reactive surface area of
the feedstock, kinetic coefficients for mineral dissolution, cation exchange capacity, soil porosity). Given
the complex interactions between these variables, a multivariate sensitivity analysis is likely needed–for
example, using inclusive stochastic methods. Parametric uncertainty for the modelʼs full quantification of
netCDR (or any other scalar output variable) can be determined through a similar process, using Monte
Carlo simulations over the distribution of each input parameter to derive a probability distribution for the
output variable.

It may also be helpful to collectively drive towards a shared, automated system for running the same
multivariate sensitivity analyses and assessments of parametric uncertainty across both process-based
and machine learning ERW models. While the parameters that matter most for driving model output will be
different depending on model implementation, the shared platform could vary model inputs for a common
set of agreed upon parameters that will likely be present and important in a majority of models.

An example of such a system is the Predictive Ecosystem Analyzer PEcAn project, which provides a
wrapper platform for ecosystem and vegetation models with a series of built-in modules for sensitivity
analysis, data-model validation, and an accessible web interface with visualization tools for tracking model
runs LeBauer et al., 2013. To use the platform, a new model only needs to convert its inputs and outputs
to the common standards used within PEcAn. A similar platform for ERW models could be a very high
value community good to develop in the coming years, which would support all of the above goals
(benchmarking, model intercomparison, and sensitivity and uncertainty analysis).

110

https://pecanproject.github.io/documentation


8.11 Call to Action: Regularly Occurring Meta-Analyses
Due to the frequent release of new findings in areas relevant to NFZ quantification, we recommend that
meta-analyses be regularly conducted to ensure that quantification of all fluxes are being accounted for
using the most up-to-date science available. These meta-analyses would incorporate new findings on
topics addressed throughout this section (e.g., ERWSOC interactions, secondary phase formation, etc.)
and form the basis for a re-evaluation of quantification methods proposed in this document.
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9 Components of the Far-Field Zone Term Balance
The NFZ encompasses the initial weathering of alkaline feedstocks in the soil column and the generation
of CDR. At this stage of quantification science and practice, the NFZ is an area where direct empirical
measurements are required to monitor feedstock dissolution and the transport of weathering products
through–and storage in–the soil profile. The FFZ encompasses much larger spatial scales and longer time
horizons over which to consider both reactions and transport of weathering products, and as such,
represents a more significant monitoring challenge. In many cases it will be challenging, if not impossible,
to measure discernible changes in downstream fluxes of weathering products due to ERW deployments
until ERW is deployed at scale. In large river basins such as the Mississippi, large-scale, decades-long
application of rock powders have already been demonstrated to lead to measurable alkalinity export to
downstream systems Raymond et al., 2008, but tracking the influence of an individual deployment on a
timescale of years presents a much more formidable challenge.

Irrespective of the monitoring challenge, once the weathering flux has been exported from the NFZ, there
are a number of reactions that can lead to net carbon loss (and in some systems, gain) as the weathering
products are transported to a durable storage reservoir. The carbon and cation dynamics that need to be
considered, and the potential magnitude of impact on netCDR through time, will depend on the flow path
and the environment that the weathering flux is transported through. We begin this section with a
discussion of the possible durable storage reservoirs for carbon removed through ERW in a given
deployment, and associated considerations for the spatial scope of the FFZ. We then provide a detailed
discussion of the reactive transport processes and residence times within different compartments of the
FFZ, including the lower vadose zone, groundwater, surface water, and marine systems. Finally, we
conclude with recommendations for how to incorporate the cation and carbon fluxes through each of
these compartments of the FFZ into overall netCDR.

9.1 Defining the Scope of the Far-Field Zone: Where is carbon
being durably stored?
There are two primary durable storage pathways for CO2 removed through ERW 1 storage as a
carbonate mineral in soils or downstream systems; and 2 storage as dissolved inorganic carbon DIC in
a long residence time reservoir. Importantly, carbonate minerals can only represent durable storage for
non-carbonate feedstocks. Consideration of potential changes to the net carbon balance due to
interactions in the FFZ thus first requires defining the durable storage reservoir—is the storage reservoir
assumed to be a carbonate mineral? If not, is the deployment draining into a sufficiently long residence
time groundwater system to forgo further consideration of carbon exchange in terrestrial surface water
systems and the ocean? What documentation or justification would be required to demonstrate that the
waters draining from a deployment site will be stored in a sufficiently long residence time groundwater
system? If waters draining from a deployment site are ultimately transported to the ocean, what is the
most probable path they take to get there (Section 9.1.4), and what reactions will occur along the way?

The durability of removed CO2 ultimately exists as a probability distribution of residence times in a given
reservoir. However, residence time is commonly reported as a single number once the carbon enters that
reservoir, and this has also been adopted by the CDR industry in setting thresholds for acceptable CDR
durability. Although there is no set durability requirement for CDR projects, some buyers and credit issuers
are coalescing around the assumption that high-durability carbon removal requires demonstrating the CO2

removed reaches a reservoir with a mean storage lifetime of 1000 years (Frontier, 2024; Isometric, 2024;
Microsoft, 2024. We adopt that assumption here. Reductions in alkalinity and other fluxes that decrease
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the CO2 removed in the FFZ within this durability time horizon are considered CO2 losses or declines in
CDR efficiency, and therefore should be subtracted from netCDR. The value of and role for ‘temporaryʼ
(i.e., lower durability) carbon removal is incredibly important as a broader societal, climate, and CDR
strategy consideration, but is beyond the scope of this document Balmford et al., 2023; Cullenward et al.,
2020; Matthews et al., 2023; Parisa et al., 2022.

9.1.1 Storage in carbonate minerals
Depending on the storage location, CO2 incorporated into carbonate minerals can either be relatively labile
or effectively permanently stored for geologic timescales 104109 years). The carbon stored in carbonate
minerals can be liberated by two primary mechanisms: thermal degradation and mineral dissolution.
Thermal degradation is generally not applicable for the systems of interest here–temperatures in excess of
450°C and 600°C are required to directly liberate CO2 from calcite Karunadasa et al., 2019;
Rodriguez-Navarro et al., 2009) and magnesite Tian et al., 2014, respectively. The primary concern for
carbonates formed in the soil profile and along downstream flow paths is the potential for subsequent
dissolution of the carbonate mineral and export of weathering products.

Pedogenic carbonates formed in wetter climate regions may only be stored for relatively short
durations–on a continuum from undergoing seasonal dissolution/reprecipitation cycles Breecker et al.,
2009; Domínguez-Villar et al., 2022; Huth et al., 2019 to stable for a timescale of years to decades
(though there is some evidence for long-lived pedogenic carbonates formed in strongly monsoonal
climates with high annual precipitation rates Licht et al., 2022; van der Kaars and Dam, 1997). Substantial
accumulation of soil inorganic carbon over long timescales is far more common in dry ecosystems Plaza
et al., 2018; pedogenic carbon formation in dryland calcareous soils may be stable for time horizons of
102105 years Gocke et al., 2012; Kim et al., 2020; Mayer et al., 1988; Wang et al., 1996, dependent on
land use practice. Increases in the soil water balance due to agricultural practices have been
demonstrated to substantially increase SIC loss from both rain-fed and irrigated dryland agricultural soils
Kim et al., 2020.

The potential for subsequent strong acid weathering of carbonates formed in agricultural soils is of
particular relevance to understanding the net carbon impact of subsequent carbonate dissolution.
Subsequent carbonic acid weathering of the carbonate mineral has the potential to drive net additional
CDR if the alkalinity produced remains in solution; strong acid weathering of the carbonate would lead to
immediate evasion of the stored CO2 while also neutralizing 2 moles of acidity in the soil system (Section
8.3).

For feedstocks and deployment environments where there is a high probability of significant carbonate
formation, and pedogenic carbonates in particular are considered a primary storage pathway, practitioners
should be cognizant of risks to the long-term durability of NFZ carbonates and associated implications for
netCDR. Practitioners should provide justification for how subsequent dissolution and potential for strong
acid weathering–particularly as a result of future land management decisions–are considered in FFZ
carbon accounting. There may be project locations where crediting the pedogenic carbonate generated
will be sufficiently conservative to forgo further consideration of carbon dynamics in downstream
systems.

Carbonate formation in the open ocean should represent durable storage; subsequent dissolution of
carbonate phases in the surface ocean would generate DIC that is also considered durably stored.
Carbonate minerals formed within, or transferred to, marine sediments below the aerobic respiration zone
will be stored effectively permanently for geologic timescales 104109 years; anaerobic respiration
reactions generate alkalinity).
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9.1.2 Storage in long residence time groundwater systems
Groundwater residence times can vary from timescales of days to millenia regionally Gleeson et al., 2016;
Kessler and Harvey, 2001; Sprenger et al., 2019. When discussing the potential to demonstrate durable
storage of weathering products in a long residence time groundwater system, Working Group 3
emphasized that it is not sufficient to demonstrate that water from the deployment field is infiltrating the
ground somewhere, as many local groundwater systems have very short residence times. In order to
argue for long-lived groundwater storage, it must be clearly demonstrated that fluids infiltrating through
soils of a deployment predominantly drain into a flow path that has a mean residence time in excess of the
durability threshold.

The Working Group highlighted that groundwater flow paths and associated residence times will be
dependent on basin topography and geologic structure Freeze, R.A. Cherry, J.A., 1979, and concluded
that in the absence of extensive data, the best way to infer and provide evidence of drainage into a long
residence time flow path would be groundwater flow models. There are national-scale models that have
been used to estimate groundwater flow residence times for large watersheds (e.g., ParFlow Jones and
Woodward, 2001 and GSFLOW (Markstrom et al., 2008), but local models would likely be needed to
inform individual ERW deployments (e.g., Zhou and Li, 2011. In the absence of a validated regional
groundwater flow model, it is recommended that long-term storage in the ocean be assumed, meaning
that practitioners should assume that weathering products exported from the deployment site are
transported through surface water systems of the drainage catchment.

In considering groundwater storage of cations and DIC from an ERW deployment, practitioners must also
be cognizant of current and potential future utilization of that groundwater resource. In some locations
field irrigation is also carried out with shallow groundwater, meaning that the weathering products in the
groundwater could be re-distributed over farmland multiple times. Deeper (i.e., older) groundwater
resources can also be utilized for irrigation Siebert et al., 2010, which in some cases can represent a CO2

source to the atmosphere Ortiz et al., 2022; Wood and Hyndman, 2017. For completeness, practitioners
should consider and provide support as to why groundwater is unlikely to be returned to the surface by
anthropogenic groundwater pumping within the durability timescale.

9.1.3 Storage in other freshwater systems
Some deployment contexts may also need to consider long residence time freshwater systems as part of
the FFZ (e.g., lacustrine systems). At this time, the potential storage of carbon in such systems should be
considered on a site-by-site basis. Practitioners should consider the residence time of water and DIC in
the water body of interest (including any stratification) in determining whether it represents a viable
durable storage reservoir.

9.1.4 Storage in the ocean
The residence time of bicarbonate in the whole ocean is 105 years, making this a durable storage
reservoir over human timescales and far exceeding current durability thresholds for crediting Middelburg
et al., 2020; Renforth and Henderson, 2017. Potential carbon losses in the surface ocean that should be
considered in netCDR quantification are further discussed in Section 9.4.

9.1.5 Identifying the probable transport path through the Far-Field Zone
There are numerous tools and frameworks that can be used to delineate watershed boundaries and to
model fluid transport at the catchment and watershed scale. We provide high-level guidance here for
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predicting the flow path of weathering products exported from deployment fields, but encourage
transparent reporting of assumptions made and models used for any ERW deployment.

● The data products in HydroSHEDs (Lehner
et al., 2008 and Hydrography90m
Amatulli et al., 2022 can be used to
identify catchment boundaries and river
networks for evaluating likely surface water
flow.

● Shallow groundwater flow may be inferred
from local topography, supplemented with
knowledge of underlying geology and
aquifer characteristics Winter et al., 1998.
For a more advanced understanding,
groundwater modeling tools including
ParFlow Jones and Woodward, 2001,
MODFLOW Hughes et al., 2017, and
GSFLOW Markstrom et al., 2008 may also
be useful.

● It should be noted that not all flow paths
leading to long-term storage in the ocean
will travel through a surface water system;
weathering products can also enter the
ocean through submarine groundwater
discharge Taniguchi et al., 2019; Zhou et
al., 2019. If a groundwater flow path that
terminates as submarine groundwater
discharge can be justified for a given
deployment, potential carbon dynamics in
river/stream systems need not be
considered.

9.2 Lower Vadose Zone and Groundwater Systems
Once weathering products and associated DIC are exported out of the NFZ into deeper regions of the soil
profile and groundwater systems, the fluid, mineral, organic, and biotic interactions that constitute the
components of the NFZ term balance continue to operate Li et al., 2017; Moravec and Chorover, 2020.
While the impact of CO2 production or consumption processes at depth in the critical zone—for example,
CO2 degassing due to carbonate mineral formation—may not be immediately felt by the atmosphere, the
impact of any net alkalinity loss does matter for CDR quantification once the modified water mass returns
to a surface water system.

In many ecosystems, deep vadose zones can extend for many meters into the subsurface and are
significant for water availability, water quality, and landscape formation. Processes in the deep vadose
zone may modulate the delivery of ERW-derived alkalinity to downstream systems and impact overall CDR
efficiency. For example, soil layers, weathering, and parent rock heterogeneity can result in complex
porosity and permeability changes with depth leading to variable fluid transit time and potentially
impacting the timescale of weathering product export to downstream systems (e.g., Wu et al., 2023.
Understanding reactive transport through the lower vadose zone and along groundwater flow paths is
needed to quantitatively constrain carbon and alkalinity fluxes of both counterfactual and deployment
scenarios. The flux of weathering products exported from ERW deployments could impact the rates of
natural weathering reactions Brantley et al., 2013; Zhu et al., 2004 including the timing and extent of
strong acid generation (e.g., by pyrite oxidation, Winnick et al., 2017, impacting the acid/base balance of
catchment drainage waters relative to the counterfactual Brantley et al., 2013; Zhu et al., 2004. In
addition, clay or other secondary phase formation Golla et al., 2024 could lead to a reduction in CDR
efficiency due to base cation uptake and sorption Iff et al., 2024; Krause et al., 2023; Oelkers et al., 2019.

Methods to determine and quantify deep vadose zone processes are improving with advances in isotope
chemistry (e.g., Golla et al., 2021; Soulet et al., 2021, innovative well design (e.g., Rimon et al., 2011;
Tokunaga et al., 2016, and reactive transport models (e.g., Li et al., 2017; Wen et al., 2022. Our
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understanding of deep vadose zones has progressed significantly in recent years due to large-scale
research initiatives such as the Critical Zone Observatory network Brantley et al., 2017; Gaillardet et al.,
2018; Riebe et al., 2017; Wilson et al., 2018. However, questions of how the weathering flux from an ERW
deployment will impact baseline weathering rates and natural alkalinity generation, and to what extent
secondary mineral formation along the long fluid residence time flow paths of the lower vadose zone and
groundwater systems could impact CDR efficiency in different deployment contexts, remain largely
unexplored.

The consensus assessment of the Working Group was that it is not currently feasible to require monitoring
or modeling of processes occurring in the deep vadose zone and along groundwater flow paths in
commercial ERW deployments. Considering ERW interventions in the context of models that simulate
relevant critical zone biogeochemical processes (e.g., ion exchange, mineral dissolution and precipitation,
and redox reactions) should instead be a key R&D priority for the ERW community. In addition, undertaking
deep vadose zone monitoring or installing groundwater monitoring wells in a select subset of commercial
deployments, where applicable and feasible, is recommended. This would be undertaken in a research
capacity and funded independently of carbon crediting activities. Such monitoring would be highly
beneficial from an R&D perspective, would assist in understanding the need for a counterfactual
assessment in projects underlain by a deep vadose zone, and would support efforts to develop models
that simulate relevant critical zone biogeochemical processes.
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9.3 Surface Water Systems
When the weathering products from an ERW deployment enter a surface water system (either directly
through surface run-off or via groundwater discharge), reactions can occur that either lead to net loss of
carbon and a decline in CDR efficiency, or lead to net additional downstream CDR. There are multiple
pathways by which net additional CDR can be driven in downstream surface water systems, including:

● The titration of acidity from low-pH soils
prevents subsequent CO2 degassing in
downstream systems relative to the
counterfactual scenario (Section 8.3).
Considering this from a cation perspective,
the base cations released by weathering in
low-pH soils, where limited CDR is
generated in the NFZ, can be
charge-balanced by DIC in higher pH
downstream systems. Analogously, base
cations released through strong acid
weathering reactions (e.g., nitric or sulfuric
acid) can be charge-balanced by
bicarbonate and carbonate if the

counter-ions (e.g., NO3
- or SO4

2) are
removed from solution by subsequent
reactions downstream.

● Increasing alkalinity levels and pH in the
receiving waters of ERW deployments
could reduce existing levels of CO2

degassing due to carbonate buffering,
particularly in low order streams Stets et
al., 2017. Importantly, this will not always
be the case, so it will be critically important
to consider this in the context of the
specific deployment environment.

At the current stage of ERW pathway development, it is recommended that commercial actors err on the
side of conservative accounting and only incorporate net losses from downstream systems in netCDR (

, Eq. 5.4.2.1). Future development of catchment-scale models capable of simulating𝐶𝑂
2
𝑒

𝑁𝑒𝑡 𝐿𝑜𝑠𝑠, 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑊𝑎𝑡𝑒𝑟, 𝑅𝑃

the site-specific proton, alkalinity, and carbon balance as a function of time for a counterfactual and
deployment scenario could ultimately allow project developers to relax this assumption and credit net
additional CDR in downstream systems.

We begin by providing an overview of the fluxes identified by the Working Group that should be
considered in a fully comprehensive analysis of the potential net carbon impact of an ERW deployment in
downstream surface water systems. Significant uncertainty remains in our mechanistic understanding and
ability to confidently predict how the export of weathering products from ERW deployments–particularly
when undertaken at significant regional or global scales–will impact downstream carbon budgets. We thus
hone in on the most well-understood fluxes for which it is possible to produce conservative loss estimates
for a given surface water system, and provide a suite of practical recommendations for capturing potential
carbon losses in downstream surface water systems for near-term deployments in a site-specific manner.
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9.3.1 Fluxes that should be considered in surface water systems
The Working Group identified the following carbon system fluxes as potential components of a
comprehensive analysis of the net carbon impact of an ERW deployment in downstream surface water
systems:

● Outgassing caused by DIC system
equilibration Zhang et al., 2024.

● Carbonate mineral burial Harrington et al.,
2023; Knapp and Tipper, 2022.

● Changes to organic matter respiration and
metabolic activity in stream/river systems,
including the influence on aquatic
vegetation that directly takes up
bicarbonate Brandrud, 2002; Iversen et al.,
2019; Kaijser et al., 2021; Klemme et al.,
2022; Maavara et al., 2023.

● Authigenic clay formation and reverse
weathering Michalopoulos and Aller,
1995b; Rahman, 2019.

● Bedrock interaction with solution and
changes to counterfactual alkalinity
generation Bach, 2024.

● Changes to nutrient export and nitrogen
cycling Rosi-Marshall et al., 2016.

Our present ability to track and model these fluxes in a predictive manner is nascent. In discussing how
and if each of the fluxes articulated above should be included in a process-based quantification of
downstream evasion, the Working Group was broadly aligned that the community needed to start with a
sensitivity analysis to better determine what processes are likely to lead to large downstream losses.
Notably, at present, only outgassing due to DIC system equilibration and the potential for carbonate
mineral precipitation during the transport of weathering products through surface water pathways have
been considered in the literature in an ERW-specific context. Understanding how changes in DIC,
alkalinity, and individual element fluxes associated with ERW deployments could modify many of these
carbon system fluxes remains at the cutting edge of ERW science.

The Working Groupʼs assessment of both the importance of–and our ability to–currently capture potential
carbon and alkalinity loss pathways in quantitative models is as follows:

Outgassing caused by DIC system equilibration.
● It is not clear that this would be a large net loss pathway under most circumstances. However, it is

tractable to model in cases where regional-scale river network, hydrology, and stream chemistry
data exist (e.g., Zhang et al., 2024. The Working Group noted that losses could be important
regionally, and were aligned that it should be considered in netCDR quantification. This is discussed
in further detail in Section 9.3.2.1.

Carbonate mineral burial.
● The Working Group emphasized that the net alkalinity loss due to carbonate burial is what

matters–considering carbonate precipitation without the potential for carbonate dissolution in
sediments may provide an overly conservative estimate of loss. That said, the likelihood of
carbonate precipitation in a given catchment and relatively conservative constraints on potential
carbonate precipitation can be generated using process-based models Harrington et al., 2023;
Knapp and Tipper, 2022, and the potential impacts of carbonate burial should be considered in
netCDR quantification. This is discussed in further detail in Section 9.3.2.2.
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Changes to organic matter respiration and metabolic activity in the surface water system, including the
influence on aquatic vegetation that directly takes up bicarbonate.

● Changes to downstream pH, alkalinity, and nutrient concentrations could lead to changes in
biogeochemical cycling that destabilize organic carbon reservoirs or change the relative balance
between carbon fixation and respiration in catchment waters. Klemme et al. 2022 consider this in
detail for the case of tropical peat systems, using established relationships between pH and peat
decomposition and downstream dissolved organic carbon DOC decomposition in (acidic)
peat-draining rivers, to predict potential changes in CO2 emissions due to the organic carbon cycle
response to hypothetical ERW deployment in tropical peat systems. They demonstrate that the total
carbon uptake for ERW deployments could be substantially reduced, or even completely offset, by
shifts in organic carbon cycling in these low-pH peatland environments.

● Many aquatic plants also directly utilize bicarbonate in addition to CO2 for photosynthesis Iversen et
al., 2019. Shifts in the bicarbonate and CO2 concentrations of downstream waters could alter
freshwater plant species compositions, as has been observed in limed lakes and river systems
Brandrud, 2002; Iversen et al., 2019; Kaijser et al., 2021. The net carbon impact of such potential
shifts in community structure remains to be determined.

● The overall assessment from the Working Group is that such organic carbon fluxes could potentially
be quite important, but in general, we do not yet have sufficient constraints to predict the impact of
an ERW deployment in a generalized manner. This should be a key research priority as we look
ahead to large-scale ERW deployments that have the potential to drive significant shifts in
downstream aqueous chemistry. This could, for example, be an important component of
understanding potential interactions between large-scale ERW and coastal blue carbon interventions
pursued for either carbon sequestration or broader ecosystem service aims Fakhraee et al., 2023;
Hilmi et al., 2021.

● In the interim, a precautionary approach akin to that recommended for minimizing the risk of soil
organic carbon destabilization (Section 8.8.1) is recommended: ERW deployments should be avoided
in systems where there is a known feedback that could lead to substantial organic carbon
destabilization until further research sufficiently de-risks that loss pathway, including tropical
peatland systems Klemme et al., 2022.

Authigenic clay formation / reverse weathering.
● While authigenic clay formation could occur in terrestrial surface water systems, the shorter fluid

residence times and higher water:rock ratios relative to groundwater systems and (marginal) marine
sediments likely decreases the potential magnitude of alkalinity loss due to secondary silicate
formation in surface water systems. We consider the potential for changes to rates of authigenic clay
formation to meaningfully reduce the CDR efficiency of ERW deployments in more detail in the
context of marine systems (Section 9.4.1).

Bedrock interaction with solution and changes to counterfactual alkalinity generation.
● As ERW is brought to scale, it is possible that deployments will alter the alkalinity produced by

natural weathering reactions (e.g., Bach, 2024. This would apply across environments in the FFZ,
and is discussed in more detail throughout Section 9. Quantitatively interrogating potential changes
to counterfactual alkalinity generation in river and stream systems would require robustly validated
reactive-transport modeling frameworks that include fluid-mineral interactions of bedload particles
and underlying bedrock.
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Changes to nutrient fluxes and nitrogen cycling.
● While changes to nutrient export and cycling Morgan, 1987; Rosi-Marshall et al., 2016; Wyatt and

Stevenson, 2010 are important components of understanding the holistic impact of ERW
deployments on downstream aquatic ecosystems–alongside other potential impacts such as
increased turbidity due to feedstock runoff Bilotta and Brazier, 2008–this is outside the immediate
scope of this document.

9.3.2 Recommended approach for constraining downstream evasion from
surface water systems in early deployments
Drawing from this assessment, the recommendation from the Working Group is to place particular
emphasis on potential outgassing losses due to carbonate system equilibration and carbonate mineral
precipitation and burial in netCDR quantification at this time. In considering the specific guidance for how
to implement this for a given deployment, a serious operational complication is the significant asymmetries
in data availability, particularly high-spatial and temporal resolution aqueous chemistry data, across
geographic regions Hartmann et al., 2019, 2014. There was consensus within the Working Group that it is
not currently realistic to require practitioners to utilize process-based models that incorporate the flow
characteristics and chemistry of the entire river network system to produce estimates of potential carbon
loss. Two primary reasons underpinned this assessment: 1 this may place undue burden on practitioners
working in data-poor regions, and 2 regardless of data richness, the parameterization of relevant
processes is still nascent and sufficiently validated process-based models simply do not yet exist.

At the same time, there was strong consensus within the Working Group that setting a single conservative
loss estimate to be used across all deployments is not a workable approach and would entail making
largely unconstrained assumptions (e.g., some catchments draining limestone lithologies will be far more
saturated with respect to calcium carbonate than others).

The following recommendations aim to develop a ‘minimum viable productʼ approach that accounts for
both potential carbonate precipitation and outgassing due to DIC equilibration. However, this should not be
considered a long-term solution. Moving forward, R&D efforts should build towards improved
process-based frameworks for explicitly modeling the fluxes discussed in Section 9.3.1, new data products
for the validation of predictive modeling frameworks, and open-source community tools that enable the
generation of catchment-specific conservative loss estimates that would account for the relative
vulnerability of a given catchment to downstream loss (but may not require the level of data necessary to
parameterize process-based models for all systems).

9.3.2.1 Estimating potential degassing due to carbonate system equilibration
The influence of pH (and pCO2 or another carbonate system parameter) on d[DIC]/d[alkalinity] can be
calculated from carbonate speciation calculations like those demonstrated in Bertagni and Porporato
2022 and Zeebe and Wolf-Gladrow 2001. A key question is where operators should be required to
constrain potential evasion: for example, with substantial changes in pH as the weathering flux makes its
way downstream. The carbonic acid system will be continuously re-equilibrating as the weathering flux
mixes into other water masses and travels downstream. In many cases, outgassing could very well be
transient, with CO2 taken back up when the water mass mixes with higher pH, more highly buffered water
mass downstream.

The Working Group discussed whether it would be sufficient to only consider carbonate system
equilibration in the large river systems that a deployment catchment is ultimately draining into. While this
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may be sufficient in some systems, there was not consensus that this approach could be taken across the
board, as an acute degassing event may or may not be followed by complete re-equilibration in a
better-buffered system downstream (gas exchange can be rate limiting). The highest probability of
realizing substantial shifts in pH or DIC occurs at mixing or confluence zones where the waters of multiple
rivers combine. However, it would be operationally infeasible to require sampling or pre-existing data for
every confluence point along a river system that could be 100ʼs of kilometers long.

It is thus recommended that project developers assess potential net CO2 loss due to carbonate system
re-equilibration at two points: in the immediate discharge zone (i.e., the surface water system the
weathering flux from a deployment is draining into), and in the major river system of the deployment
catchment (i.e., the highest order segment in the deployment catchment). Project developers must thus
identify the most proximal continuous surface water system (i.e., not ephemeral or intermittent stream)
along the predicted flow path (Section 9.1.4), as well as the major river system for the drainage catchment.

At a minimum, the potential magnitude of outgassing should be calculated using an empirically-informed
estimate of average annual pH in the immediate discharge zone and along the major river system, either
through measurements by the practitioner or established databases. It is likely necessary to go a step
further to measure pH on a sub-annual timescale in order to determine seasonal dynamics, either with
sample grabs or sensors, rather than only utilizing average annual pH. This should be coupled with either
direct measurements of temperature and DIC/pCO2, or a conservative estimate of carbonate system
parameters in the two spatial areas of interest (i.e., the immediate discharge zone and the major river
system). To produce a conservative estimate of potential CO2 loss, it should be assumed that the water
fully equilibrates with the atmosphere–e.g., that gas transfer is not kinetically limited. Practitioners are
encouraged to gather the data needed to run process-based models that examine gas exchange along the
full river network/transport pathway (e.g., Zhang et al., 2024; in this case, full air-water CO2 equilibration
need not be assumed.

Operators should estimate losses due to outgassing in both systems–the immediate discharge basin and
major downstream river system. For maximally conservative accounting, whichever loss is larger should
be used in the netCDR quantification. This may represent an overly conservative accounting in some
systems, specifically in cases where initial offgassing is likely to be (partially) offset by subsequent
re-equilibration downstream. In this case, practitioners should be able to justify likely re-equilibration in
the downstream system based on considerations of the fluid residence time and kinetics of gas exchange.

A note on data availability and monitoring requirements. It is difficult to provide generalized guidance on
the absolute length and time scales over which monitoring would be required to properly characterize the
aqueous chemistry and flow characteristics of the proximal surface water system or major river system.
Practitioners should propose and justify a monitoring plan if existing data for relevant streams in the
drainage system are not available. As a general rule, it would be beneficial to have data collected over at
least one full hydrological year to capture seasonal dynamics. It is also important to consider whether
measurements–including those in regional and global databases–are taken during baseflow versus
stormflow, as it is well-documented that event statistics can have major impacts on solute fluxes across
scales in catchments Godsey et al., 2009; Hall, 1970; Knapp et al., 2020; Moatar et al., 2017, with the
result that the average annual pH and alkalinity may not be representative of the water chemistry when
most of the weathering products are moving through the system.
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9.3.2.2 Estimating carbon loss due to carbonate precipitation and burial in surface water
systems
Analyses of the carrying capacity of rivers to transport weathering products from ERW deployments have
focused on constraining the saturation state with respect to carbonate minerals along river segments of
interest Harrington et al., 2023; Knapp and Tipper, 2022; Zhang et al., 2022. This remains the
recommended approach for determining whether there is a high probability of non-negligible carbonate
precipitation along the downstream flow path—operators should specifically consider the saturation state
with respect to calcite in discharge waters and downstream river segments. It is well-established that the
presence of inhibitors (e.g., Mg2, PO4

3, organic molecules, etc.) can prevent substantial carbonate
precipitation in low supersaturation solutions Davis et al., 2000; Dobberschütz et al., 2018; Dove and
Hochella, 1993; Hoch et al., 2000; Inskeep and Bloom, 1986; Lin et al., 2005; Mucci and Morse, 1983. It is
thus recommended that a threshold saturation state of SI = 1 with respect to calcite (saturation index, SI =
log10Ca2CO3

2}/Ksp)) is used to define when precipitation may occur (Section 8.5, also see Harrington
et al., 2023 and references therein).

Importantly, carbonate precipitation is not the full story. While it is well-documented that authigenic
carbonate precipitation can remove substantial fractions of the total dissolved Ca2 load in carbonate-rich
catchments Chen et al., 2022; Erlanger et al., 2021; Grosbois et al., 2001; Li et al., 2023; Zavadlav et al.,
2017, subsequent carbonate dissolution often returns that alkalinity to surface waters Müller et al., 2022.
Carbonate produced in rivers can subsequently dissolve in riverine sediments Rousseau et al., 2019;
Striegl et al., 2007 or as the base load is transported down system; carbonate dissolution in marginal
marine sediments is also widespread and extremely well-documented (e.g., Aller, 1982; Fakhraee et al.,
2023; Santos et al., 2019; detrital carbonate dissolution driven by eutrophication-related bottom water
acidification is increasingly common Abril et al., 2003; Nesbitt and Mucci, 2021; Shen et al., 2019; and
substantial dissolution of biogenic carbonates in otherwise supersaturated portions of the shallow water
column has been documented Subhas et al., 2022; Ziveri et al., 2023.

Given the current state of predictive models of riverine (carbonate) biogeochemistry, it is recommended
that practitioners utilize conservative accounting, and thus consider carbonate precipitation without
subsequent dissolution. The following recommendations follow this simplified, ‘precipitation onlyʼ framing.
Future work developing process-based frameworks for assessing the vulnerability of different catchments
to downstream carbon loss during transport through surface water systems should consider the
probability of subsequent dissolution of carbonates predicted to precipitate from solution.

At a minimum, operators should calculate a baseline calcite saturation state and a ‘maxʼ saturation state
that accounts for the weathering flux resulting from the deployment for the immediate discharge basin. If
the saturation state is above the SI = 1 threshold for either the baseline or post-weathering states, the
operator should calculate an estimate of total carbonate precipitation (e.g., using a model like that
developed in Harrington et al., 2023) and account for that downstream carbonate precipitation in the
netCDR for the deployment. It is recommended that operators consider the carbonate saturation state of a
representative time series throughout the year (and, if needed, directly measure pH, major ions, and
DICe.g., capturing both dry and wet season dynamics if applicable.

Ideally, operators should also calculate the saturation state along the complete flow path of the weathering
flux (from the field to the ocean), and similarly look to quantify the net impact of carbonate formation on
netCDR if the SI = 1 threshold is surpassed anywhere along the flow path. There was consensus within
Working Group 3 that a lack of aqueous chemistry and hydrologic data for constructing complete river
networks in some deployment regions represents a major challenge. Given the current magnitude of ERW
deployments and the potential for significant uncertainty in aqueous chemistry and carbonate saturation
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state at the time when the bulk of weathering products are being exported from deployments–aqueous
chemistry will often be derived from sparse spatial and temporal sampling, including biases towards base
flow (Section 9.3.2.1)–we recommend any sampling of discharge waters focus on proximal systems.
Specifically, if sufficient data does not exist in the deployment region, constraining potential carbonate
precipitation only in the immediate discharge basin should be considered sufficient if the practitioner can
demonstrate the subsequent flow path does not pass through catchments where the underlying bedrock
lithology is dominated by carbonate phases. Opportunities for practitioners working in data-poor regions
to draw analogies to other catchments with better representation in global databases (e.g., GLORICH
Hartmann et al., 2019, 2014) that have similar underlying bedrock lithology and land use characteristics in
order to produce first-order estimates of saturation state should also be explored in early-stage
deployment and R&D efforts.

9.3.3 Guidance for robust use of models to capture carbon dynamics in
surface water systems
The recommended outlook for the development of model benchmarking and calibration/validation systems
for soil models utilized in an ERW context is discussed in Section 8.10. The development of publicly
available, benchmarked models that have been developed and/or validated by the broader scientific
community would also be of high utility for downstream ecosystems (groundwater, surface water, and the
ocean). In the absence of a widely accepted benchmarking system for models of surface water systems
and a process for rigorously validating new models, here we provide high-level guidance on what should
be considered sufficiently rigorous models of inorganic carbon dynamics in downstream surface water
systems for use in netCDR quantification and crediting.

The Working Group recommended the following suite of basic requirements for models of downstream
surface water processes, and emphasized that these should be coupled with a critical assessment of
model use during the quantification and verification process:

● Model structure and function should be
clearly documented, and ideally publicly
available. Data inputs and sources should
also be clearly identified and documented,
including the spatial and temporal
resolution of data streams.

● For process-based models, at a minimum,
carbonic acid system speciation, air-water
gas exchange, and carbonate mineral
precipitation should be considered. Ideally,
carbonate dissolution would also be
considered. The model should therefore
track major ion concentrations and
carbonate system parameters, allowing for
the calculation of mineral saturation
indices. Any carbonate-system model
would need to be coupled to a hydrological
model to capture the influence of fluid flow
(residence time, mixing, dilution, etc.).

● While validating models of downstream
surface water processes remains
challenging, practitioners should
demonstrate, at a minimum, the modelʼs
ability to reconstruct relevant background
fluctuations (e.g., spatial and temporal
fluctuations in carbonate system
parameters).

● Model uncertainty should be characterized,
and the approach to characterizing
uncertainty should be documented.
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9.4 Marine Systems
Many of the fluxes and biogeochemical interactions discussed for terrestrial downstream systems
continue to operate once weathering-derived alkalinity enters the ocean through riverine input or
submarine groundwater discharge. In the following section, we provide an assessment of these fluxes in
coastal and open ocean ecosystems, focusing on prioritizing what needs to be considered for near-term
ERW deployments ( , Eq. 5.4.2.1) versus what should be considered R&D priorities𝐶𝑂

2
𝑒

𝑁𝑒𝑡 𝐿𝑜𝑠𝑠, 𝑂𝑐𝑒𝑎𝑛𝑠, 𝑅𝑃

moving forward.

9.4.1 Fluxes that should be considered in marine systems
When weathering-derived alkalinity enters the ocean, there will often be CO2 evasion due to carbonic acid
system equilibration when two water masses with differing carbonate chemistry mix together Kanzaki et
al., 2023b; Renforth and Henderson, 2017. There was strong consensus amongst the Working Group that
this loss pathway can be tractably constrained in a conservative manner, and should thus be incorporated
into current netCDR quantification (Section 9.4.2).

There was less consensus on a tractable near-term path forward for two other categories of potentially
impactful carbon and alkalinity feedbacks resulting from ERW deployments: feedbacks associated with
short time horizon (years to decades) changes to surface ocean chemistry and associated carbon export,
and changes to diagenetic reactions in shallow marine sediments. Both of these categories encompass
very active areas of research, and their potential impact on the net carbon balance of ERW deployments
should not be ignored, particularly as we consider deployments at regionally and globally impactful scale.
However, there was consensus across Working Group 3 that project developers should not be required to
explicitly incorporate potential losses due to these pathways in near-term deployments. We discuss both
categories in a forward-looking capacity here. We separately consider the question of accounting for the
decline in CDR efficiency due to marine carbonate burial over long timescales in Section 9.4.3.

9.4.1.1 Feedbacks associated with short time horizon changes to surface ocean
chemistry
Over timescales comparable to the project lifetime, increased biogenic calcification relative to the
counterfactual Bach et al., 2019; Gately et al., 2023; Gore et al., 2019; Paul et al., 2024; Renforth and
Henderson, 2017, could remove alkalinity from the surface ocean and reduce CDR efficiency. Shifts in
pelagic community structure (e.g., the relative dominance of diatoms versus calcifiers) with increased Si
flux into coastal waters, or fertilization effects of trace element addition, could also lead to shifts in the
biological carbon pump Bach et al., 2019; Köhler et al., 2013. For ERW deployments, this is most likely to
occur in the coastal ocean, where any changes to alkalinity, major ion, dissolved Si, and trace element
concentrations as the result of accelerated weathering will be highest. However, at the current scale of
ERW deployments, the magnitude of ocean chemistry change due to an individual deployment will be
exceedingly de-minimis; we thus recommend that individual deployments need not consider potential
changes in carbon export due to shifts in surface ocean chemistry at this time. As deployments scale and
our understanding of the biogeochemical feedbacks associated with altered alkalinity, Si, alkaline earth,
and trace element export from terrestrial systems improves Bach et al., 2019, the net impact of ERW
deployments on coastal and shallow-ocean carbon fluxes could be interrogated with the same
biogeochemical models used to evaluate outgassing due to carbonic acid system equilibration in the
surface ocean (Section 9.4.2).
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9.4.1.2 Changes to the net carbon balance due to reactions in marine sediments
The coastal waters augmented with weathering products from ERW deployments will also be in contact
with marine sediments. A holistic accounting of the net carbon cycle impact of large-scale ERW
deployments would thus also consider shifts in biogeochemical cycling in marine sediments–particularly
changes in the alkalinity flux relative to the counterfactual baseline.

As with shifts in biocalcification, increased carbonate saturation state can lead to alkalinity loss due to
inorganic carbonate precipitation in sediments, where sediment particles can serve as nuclei for
precipitation Fuhr et al., 2022; Hartmann et al., 2023; Moras et al., 2022. The potential for meaningful
increases in sedimentary carbonate precipitation is much lower for ERW deployments than for direct
application of alkaline materials in marine environments, and the ocean alkalinity enhancement research
community is actively researching saturation state thresholds that could trigger substantial carbonate
precipitation for different alkalinity addition pathways (e.g., direct mineral addition versus alkaline solutions
of different alkalinity:DIC ratios Hartmann et al., 2023).

Another potential sedimentary alkalinity sink is authigenic clay formation through ‘reverse weatheringʼ
reactions (Loucaides et al., 2010; Michalopoulos and Aller, 2004, 1995a; Rahman, 2019. Coastal
environments like deltas and estuaries can be hot spots of rapid authigenic clay formation, and reactive Si
is often the limiting factor for clay formation Michalopoulos and Aller, 2004. That said, diatom frustules
are the source of reactive Si for most marine reverse weathering, and reverse weathering reactions will
occur in systems that are very strongly pore-fluid-buffered relative to overlaying water. Shifts in pelagic
community structure–e.g., the calcifier:diatom ratio of overlying waters–may be more likely to drive
changes to the magnitude of the reverse weathering flux. Overall, the potential magnitude of reductions in
CDR efficiency due to authigenic clay formation in marine environments and timescale over which that
reduction in efficiency would be incurred remains poorly understood.

Finally, as introduced in Section 9.3, marine sediments can also be significant sources of alkalinity: for
example, due to anaerobic respiration and carbonate dissolution Aller, 1982; Fakhraee et al., 2023;
Krumins et al., 2013; Middelburg et al., 2020. Shifts in the alkalinity and carbonate saturation state of
overlying waters of shallow marine and marginal marine sediments could decrease the natural or
counterfactual baseline alkalinity flux, thereby decreasing net additional CDR Bach, 2024. This question
of potential changes to counterfactual baseline alkalinity fluxes due to various forms of open-system
alkalinity enhancement should be a focus of continued R&D in the coming years.

9.4.2 Constraining CO2 evasion due to carbonic acid system equilibration in
the surface ocean
The potential reduction in CDR efficiency due to carbonic acid system equilibration in the surface ocean
should be incorporated into netCDR quantification. At a minimum, practitioners should derive a
conservative assumption of evasion from carbonic acid system equilibration by considering the
thermodynamic storage efficiency as a worst-case scenario, assuming complete equilibration with
atmospheric CO2 at representative temperature, salinity, and current atmospheric pCO2 Renforth and
Henderson, 2017; Zeebe and Wolf-Gladrow, 2001.

To move away from this worst-case scenario assessment, practitioners could run a region-specific coastal
biogeochemistry model (e.g., Zhang and Xue, 2022, incorporating the assumptions used to assess
potential losses in surface water systems (Section 9.3) as alkalinity and DIC inputs to the coastal ocean.
Uncertainty would need to be quantified through model ensembles in which key parameter values are
stochastically varied. Moving forward, we encourage further consideration of the impacts of the
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weathering products produced by ERW deployments using coastal biogeochemical and diagenetic
models.

Importantly, there was consensus amongst the Working Group that using a single generalized loss
estimate–for example, derived from early studies utilizing Earth System models to interrogate the stability
of ocean carbon storage following large-scale ERW deployment Kanzaki et al., 2023b)–is not appropriate
at this stage of the field. In particular, more research is needed to determine whether results from
relatively coarsely gridded Earth Systems Models continue to hold with more finely resolved models.

9.4.3 Potential netCDR losses due to ocean carbonate burial over long
timescales
Over very long 104105 year) timescales, half of the CDR efficiency from silicate weathering, and all of the
CDR efficiency from carbonate weathering, will be lost to marine carbonate burial Ridgwell and Zeebe,
2005. This 100,000 year time constant integrates over a continuum of response times, so longer
timescale carbonate burial should not be disregarded as a flux that impacts the ultimate efficiency of ERW
deployments out of hand. But whether ERW project developers at the current state and scale of the
pathway should need to account for this remains an open question.

While scale-dependent arguments can be made (e.g., the magnitude of global ocean alkalinity change is
negligibly small at current scales of deployment), early modeling work has shown relative scale
independence in the long-term storage efficiency of CDR stored as DIC in global oceans Kanzaki et al.,
2023b). An alternative line of argument hinges on the fact that anthropogenic CO2 emissions and
associated ocean acidification have meaningfully reduced the carbonate saturation state of global oceans
Feely et al., 2004; Jiang et al., 2023. It can be argued that the substantial environmental co-benefit of
increasing marine carbonate saturation state should not be penalized–and thus marine carbonate
production and burial should not be considered to reduce the efficiency of CDR–until saturation states
equivalent to the pre-anthropogenic baseline have been achieved. The challenge with this argument is that
the counterfactual baseline of a given CDR deployment is not pre-anthropogenic conditions, but instead
the counterfactual of inaction and an ocean system responding rapidly to decades of CO2 and heat
uptake. An alternative framing is that reductions in CDR efficiency due to long-duration marine carbonate
burial should be recognized as a real component of the (long duration) carbon balance of ERW
deployments. However, we should also value the co-benefits of CDR pathways and deployments for the
utility they bring to the world, independent of carbon outcome.

Overall, we recommend that at the current scale of the ERW pathway, reductions in CDR efficiency due to
long-timescale carbonate burial should not be incorporated in netCDR calculations. Looking forward to
ERW deployment at regionally and globally impactful scales, the community will need tools with which to
confidently assess the long-term stability of CDR stored as DIC in the global oceans. We consider this to
be a cross-pathway R&D priority that should not be the responsibility of individual practitioners today.
Notably, this is an area of overlap with the research and tool development needs of the Ocean Alkalinity
Enhancement community, and as such, we strongly recommend that cross-pathway collaborations are
undertaken accordingly.
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10 Quantification of Life Cycle Emissions
In addition to carbon and cation fluxes in the Near-Field Zone and Far-Field Zone, life cycle emissions
are the third category of greenhouse gas fluxes that must be accounted for in project-level netCDR
quantification. Life cycle emissions can take place both prior to the deployment (“upstreamˮ emissions)
and throughout the project lifetime. Practitioners should produce a life cycle assessment LCA per the
system boundaries defined below that follows the general LCA guidelines described in ISO 14040 and ISO
14044 standards. High-level recommendations for best practices, specifically targeting substantive
decisions specific to ERW deployments discussed by Working Group 5, are outlined here.

10.1 System Boundaries
For a given deployment, the system boundaries of upstream life cycle greenhouse gas emissions must
include:

● Operations required for extracting the
feedstock, including fuels, electricity,
water, and other material and equipment
inputs.

● Operations required for any processing of
the feedstock–for example, comminution to
achieve the desired particle size (crushing,
grinding, milling)–including fuels,
electricity, water, and other material and
equipment inputs.

● Operations required for handling, loading,
transportation, and storage of the
feedstock, including fuels, electricity,
water, and other material and equipment
inputs.

● Operations required for spreading the
feedstock and incorporating the feedstock
into soil, including fuels, electricity, water,
and other material and equipment inputs.

When byproducts or waste streams are used as feedstock for ERW deployments, the LCA subgroup of
Working Group 5 recommended following ISO 14044 standards and to clearly document underlying data,
assumptions, and calculations. Extraction of the feedstock could be considered ‘burden-freeʼ if there is
neither economic value nor economic use associated with the material. In cases where the feedstock
material does have a value or use, it is recommended for practitioners to either use the “system
expansionˮ approach or apply allocations appropriately Langhorst et al., 2022. When using the “system
expansionˮ approach, practitioners should transparently show how they define the expanded and
substituted systems (e.g., the life cycle emissions associated with the alternative uses or end of life
treatment of the feedstock materials), articulate what inputs and output flows are being accounted for, and
document underlying data and calculations. If burdens are allocated, practitioners should clearly indicate
how the burdens are allocated (whether by mass, energy, market value), provide the inventory of input and
output flows, and document underlying data and calculations. Moving forward, we encourage more LCA
case studies that work towards a better collective understanding of the implications that ERW
deployments at scale may have on the mining and mine waste management patterns of key feedstock
materials.

The system boundaries of ongoing life cycle greenhouse gas emissions must include operations that are
specifically tied to the maintenance of treatment and control plots (inclusive of BAU and negative control
plots) that would not have occurred in the absence of ERW deployment operations. Emissions associated
with ancillary site activities (e.g., the instantiation and maintenance of research plots not required for
netCDR quantification) can be excluded from the system boundary. In addition, the Working Group
recommended that emissions associated with ongoing measurement, monitoring, and verification (e.g.,
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traveling to site, sampling, analysis, model simulations) be excluded from the system boundary. Because
ERW is still in early phases of deployment, direct, frequent, and redundant measurements are necessary to
reduce uncertainty. As such, inclusion of emissions associated with monitoring and verification could
disincentivize the high-density field measurements required to develop more robust MRV approaches.
This recommendation was intended to encourage the collection and analysis of more data from direct and
redundant MRV, and was explicitly not a recommendation for crediting activities. It is still strongly
recommended that practitioners continue to closely track emissions associated with ongoing MRV
activities for the purpose of carbon crediting, tracking comprehensive organizational emissions, and
gathering data on the emissions intensity of different monitoring and verification system design choices
(e.g., to inform the decision of whether to locate lab facilities near clusters of deployment sites or to ship
refrigerated samples over long distances) for the benefit of the field.

Reiterating what was discussed in Section 5.5.4.2, any counterfactual life cycle emissions in excess of
deployment life cycle emissions represent avoided emissions which must be accounted for separately
from the netCDR quantification. The consensus assessment of the Working Group was that such avoided
emissions due to the displacement of agronomic pH control and fertilization practices cannot yet reliably
be estimated. It is recommended that practitioners gather data and track such avoided emissions on a
project level, both for avoided emissions accounting purposes, and for helping the field to work towards a
better collective understanding of the implications that ERW deployments at scale may have on wider
shifts of agronomic practices.
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11 Table of Acronyms
ATE - Average Treatment Effect
BAU - Business As Usual
CDR - Carbon Dioxide Removal
CEC - Cation Exchange Capacity
DIC - Dissolved Inorganic Carbon
DOC - Dissolved Organic Carbon
ERW - Enhanced Rock Weathering
FFZ - Far Field Zone
HSRA - Health and Safety Risk Assessment
LCA - Life Cycle Assessment
MRV - Measurement, Reporting, and Verification
NFZ - Near Field Zone
NMR - Nuclear Magnetic Resonance
PPE - Personal Protective Equipment
PSD - Particle Size Distribution
R&D - Research and Development
RCS - Respirable Crystalline Silica
RP - Reporting Period
RTM - Reactive Transport Model
SIC - Soil Inorganic Carbon
SOC - Soil Organic Carbon
XRD - XRay Diffraction
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    (𝐸𝑞.  5. 2. 4) 

Equation 5.4.1.1.1

𝐶𝑂
2
𝑒

𝑁𝐹𝑍, 𝑅𝑃
=

𝑡𝑖𝑚𝑒
∑  𝐷𝐼𝐶

𝐸𝑥𝑝𝑜𝑟𝑡, 𝑅𝑃
+

𝑣𝑜𝑙𝑢𝑚𝑒
∑  𝐷𝐼𝐶

𝑁𝐹𝑍, 𝑅𝑃
 −

𝑣𝑜𝑙𝑢𝑚𝑒
∑  𝐷𝐼𝐶

𝑁𝐹𝑍, 𝑃𝑟𝑒𝑣 𝑅𝑃
 

 +  𝐶𝑂
2
𝑒

𝑆𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦 𝐶𝑎𝑟𝑏𝑜𝑛𝑎𝑡𝑒𝑠, 𝑅𝑃 
   (𝐸𝑞.  5. 4. 1. 1. 1)

Equation 5.4.1.2.1
𝐶𝑂

2
𝑒

𝑁𝐹𝑍, 𝑅𝑃
= 𝐶𝑂

2
𝑒

𝐹𝑒𝑒𝑑𝑠𝑡𝑜𝑐𝑘 𝐷𝑖𝑠𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛, 𝑅𝑃
− 𝐶𝑂

2
𝑒

𝐵𝑖𝑜𝑚𝑎𝑠𝑠 𝑈𝑝𝑡𝑎𝑘𝑒, 𝑅𝑃
− 𝐶𝑂

2
𝑒

𝑝𝐻 𝑎𝑛𝑑 𝑁𝑜𝑛−𝐶𝑎𝑟𝑏𝑜𝑛𝑖𝑐 𝐴𝑐𝑖𝑑 𝑊𝑒𝑎𝑡ℎ𝑒𝑟𝑖𝑛𝑔, 𝑅𝑃
 

          − 𝐶𝑂
2
𝑒

 𝑆𝑜𝑟𝑝𝑡𝑖𝑜𝑛, 𝑅𝑃
  − 𝐶𝑂

2
𝑒

 𝑆𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦 𝐶𝑎𝑟𝑏𝑜𝑛𝑎𝑡𝑒𝑠, 𝑅𝑃
  − 𝐶𝑂

2
𝑒

 𝑆𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦 𝑆𝑖𝑙𝑖𝑐𝑎𝑡𝑒𝑠, 𝑅𝑃
    (𝐸𝑞.  5. 4. 1. 2. 1)  

Equation 5.4.2.1
𝐶𝑂

2
𝑒

𝐹𝐹𝑍, 𝑅𝑃
= 𝐶𝑂

2
𝑒

 𝐺𝑟𝑜𝑢𝑛𝑑𝑤𝑎𝑡𝑒𝑟, 𝑅𝑃
 +  𝐶𝑂

2
𝑒

𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑊𝑎𝑡𝑒𝑟, 𝑅𝑃
+  𝐶𝑂

2
𝑒

 𝑂𝑐𝑒𝑎𝑛𝑠, 𝑅𝑃
    (𝐸𝑞.  5. 4. 2. 1) 

Equation 7.5.2.1

𝐷𝐼𝐶
𝐸𝑥𝑝𝑜𝑟𝑡

=
𝑡𝑖𝑚𝑒
∫  𝑐(𝑡) 𝑞(𝑡) 𝑑𝑡   (𝐸𝑞.  7. 5. 2. 1) 

Equation 8.5.1.1

Ω =  𝐼𝐴𝑃
𝐾

𝑠𝑝
=

{𝐶𝑎2+}{𝐶𝑂
3

2−}

𝐾
𝑠𝑝

   (𝐸𝑞.  8. 5. 1. 1)
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