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Abbreviations
Ai Aridity index
C Carbon
CO2 Carbon dioxide
CO2e Carbon dioxide equivalents
C-sink Carbon sink
CDR Carbon dioxide removal
CDRmax Theoretical carbon dioxide removal capacity
DIC Dissolved Inorganic Carbon ([CO2] + [HCOs3]- + [CO3]2")
ERW Enhanced rock weathering
SPM Shrinking particle model
Rf Roughness factor
rSi Silicon release rate
SSA Specific surface area
SSAser Specific surface area according to Brunauer—Emmett—Teller method
SSAceo Geometric surface area based on spherical geometry
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Glossary

C-Sink A carbon sink is the result of (1) carbon dioxide removal (CDR) from the atmosphere,
(2) the transformation of the CO2 into a storable form and (3) storage of the carbon
for verifiably duration in a non-atmospheric carbon pool. Depending on the duration
of storage, a C-sink may be described as short term <100 years or long term > 100
years.

100% 100 years To compensate the emission of CO2 with C-sinks, an equivalent amount of CO2 (=

principle 100%) must be removed from the atmosphere and stored for at least 100 years. This

requires instant removal of the total amount of carbon and ensuring uninterrupted,
i.e., constant storage for 100 years.

Carbon Expenditures Carbon expenditures are the greenhouse gases emitted from the process of creating
a C-sink, i.e., the carbon footprint of the C-sink. Only if the carbon expenditures in
CO2ze are smaller than the CO2e of the C-sink a net carbon drawdown is achieved.
Climate Service The removal and a long-term storage of carbon dioxide in time horizons relevant to
mitigate anthropogenic climate change, is a climate service. While a C-sink is
verifiable at any time by measurement and/or modelling, a climate service shows
considerable uncertainties regarding the temporal dynamics, thus no validated C-sink
curve exists.

C-Sink Portfolio A C-sink portfolio is defined as the arithmetic combination of the C-sink curves of C-
sinks with different time horizons, at different locations, and/or using different
negative emission technologies. A C-sink portfolio serves as an assessment and
trading tool to allow the generation C-sinks contributing to the global need for
negative emissions. A C-sink portfolio ensures immediate and constant C sequestration
for a defined period, of 100 years, following the 100% 100 years principle. C-sink
portfolios can be employed to bundle climate services or to combine C-sink curves
for CO2 compensation.

C-Sink Retirement Using a certified C-sink to compensate the global warming effect of greenhouse gas
emissions retires the C-sink certificate, which then cannot be used for other
compensations or the declaration of climate effective action anymore. The retired C-
sink certificate is no longer available for sale or resale. Still, the retired C-sink remains
part of the registry.

C-Sink Registry A C-sink registry is a digital, manipulation proved, (potentially block-chain based)
database containing certified C-sinks and their respective C-sink curves. A registry
can be used as the “library” to compile C-sink portfolios. A registry further contains
information regarding the status of C-sink (e.g., available for sale or retired). C-sink
registries, private sector or national, can provide an overview of respective
contributions to CDR.

C-Sink Trader A C-sink trader is an entity coordinating and managing the trade and registration of
carbon sinks and may create carbon sink portfolios. To be eligible under the present
guidelines a C-sink trader must be accredited by Carbon Standards International.
Expected C-Sink Curve A C-sink curve is defined as the function that delivers the amount of carbon stored in
a C sink, expressed in tons of C or tons of COze, at any given moment in time. For
enhanced rock weathering, the curve is determined by rock powder characteristics
and environmental factors such as soil moisture and climate. Due to considerable
uncertainties, a C-Sink curve for ERW can only be estimated and is thus not part of
the certification. In the certificate, an Expected-Sink Curve for preliminary use is
provided. This curve must be validated in the future by means of scientifically sound
and generally accepted models and/or measurements in the field or in reference

fields.
Global Cooling Global cooling potential describes the effect of C-sink, countering global warming
Potential potentials of atmospheric greenhouse gases. The global warming potential of 1 t of

CO2e in the atmosphere is balanced by the global cooling potential of 1 t of CO2e
sequestered in a C-sink. Earth system feedbacks to CDR are not considered.
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Mine tailings Unintentionally produced rock powder, originating as a by-product from other mining
operations which already took place in the past or are part of a business-as-usual
mining operation.

Project Owner The project owner refers to the party organizing and facilitating an enhanced
weathering project and applying for its certification under the present guidelines. The
project owner can be a real person e.g., a landowner or farmer or legal person e.g.,
a company aggregating and coordinating other farmers. The project owner must
provide all data requested by the certifier. Typically, the project owner holds the
rights to the C-sink certificates generated upon certification.

Rock C-Sink A generic term, coined to describe C-sinks generated through enhanced weathering
of silicate rocks, implying a consecutive carbon storage in mineral, or dissolved
inorganic form.

Rock C-Sink Potential A carbon sink potential in enhanced rock weathering refers to the conservatively
calculated carbon sink (= carbon dioxide removal + long-term storage) that will be
built-up on the long-term. A Rock C-sink potential can be given as t CO2e 1! rock or
as t COze per field or project.

Theoretical Carbon The theoretical carbon dioxide removal capacity (CDRmex) is equal to the amount of
Dioxide Removal carbon sequestered by a given rock after complete weathering. The theoretical
Capacity (CDRmax) carbon dioxide removal capacity is calculated based on the elemental composition

of a rock and a safety factor of 0.9 to account for the formation secondary minerals
that reduces the release of metals and thus alkalinity. It is given as the mass ratio of
CO2 transformed into bicarbonate to initial rock dry weight in t CO2 t rock™. For
examples, a CDRmax of 0.418 t CO2e t'! indicates that 1 t rock can sequester a
maximum of 0.418 t CO2 when 100% weathering is achieved.
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1 Short Summary

Natural weathering of silicate rocks is sequestering substantial amounts of atmospheric CO2 in the form of
dissolved inorganic carbon (DIC) that may eventually reach the ocean or precipitate as carbonate by biotic or
abiotic processes. Diluted inorganic carbon and other alkaline products, originating from the weathering of
silicate rocks, ultimately contribute to ocean alkalinization, a natural process sequestering 0.5 Gt CO2 year-!
(Renforth and Henderson, 2017). Hence, silicate rock weathering is a major feedback mechanism for
atmospheric CO2 and impacts the climate on geological timescales. These natural weathering processes can be
enhanced through the comminution of silicate rocks to increase their reactive surface areas and exposing them
to an environment favourable for weathering e.g., the plant root zone (rhizosphere) or ocean’s surface waters
(Hartmann et al. 201 3). Such practice is referred to as enhanced rock weathering (ERW), which is regarded as
a promising negative emission technology (EASAC, 2018). A resource base of 90.000 Gt of suitable rock
material is theoretically available, holding the potential of sequestering CO2 equivalent to 700-years of global
emissions (Bide et al., 2014). Certainly not all resources can be exploited, due to economic and ecologic
constraints, same as amenity values.

Still, the relevance and applicability of ERW for climate change mitigation is high. If ERW is implemented
globally, CO2 sequestration potentials may reach 1-4 Gt CO2 year™! (Kdhler et al., 2010; Strefler et al., 2018;
Beerling et al., 2020). Partly, underutilized resources such as mine tailings (powder-like by-products from rock
mining) can be utilized for ERW, which may reduce costs and process emissions (Kelland et al., 2020; de Oliveira
Garcia et al., 2020). Enhanced rock weathering is not competing for land, e.g., with agriculture, as opposed
biomass-based negative emission scenarios like short-rotation-copies or afforestation. Instead, ERW s
generating agricultural co-benefits by supplying essential macro- and micronutrients, liming effects, and silicon
fertilization; supporting plant health, replacing external inputs, and abating associated emissions (Amann and
Hartmann, 2019; Kelland et al., 2020; Lewis et al., 2021). The addition of primary minerals and the consecutive
formation of secondary clays is further stabilizing native soil organic carbon (Singh et al., 2018; Bai and Cotrufo,
2022). Lastly, alkaline reaction products reaching waterbodies can actively counteract ocean acidification
(Hartmann et al., 201 3), supporting marine biota and promoting additional oceanic carbon drawdown.

Silicate weathering under natural conditions primarily results in the formation of bicarbonate, a form of DIC
which doesn’t directly exchange with the atmosphere. The mean residence time of bicarbonate in the ocean is
in the order of 1.000-10.000+ years (Rau et al., 201 1; Hartmann et al., 201 3; Renforth and Henderson, 2017),
thus representing a C-sink of high persistence.

However, until today there is no generally accepted method for monitoring, reporting and verification of ERW
projects and challenges to accurately account ERW facilitated carbon dioxide removal (CDR) prevail (Amann
and Hartmann, 2022; Calabrese et al., 2022).

The present guidelines provide a methodology for the monitoring, reporting and verification of rock powder
application to croplands. This includes:

e The certification of the rock powder application from rock mining to the actual spreading. Legality,
environmental safety, work safety and agronomic appropriateness are ensured.

o The calculation and certification of the Rock C-Sink potentials as a climate service, i.e., the amount
of carbon that will be removed from the atmosphere at the long term and will be stored as inorganic
carbon.

Moreover, the guidelines also define a calculation method for the expected C-Sink curves of ERW-based
negative emissions, the sequestration of atmospheric CO2 as DIC. However, due to the large uncertainty
regarding the kinetics of ERW, this is only illustrative and not part of the actual certification, unless the expected
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C-sink curve is further verified by measurements or modelling approaches that are generally accepted within
the scientific community.

While the maximum CDR capacity (CDRmax) of a given rock can be well quantified, uncertainty remains
regarding the speed, i.e., the field specific rate of the weathering reactions depending on both rock mineralogy
and site-specific environmental. As of today, accurate modelling of ERW is still not accomplished and thus
conservative proxies and estimates must be used. As a result, the modelled uptake of CO2 from the atmosphere,
quantified in the expected C-sink curve, is subject to significant uncertainty.

The centre of the present model forms a modified shrinking particle model, being an established concept for
calculating the extent of rock particle weathering at a given time in the future. The model includes:

e Environmental factors, namely soil temperature, soil pH, soil CO2 concentration and net primary
productivity of the region

® A minimum soil moisture threshold below which the model assumes a weathering rate of zero.

® Rock material characteristics, namely particle size distribution, specific surface area and surface
roughness factors.

All input parameters and assumptions which determine the model run, are either empirically measured, locally
modelled, or arbitrarily chosen in a conservative manner, guaranteeing the maximum timeframe for full rock
dissolution with high confidence. True weathering rates are likely faster, however more research is required for
verification and validation.

The employed modelling concept aims for substantially reduced complexity, which ameliorates
comprehensibility, transparency, feasibility of field specific parametrization. However, to reduce complexity
assumptions must be made that may introduce additional uncertainty to the model.

All assumptions are made conservatively, and uncertainties are addressed by safety factors. The model aims
to deliver a justified, but sufficiently underestimated expected C-sink curve

The model remains subject to validation. The model will only be regarded as valid if sufficient evidence from
field trials confirms that the CDR is not overestimated at any point in time.

Until model validation, or replacement of the employed method, the present guidelines certify only the rock
powder application and the Rock C-sink potential that can be monetized as a climate service. However, the
provided C-sink potential must not be employed for direct CO2 compensation until validation of the method
(see Chapter 7).

Future research may validate and improve the model, reducing existing safety factors and allowing for less
conservative assumptions. The availability of new data will trigger the update or replacement of the present
approach, following rigorous principles of revision and refinement (see Chapter 5.3-5.4 Uncertainties &
Outlook).

ERW is generally a safe climate technology that poses hardly any risks to humans or the environment. The trace
elements ("heavy metals") contained in the rock are the most relevant risk, yet it can be controlled by the
selection of the rock type (limit values for the content of trace elements), maximum rock application rates and
limit values for background concentrations of trace elements in the soil prior to rock powder application. It is
imperative that cropland based ERW applications follow regulations on fertilization and soil protection and
only create positive effects to the agronomic system. Rock powder applications can fully be acknowledged as
a beneficial agricultural practice — not as a CDR focused burden to be carried by the farmers and the food
system.
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The energy required to produce rock powder (mining, milling) is small but relevant, while transport emissions
can be more substantial. The present methodology will address this issue by distinguishing between mine tailings
and rock powder explicitly produced for ERW purpose. For both material streams the full set of relevant
production, transport and application emissions attributed to the rock powder must be quantified and
compensated for. Thus, the present method only certifies real C-sinks created by climate neutral value chains.
Operations emitting more. — or only little less - CO2 than they are sequestering, are rendered uneconomic and
fail to enter the carbon market.

Rock C-sinks created through ERW build up over a considerable time horizon, with the ocean being the final
reservoir of sequestered atmospheric carbon. The longer the considered time horizon, the higher the likelihood
that the initial rock dissolves and generated DIC is reaching a stable reservoir, e.g., the ocean. This is a particular
feature of ERW technology: The longer the considered time horizon, the lower is the uncertainty and risk.

To fully monetize the future value of a steadily increasing C-sink curve in an ex-ante, yet risk-free manner, the
present guidelines deploy the novel concept of C-sink portfolios, i.e., the combination of different negative
emissions technologies to create as tradeable climate service. This financial tool deploys the combination of C-
sink curves (i.e., the time-depending dynamics of the amount of carbon stored) originating from different types
of C-sinks. Herein a decreasing C-sink curve from biochar-based carbon sinks (microbial decay of biochar
applied to soil) may be combined with an increasing C-sink curve from Rock-C-sinks (ongoing weathering).
Equivalent gains and losses cancel out, to grant a constant and persistent C- sink of the portfolio at any time.
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2 Rock and rock powder properties

In geology, a mineral is defined as a solid chemical compound with specific chemical composition and crystalline
structure. Materials generically referred to as rocks are typically a conglomerate of different minerals, thus
multi mineral assemblage. Based on their formation pathway rocks can broadly grouped into three classes: 1.
Sedimentary rocks, e.g. sandstone or limestone, resulting from accumulation and compaction of sediments, a
process called diageneses. 2. Metamorphic rocks, e.g., gneiss or marble, resulting from the exposure of any
kind of rocks to pressure and/or heat as the result of tectonic processes (lithification) - and 3. Igneous rocks,
e.g., granite or basalt, resulting from crystallization of magma in the upper mantle or crust, or at the surface
following volcanic events. Silicate rocks show silicon dioxide (SiOz2) concentrations of > 40 % by weight, in the
form of silicate-group bearing primary minerals. At SiO2 concentrations of < 52 % or < 45 %, they are
classified as mafic/basic, or ultramafic/ultrabasic, respectively. These classes usually feature high concentrations
of calcium, magnesium, and iron. Due to the high content of these divalent cations, they are most effective for
ERW applications. Some rocks matching this category are colloquially known as basalt, gabbro, dunite, diabase
or dolerite.

2.1 Mineralogy and admissible rocks

Not all rock types are suitable for ERW applications. As the colloquial names of rock types are only poorly
backed by coherently constrained, chemical definitions, the present guidelines abstain form a positive list of
admitted rock types. However, to guarantee effectiveness and safety of cropland based ERW projects, the
present guidelines will define thresholds in mineralogy and elemental composition, which must be met by the
rock powder product, to be rendered admissible for C- sink certification under the present guidelines and
embracing national laws.

2.1.2 Weathering groups of minerals

Generally, the solubility of a mineral depends on the degree of silica polymerization (prevalence of strong Si-
O bonds), which, e.g., is high in the mineral quartz and low in the mineral olivine. Therefore, different primary
minerals show diverging dissolution behaviours even under the same environmental conditions (Renforth and
Campbell, 2021). While the actual weathering rates are specific to site conditions, a ranking of relative
weathering speeds can be established through a comparison under standard conditions (25°C and pH 6) as
conducted by Goldich (1938) (Fig. 1). Based on these standardized comparisons, minerals can be grouped
based on high, intermediate, or low solubility. For a rock to be admissible under the present guidelines, a mass
fraction of = 50% must be composed of silicate minerals expressing a high solubility, namely Olivine,
Plagioclase, Pyroxene, and K-feldspar. Criterion fulfilment is judged based on the results of an X-ray
diffraction, which allows a bulk mineralogical analysis to quantify ) (Olivine, Plagioclase, Pyroxene, K-
feldspar) as described in Annex 10.1.1.

Further, the quartz content and the carbonate content must be known. Quartz is pure silicon dioxide (SiO2);
thus, it is contributing to the SiO2 pool used for calculations of the silicon-normalized stoichiometric formular,
molar mass and volume as described below. However, quartz is barely soluble and if dissolved, it does not
release alkalinity and thus does not contribute to carbon dioxide removal

Further, most igneous rocks are silicate rocks, but they may contain a minor fraction of carbonate minerals.
Based on the stoichiometry of the weathering reaction of carbonate minerals, the latter process cannot be
rendered a net C-sink in the long term. If the quartz or carbonate mineral pools are small, these effects are
negligible. If the quartz or carbonate pool is exceeding 2%, it needs to be accounted for through the deduction
of the quartz/carbonate minerals from the initial mass balance and elemental composition.
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The quartz fraction and the carbonate fraction are determined via bulk mineralogical analysis by X-ray
diffraction, as described in Annex 10.1.1.

Olivine Ca-
I plagioclase
Pyroxene :
I .‘
Amphibole : e
I Na- E:
Biotite plagioclase S
L.
| | o
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Orthoclase w
I £
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I
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Figure 1: Relative solubility of different mineral classes. Figure adopted from Goldich (1938) and Renforth (2012). Mineral groups at the
top have a low degree of silica polymerization and dissolve fast, mineral groups at the bottom have a high degree of silica polymerization
and dissolve slower.
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2.2 Elemental composition

The elemental composition of a given rock and respective rock powder is determining both its value as fertilizer
and soil improver as well as its inherent theoretical CDR capacity (CDRmax). Also, frace element content is an
important factor to ensure the safety of ERW.

2.2.1 Calculation of the theoretical carbon dioxide removal capacity of a
rock

The theoretical CDRmax of a specific rock is referring to the mass ratio of CO2 transformed into bicarbonate
after complete rock dissolution, based on the initial rock dry weight. For example, a CDRmax of 0.418 indicates
that 1 t rock can theoretically sequester a maximum of 0.418 t CO2 when 100-% weathering is achieved. For
suitable igneous rocks, the CDRmax may be in the range of 0.2-1.2 (Rinder and Hagke, 2021).

Weathering refers to the reaction of a solid mineral (as part of a rock) with water and COa. In the first step,
the CO2 dissolves in water and forms carbonic acid (H2CO3). The acid is very weak and dissociates almost
instantly such that concentration of true carbonic acid is 3 orders of magnitude lower than that of the
deprotonated species, bicarbonate (HCO3-) and carbonate ion (CO32). The dissociated protons (H*) react with
the primary mineral, which disintegrates into weathering products. This process is called hydrolysis. At the end
of this reaction the primary mineral is weathered into a secondary mineral (typically an aluminosilicate clay
mineral), dissolved, basic metal cations (e.g., Ca2for Mg?*) and DIC mainly in the form of bicarbonate anions
(HCO3"). The negatively charged bicarbonate is unable to interchanges with the atmosphere and kept in solution
along with a charge equivalent load of cations.

Chapter 2.2.1 - Example 1
Weathering reactions

Weathering of the primary silicate mineral olivine (forsterite):

Mg2SiOs + 4C0O; + 4H,0 2 2Mg?* + 4HCO3 + H4SiO4

The weathering of this mineral releases 2 moles of divalent magnesium cations and creates charge
equivalent 4 moles of bicarbonate anions.

Weathering of the primary silicate mineral albite
2NaAlSiz0g + 2CO; + 11H,0 2 Al:Si20s5(0H)4 + 2Na* + 2HCO3 + 4H4SiO4

The weathering of this mineral releases 2 moles of monovalent sodium cations and creates charge
equivalent 2 moles of bicarbonate anions.

Overall, during mineral weathering one mol of bicarbonate is formed and stabilized per released charge
equivalent of available cations (Table 1). Each mol of bicarbonate originating from this reaction process is
equivalent to one mol of CO2 consumed and sequestered from the atmosphere (Lewis et al. 2021).

Thus, CDRmax is a function of the metal cation flux released from the weathering process. (Table 1) The CDRmax
can be calculated based on the absolute metal content of the given rock multiplied with the cation specific
valence, which is present once the metal is released to the ambient solution in ionic form.
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Table 1: Geogenic metal ions

Metallic Element lonic Form and Valence
Calcium Ca2+
Magnesium Mg2*
Potassium K+
Sodium Na*
Manganese Mn2+
Aluminium Al3+
Iron Fe2t/ Fe3*
Titanium Ti4*

There are different concepts, representing different degrees of conservativeness, to calculate the CDRmax. For
some fast-weathering silicate rocks, only Y (Ca2*, Mg2*) is considered (Renforth, 2012). For other rocks
comprising relevant pools of K and Na (e.g. basalt) these elements are also considered, here the CDRmax is
calculated based on ) (Ca?t, Mg2?*t, K*, Na*) (Tole et al. 1986). The formula may be extended to Y (Ca?*,
Mg2*t, Mn2+, K+, Na*) when high concentrations of Manganese are present in the given rock. All the above
summations relate to the realistic assumption of an incongruent dissolution of the primary aluminosilicates,
preserving the aluminium (same as iron and titanium) in a solid phase of secondary minerals, i.e., not releasing
the latter metals as aqueous cations (Rinder and Hagke 2021). On geological timescales, also secondary
aluminosilicates may partly be subject to dissolution, releasing aluminium, iron, and titanium. Minor contents of
metallic trace elements are not included here. Considering the composition of common igneous rocks and
considering the time horizon relevant for mitigation of anthropogenic climate change, the present guidelines
deploy the standardized formular as per equation (1) (modified from Renforth et al. 201 2).

Most contemporary research projects employ a variation of this well-established formula. However, it is
hypothesized that weathering of primary minerals, does not lead to a full mobilization of elements. A fraction
will be embedded in secondary clay minerals, still containing alkali metals (e.g., in the clay mineral
montmorillonite). Until today the phenomenon of secondary mineral precipitation is not well constrained (Renforth
and Campbell 2021; Campbell et al., 2022). To adequately account for this phenomenon a safety margin of
10% is deducted from CDRmax. Results will be rounded to three decimals providing an accuracy of 1 kg COo. t
rock™!

Equation (1):

CDRyox =

Mco, (%CaO %MgO  %K,0  %Nay0
*

+ + 2409
100 \MCa0 " MMg0 " MK,0 MNaZO)* i

CDRmax= ratio of sequestered CO2 upon complete weathering, to initial rock weight in t CO2 +7 rock..
M CO3/CaO/MgO/K20/Na20 = Molar mass of oxides

% CaO/MgO/K20/Naz0 = Mass fraction of oxides as determined in X-ray fluorescence analysis.

2 = Multiplier accounting for composition of K20 and Na20 and the divalent of Ca?* and Mg?* cations
0.9 = Safety margin to account for incorporation of relevant metals into secondary clay minerals
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Chapter 2.2.1 - Example 2
Calculation of the CDR.x for a basalt rock

_ MCO, _ (%Ca0 | %MgO , %MK,0 , %Na,0
CDRmax = 100 (MCaO MMgo = MK,0 MNaZO) *2+0.9
CDR 44.01 ( 11.8 N 9.95 N 2.75 N 2.46 ) 2 % 0.9
= * * * U.
max 100 56.08 40.03 94.2 61.98

CDR,,q = 0.418 ¢ CO, t~rock

After a reasoned request to Carbon Standards International equation (1) may be modified for the application
to discrete rock powder production batches, showing relevant concentrations of other metals.

Further, based on the x-ray fluorescence analysis, the silicon-normalized stoichiometric formula of the rock and
consecutively the molar weight and molar volume are calculated. For calculation purposes the following 10
oxides as listed in Table 2 (jointly accounting for 97-99% of most rocks mass) are considered:
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Table 2: Molar weight of primary mineral constituents

Oxide g mol™!
SiO2 60.09
Al2O3 101.96
Fe203 159.68
MnO 70.94
MgO 40.30
CaO 56.08
Na20 61.98
K20 94.20
TiO2 79.87
P20s 141.94

Chapter 2.2.1 - Example 3
Characterization of a basalt rock

Calculations are based on the X-ray fluorescence analysis and pycnometer analysis.

CDRmax 0.418

Silicon normalized Si1 A|0,35 FeO,lg Mno,oog Mgo,34 Cao,zg Nao,11 Ko,og Tio,os
stoichiometric formular Po.01 O3.67

Molar weight 135.4113 g mol

Molar volume 44.54 x 10° m® mol

Density 3.04gcm3

2.2.2 Nutrients and trace elements

Rock powders contain a range of elements including macro- and micronutrients, essential for crop growth and
health. However, some rocks may also contain trace elements that are environmental pollutants.

Rock powder for the deployment in croplands must be safe and beneficial for agroecosystems and must adhere
to all relevant national and European regulations on fertilization and soil protection.

To be considered under the present guidelines, the rock powder must be analysed for the following nutrients:

Nitrogen (N)

Phosphate (as P2Os)

Potassium (as K2O)

Magnesium (Mg)

Sulphur (S)

Boron (B)

Copper (Cu)

Zink (Zi)

Cobalt (Co)

Alkaline Components (as CaO equivalents)
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e Selenium (Se)
e Chlorine (CI)

And for the following trace elements:

Arsenic (As)
Lead (Pb)
Cadmium (Cd)
Chromium (Cr)
Nickel (Ni)
Mercury (Hg)
e Thallium (TI)

The analytical methods, product labelling thresholds and limit values for each parameter are given in Annex
10.1-10.2. Adherence to the methods and limit values herein will grant product approval according to
respective national or European law and admission under the present guidelines.

Natural mineral rock powders do not contain organic contaminants, thus an analysis for organic contaminants
(PFT and PCB) is not mandatory under these guidelines.

2.3 Rock powder characteristics

Grain size and grain size distribution are decisive factors for the determination of the rock weathering rates
and boundaries must be defined here.

Generally, rock powders in a particle range of 0-2000 Um are admissible.

A margin of 5 wi% > 2000 Um can be tolerated. This mass will be added to the mass of the largest sieve
fraction (see characterization of particle distribution, Annex 10.1.1). Any mass fraction exceeding the given
threshold and tolerance margin must be deducted from the total rock powder mass applied to a given field so
that only the size fraction < 2000 Pm (+ 5 wit% margin) is considered for certification.

Defining a rather broad admissible particle size range, serves the purpose, that also mine tailings (powdery
by-products of rock mining) can be deployed under the present guidelines. Mine tailings are often comprised
of powder like particles, however since they represent a mining by-product the particle size distributions are
not intentionally controlled to meet e.g., EU definitions. Nevertheless, mine tailings represent an abundant
resource that may be exploited for ERW purpose without causing additional emissions from mining and milling.
Mine tailings left unused will not weather to a relevant extent, as the chemical conditions in a pile of mine tailings
will not favour weathering.

The particle size distribution of each production batch of rock powder (see Chapter 8) must be determined
according to the method described in Annex 10.1.1. This includes the fractionation into at least five! size classes
using sieving procedures and consecutive determination of the fraction specific weight and estimation of the
fraction specific weighted mean particle diameter, using laser diffraction analysis. Further, all fractions must be
subjected to a Brunauer—Emmett—Teller analysis, which quantifies the fraction’s specific surface area in m2 g™1.

1 An optimized number of fractions to be characterized is subject to ongoing research. There are trade-offs between
analytical costs and resolution of data - and thus model accuracy. Upon the next revision of this guidelines the number
of required fractions will likely be corrected downwards.
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The mean moisture content of the rock powder at factory gate should be measured and indicated on the delivery
note. Alternatively, a moisture content of 10%, will be assumed.
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3 Rock powder application to cropland

For successful and safe ERW projects not only suitable rock feedstock must be selected, but also land units being
subject to rock powder application must fulfill a set of minimum requirements to facilitate ERW in the long term.
Only in combination, suitable rocks, and land units of favorable agroclimatic conditions can ensure successful
and safe ERW operations.

3.1 Admissibility of the land

The present guidelines define land characteristics, to render a location eligible for ERW project certification.

3.1.1 The decadal aridity index

Weathering reactions such as the conversion of solid mineral species into dissolved aqueous species is governed
by their saturation index in the soil solution. If the soil solution is saturated with respect to a particular mineral
phase, the mineral dissolution stops.

The anticipated long-term storage of DIC in sub-soil and open water bodies assumes, that a net downward
movement of soil water takes place, constantly or intermittently draining the rhizosphere.

Both prerequisites, the replenishment and desaturation of the soil solution - and the net downward movement of
soil water can be met, if the annual precipitation (equivalent to potential soil water infiltration in mm) is larger
than the annual potential evapotranspiration (equivalent to potential soil water loss mm). The ratio of
precipitation to evapotranspiration is given as the aridity index of a region. If the aridity index (Ai) is >1 the
precipitation is larger than the potential evapotranspiration. The environmental program of the United Nations
defines regions with Ai > 0.65 as humid (Zomer and Tarabucco, 2019).

The decadal Ai determines the prevailing ratio between evapotranspiration and precipitation of a region,
considering a data series spanning the last 10 years before rock powder application. Databases for aridity
indices can be directly accessed online, or the aridity index can be calculated from primary data by the project
owner. The decadal Ai is calculated by dividing the cumulative precipitation over the 10 before rock powder
application by the cumulative potential evapotranspiration over the 10 years before rock powder application.
Hereby the current calendar year is omitted, due to data availability constraints. Depending on data
availability, generic, or crop/soil specific evapotranspiration rates measured or modelled for the region can
be employed.

For project locations in the temperate zones, showing discrete cropping seasons potentially bridged by cover
crops, potential evapotranspiration measured or modelled for grassland may be deployed. In any case, the
same type of plant cover can be assumed for the whole year.

Equation (2):

10year ), Precipitation

Decadal Aridity Index =
ecadat Aridity fndex 10yeary.Potential Evapotranspiration

Carbon Standards International AG

Ackerstrasse 117 | CH-5070 Frick | Switzerland | phone: ++41 62 552 1090

info@carbon-standards.com |www.carbon-standards.com

Approval date:09.12.2022 07:13:12 36_500EN 19



C ) CARBON STANDARDS

international

To be admitted under the present guidelines the decadal aridity index of a given location/region must be >
0.75.

Data can be obtained from regional measuring stations or regional and interregional models. The latter are
provided by the European Union and national or regional authorities. For each location of rock powder
application, agroclimatic data of the nearest measurement station, reference location or grid cell must be
collected. The certification body must verify the source of the data and its plausibility.

Chapter 3.1.1 - Example 4
Calculating the decadal aridity index Aigec for a central European location

For a reference location in Ohlsbach, in the Ortenau district in Germany, the sum of monthly
precipitation from January 2012 to December 2021 is 9660.4 mm and the sum of
evapotranspiration (modelled for grassland) from January 2012 to December 2021 is 7508.6 mm.
All data was sourced from the German meteorological service database (DWD, 2022)

Aiger = ——— =129

The region has a decadal aridity index > 0.75 and qualifies for ERW in cropland applications
according to the present standard.

3.1.2 Maximum soil pH

Basic and ultra-basic igneous rocks, the most suitable feedstock for ERW application, contain alkaline
compounds, thus the rock powders are functioning as a liming agent, increasing the soil pH. The crop-dependent
ideal soil pH for agricultural operations is 6.5 - 7.0. More acidic or more alkaline soil conditions lead to reduced
nutrient availability to crops. Further, strongly alkaline soil conditions may foster the natural formation of
secondary clays and formation of carbonate minerals, impeding the realization of a rocks CDRmax. Thus, an
upper limit to the baseline soil pH2 of 7 (+0.3 units’ tolerance above neutrality) is defined here. Thus, a land
units initial soil pH must be <7.3 to be admissible under the present guidelines. The soil pH must be measured
in diluted CaClz solution according to the method described in Annex 10.1.

3.1.3 Permanent agricultural land use

Mineral weathering is a relatively slow process occurring over years and decades. It should be ensured that the
land unit is providing environmental conditions favourable for ERW also in the future. For this reason, the present
guidelines only permit ERW projects on land classified as agricultural land.

The land cannot be classified as potential construction ground according to the authorities regulating land use
changes or regional representations of the state cadastre offices. It must be ensured - as much as possible - that
the land use class is not converted to urban use — potentially associated with surface sealing and exclusion of

2 Refers to the soil pH value measured before rock powder application.
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percolating water — within the respective time horizon required for the realisation of the certified C-sink
potential.

If the respective area is subject to surface sealing past rock powder application, but prior to realizing the
certified C-sink potential, this must be indicated to the certification body. A deduction from the C-sink potential
or a compensation through the retirement of other C-sinks, proportional to the unrealised proportion of the
certified C-sink potential must be executed.

3.1.4 Background concentrations of trace elements

Rock powders may contain small but relevant loads of undesired trace elements. Only rock materials, which
have elemental composition that adhere to national and European fertilizer regulations is allowed to be
deployed under the present guidelines. Additionally, the present guidelines only admit land units with low
background concentrations of trace elements not exceeding the following precautionary limits (mg kg™ soil dry
weight):

Table 3: Precautionary values for inorganic soil contaminants [mg kg-! dry soil]

Soil Type | Cadmium | Lead Chromium | Copper Mercury Nickel Zink
Clay 1.5 100 100 60 1 70 200
Loam 1 70 60 40 0.5 50 150
Sand 0.4 40 30 20 0.1 15 60

Threshold values are in accordance with the German Federal Soil Protection Act (BBodSchv 1998, Annex 2.4).
Adherence to the threshold values must be confirmed through the analysis of a representative soil sample drawn
according to the soil sampling protocol in Annex 10.1.2 and analysed according to Annex 10.1.2. If additional
thresholds based on national or regional regulations or good-agricultural practice must be respected, the project
owner and/or landowner must ensure appropriate rock powder application rates based on soil and rock
powder characterizations.

The analysis for soil contaminants can only be omitted, if the anticipated rock powder application contains less
contaminants, then permitted by national or regional regulations as permitted additional annual load, (e.g.,
“Zulassige zusdtzliche jGhrliche Frachten an Schadstoffen” BBodSchv, 1998, Annex 2.5)

3.2 Material incorporation into soils

Only rock powder applied and incorporated into the topsoil of an agricultural system can be certified according
to the present guidelines. The product approval and material safety regulations considered in Chapter 2
exclusively refer to products deployed in the agricultural sector. Rock powder applications to forest land, nature
conservation areas and beaches are not covered by the present guidelines.

The method described below (Chapter 5), estimates weathering rates based on abiotic and biotic factors
present in the rhizosphere. To grant validity of the method, the present guidelines only cover rock powder
applications that were actively incorporated into the topsoil to a minimum depth of 5-10 cm. This can be
facilitated through tillage or liquid injection. An incorporation depth of 15-30cm is recommended. However,
acknowledging the ecological benefits of conservation tillage such an incorporation depth is not mandatory. A
self-propelled downward migration of particles, due to percolation, and bioturbation is expected.
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The present guidelines are not covering topsoil applications without consecutive active incorporation, e.g.,
application to grasslands. Application to non-tilled systems (grassland, miscanthus, bamboo etc.) will only be
subject to a later version of this guidelines, due to uncertainties about how long it takes when surface applied
rock powder is incorporated info the soil.

Rock powder application to perennial agricultural systems can be covered by the present guidelines if active
rock powder incorporation or injection is caried out.

3.3 Maximum application rates

Rock powders contain nutrients in low concentrations, however due to large volume of rock powder application,
it may sfill result in relevant loads. Thus, application quantities and associated nutrient loads must show
conformity to relevant national fertilizer regulations.

Of the major macro nutrients nitrogen (N), phosphorus (as P2Os) and potassium (as K20), N and K20 are of no
concern, as the nutrients are not a relevant constituent of rock powder (N) or not subject to fertilizer regulations
(K20).

If the present certification guidelines are deployed in a country imposing limits to nutrient loads applied to
agricultural land, the applicant must be informed about the nutrient load contained in the applied rock powder
in written form before the application. This is the duty of both the rock powder producer (declaration of nutrient
content per ton on the delivery bill) and the project owner (written information to the farmers about the nutrient
load per hectare of the planned application, not applicable if the applying farmer and the project owner are
the same person).

The present guidelines recommend to not exceed a nutrient load of 30 kg P20s ha™' year™!, but define a
definite limit to the applied P20s loads, equalling 50-% of the field specific P2Os requirement for the next 3
years.

Further, the present guidelines recommend an application limit of rock powder, containing not more alkaline
compounds (as CaO, see Annex 10.1) than equivalent to 100% of the field specific liming requirement for the
next 3 years.

The 3-year P20s requirement is calculated by the landowner (e.g., farmer) before the rock powder application.
The project owner is obliged to request this data.

If the rock powder application regarding the P2Os limit is exhausted in one year, at least two years must pass
until the next certifiable rock powder application is permitted.

These recommendations and limit values are precautionary measures, ensuring flexible nutrient management to
the farmers and securing their sovereignty.
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Chapter 3.3 - Example 5
Rock powder application limits and recommendations

In Germany, application limits to N and P,Os apply (DiV,2017).
P,0s applications shall not exceed a fields P,Os requirement for the next 3 years.

A farmer planning to grow clover grass, oats, and grain maize in the next 3 years, calculated her
field specific requirement to be 184 kg P,Os ha™ for the next 3 years. Her liming requirements for
the next 3 years are 2000 kg CaO ha™.

A rock powder was analysed according to accredited methods indicating a N content of 0%, a P,0s
content of 0.44%, and alkaline compounds equal to 3% CaO.

The recommended rock powder application is 6.81 t ha™ year™
(equivalent to 6810 kg rock ha year? * 0.44% P,0s = 30 kg P,0s ha™ year™)

The maximum allowable rock powder application is 20.90 t ha™
(equivalent to 20900 kg rock * 0.44% = 92 kg P,Osha™ = 0.5 * 184 kg P,0s ha?)

The exceeding the liming requirement is of no concern.
(2t CaOha'/0.03tCa0 t=66.66t rock powder).

The farmer decides to apply 20.90 t rock powder ha™ this year, covering 50% of her P,0s
requirements for the upcoming seasons. She records the application in the documentation of the
farm nutrient budget.

The next certifiable application of rock powder can only be executed in the third year after
applying these 20.90 t ha™, no rock powder application can be certified in first and second year
after the present application.
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3.4 Application techniques

Building on existing infrastructure, lime spreaders operated by GPS guided tractors have proven a suitable
technology for rock powder application (Fig. 2). However, also other technologies that enable homogeneous
distribution of the rock powder may be deployed.

To avoid particle drift and dust development the rock powder should not be applied when completely dry.
Further, spreader applications should not be carried out if there is strong wind (< 5 m s7' according to best
management practice for spray applications). Rock powders in the particle range of 0-2000 dm may be stored
outside and can be subject fo rain.

Specific limit values, e.g., with regard to the necessary moisture content, and further guidelines for application
are in preparation.

Figure 2: Rock powder application using a widely available lime spreader.
(Photo: Matthias Huber of Lindenhof, Achern, Germany, 2022).
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4 Environmental factors impacting rock weathering

In the field, weathering rates are influenced by a complex array of environmental factors. The present method
attempts to break down these complex phenomena into a set of comprehensible and transparent, yet robust
determining factors.

Abiotic factors are soil temperature, soil moisture, soil pH and soil CO2 concentration, while biotic factors are
bulk biogenic weathering agents such as organic acids, microbes, earthworms, etc.

4.1 Agroclimatic data and climate change

To guarantee that a specific location is suitable for ERW and to calculate a location specific expected
weathering rate, a set of agroclimatic variables is required, namely soil temperature and soil moisture as
specified below. The project owner must provide this information, along with its source. The certification body
examines the data for plausibility and verifies its source.

Generally, data can be obtained from regional monitoring stations or regional and interregional models. The
latter are provided by the European Union and national or regional authorities. For each location of rock
powder application, agroclimatic data of the nearest monitoring station, reference location or grid cell must be
deployed.

In the examples used to illustrate this guideline data from the German Meteorological Service / “Deutscher
Wetterdienst” database (DWD, 2022) is used.

Accounting for future climate change: Climate models are still constrained to a comparably low spatial
resolution. Not all required parameters can be approximated well and models are hardly usable by lay
persons. To ensure high spatial resolution and open access to the required data, the present guidelines establish
a conservative extrapolation approach, relying on past climate data. The year indicating the lowest mean
national or sub-national precipitation during the last decade before rock powder application will be chosen as
the baseline year to extract climate data and conservatively approximate future conditions.

4.2 Soil temperature

The surrounding soil temperature is a main factor that determines the in-situ weathering rate of silicate rock (see
Chapter 5.1). Weathering rates and soil temperature are positively corelated. For calculation purpose, the
mean annual soil temperature measured or modelled for a depth between 10-30 cm, for the location of rock
powder application or closest reference location or grid cell must be identified. The annual mean is calculated
as the mean of 365 daily values or 12 monthly values. The reference year to be selected for this calculation
must be the year with the lowest mean national or sub-national precipitation of the last decade before the rock
powder application. If the mean monthly soil temperature is < 0°C for one or several months, this value is not
considered in the calculation of the mean, however the respective number of months is deducted from the number
of valid months as per Chapter 4.3. Where data availability permits, the same soil depth should be used to
derive data on soil moisture and soil temperature. The difference in depth must not exceed 10 cm.

4.3 Soil moisture

The presence of water as soil moisture is a prerequisite for the occurrence of chemical weathering.

A clear and universal correlation between weathering rate and ambient soil moisture (%) or precipitation (mm)
is not yet established and remains subject to further research. The present method retreats to a simplified
concept of valid months. A valid month is defined as a month in which the soil water status is considered not

Carbon Standards International AG

Ackerstrasse 117 | CH-5070 Frick | Switzerland | phone: ++41 62 552 1090

info@carbon-standards.com |www.carbon-standards.com

Approval date:09.12.2022 07:13:12 36_500EN 25



C ) CARBON STANDARDS

international

limiting for soil biology and weathering reactions. In these months weathering according to the modelled rate
occurs. If the threshold is not met, the weathering rates are set to 0.

The mean monthly soil moisture measured or modelled for a depth of 10-30 cm, for the location of rock powder
application or closest reference location or grid cell must be identified. The soil moisture can be expressed in
relative plant available field capacity or relative volumetric soil water content. Soil moisture thresholds are
preliminary set to = 50% available field capacity or equivalent volumetric soil water content of >
6.25% (sandy soils), = 13.75% (loamy soil) and > 16.25% (clayey soil). The conversion of available
field capacity to volumetric soil water content is based on mean values provided by the Cornell University
Extension Service (NRCCA, 2022). The number of months per year, exceeding the given threshold must be
identified and will serve as the valid month nominator in later calculations (see Chapter 5.1). The reference year
to be selected for this calculation must be the year with the lowest mean national or sub-national precipitation
of the last decade before the rock powder application. Where data availability permits, the same soil depth
should be used to derive data on soil moisture and soil temperature. The difference in depth must not exceed
10 em.

4.4 Soil pH

The soil pH is a main factor influencing in-situ weathering rates of silicate rock (see Chapter 5.1). Generally,
weathering rates are rather low at circumneutral soil pH values and accelerate with decreasing pH (acidic soil
conditions), for most minerals. The soil pH refers to the 0-30 cm soil horizon and is to be measured as pH-CaCl2
according to Annex 10.1.2 before rock powder application. Soil samples for analysis must be drawn according
to the soil sampling protocol in Annex 10.1.2

Chapter 4.3 - Example 6
Required location-specific agroclimatic data

For a rock powder application carried out in 2022 in Germany, the year 2018 being the dryest of
the last decade, is selected as the reference year

For a reference location in Ohlsbach, in the Ortenau district in Germany, the following data can
be sourced from reference location 1602 of the database of German Meteorological Service
/“Deutscher Wetterdienst”:

Mean annual soil temperature at 20 cm depth = 14.1 °C
Valid month nominator based on % AFC at 20 cm depth = 7
Months with mean annual soil temperature < 0°C = 0

4.5 CO; partial pressure in the rhizosphere

Beside temperature moisture and pH, covered above, the surrounding CO2 partial pressure is a key parameter
controlling the weathering rate. CO2 dissolves in water in an equilibrium reaction, balancing concentrations of
dissolved CO2 and ambient gaseous CO2. Any increase in ambient CO2 concentrations will directly increase the
concentration of carbonic acid in solutions being exposed to this environment. Consecutively, the dissolution of
rocks exposed to the solution is accelerated (Kelland et al., 2020; Renforth and Campbell, 2021). Increasing
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ambient CO2 concentrations to 1,000,000 ppm (100% CO2 saturation) can increase rock weathering - and CDR
rate by a factor of > 4 compared to atmospheric CO2 levels (Amann et al., 2022). Due to autotrophic and
heterotrophic respiration, the partial pressure of CO2 is always higher in the rhizosphere than those in the
atmosphere and can exceed atmospheric levels by two orders of magnitude (Upadhyay et al. 2021; Renforth
and Campbell, 2021). In temperate soils, concentrations of >10,000 ppm CO2 can be observed (Project
Carbdown, in preparation), however in the tropic’s concentrations can increase up to 70,000 ppm CO:2 (Davidson
and Trumbore, 2017).

The function (Fig. 3) is derived from data presented in Amann et al. (2022) and serves as the generic estimator
for the CO2 driven weathering rate scaling factor. The respective CO2 concentration at 10-30 cm depth is
deployed as the parameter on the x-axis in the derived regression function. The pH and temperature
determined weathering rate, determined through the silicon release model (Chapter 5.1), is corrected by
multiplication with the CO2 rate scaling factor.
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Figure 3: Influence of elevated COz2 in the rhizosphere. Plotted function of weathering rate scaling factor r(CO2) according to equation (3),
based on data presented in Amann et al. (2022). R?2 = 0.99.

Equation (3):

r(CO,) = 1.076 9029+ 107%xx

x= Soil CO2 concentration at 10-30 cm depth in ppm

For most locations, there are no empirical values on mean annual soil CO2 concentrations available. In such case
the following default values (Table 4) apply.

Table 4: Default values for the weathering rate scaling factor r(ppmCO2)

Climate CO2 concentration in the rhizosphere Rate scaling factor r(CO2)
(ppm)
Temperate moist 8.000 1.334
Sub-tropical 25.000 1.808
Tropical 40.000 2.720
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4.6 Biogenic weathering agents

All rate modifying factors as described above (temperature, pH, CO2) are of abiotic nature. Their influences
can be well isolated and studied in controlled column experiments (e.g., Amann et al.,, 2022) or mixed-flow
reactors (e.g. Gudbrandsson et al., 2011). However, weathering rates purely governed by abiotic factors are
not representative for ERW application on croplands. In open land systems, the applied rock powder is exposed
to additional biogenic weathering agents imposed by rhizosphere processes. Rhizosphere processes can
increase weathering rates and consecutively CDR rates (Krahl, 2020; Verbruggen et al., 2021). Also, permanent
occlusion of rock particles and secondary mineral coating may be prevented through such biogenic agents,
including microbes and earthworms (Lidermann et al., 2000; Buss et al., 2007; Torres et al., 2019; Vicca et al.,
2022).

The sum of biotic effects is approximated by an empirical function (Fig. 4) generated by Beerling et al. (2020),
based on studies by Akter and Akagi (2005); Akter and Akagi (2010); Quirk et al. (2012) and Quirk et al.
(2014). Herein, the normalized net primary productivity (NPP.om) of a given region serves as the predictor for
a second weathering rate scaling factor.

This factor represents the bulk effect of multiple rhizosphere processes that accelerate the fragmentation and
chemical dissolution of mineral grains, including the activities of mycorrhizal structures, organic acids and
chelating agents causing disruption and chemical etching of rock surfaces.

The overall scarcity of data regarding these processes needs to be acknowledged. Yet the influence of plants
and the rhizosphere is relevant to an extent that these processes must be included to determine conservative
estimates for ERW in croplands (Amann et al., 2022).

10+

Rate scaling factor
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Figure 4: Influence of biogenic weathering agents. Plotted function of weathering rate scaling factor r(NPPnorm) according to equation (4),
based on data presented in Beerling et al. (2020) and function parameters for annual cropping systems.
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Equation (4):

r(NPPnorm) = a * (xnorm * NPPnorm)? + 1

Annual cropping systems Perennial cropping systems
a=0.140386 a = 0.065906
bh=3.54559 bh=1.48934

xnorm= 3 xnorm= 18

NPPnorm = normalized NPP index (0-1)
Equation: Beerling et al. (2020)

Raster data (e.g. Fig. 5 and 6) containing input variables to the above formula will be provided through Annex
10.3. Until the publication of Annex 10.3, for central European locations, a conservative NPPnorm value of 0.6
and 0.2 is used for annual and perennial cropping systems respectively.
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Figure 5: Global overview of NPPom of annual cropping systems (Source Fig. 6: Modified from Beerling et al. 2020).
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Figure 6: Global overview of NPPorm of perennial cropping systems (Source Fig. 6: Modified from Beerling et al. 2020).
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5 Modelling of the weathering process

The present modelling approach is following the principle of reduced model complexity. The calculations are
such that the CDR potential tends to be underestimated. The core of the model is derived from laboratory
experiments, investigating silicate rock dissolution at far from equilibrium conditions. Transferring such
laboratory results to field conditions implies assumptions, model limitations, and a fair uncertainty.

Model assumptions and limitations are summarized in the orange box, at the end of the chapter. As a direct
consequence of the implied uncertainties, the C-sink potential must not yet be traded in the context of CO2
compensation schemes (see Chapter 5.3 Uncertainties and Chapter 7 Valorization of C-sink potentials).

5.1 Standardization of multi mineral weathering to as silicon release

model

Many research studies targeted dissolution rates of single mineral species. Different mineral species exhibit
contrasting dissolution behaviours. Given the same ambient temperature, the dissolution speed varies between
different mineral species. The same holds for the dissolution rate as a function of pH. Further, the amount of
bicarbonate generated by the reaction varies between different mineral species, as determined by the amount
and valance of metals released. As such, single mineral dissolution rates are only valid in scenarios of application
of pure or quasi-pure minerals, e.g., forsterite (e.g., Hangx and Spiers, 2009).

However, most available silicate rocks are composed of multiple minerals. There are advances in the
development of process-based models (see Chapter 5.4 Outlook), to approximate the bulk weathering of multi-
mineral rocks. Geochemical models, e.g., PhreeqC (Parkhurst and Appelo, 1999), sum up the mineral specific
dissolution (rates/products) to estimate the overall rock dissolution. State of the art models, such as SCEPTER
(Kanzaki et al. 2022) can simulate up to 39 individual mineral species. Nevertheless, until today there is no
process-based model that is fully validated or accredited for C-sink accounting. Analytics required to provide
the required high resolution input data to the model may render operations cost prohibitive.

In general, complex models must be reviewed with caution. With increasing complexity (i.e., increasing number
of factors to be set and assumptions to be made) the potential for overfitting arises. This means that, a model
can be parameterized to generate a desired result, rather than objectively predicting a realistic result. This risk
can be minimized by reducing complexity, using only a small number of robust predictors, or when the
parameterization boundaries of complex models are rigorously regulated.

Rather than deploying a multi-mineral model, the present method utilizes the concept of a silicon normalized
weathering model. Regardless of their dissolution speed and elemental composition, minerals contained in rock
types eligible for ERW application (olivine, pyroxene, plagioclase, etc.) contain silicon. Upon successful
dissolution of the primary mineral, silicon is released to the solution as an aqueous species (or forms secondary
clay particles). Dissolved silicon can serve as a proxy for a multi-mineral weathering rate. Standardizing a
silicate rock composition to a silicon-normalized stoichiometric formula, same as silicon-normalized molar weight
and volume, the overall mass of rock weathered can be approximated from the silicon release — irrespectively
of the silicon’s fate.

Aluminosilicates show a synclinal release of silicon as a function of pH (Gislason and Oelkers 2003;
Gudbrandsson et al. 2011; Rinder and Hagke 2021). Under acidic conditions the release rate decreases with
increasing pH. Under neutral to alkaline conditions the release rate increases with increasing pH. The lowest
weathering rate can thus be observed at circumneutral conditions. The release rate is positively correlated to
the ambient temperature.
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For the construction of a generic silicon release model, empirical data from a series of 26 silicate rock dissolution
experiments, conducted by Gudbrandsson et al. (201 1) was utilized. The experiments used crystalline3, Icelandic
basalt which, based on its elemental and mineral composition [ Y (olivine, plagioclase, pyroxene, K-feldspar)
> 50wt%], qualifies to serve as a model silicate rock in this context. Steady state dissolution experiments were
carried out in a mixed-flow reactor (no water limitation conditions), covering a temperature range from 5°C to
75°C and a pH range from 2 to 11. The surface area normalized silicon release rate was calculated as a
robust mean from multiple measurements from each of the 26 experiments.

The present guidelines exclude rock powder applications to fields of alkaline soil pH. Thus, data from
experiments conducted under acidic to neutral conditions were extracted from Gudbrandsson et al. (2011) and
subjected to non-linear regression analysis to derive a generic model, estimating the silicon release (rSi) in mol
Si em 2577 as a function of ambient temperature and pH.

3 Basalt is an igneous rock from volcanic origin. Whether basalt is referred to as crystalline- basalt or basalt glass
depends on the arrangement of minerals (rather crystalline structure or amorphous structure, respectively). The latter
is determined by the speed of solidification / cooldown of magma. Data from Gudbransson et al (2011) was compared
to data from Gislason and Oelkers (2003) who investigated basaltic-glass dissolution. The elemental composition and
silicon normalized dissolution rate are comparable.
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Regression model for acidic soil condition (applicable if soil pH < 7)
Equation (5):
log(rSI) = 0.1106x? — 1.5573x + 0.0234z — 10.6245

x = pH; significant contribution of the predictor p<0.001
z = Soil temperature in °C; significant contribution of the predictor p<0.001
Model adjusted R2= 0.91

Chapter 5.1 - Example 7
Calculation of the silicon release rate from multi-mineral silicate rocks

A farm in the Ortenau region has a soil pH of 6.6 and a mean annual soil temperature of 14.1 °C
log(rSi) = 0.1106 * 6.6 — 1.5573 % 6.6 + 0.0234 = 14.1 — 10.6245
log(rSi) = —15.7559

rSi= 107157559 mol Si cm? 571

For soil pH in the range of 7.1-7.3 (tolerance range) the rSi of pH 7 and the site-specific temperature is used
(Fig. 7).

Carbon Standards International AG

Ackerstrasse 117 | CH-5070 Frick | Switzerland | phone: ++41 62 552 1090

info@carbon-standards.com |www.carbon-standards.com

Approval date:09.12.2022 07:13:12 36_500EN 33



C ) CARBON STANDARDS

international

Model Assumptions

The model employs primary data from a laboratory experiment investigating the dissolution behaviour
of an Icelandic basalt rock. This silicate rock presenting a mineral composition of 5 (olivine, plagioclase,
pyroxene, K-feldspar) > 50wt% serves as a model rock exposed to varying environmental conditions. The
present modelling approach employs assumptions only valid for long time horizons, as e.g., the 100-year
time horizon of the C-sink portfolio approach (see Chapter 7.2). Over long time periods (several decades)
a mean congruent element loss from the primary particles is assumed. It is further assumed that the pH
at particle surface can be approximated through the initial soil bulk pH when a time horizon of several
seasons is considered

Long term congruent element loss from the primary silicate

Although the aqueous weathering products of a reaction may not express the composition of a congruent
dissolution, since, e.g., aluminium may be preserved in solid secondary products, the element loss —and
thus mass loss - from the primary silicate rock particle occurs congruently to the long-term mean.

(S’/ elemen t)primary—soh‘d / (S’/ elemen t)secondary—solid + aqueous-solution = 1

When observing particle dissolutions over short periods (e.g., in laboratory experiments) an incongruent
dissolution determined by different solubilities of different minerals can be observed. Also, if only
comparisons between (Si/element)urimary-soiid / (Si/element)agueous-soiution are conducted, the identified ratio
may point towards incongruent dissolution, as some elements may be preserved in a solid phase of
secondary minerals as, e.g., in kaolinite.

Nevertheless, in the long-term, the primary particle will dissolve congruently. A long-term incongruent
dissolution would leave behind a primary mineral particle consisting of either 0% Si or 100% Si, both cases
are not observed. For the present, method using silicon release as a proxy for mass loss (not as a proxy
for alkalinity released into solution), only a congruent mass loss from the primary particle (long-term
mean) is relevant, not a congruent release of dissolved ions.

Ambient pH at particle surface

The model assumes, that on average the primary silicate rock particle is experiencing an ambient pH, that
is equivalent to the ambient bulk soil pH (0-30cm, standard plough-pan depth). It is evident, that as a
direct result of rock weathering, the ambient pH at the particle surface increases. This is determined by
the released alkaline weathering products. Yet, it is also given, that this modification of the ambient pH
is only occurring in a discrete soil volume, which is in constant or intermittent exchange with the
remaining bulk soil solution.

Example: A standard loam soil has a bulk density of 1.30 g cm?® (3900 t, or 3000 m? soil ha™ at 0-30cm
depth). The field will be amended with 20 t rock powder ha, having a bulk density of 1.45 g cm?® (13.33
m3 hal). The introduced rock powder will only contribute and directly affect ~0.4% of the soil volume,
which remains in constant exchange with the remaining ~99.6% soil volume and respective soil solution,
that is exhibiting the chemical baseline conditions. It is further evident, that weathering products, as
alkalinity, are subject to removal by percolating water (rainwater infiltration).
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The silicon release rate as determined through the generic model is corrected using the rate scaling factors rCO2
(rhizosphere CO2 Chapter 4.5), rNPP.m (biogenic weathering agents Chapter 4.6) and the valid month
nominator (moisture limitations Chapter 4.3) according to equation (6).

Equation (6):

Valid Months

rSi_corrected = rSi * r(CO2) * r(NPPnorm) * 17

rSi_corrected = silicon release rate after correction for additional environmental factors.
tSi = silicon release rate based on the multimineral weathering model (Chapter 5.1)
rCO2 = weathering rate scaling factor based on rhizosphere CO2 concentration
rNPPnorm = weathering rate scaling factor based on biogenic weathering agents
Valid months = months with sufficient soil moisture

The corrected silicon release rate (mol Si em-2 s71) will be converted to mol Si m-2 y™1 and inserted into a
modified SMP model as described in Chapter 5.2

Carbon Standards International AG

Ackerstrasse 117 | CH-5070 Frick | Switzerland | phone: ++41 62 552 1090

info@carbon-standards.com |www.carbon-standards.com

Approval date:09.12.2022 07:13:12 36_500EN 35



Overview:

C

CARBON STANDARDS

international

Logarithm of the silicon release rate as determined by soil temperature and soil pH
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Figure 7: Overview of log(rSi) as a function of soil pH and soil temperature. Minimal weathering rates are achieved at
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-14.7091 -14.6857

18
-15.6834
-15.6834
-15.6834
-15.6834
-15.6814
-15.6772
-15.6709
-15.6623
-15.6515
-15.6385
-15.6232
-15.6058
-15.5861
-15.5643
-15.5402
-15.5139
-15.4854
-15.4547
-15.4217
-15.3866
-15.3493
-15.3097
-15.2679
-15.2239
-15.1777
-15.1293
-15.0787
-15.0258
-14.9708
-14.9135
-14.8540
-14.7923
-14.7284
-14.6623

19
-15.6599
-15.6599
-15.6599
-15.6599
-15.6580
-15.6538
-15.6475
-15.6389
-15.6281
-15.6150
-15.5998
-15.5824
-15.5627
-15.5409
-15.5168
-15.4905
-15.4620
-15.4313
-15.3983
-15.3632
-15.3258
-15.2863
-15.2445
-15.2005
-15.1543
-15.1059
-15.0552
-15.0024
-14.9474
-14.8901
-14.8306
-14.7689
-14.7050
-14.6389

neutral soil pH and low

temperatures. Highest weathering rates are achieved under low soil pH and high soil temperatures. For soil pH values between 7-7.3 (soil pH tolerance
margin) weathering rates equivalent to pH 7.0 are deployed.
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20
-15.6365
-15.6365
-15.6365
-15.6365
-15.6346
-15.6304
-15.6240
-15.6155
-15.6046
-15.5916
-15.5764
-15.5590
-15.5393
-15.5174
-15.4934
-15.4671
-15.4386
-15.4079
-15.3749
-15.3398
-15.3024
-15.2629
-15.2211
-15.1771
-15.1309
-15.0825
-15.0318
-14.9790
-14.9239
-14.8667
-14.8072
-14.7455
-14.6816
-14.6155
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5.2 A modified shrinking particle model

There are two basic concepts to determine the specific surface area (SSA) of a rock particle. Commonly used are empirical
measurements of the SSA using N2 gas-adsorption and an evaluation of the sorption isotherm using the Brunauer—Emmett—
Teller (BET) method called SSAser (Gudbransson et al.,, 2011; Lewis et al,, 2021). An alternative approach is the
conceptualization of particles as symmetric spheres and the calculation of SSAceo based on sphere geometry and material
density. In both cases, the SSA is commonly reported as m2 g~1. To unify SSA and weathering rate units, the SSA needs
to be converted to cm2 g71.

During weathering, the rock particles undergo structural changes which include the evolution of SSA. Until today, there is
no comprehensive data on the SSA evolution of rock particles exposed to abiotic- and biotic weathering in a cropland
environment.

The “best-case” scenario is the formation of etch pits (e.g. Monasterio-Guillot et al. 2021) as weathering progresses.
Under this assumption the SSA would tend to increase over time (Fig. 8).

The “worst-case” scenario is the formation of inert layers of secondary weathering products, blocking the reactive surfaces
and leading to a passivation of the rock particle (e.g., Deng et al. 2022). Amann et al. (2020) hypothesized, that a
cation depleted silicon layer is forming on the surface of minerals from dunite rock, exposed to near in-situ weathering
conditions in a mesocosm experiment. Stockmann et al. (2011, 201 3) investigated, if secondary surface precipitates, in
particular carbonates as calcite, alter the dissolution kinetics of basaltic glass or diopside (pyroxene, a chain silicate).
Their abiotic mixed-flow-reactor studies reveal that calcite tends to form as discrete crystals not as pervasive layers. If
layer-like structures occur, they are mostly porous, allowing for the exchange of ions with the soil bulk fluid. Within the
context of these studies, no impact of secondary phases on the overall rock dissolution rate could be identified. It is likely
that additional etching effects of biogenic agents further support this trend and avoid particle passivation (Chapter 4.6).

As a conservative midway approach, the present guidelines will deploy the concept of a shrinking particle model,
modified from Hangx and Spiers (2009) and Rinder and Hagke (2021).

Etch pit formation
increasing the reactive SSA

Secondary layer decreasing
the reactive SSA

Shrinking particles
decreasing the reactive SSA
\-_—

| - N

Figure 8: Schematic overview of possible particle surface evolution pathways. Top: An increase in reactive specific surface area (SSA) because of
chemical etching, resulting in the formation of pits. Middle: A decrease in reactive SSA proportional to its mass loss, approximating particle geometry
through a round sphere. Bottom: A decrease in reactive SSA due to the inertisation of reaction sides through secondary precipitates or occlusion of rock
particles in other matter.
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A shrinking particle model translates the mass loss from a rock particle (due to weatheirng) into a proportional decrease
in reactive surface area, based on a known material density and the assumption of spherical particles (Hangx and Spiers,
2009). The SSAceo of such spherical particles is calculated according to Equation (7).

However, rock particles are not spherical and simplified SSAceo models are neglecting the fractures, elevations and
porosities of rock particle surfaces. To address this issue the concept of a surface roughness factor (Rf) was introduced
(e.g. Navarre-Sitchler et al., (2007)). The Rf is calculated according to Equation (8) as the ratio between the measuered
SSAser and the calculated SSAceo.

After that, the rSi (Chapter 5.1) is multiplied with the Rf according to Equation(9).

The Rf-corrected rSi is given the rSiceo, which is used in the SPM as given in Equation (10).
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The shrinking particle model (SPM)

Equation (7)

$$A _ 6 (Tester et al. 1994)
GEO = P

S$S5Acro = Geometric SSA incm2 g™

6 = constant relating to spherical shape

d = effective particle diameter (weighted mean of particle

size class) in cm

P = Rock density in g cm-3

Equation (8)

_ SSAggT (Rinder and Hagke 2021)

Rf =
f SSAcko

Rf = Roughness factor; unitless
S8S5Aser = SSA measured via BET inecm?2 g ™
85Acro = SSA calculated according to equation (7)

Equation (9)
Tsi ggo = Tsi * Rf (Rinder and Hagke 2021)

rSigeo = Roughness factor corrected rate mol m-2 year ™
rSi= BET normalized rate as determined form the silicon
release model in mol m2771 year ™

Rf = Roughness factor; unitless. Calculated according to
equation (8)
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Equation (10)

di — (dgy — ZrSigeOQt)3 (Hangx and Spiers 2009)
*

XRock(t) = df; 100 (Rinder and Hagke 2021)

Xrock(t) = fraction of rock grain weathered at time t
do = initial particle diameter in m

rSigeo = = Roughness factor corrected rSi

in mol m-2 year 1. Calculated according

to equation (9)

Q = The molar volume of the rock in m3 mol

f = time since application in years
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To apply a SPM to a cohort of particles, e.g., 1 t of rock powder, Equation (10) must be solved for each particle size
class (using the weighted mean particle diameter of the fraction, Annex 10.1.1, as initial particle diameter do). The result
is then converted into tons of weathered rock by multiplying it with the initial mass of the considered fraction. At last, a
summation of the rock masses weathered in all size classes is carried out. These operations are summarized in
Equation(11).

Equation (11):

n

Rock powder mass weathered (t) = Z m; *

i=1

dy; — (doi — 27SigeoQt)3
dg;

Rock powder mass weathered(t) = Mass of dissolved rock powder at time t
n = number of characterized particle size fractions

i = index value of the fraction

mi; = initiall mass of fraction i in tons rock powder

d; = weighted mean particle diameter of fraction i in meter

rSigeo = Roughness factor corrected rSi

in mol m-2 year 7. Calculated according

to equation (9)

0 = The molar volume of the rock in m3 mol ™

1= time in years

The rock powder mass weathered at time t is now transelated in % of rock mass weatherd at time t, through a division
by the initiall rock mass. A further multiplication with CDRmax yields the time dependent C-sink, as sumarized in equation
(12).

Equation (12):

Rock powder mass weathered (t)
initial rock mass

Gross Rock C Sink (t) = CDR,4x *

Gross Rock C-Sink = The gross rock C-sink in tons CO2 ton-! rock powder at time t
CDRmax = Maximum carbon dioxide removal in t CO2 ton-! rock powder

Rock powder mass weathered(t) = Mass of dissolved rock powder at tim t

Initial rock mass = Initial dry weight of applied rock powder

Solving Equation (12) for t1 -t100. generates 100 datapoints indicating the accumulating gross C-sink potential

All equations relating to the above SPM model and respective input parameters, are solved by an online application,
processing input paramertes as enterd by the mining company, accredited laboratories, and the project owner.
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Rock C-Sink Potential (t CO, t™* Rock)

0 50 100
Year

Figure 9: Expected gross C-sink curve, based on the described shrinking particle model and the following input parameters: Particle size distribution =
0-2000 pm in 8 discretely characterized fractions, 0% rock moisture, specific surface area = 1.6-2.1 m2/g, maximal carbon dioxide removal =
0.418, soil pH = 6.6, soil temperature = 14.1 °C, soil CO2 = 8.000 ppm, normalized net primary productivity = 0.6, valid month (no moisture
limitation) =7

In the following Chapter the gross C-sink potential will be reduced by a safety margin covering potential carbon losses,
due to down stream carbonate precipitation and oceanic carbonate equilibria.

Further, the carbon expenditures of the product are quantified. Carbon expenditures are not directly deducted form the
gross carbon sink, but must be seperately compensated for.

This correction and compensation measure is yielding the net C-sink potential.
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5.3 Addressing uncertainties

At present, some aspects of enhanced weathering in croplands are not fully constrained, yet they are subject to ongoing
research (Calabrese et al.,, 2022). Nevertheless, mankind is urged to implement effective climate change mitigation
measures at scale as soon as possible. The present method aims to provide a first conservative calculation framework for
ERW based carbon sinks. The prevailing areas of uncertainty are identified and addressed by conservative assumptions
and safety margins. Therefore, the present guidelines are of highly conservative nature, likely preventing any
overestimations of CDR. Below, the areas of uncertainty are summarized along with their respective counter measure.

CDRmax: Will the deployed rock powder weather completely and release all alkalinity into the soil solution, or will a
fraction be permanently retained in secondary clay minerals formed as solid weathering products, or retained at other
exchange sites? Measure: To ensure no overestimation of the CDRnax a safety margin of 10% is deducted from the rock
specific CDRmax (Chapter 2.2.1).

In-sifu weathering rates: How fast is a multi-mineral rock powder dissolving under specific environmental conditions? At
present no modelling approach, including the present method, is validated. Measure: The pH and temperature dependent
weathering rates (Chapter 5.1), being the basis for weathering rate scaling to field conditions, are systematically
underestimated, as compared to standard atmospheric conditions4. Results are employed in a conservative framework.
Still, the transfer of laboratory data to field conditions implies a high level of uncertainty. At present, the uncertainty
regarding the weathering speed is too high, to employ Rock C-sinks for CO2 compensation. Only a climate service (Global
Cooling Potential) — decoupling final C-sink and temporal dynamics of C sequestration - can be valorised until the model
becomes validated or replaced (see Chapter 7 Valorisation of C-sink potentials).

Soil moisture constraints: A clear and universal correlation between weathering rate and ambient soil moisture or
precipitation is not yet established and remains subject to further research. Measure: The present method retreats to a
simplified concept of valid months (Chapter 4.4). A valid month is defined as a month in which the soil water status is
assumed sufficient, to avoid water-limitations to the reaction. Only then, the SPM is executed, otherwise weathering rates
are set to O.

Carbonate precipitation: Supersaturation and pH changes can cause the precipitation of carbonate minerals,
transforming 50% of the sequestered carbon back into carbon dioxide. The occurrence of this reaction can poorly be
tracked through time and space along the soil, groundwater, river water to ocean pathway. Furthermore, the persistence
of the product is subject to debate. Measure: To ensure no overestimation, a safety margin of 10% (equivalent to the
precipitation of 20% bicarbonate, forming persistent carbonate minerals) is deducted (Chapter 6.1).

% The reactor liquid used in the study by Gudbrandsson et al. (2011), (see Chapter 5.1), was purged with N, prior to
application, thus reducing dissolved CO, below the atmospheric equilibrium. Weathering reaction taking place
herein are largely based on reactions with protons derived from water autoproteolysis, thus with reduced impact of
additional carbonic acid. Calculated rates are lower than those expected under ambient CO, concentrations.
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5.4 Outlook to alternative methods

The above method for approximating a site specific in-situ rock weathering rate (Chapter 5 and input variables) is
deemed to serve as a pilot method, embedded in the overall guidelines for the Certification of Carbon Sinks created
by Enhanced Rock Weathering in Croplands.

The method is based on empirical data, established modelling concepts, and embedded in a highly conservative C-sink
calculation framework. However, it needs further optimization to better capture the complex realities of enhanced
weathering of multi-mineral rocks in a dynamic cropland environment.

Following principles of revision and refinement, the respective method chapters will be upgraded or replaced, once new
empirical findings, or comprehensive process-based models become available and validated. Thus, the method is
constantly adapting to the state of science.

Advanced, process-based models in this field are “Soil Cycles of Elements simulator for Predicting Terrestrial regulation
of greenhouse gases: SCEPTER v.0.9” by Kanzaki et al. (2022), models developed by Chipolla et al. (2021a, 2021b,
2022), and Beerling et al. (2020) and other PhreeqC based reactive transport models e.g., Kelland et al. (2020).
Important prospects are model intercomparisons and the possible development of ensemble models (Rock Chip Project,
Beerling et. al., in preparation).

Alternative approaches to future ERW carbon accounting could be based on in-situ reference measurement stations,
spread throughout, e.g., Europe or reference experiments resembling different agroclimatic conditions. These reference
stations / reference experiments may sample the liquid phase (e.g., lysimeter trials analysing soil leachates or soil
extractions), the solid phase (e.g., novel empirical approach analysing soil magnesium to titanium ratios), or gaseous
phase (e.g., novel empirical approach monitoring soil CO2 concentrations). If a sufficiently representative database on
possible weathering rates is compiled, reference measurement stations/ experiments may be replaced by a reference
database.

Continuous measurements in each single field (and ex-post certification and credit issuance) are likely cost-prohibitive or
easy to manipulate.

Data from reference stations/experiments and other in-situ trials should also be employed for model validation.

Future knowledge gain and novel assessment methods can be integrated in the present guidelines replacing the affected
method chapters or allowing for the deployment of less conservative assumptions and safety margins.

Carbon sink potentials projected based on the present version of the guidelines will be constantly updated if the
assessment method gets revised.
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6 Calculation of the Rock C-Sink potential

The Rock C-Sink potential is derived according to equation (13):

Equation (13):
Rock C Sink Potential = CDRyyax * Myoek * Sfsoit * Sfaquatic * Sfmarine

CDRmax = theoretical CDR capacity, including a safety factor for metals retained in clay minerals
(estimated as detailed in Chapter 2.2.1; equation 1)
Mok = mass of rock powder applied per field /project in tons dry weight
sfsoil = safety factor of 0.9 to cover calcium carbonate precipitation
(estimated as detailed in Chapter 6.1)
sfaquatic = safety factor of 1
(estimated as detailed in Chapter 6.1)
sfmarine = safety factor of 0.86, based on Lewis et al., (2021)
(estimated as detailed in chapter 6.1)

In addition, all carbon expenditures must be quantified and compensated for externally as reasoned in chapter 6.2.

6.1 Downstream losses of dissolved inorganic carbon

Weathering of rock powder and dissolution of primary minerals removes CO2 from the atmosphere by transforming it
into dissolved bicarbonate. The present guidelines aim at the certification of the long-term stable mineral carbon species,
as dissolved inorganic carbon in the ocean. Dissolved inorganic carbon comprises dissolved CO2 and H2CO3, which are
often summarized as CO2*, as well as HCO3- and COs2. These inorganic carbon compounds are part of chemical
equilibria collectively called the carbonate system:

A. CO2*(aq) + H20O(l) < HCOs3 (aq) + H*(aq)

B HCO3 (aq) & CO32(aq)+ H*(aq)

C. CO3? (aq)t+ Ca?(aq)t & CaCOs3 (s)

D H*(aq) + OH (aq) < H20(I)
All species are dissolved, except calcium carbonate (CaCOs), which precipitates as a solid. We focus on Ca and the
formation of CaCOs3 as the only relevant process for precipitation. lts relative precipitation is four orders of magnitude
higher than that of magnesium carbonate (MgCQOs), due to the larger size and coordination sphere of Ca (Schott et al.,

2009). Formation of K2CO3 or Na2COs is barely observed under relevant conditions (Drever, 1988). The pH determines,
the relative partitioning of the three species within the total dissolved inorganic carbon (Fig. 10).
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Figure 10: The pH dependent equilibria of dissolved inorganic carbon species. Considering common pH ranges of ground- river or ocean water, the
largest share of dissolved inorganic carbon will be present as bicarbonate. Bicarbonate can no longer directly exchange with the atmosphere.

The interactions in this system are complex and depend on many factors, including pH, alkalinity, ionic strength, exchange
of CO2 with the atmosphere, uptake of CO2 via primary production, and input of CO2 vig, e.g., decomposition of organic
matter. When CaCOQOj3 precipitates (reaction C moves to the right), not only CO32- is removed, but also COz2 is released,
and the pH of the system is lowered. Thus, neither of the following, commonly used equations fully depict underlying
chemistry:

Ca?* (aq) + 2HCO3 (aqg) — CaCOs (s) + H20 (I) + CO2 (g)
Ca?* (aq) + CO32 (aq) — CaCOs3 (s)

Thus, we evaluate the likeliness of carbonate precipitation in soil pore water, groundwater, rivers, and the ocean (Fig.11).

HCO:-(ag) <:‘ Withdrawal

Groundwater

Partial biotic calcification and
sedimentation of particulate
imarganic carbon

CaCOs

Figure 11: Schematic pathway of HCOs3-(aq) from field to ocean. Considering soil solution, ground- and river water chemistry, substantial
precipitation pf persistent calcium carbonate is neglectable.

Soil pore water

If the soil solution is reaching a state of super saturation, DIC can precipitate as pedogenic carbonate (calcite) through
the reaction with calcium cations (Haque et al., 2019; Haque et al., 2020; Kelland et al., 2020). As such reactions can
occur throughout the soil profile, both during vertical or lateral flow of the soil solution, it is challenging to empirically
track and verify pedogenic CaCOs precipitation in-sifu.
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The present guidelines only consider CO2 drawdown to occur in time and space where non-water limited, and non-
saturated soil moisture regimes tend to prevail (see Chapter 3.1.1 decadal aridity index and Chapter 4.3 soil moisture
and valid month nominator). Precipitation of persistent pedogenic CaCOs is unlikely under such moisture regimes, as in
regions with sufficient precipitation a supersaturation of the soil solution is less likely. Further, if CaCOsprecipitation occurs
in the topsoil, due to temporary drought or evaporation of irrigation water, its consecutive redissolution in the rhizosphere
is likely. At circumneutral pH, the dissolution rate of calcite is 5-6 orders of magnitude faster, than that of the model
silicate rock being tracked for 100 years. (Arvidson et al, 2003).

Groundwater

Groundwater bodies are dominated by circumneutral pH values, at which bicarbonate is the dominant DIC species and
relevant CaCOs precipitation and CO:2 outgassing is not expected

In a central European context (example Germany) about 7% of the permanent groundwater-bodies are sourced annually
(BMU, 2008; BGR, 2016), most of which is sourced from below forest areas, not from below agricultural lands.

If redirected towards domestic or industrial use the groundwater likely reaches riverine systems faster, than during the
natural hydrological cycle.

Groundwater redirected for agricultural irrigation purposes with consecutive partial evaporation can be conceived as a
scenario possibly leading to carbonate precipitation, yet redissolution in agricultural systems is likely.

Riverine transport

Rivers in Europe typically show a pH of approximately 8 (Example: Rhine River, Germany) Dissolved CO2* represents a
share of <1% of the DIC, while is the dominating bicarbonate species. Thus, relevant carbon loss due to outgassing is
unlikely. Losses of DIC and CO2 exchange in river systems are subject to ongoing research — the sub-chapter “Riverine
transport” is expected to be updated soon. This is of relevance to better describe riverine systems outside of central
Europe (e.g., tropics, or Scandinavia), which show a distinct water chemistry. For now, potential losses are covered by
safety factors as described below.

The ocean

If the DIC is reaching the ocean (time horizon depending on proximity of rock powder application site to river systems),
the contribution of introduced DIC to oceanic carbon storage is determined by environmental parameters like ocean
temperature, salinity, and partial pressure of CO2 (Hartmann et al. 2013). Considering contemporary mean surface
ocean conditions of 17°C, a salinity of 35 and a conservative pCO2 estimate of 600 Yatm (representing RCP 8.5 in
2050), a share of 86% of the intfroduced DIC will be preserved, while 14% is released to the atmosphere (Renforth and
Henderson, 2017; Lewis et al., 2021). Thus, any CDR resulting from successful in field weathering must be multiplied with
a factor of 0.86 to account for the midterm CDR efficiency, as lastly determined by the oceanic carbonate equilibrium.

Dissolved inorganic carbon in the ocean is attributed a mean residence time of several 1,000-10,000+ years (Rau et al.
2011; Renforth and Henderson, 2017). A share of approximately 10% will be present as carbonate (CO32). Partly,
CO3? will be utilized by marine biota for shell formation through calcification (i.e., the biotic formation of solid CaCO3).
The precipitation of oceanic CaCOQOs3 is almost exclusively facilitated by marine biota (Renforth and Henderson, 2017).
While some of the calcified DIC will ultimately end up as particulate inorganic carbon in the ocean’s sediments (geological
storage), the process of biogenic calcification can be a net CO2 source (Morris and Humphreys, 2018). It is unlikely, that
the complete pool of introduced CO32-will be subject to biogenic calcification on time scales relevant for climate action,
mitigating anthropogenic climate change. Lastly, the share of dissolved CO>* at typical ocean pH can be neglected.
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Safety factors addressing the downstream losses of DIC

The present method is deploying a 10% safety margin to the gross C-sink potential at field level, to cover the possible
precipitation of persistent, paedogenic calcium carbonate (Msoit = 0.9). A 10% margin taken form the C-sink is equivalent
to cover the permanent loss of 20% bicarbonate from the soil solution and its conversion into calcium carbonate.
Substantial losses from groundwater and riverine systems are not expected (Maguatic = 1). A further multiplication with
0.86 corrects for the midterm CDR efficiency, i.e., losses through the equilibrating oceanic carbonate systems (Mmarine =

0.86).

To illustrate the expected C-sink curve, also the 100 data points generated by the MSP model must be corrected
accordingly (Fig.12).

0.4=

Rock C-Sink Potential (t CO, t Rock™)

0 50 100
Year

Figure 12: Expected net C-sink curve based on the described shrinking particle model and the following input parameters: Particle size distribution =
0-2000 pm in 8 discretely characterized fractions, 0% rock moisture, specific surface area = 1.6-2 m2/g, maximum carbon dioxide removal =
0.418, soil pH = 6.6, soil temperature = 14.1 °C, soil CO2 = 8.000 ppm, normalized net primary productivity = 0.6, valid month (no moisture
limitation) =7. Corrected by a 10 % safety margin covering potential carbonate precipitation and corrected for the CDR efficiency of 0.86
considering the equilibrating aquatic/oceanic carbonate systems.

Once comprehensive, process based, hydrological models become available, which cover the (European-) soil- ground-
and river water systems, the safety factors may be lowered or replaced through a case specific model run.
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6.2 Carbon expenditures

The rock powder value chain is requiring substantial energy inputs from mine to field. This includes, e.g., energy used for
mining operations, rock milling, road- railroad- or naval- transportation of the rock powder and field application of the
latter using tractors.

Energy and materials used along the value chain are causing direct and indirect greenhouse gas emissions in the form of
CO:a.. In the context of C-sink potential certification, such emissions are called carbon expenditures. All carbon expenditures
must be compensated for, by the retirement of an equivalent C-sink (compensation). This way, only real net negative,
emissions will be certified as carbon sinks. Operations emitting more - or only slightly less -CO2 than they are sequestering
are rendered uneconomic and fail to enter the carbon market.

The adequate attribution of emissions to the C-sink is important. The present guidelines will address the issue of emission
attribution, by distinguishing between two rock powder sources: 1. Rock powder from mine tailings (unintentionally
produced rock powder, originating as a by-product from other mining operations which already took place in the baseline
scenario) and 2. rock powder exclusively produced for ERW purposes (representing an additionality to the baseline
production of the company i.e. not being a waste product of the business as usual scenario).

Emission attribution to mine tailings:

For a transition period of 3 years past the publication of this guideline, a mining company has the option to plausibly
declare to the certifier, that the sold rock powder originates exclusively from a storage of mine tailings. If this is made
plausible, the carbon expenditures per ton of rock powder must only cover emissions originating from material transport

(factory gate to field) and emissions originating from rock powder field applications (diesel usage by farm machinery).

Past this transition period, mine tailings must additionally be attributed with a share of the scope 1 — scope 3 emissions
as described in Chapter 8.1.2. The share of attributable emissions is equivalent to the share of annual revenue generated
from rock powder sale, from the total annual revenue generated from the mining activities. (e.g., if 5% of the revenue is
generated from sale of rock powder, 5% of the companies scope 1 — scope 3 emissions must be attributed to the rock
powder production).; thus, no emissions will be attributed in the first year. This is based on practical considerations and is
also intended to facilitate entry into ERW.

Emission attribution to rock powder exclusively produced for ERW purpose:

Carbon expenditures per ton of rock powder must cover 100% of the emissions originating from mining and milling
operations relating to the rock powders production (see chapter 8.1.2), material transport (factory gate to field) and
emissions originating from rock powder field applications (diesel usage of farm machinery)

Carbon expenditures are expressed in the unit t CO2e t rock powder™'.

Carbon expenditures per t rock powder can be calculated as the ratio of annual emissions to annual rock powder
production, also here data of the past year will be used.

The mining company specific carbon expenditures are verified by the certification body q.inspecta AG.

Downstream carbon expenditures from material transport past factory gate and field application must be quantified
through a tracking service accredited by Carbon Standards International.

The sum of the production- (mining and milling) and field specific (fransport and application) carbon expenditures
must be compensated through the retirement of an equivalent C-sink before the associated Rock C-sink potential or
Rock C-sink curve can be entered in a carbon registry and is admitted for sale as a climate service or CO2 emission
compensation
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7 Valorisation of carbon sink potentials

While persistence is assured by the nature of Rock C-sinks, the timing of the negative emission (i.e., the time when the
COz-extraction from the atmosphere occurs) requires further attention and assessment schemes remain subject to
validation. While it can be assumed that most of the rock minerals applied to admissible land-units (see Chapter 3) will
have weathered after a period of 70-100 years, the timing of the C sequestration cannot yet be determined with
sufficient accuracy.

e Before models or other Rock C-sink assessment methods are validated the present guidelines suggest the
certification of the Rock C-sink potential, based on documented and certified rock powder applications (as
detailed in Chapter 6.1 and 7.1). The Rock C-sink potential certifies the final C-sink, decoupled from the temporal
dynamics of its C-sink curve. Such assets can be valorised as a climate service, i.e., the creation of a C-sink
outside of the CO2 compensation market.

e Once models or other CDR assessment methods are validated, and thus the temporal dynamics of Rock C-sink
curves are known with sufficient certainty and precision, the present guidelines will allow for the employment of
Rock C-sink potentials for CO2-emission compensations when use as part of C-sink portfolios (Chapter 7.2).

7.1 Rock C-Sink potentials as a climate service

Based on certified rock powder applications (including rock powder characterization, field characterization and
documentation of the application) The Rock C-sink potential of an ERW project can be certified.

The certified Rock C-sink potential is a measure for the size a Rock C-sink will eventually reach. It is decoupled from the
temporal evolution of the C-sink curve. It is calculated as per Chapter 6.1. Such Rock C-sink potentials can be traded as
a climate service. A climate service describes the creation of a C-sink within a time horizon relevant to mitigate
anthropogenic climate change. It is evident, that the CDR occurs and that it reaches the certified potential nevertheless, it
is not yet known with sufficient precision what size the C-sink reaches at any given moment between the application and
year 100. The latter would be necessary to create C-sink portfolios for the compensation of CO2-emissions (Chapter 7.2).

This present certification scheme allows for the certification of a significant, long-term global cooling effect due to CDR
and fosters immediate and vital climate mitigation activities. It paves the way for the creation of a market for climate
mitigation services (C-sink creation) decoupled from the CO2 compensation market.

CO2 compensations may serve the purpose of reaching net zero emissions targets; however, the removal of legacy
emissions remains as a separate challenge as important as emission reduction and compensation. The IPCC
calculates that 800 Gt of CO2 must be removed from the atmosphere until 2100, to reach the Paris climate targets
as per the shared socioeconomic pathway 2 and the representative concentration pathway 1.9 (SSP2 RCP1.9). This
removal must be realized beside the compensation of remaining GHG-emissions (IPCC, 2018).

The expected C-sink curve and considerations regarding the persistence of Rock C-sinks (comparable to direct air capture
+ underground, mineral carbon storage) may serve as orientation for the pricing of this climate service.

Also, climate services may be aggregated in C-sink portfolios (Chapter 7.2), here the guidelines advise the C-sink trader
to make transparent the uncertainties about the temporal dynamics. The trader has further to state that these climate
services cannot be employed for CO2 compensation.
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7.2 Carbon sink portfolios

Once the expected C-sink curve is validated for a time horizon of 100 years past application, Rock C-sinks may also
be employed for CO2 emission compensations. However, this is only possible when used as part of a C-sink portfolio.

Controlled by environmental factors, Rock C-sinks build up over a time horizon of decades to centuries, with the ocean
being the final sink of sequestered atmospheric carbon. Rock-C-sinks are characterized by the fact that the longer the
considered time horizon, the lower the uncertainty and, the higher the likelihood that DIC is formed and that it reached
the ocean.

Employing a C-sink for CO2 emission compensation, whose potential will only be established in the future, requires a
sensible approach to using and trading those C-sinks. Timing is an important factor in the evaluation of negative emissions:
Every ton of CO2 removed from the atmosphere today mitigates today’s climate, while a later removal will delay the
desired effect. Also, to compensate the global warming effect of CO2-emissions that occurred in the past or do so today,
the negative emission (removing CO2 from the atmosphere) must be realised now to avoid climate warming and its
accelerating feedback loops.

To be applicable as compensation for a CO2-emission, the persistence of an equally (100%) sized C-sink (based on an
COze calculation) must be guaranteed for at least 100 years. This is called the 700% 100year principle of CO2-
compensation.

Different C-sinks show different temporal dynamics. While Rock-C-sinks build up over time, others may predictably
degrade, such as the labile fraction of biochar. Few C-sinks can be assumed to be constant over a relevant period (e.g.,
>100 years), such as the persistent fraction of biochar C or geological stored CO2. Others are subject to discrete or only
partially predictable dynamics that require repeated measurements and/or monitoring, such as forest or biomass uses
(e.g., wood construction). Since global warming depends on the total amount of greenhouse gases in the atmosphere,
which is directly linked to the amount of carbon stored outside the atmosphere (C-sinks) at any given moment in time, a
summary tool is defined that maps these C-sink dynamics in a uniform way:

A C-sink porifolio is defined as the arithmetic combination of the C-sink curves of C-sinks with different time
horizons, at different locations, and/or using different negative emission technologies.

To compensate a CO2-emission, an equally sized C-sink must be retired (no resale possible) for at least 100 years. The
C-sink for CO2-emission compensation must be of constant size at each moment during the minimum compensation period
of 100 years (100% 100y). A C-sink can consist of several individual C-sinks with different time horizons grouped in a
C-sink portfolio (see Fig. 13 and 14).

A C-sink curve is defined as the function that delivers the amount of carbon stored in a C sink, expressed in
tons of C or tons of COze, at any given point in time.

To facilitate the application of C-sink curves in C-sink portfolios, they are presented in discrete 5-year segments, each
representing the average amount of carbon stored during those 5-year periods.

Thus, a C-sink portfolio is an assessment and trading tool that combines C-sink curves originating from different types of
carbon sinks. It enables the valorisation of increasing and decreasing, long- and short-term C-sinks and their use to obtain
carbon removal of a uniform quality to compensate CO2 emissions.

The constant C-sinks and C-sink curves add to each other in 20 defined 5-years segments over 100 years (e.g., the C-
sink value of the first 5 years of biochar applied to a given soil and the C-sink value of the first 5 years of Rock C-sink
in a given soil sum up to the C-sink portfolio value over the time horizon of those 5 years).

The same is repeated for every 5-year period until the time horizon of 100 years is reached. The C-sink portfolio is, thus,
built up over the defined 100 years period following the application of the C-sink material (e.g., biochar, ERW-minerals)
to the C-sink (e.g., sail).
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The portfolio C-sink presents the time-dependent total C-sink of all included C-sinks. However, only the portion of the
portfolio C-sink that presents the same C-sink value in each of the 20 five-years periods (100% 100y) can be used (sold)
for CO2-emission compensation (see Figure 12 and 13). Proportions of a 5-year C-sink segment overshooting the desired
CO2e-compensation area of the portfolio can be cut-off and used in a different portfolio.

Following the above principles, Rock-C-sinks can be included in C-sink portfolios. Based on a portfolio, C-sink certificates
of unprecedented rigor granting an immediate, constant, and persistent carbon removal from year 1 until year 100 are
generated.
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Figure 13: A carbon sink portfolio of enhanced rock weathering and biochar-based carbon sinks permitting to compensate a GHG-emission of 1000 t
CO2e (100% 100 years). It is compiled from the 5-year segments of 3 different C-sink curves, namely a Rock C-Sin k(blue), a persistent biochar-based
C-Sink (black), and a labile biochar-based C-Sink (grey). If only the Rock C-sink and the labile biochar pool are used, an emission of 640 t COze can
be compensated. BC= Biochar; CO2e = CO2 equivalents.

The red block is a C-sink portfolio of 1000 t CO2e with a minimum persistence of 100 years. It consists of (1) an increasing Rock C-Sink that reaches
1000 t COze after 100 years, (2) the labile fraction of a biochar C-Sink that held 1000 t COze at the beginning (year 0) and decreases exponentially
to 0 t COze at the end of the 100 year period, and (3) a persistent biochar C-Sink of 350 t COze that was applied to soil at the beginning (year 0)
and maintains its entire C-sink over the 100 years. All three C-sinks added together result in a C-sink that never falls below the limit of 1000 t COze
during the first 100 years and can be used to compensate 1000 t CO2e emissions. Proportions of a 5-year C-sink segment overshooting the red block
of the portfolio can be cut-off and deployed in a different portfolio.

The orange block indicates an alternative C-sink (climate service or emission compensation product that could be sold), which could be derived from the
same portfolio. The orange block envelopes a C-Sink of 640 t COze with a minimum persistence of 100 years. It consists of (1) an increasing Rock C-
Sink that reaches 1000 t COze after 100 years and (2) the labile fraction of a Biochar C-Sink that was 1000 t CO2e at the beginning (year 0) and
decreases exponentially to 0 t CO2e at the end of the 100-year period. The two C-sinks added together result in a C-sink that never falls below the limit
of 640 t COze during the first 100 years and can be used to compensate 640 t COze emissions. Proportions of a 5-year C-sink segment overshooting
the orange block of the portfolio can be cut-off and deployed in a different portfolio.
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The same principle can be applied for portfolios of different sizes and complexity, customizing different portfolios and
CO2e compensations.

Wood C-Sink
(500t CO,e input from wood construction)

Labile BC C-Sink (1000 t Rock C-Sink
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Figure 14: A diversified carbon sink portfolio equivalent to 1800 t CO2e (100% 100 years). It is compiled from the 5-year integrals of 5 different C-
sink curves, namely a Rock C-Sink (blue), a persistent biochar-based C-Sink (black), a labile biochar-based C-Sink (grey), a forest C-Sink (green) and
a C-Sink originating from wood construction (brown). The compiled 5-year segments add up to a C-Sink portfolio (100% 100 years) that allows for
the compensation of 1800 t COze. BC= Biochar; COz2e = CO2 equivalents.

The red block is a C-sink of 1800 t COze with a minimum persistence of 100 years. It consists of (1) a persistent biochar C-Sink of 250 t CO2ze that
was applied to soil at the beginning (year 0) and maintains its C-sink equal over the entire 100 years, (2) an increasing forest C-Sink that reaches its
equilibrivm after 20 years, (3) an increasing Rock C-Sink that reaches 1000 t COze after 100 years, (4) the labile fraction of a biochar C-Sink that
was 1000 t COze at the beginning (year 0) and decreases exponentially to 0 t COze at the end of the 100 years period, and (5) a constant 500 t
CO2e wood C-Sink originating from wood construction. All five C-sinks added together result in a persistent C-sink that never falls below the limit of
1800 t CO2e and can be used to compensate 1800 t CO2e emissions. Proportions of a 5-year C-sink segment overshooting the red block of the portfolio
can be cut-off and deployed in a different portfolio.

The orange block indicates an alternative C-sink (climate service or emission compensation product that could be sold), which can be derived from the
same portfolio. The orange block envelopes a C-Sink of 1000 t COze with a minimum persistence of 100 years. It consists of (1) a persistent biochar C-
Sink of 250 t COze that was applied to soil at the beginning (year 0) and maintains its C-sink equal over the entire 100 years, (2) an increasing forest
C-Sink, that reaches its equilibrium after 20 years, (3) an increasing Rock C-Sink that reaches 1000 t COze after 100 years and (4) the labile fraction
of a biochar C-Sink that was 1000 t COze at the beginning (year 0) and decreases exponentially to 0 t CO2e at the end of the 100 year period. The
four C-sinks added together result in a persistent C-sink that never falls below the limit of 1000 t CO2e and can be used to compensate 1000 t CO2ze
emissions. Proportions of a 5-year C-sink segment overshooting the orange block of the portfolio can be cut-off and deployed in a different portfolio.
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8 Certification

8.1 Rock powder product certification

The certification of the mining company and rock powder product is carried out by the certification body. The responsible
certification body q.inspecta GmbH is approved by Carbon Standards International and accredited by the Swiss
Accreditation Service SAS. During an on-site visit, all requirements and data regarding environmental protection, work
safety, process emissions and rock powder sampling are controlled.

8.1.1 Basic requirements for the company

Environmental Protection

The mining and comminution operation supplying the rock powder must be an official company registered and licenced
according to national regulations.

The complete operation from land development, to mining, milling, delivery of rock powder and storage of mine tailings
must adhere to all national regulations on environmental protection. This includes regulations on process emissions,
particulate matter, soil- and water protection and prohibited substances.

Any operation suspected to cause intrusion into protected areas or expropriation of traditional land rights or private
properties of third parties cannot be covered under the present guidelines.

Health and Work Safety

Fire and dust protection regulations have to comply with local and national regulations throughout the entire production,
transportation, and user chain.

All workers must be informed in writing about possible risks and dangers of and around the production facility and sign
the document. This concerns the dust and respiratory protection.

All staff engaging in production and transport of rock powder need to be equipped with suitable personal protection
equipment. For the operation of material mills this includes an appropriate respiratory protection.

8.1.2 Emission factors
Product specific emission factors as described below must to be identified and updated once a year by the certifier to
warrant adequate consideration of carbon expenditures.

To calculate the carbon expenditures originating from scope 1 and scope 25 emissions the following factors need to be
quantified:

5 According to established greenhouse gas protocol (GHG Protocol, 2022), a company’s emissions are classified in three different
categories, i.e., scopes (scope 1-3). Scope 1 covers direct emissions by the company (e.g., fuel use), scope 2 covers indirect
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1. Eminingt Mean electrical energy consumption for mining operations in MWh electricity used per 1 t rock mined. If
additional thermal energy is required (e.g., steam production) the associated energy requirements need to be
indicated separate.

2. Emiiing: Mean electrical energy consumption for comminution operations in MWh electricity used per 1 t rock broken
down to the required particle size distribution of the product. If additional thermal energy is used (e.g., steam
production) the associated energy requirements need to be indicated in separate.

3. Fmining+miling: Mean fuel consumption for mining and comminution operations in L diesel used per 1 t rock mined
and milled.

Scope 3 emissions are included by a safety margin of 10%. Thus, the carbon expenditures are calculated according to
equation (14) as follows:

Equation (14):

Exproduction = ((Emining+ Emilling) * EF + (Fmining + Fmilling) *0.0032¢ COze ) *1.11

EXxproduction = emission factor in t CO2ze ! rock powder.

E = energy usage in MWh t rock-!

EF = national emission factor for the electricity generation in t CO2e MWh-'.

F = fuels (diesel) usage in L

0.0032 t CO2ze = mean COze emission from burning 1 L diesel (Juhrich, 2016)
1.1 = margin to incorporate scope 3 emissions.

For a pilot phase, defined as 2022- 2023, emission factors as declared by the company will be accepted. On-site
inspection and verification become mandatory from January 1 .2024 onwards.

A revision of company and product specific emission factors must take place at least every 12 months and after a change
in deployed mining and/or milling technologies.

Further, the geolocation of the production facility needs to be documented, to calculate transport distances from factory
gate to application site.

Downstream emissions resulting from transportation must be calculated based on transport distance according to Equation
(15).

Equation (15):
EXtranspore = distance x 0.000113 t CO,e km™!

Extransporr= Transport emissions in t CO2 +! rock powder
distance = transport distance in km (factory gate to field)
0.000111 t COze = mean CO2e emissions from transporting 1 t km-! (UBA, 2022)

emissions from production of procured energy (electricity, steam, heat, cooling). Scope 3 covers further indirect and often
diffuse emissions, as, e.g., upstream emissions (emissions from suppliers/ premanufacturing) or commuting employees. The
reporting of scope 1 and 2 emissions is mandatory for many companies, while scope 3 emissions are voluntary, because they are
difficult to monitor.
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The emission factor is sufficiently conservative to also cover the empty run of a truck returning to the factory gate. Such
empty-runs are typical within the transport logistics of bulk goods.

For the field application a conservative estimate of 0.004 t+ CO2 per ton rock powder (Moosdorf et al., 2014) applies.

The total carbon expenditures t™1 rock powder are calculated according to Equation (16).

Equation (16):

Carbon expendltures = Exproduction + Extransport + Exapplication

CE = Carbon expenditures t COze ' rock powder.
Exproduction = emission factor in t CO2ze ! rock powder.
Extransporr= Transport emissions in t CO2 t+! rock powder
ExXapplication= Application emissions in t CO2 t+ rock powder

The field or project specific carbon expenditures are the product of the carbon expenditures per ton rock powder and
the number of tons rock powder applied.
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8.1.3 Routine analysis and definition of batches
A rock powder production batch is defined as a documented amount of rock powder, produced under the same
production conditions (technology and energy input), being mined from a unique geological formation, or removed from
a mine tailings stock of defined mineralogical and elemental composition.

A routine analysis of the rock powder characteristics must be caried out at least every 6 and after a change in deployed
mining and/ or milling technologies. Thus, one year’s production will be assigned to at least two production batches.

A routine analysis of a rock powder batch must cover all parameters as listed in Annex 10.1.1 and is carried out by a
laboratory accredited through Carbon Standards International. The accredited laboratories are listed on the website of
Carbon Standards International.

For analytical purposes, representative composite rock powder samples of >10 kg must be drawn from the mine tailings
stock storage (discharge side) — or sampled from ongoing production following the sampling protocol in Annex 10.1.1.

Each production batch is assigned a unique batch ID.

8.1.4 Delivery unit ID

Before a delivery can happen, the batches have to be certified. Each ton of rock powder ordered and applied by a
farmer or other project owner must be associated to a unique delivery-unit ID. All delivery-unit IDs must be associated to
a certified batch ID (see chapter 8.1.3). The delivery unit IDs and associated rock powder quantities must be accessible
for the certification body.

The delivery note issued by the mining company or distributor must indicate the batch ID and delivery-unit ID both in plain
text and a forgery proofed QR code. The QR code is further linking to a viewable online database where the rock
characterisation according to Annex 10.1.1 and field characterizations can be consulted.

The farmer or project owner must upload an image of the delivery note along with a geo-tagged image of the unloaded
rock powder to the provided online registry system. This links the delivery to the certified batch.

8.2 Certification of the Rock C-Sink potential

For successful certification of a batch all required data must be compiled in the provided online tools and approved by
the certification body.

The project owner must provide farm and field specific data to the online tools which includes:

Farmers name and address

Field size

Field GPS-coordinates (Point Coordinate + KML Polygon)
Application date

Application amount (t field™)

Delivery unit and Batch-ID

Delivery Note and geo-tagged picture

Soil parameters (Annex 10.1.2)

Agroclimatic parameters of the region (Chapter 4)

A field is defined as connected land unit being subject to identical land management and having a maximum size of 10
hectare. Closely adjacent land units (<50m distance, e.g. separated by dirt roads, hedge rows or streams) may also be
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consolidated as one field in the context of project documentation and soil analysis — as long soils show largely uniform
characteristics (same soil type sandy/loamy/clayey and max 0.3 units pH difference).

All data entered by a project owner must be verified by the certification body. Upon completion and verification of data
input the field specific C-sink potential will be calculated and issued automatically.

Until model validation or replacement, the C-sink curve is only indicative, but not certified. As per version 1.0 of the
present guidelines, only the Rock C-sink potential will be certified and admitted for sale as a climate service as per
chapter 7.1.

8.2.1 Geographic validity range

Any ERW-projects outside the European Union must send an application to Carbon Standards International to open a
dossier for the addition of a country specific Annex document, addressing the ERW applications in the face of applicable
national legislation and assessing the quality of available agroclimatic data (Annex 10.2).

8.2.2 Accreditation of carbon-sink traders

A C-sink trader is an entity coordinating and managing the trade and registry of carbon sinks and C-sink potentials as
part of C-sink portfolios.

To be eligible under the present guidelines a carbon trader must be accredited by Carbon Standards International.

C-sink traders can also execute monitoring tasks, targeting the downstream carbon expenditures (past factory gate
emissions, e.g., transport emissions) if suitable infrastructure is present. The respective tracking systems must be approved
by Carbon Standards International.
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10 Annex

10.1 Analytical methods

In preparation

10.1.1 Rock powder analysis:

In preparation

Rock powder sampling protocol
Moisture content at factory gate
X-ray fluorescence analysis:

Bulk mineralogical analysis by X-ray diffraction
Particle size distribution and effective particle diameter
Brunauver—Emmett-Teller Analysis
Nitrogen (N)

Phosphate (as P205)

Potassium (as K20)

Magnesium (Mg)

Sulfur (S)

Boron (B)

Copper (Cu)

Zink (Zi)

Cobalt (Co)

Alkaline Components (as CaO)
Selenium (Se)

Chlorin (CI)

Arsenic (As)

Lead (Pb)

Cadmium (Cd)

Total Chromium (Cr)

Nickel (Ni)

Mercury (Hg)

Thallium (TI)
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Rock density
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10.1.2 Soil analysis

In preparation
Soil sampling protocol
Soil Ph

Cadmium,

Lead

Chromium

Copper

Nickel

Zinc

Mercury

10.2 Legal aspects

10.2.1. Rock powder application under German law

As per its mean composition (relatively low nutritional content), rock powders do not qualify as inorganic single or multi-
nutrient fertilizers.

Natural rock powders, not including mineral waste streams or artificial silicates, are approved soil amendments in the
form of soil conditioners as per the German Federal Fertilizer Regulation, DUMV 2012 §4 (3) 2. Rock powders are also
approved by organic certification schemes as bioland or demeter.

For a rock powder to be admissible as a soil amendment under German law, the following limit values must be respects.
Further, constituents must be indicated on the product label/ in the product description if the respective labeling threshold
is exceeded.
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Table 5: Label and limit values for soil conditioners under German law

Parameter Labelling Labelling Threshold | Limit
Threshold Tolerance Value

Nitrogen (N) 0.1% 50%; 1%-Point non

Phosphate (asP205) 0.1% 50%; 1%-Point non

Potassium (asK20) 0.1% 50%; 1%-Point non

Magnesium (Mg) 0.1% 50%; 1%-Point non

Sulphur (S) 0.1% 50%; 1%-Point non

Boron (B) 0.01% 20%; 0.4%-Point non

Copper (Cu) 0.05% 20%; 0.4%-Point non

Zink (Zi) 0.1% 20%; 0.4%-Point non

Cobalt (Co) 0.004% 20%; 0.4%-Point non

Alkaline Components (as CaQO) 5% 50%; 2.5%-Point non

Selenium (Se) 0.0005% 25% non

Chlorid (Cl) any value 0.2% non

pH any value 0.4 units non

Arsenic (As) 20 mg kg™! 50% 40 mg kg™’

Lead (Pb) 100 mg kg™! 50% 150 mg kg™!

Cadmium (Cd) 1 mg kg™! 50% 1.5 mg kg™!?

Total Chromium (Cr) 300 mg kg™’ 50% non

Chromium (CrV) 1.2 mg kg™! 50% 2 mg kg™!

Nickel (Ni) 40 mg kg™! 50% 120 mg kg™!

Mercury (Hg) 0.5 mg kg™! 50% 1 mg kg™!

Thallium (TI) 0.5 mg kg™! 50% 1 mg kg™!

Further, the baseline concentration of trace elements in the soil as described in Chapter 3.1.4, must not be exceeded, to
adhere to the precaution values of the German Federal Soil Protection Act (BBodSchv, 2020 Annex 2.4). If this precaution
values are exceeded, German law only allows for limited application of substances containing further loads of the
respective trace elements. However, the present guidelines do not allow any further rock application if the precaution
values are exceeded.

Regulations of the federal fertilizer regulation (DuV, 2017) must be respected. Relevant nutrient loads contained in the
rock powder must be documented in the farm nutrient budget.

The P20s introduced through the rock powder must not exceed the P2Os 3-year requirements of a given field, to be
calculated by the farmer. However, the present guidelines do not allow any rock application exceeding 50% of the
P20Os 3-year requirements of a given field.
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11.2 EU fertilizer product

As per its mean composition relatively low nutritional content), rock powders do not qualify as solid, inorganic, single-
macronutrient fertilizer or solid, inorganic, multi-macronutrient fertilizer in the sense of PCF1.C.l.a.i, or PCF1.C.La.ii. of the

regulation (EU) 2019/1009.
Rock powders are defined and approved as soil conditioners as per PFC3.B of the (EU) 2019/1009.

Limit values of singe constituents as per (EU) 2019/1009, PFC 3 B, 2-3 must be respected.

Table 6: Label and limit values for soil conditioners under European law

Constituent

Limit value

Cadmium (Cd)

1.5 mg kg-' dry mass

Chromium VI (CrV)

2 mg kg-! dry mass

Mercury (Hg)

1 mg kg-! dry mass

Nickel (Ni)

100 mg kg-! dry mass

Lead (Pb)

120 mg kg-! dry mass

Inorganic Arsen (As)

40 mg kg-! dry mass

Copper (Cu) 300 mg kg-! dry mass
Zinc (Zi) 800 mg kg-' dry mass

If a given rock powder is to be declared as a European fertilizer product, the given mining company is responsible for
relevant characterization, certification, and labelling.

Further, national regulations on product approval and product application, amending European law must be respected.

10.2.2 Rock powder application under U.S. American law

In Preparation
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10.3 Normalized net primary productivity database

In Preparation

(In preparation)
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10.4 Examples: Expected Rock C-sink curves

outh Germany (10 t of Rock Powder)

Accumulation of the Rock-C-Sink Potential
m 5-Year Segments ® Net C-Sink Potential
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North Spain (10 t of Rock Powder)

Accumulation of the Rock-C-Sink Potenti

m 5-Year Segments = Net C-Sink Potential
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Accumulation of the Rock-C-Sink Potenti
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