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A B S T R A C T

Rapid formation of stable soil carbonates offers a potential biologically-mediated strategy for removing atmo-
spheric CO2 and forms a part of the negative emissions debate in a bid to maintain global temperatures of 1.5 °C.
Microbial respiration in soil and respiration by plant roots leads to high partial pressure of CO2 below ground.
Given adequate supply of calcium in soil solution the sequestration of C into the mineral calcite (CaCO3) can
occur at rapid rates. We have coupled an established soil C model RothC to a simplified geochemical model so
that this strategy can be explored and assessed by simulation. The combined model CASPER partitions CO2
respired belowground into soil solution as HCO3− and simulates its reaction with Ca2+ based on a particular
dissolution rate for Ca-bearing minerals, with precipitation of calcite into soil pores as a consequence. Typical
model output matches observed field rates of calcite accumulation over 5 years, namely 81 t ha−1, with 19 t CO2
ha−1 sequestered into the soil.

1. Introduction

The Intergovernmental Panel on Climate Change (IPCC) has high-
lighted the need for CO2 removal in avoiding a rise in global tem-
perature more than 1.5 °C relative to pre-industrial times (IPCC, 2018).
As well as accumulating organic C in soil, atmospheric carbon dioxide
(CO2) can be removed by enhanced rock weathering (Beerling et al.,
2018), or by precipitation of inorganic C as soil carbonate minerals
(Manning and Renforth, 2012). Carbonate minerals in soil naturally
store as much C as is present in the atmosphere, and possibly as much as
exists in soil organic carbon (SOC) pools (Lal and Kimble, 2000). Since
the source of C in this pool is largely from CO2 produced in the organic
soil C cycle (i.e. pedogenic, formed in soil), there is both the potential to
facilitate rapid increases in stable inorganic C observed in managed
land (Washbourne et al., 2015), and to develop predictive capacity
through model development.

The equilibrium content for organic C in soil is defined by the bal-
ance between inputs of C from plant roots and above-ground residues,
and the decomposition of this plant material by soil micro-organisms. A
number of models are available to predict changes in SOC in space and

time, with relevance to planning land use and soil management. These
models account in a simplified way for the turnover and stabilisation
that occurs during decomposition, in response to plant productivity,
climate and soil texture. Examples of such models include Roth C,
CENTURY (Paustian et al., 1992; Parton, 1996) and DAISY (Mueller
et al., 1996). For inorganic C in soil there are no corresponding models
available to guide decision making and policy. In this paper, we de-
scribe CASPER (Carbonate Accumulation in Soils through the Predic-
tion of Elemental Release). It is a first attempt to simulate the irre-
versible one-way accumulation of inorganic C from CO2 in the presence
of calcium bearing precursors and is thus quite distinct from SOC. De-
velopment of the CASPER model should permit integrated approaches
to land management for C storage, where the supply of calcium from
mineral sources is managed in order to promote precipitation of the
carbonate mineral calcite (CaCO3).

Our approach is to draw on existing simulation of the CO2 produced
in organic C decomposition (and from plant root respiration), to create
a simple new model of calcite saturation. As with the organic C model,
the inorganic model requires only a limited amount of site-specific data
in order to run (APHA, 2012). The stock of calcium-bearing minerals is
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one input variable. Slow dissolution of these minerals releases Ca2+

while generation of HCO3− is driven by CO2 simulated by the organic
carbon model (and plant root respiration). When soil solution reaches
saturation with respect to calcite it precipitates. Calcite forms at max-
imum rate when the soil CO2 is maintained at the partial pressure ne-
cessary to maintain precipitation at the rate constrained by calcium
release by mineral dissolution. There is clear dependence on Ca2+

availability and the dissolution rate of the Ca-bearing minerals.
Natural landscapes that display a high concentration of inorganic C

formed in soil pedogenic inorganic carbon, (PIC) are associated with
arid and semi-arid climates, where restricted soil water favours the
accumulation of Ca2+ in soil profiles. These landscapes account for
most PIC globally, though pedogenic carbonates occur quite widely in
low concentrations. Statistical models have been used to estimate na-
tional SIC stocks based soil on Ca and Al concentrations (Rawlins et al.,
2011; Marchant et al., 2015), but there is a lack of models that simulate
carbonate C formation through an integrated understanding of physical,
chemical and biological processes. The need for such models arises in
large part from the observation that formation of PIC can be extremely
rapid in managed land. This has highlighted the opportunity to se-
quester large amounts of CO2 into calcite even in a small area and over
short timeframes (Washbourne et al., 2012, 2015; Jorat et al., 2015a,b;
Renforth et al., 2011b). In particular, Washbourne et al. (2012) mea-
sured an increase in PIC 23 t C ha−1yr−1 at an urban site containing
calcium-containing demolition fines. This is a considerably greater
amount than can be achieved, for example, by the capture of CO2 into
standing plant biomass in woodland establishment. The sources of
calcium in demolition fines arise from concrete structures and include
calcium silicates and hydroxides within Portland cement, and gypsum
(calcium sulfate) derived from plaster. The pedogenic origins of calcite
in the study of Washbourne et al. (2015) could be confirmed by stable
isotope analysis, using the distinction in 12:13C (stable isotope) ratio
between plant-fixed organic C and C in CO2 directly from air. This
evidence was corroborated by 14C dating, which showed notable pro-
portions of modern C. Other work has shown that carbonate minerals
can form in artificial soils where green waste compost is mixed with
finely ground natural calcium silicates such as dolerite quarry fines
(Manning et al., 2013). In this case, C accumulated as PIC (4.8 tC
ha−1yr−1), again confirmed using stable isotope data (Manning et al.,
2013).

In idealised form, the reaction (1) between calcium silicate minerals
and CO2 can be written as follows:

CaSiO3 + CO2 + 2H2O→CaCO3 + H4SiO4 (Reaction 1)

As well as predicting PIC accumulation based on dissolution rates
that apply in the field, more accurate estimates of dissolution may be
established through model parameterisation. This is a key objective in
the initial development of CASPER. Once parameterised, such models
could enable further development and eventual use of engineered soils
to address the challenging and increasingly important need for green-
house gas removal (GGR) through PIC formation.

CASPER therefore addresses a particular gap in current modelling
and prediction for GGR opportunities, with the potential to integrate
further options such as biochar C storage. It is currently designed to
simulate situations where crushed rock is used as a component of ar-
tificial soil or as an amendment to natural soils. Through calibration
against data on measured capture into artificial soils of known history,
CASPER aims to permit the establishment of distinct in-situ dissolution
rates for a limited range of mineral mixtures and site-specific circum-
stances. These mixtures may include construction and demolition
waste, fly ash and iron and steel slags, which have all been found to
enhance C capture and storage in urban settings (Renforth et al., 2009,

2011a,b; Morales-Flórez et al., 2011; Mayes et al., 2018). Accumulating
PIC using basaltic and doleritic quarry fines as a Ca source (fine par-
ticles produced during the manufacture of widely used construction
aggregates) extends the approach to settings where application of de-
molition materials might not be permitted (Manning et al., 2013). In
this paper we introduce CASPER and report on the inference of dis-
solution rates as well as the characteristics of model output.

2. Model description

CASPER is based on a novel extension of an existing soil CO2 pro-
duction model (Roth C) with a simplified geochemical dissolution and
precipitation model. The latter was originally developed by the
American Public Health Association (APHA, 2012) and is ideal for
circumstances where compositional data for the soil solution of interest
is limited. The sources of elevated CO2 (up to a hundred-fold) in soil are
microbial respiration of plant-derived organic matter (substrate) af-
fected via compost layers and the respiration of active root systems.
Geochemical release of Ca depends on the dissolution of non-carbonate
Ca-bearing minerals. Calcite precipitates in soil pores when the con-
centrations of Ca2+ and HCO3− ions in solution reach a threshold
concentration, i.e. is saturated with respect to calcite. The model is
currently implemented using the graphical system dynamics software
Vensim v7.1 (Eberlein and Peterson, 1992) and a range of input para-
meters pre-calculated using Excel. Table 1 illustrates model nomen-
clature used within the paper and appropriate section numbers and
Fig. 1 illustrates an overview of the complete model.

2.1. CO2 production model

RothC 26.3 is used to predict the CO2 flux arising from organic C
turnover in soil (Coleman and Jenkinson, 1996). RothC has a simple
structure and a limited set of driving variables but its output compares
well with more complex models (Smith et al., 1997). Other models have
arisen from using Roth C as their foundation for similar work. Bonten
et al. (2016) predicted the effects of acid deposition from the atmo-
sphere on C sequestration, eutrophication and soil pH. Mondini et al.
(2017) proposed modifying the Roth C model in order to improve the
definitions of exogenous organic matter quality (i.e. degradability of
compost and manure inputs), so that the mineralisation of soil C could
be more accurately predicted. Skjemstad et al. (2004) considered the
effect of naturally high concentrations of charcoal in Australian soils to
propose a revision to initialisation.

2.1.1. CO2 flux from plant litter and exudates
Plants deposit organic C into soil through litterfall aboveground and

the belowground input of root litter. Belowground plant roots also
exude C directly into the soil. These materials are substrates for soil
micro-organisms, which through a process of repeated substrate utili-
sation and stabilisation slowly return the C to the atmosphere in their
respiration and turnover. RothC simulates this process primarily to
predict the equilibrium soil content of organic carbon, (area-based
stocks of SOC, tC ha−1), but CO2 is a resulting output. Roth C assumes
using its standard land management and weather files that the five SOC
pools will not reach equilibrium until approximately 10,000 years after
soil has been freshly placed. To account for the contrasting composition
of organic C entering soil and the progressive stabilisation of residual C,
RothC invokes three compartments of contrasting turnover rate, sup-
plied by two source (input) pools. The input pools represent plant-de-
rived C in litter and exudates, differentiated by their quality as micro-
bial substrate. The partitioning between decomposable plant material
(DPM) and resistant plant material (RPM) has been obtained through
calibration and reflects differences in the chemical composition of
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different plant inputs. The remaining soil pools comprise humified or-
ganic matter (HUM), inert organic matter (IOM) and the microbial
biomass itself (BIO). Microbial biomass (BIO) acts on all pools (except
IOM) as microbial substrates and follows first-order reaction kinetics.
Carbon dioxide is the product alongside new BIO (assimilated carbon)
and new HUM (residual C substrate). BIO is itself a substrate since the
microbial population has its own rate of turnover (producing further
BIO alongside CO2 and HUM). The small IOM pool is considered inert,
i.e. is not utilised by micro-organisms at a rate relevant to simulation
timescales. It has been likened to fire-derived black C or charcoal. The
biological decomposition process simulated by RothC is influenced by
soil moisture and temperature conditions, for which modifiers are ap-
plied. The presence of plant cover invokes a further modifier to de-
composition rate, i.e. a modifier to the rate of soil drying (evapo-
transpiration) in order to reflect the transpiration component.

2.1.2. CO2 flux from root respiration
In an equilibrium situation with respect to plant and soil (i.e. when

plant biomass is mature and where there is no removal through har-
vest), there should be no inter-annual variation in plant biomass, the
annual C input to soil, or the soil C content. Based on the magnitude of
global net primary production (annual biomass growth, NPP) and
global respiration (gross primary production, photosynthesis, GPP), and
assuming roots account for about half of total plant respiration (based
on relative biomass), root respiration should be approximately half as
large as the input of organic C to soil (and thus also half the output of
CO2 respired by micro-organisms). In a situation where biomass is re-
establishing or where biomass is harvested, root respiration will be a
larger proportion (NPP is a larger proportion of GPP, with either net
biomass accumulation or constant biomass removals). To reflect this
principle and for simplicity, we simply assume for our initial simula-
tions that the respiration of roots is equal to NPP (total plant C input).

2.1.3. Soil CO2 partial pressure
CO2 dissolution is affected by partial pressure, according to Henry's

Law. We assume that the soil is at field capacity i.e. 60% water holding
capacity. CO2 partial pressure is assumed to be 1 atm, as RothC predicts
more evolved CO2 than can be accommodated by the available pore
space (assuming 25% porosity) at atmospheric pressure (1m soil
depth). The excess is a flux that leaves the soil. At field capacity, partial
pressure remains constant at 1, however, at soil saturation (> 90%
moisture content,< 10% pore head space) partial pressure fluctuates
between 1 and 2 atm. It is assumed however that in most cases there is
enough CO2 available in order to drive the model, as calcium is rate
limiting.

2.1.4. CO2 dissolution
HCO3e concentration in the soil solution is calculated assuming

total soil porosity of approximately 25% for a soil made by blending
solid particles (Jorat et al., 2015b). CO2 dissolution is calculated using
Henry's law (Sander, 2014). Equilibrium in terms of atmospheric and
dissolved CO2 with partial pressure (PCO2) is defined through the fol-
lowing equation:

CO K P[ ] CO CO2 2 2= (1)

KCO2 is the Henry's Law constant and PCO2 is partial pressure. Since there
is a constant ratio H CO CO[ ]/[ ]2 3 2 with an independence in terms of
temperature between 0°C and 50 °C (Lowenthal and Marais, 1976):

H CO K P[ ] CO CO2 3 2 2= (2)

The constant KCO2 is temperature dependent and given by the linear
function (Lowenthal and Marais, 1976):

pK T1.12 0.0138 within the range 0 C 35 CCO2 = + ° ° (3)

In order to determine the equilibrium of CO2 between the water and
the atmosphere, there is a direct relationship between alkalinity and pH
(Weber and Stumm, 1963). We assume that the dissolution of CO2 takes
place in an open system, which means that the soil solution in contact
with exogenous CO2 from SOM is slightly acidic (pH 5.61), and that the
dominant dissolved carbonate species is HCO3−.

2.2. Geochemical model

2.2.1. Release of Ca from silicate minerals
Calcium silicate minerals either introduced to the soil substrate or

mixed with organic matter to produce an artificial soil weather at
specific rates and release Ca2+ and other elements to the soil solution.
Previous observation suggests extremely slow rates of Ca2+ release (e.g.
Palandri and Kharaka (2004)). Such rates are far too slow to explain the
PIC accumulation reported above for urban soils or artificial mixes of
compost and crushed dolerite. The rates of dissolution, i.e. the

Table 1
Model nomenclature.

Symbol Description Equation number

CO2 dissolution (2.1.4):
KCO2 Henry's law constant Eq. (1) and (2)
PCO2 Partial pressure of CO2 in Atm Eq. (1) and (2)
pKCO2 CO2 linear constant function Eq. 3
Release of Ca from Silicate minerals (2.2.1):
Gd Average grain diameter Eqs. (4), (5) and (9)
Gv Spherical grain volume Eqs. ((4), (6), (8) and

(10)
Gm Mass of one grain Eq. 6
Gkg Amount of grains per Kg Eq. 6
SAg Grain surface area Eq. 5
SUBd Substrate depth Eq. (7) and (8)
SUBv Substrate volume Eq. 7
Gha Grains per ha Eq. (8) and (10)
STOtha Total stock of an element in tonnes Eq. 11
D Substrate density Eq. 11
COMwt Chemical composition Eq. 11
Weathering of silicate minerals and mass transfer (2.2.2):
R Chemical weathering rate (mol m−2 s−1) Eq. 12

M Change in Solute mass (mol) from
weathering

Eq. 12

S Total surface area Eq. 12
t Reaction duration
Ionic strength and equilibrium concentrations (2.2.3):
CBE Charge balance error Eq. 15
T Temperature Eqs. (16) and (17)
pK2 Negative log [-log ] of the secondary

dissociation constant
Eqs. (16) and (23)

pKc Negative log of calcite ionisation constant Eqs. (17) and (23)
fi Activity coefficient Eqs. (18) and (23)
X[ ] Molar concentration of X Eq. 18
X( ) Activity of ion X Eq. 18

I Ion of a particular element Eq. 20
ci ion I molar concentration Eq. 20
zi Ion charge number Eq. 20
µ Ionic strength Eq. 21
A Constant estimated from dielectric constant

and temperature
Eq. 19

Calcite precipitation (2.2.4):
IAP Ion activity product Eq. 22
Ksp Solubility product Eq. 22
SI Calcite saturation index Eqs. (22) and (24)
pHs Saturated pH value Eqs. (23) and (24)
pH Actual pH Eq. 24
[ ]pCa2+ Negative log of free calcium ions Eq. (23)

[ ]pHCO3 Negative log of bicarbonate ions Eq. (23)
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weathering rates, depend on the surface area of the soil minerals that is
available for reaction. Overall, to address calcium dissolution at a field
scale and to integrate with RothC, it is expressed per ha of land area.
CASPER considers the release of Ca2+ from individual grains of a spe-
cific size, summed to evaluate total release per hectare. The total mi-
neral grain surface area per ha is estimated geometrically assuming
spherical grains. To calculate the elemental stocks in moles per ha, we
must first calculate grain volume and surface area:

G G4
3

(
2

)d
v

3 = (4)

G SA4 (
2

)d
g

2 = (5)

Where Gd is the average grain diameter of the substrate that is divided
by 2 to obtain the grain radius and Gv is the spherical grain volume
(mm3). The surface area (mm2) of the grain SAg is also derived from the
radius. To obtain the quantity of grains per kg of granular rock material:

G G G1 000v m kg= (6)

Where Gm is the mass of 1 grain and Gkg is the number of grains per kg.
Substrate volume per ha is calculated in m3 through:

SUB SUB100 d v
2 = (7)

1ha= 10 000m2 (100×100) multiplied by SUBd which is the user
defined substrate depth (for example 1m) and SUBv is the final volume
of the substrate. Total grains per ha Gha is calculated through equation
(16).

G
G

SUB( 1 000 )ha
v

d
3

=
(8)

Total elemental stocks are in tonnes per ha STO( )tha . For simplicity

at this stage, it is assumed that each spherical grain reacts through a
near-surface shell (dissolution rates are slow, so reaction of the entire
grain is limited):

SP G4
3

(
2

0.01)i
d 3= (9)

VD G G SP(
1 000

)ha ha
v i

3= (10)

STO VD D COM( 1 000)
100 000tha ha

wt= (11)

Where SPi is the inner sphere of the grain shell Gv represents the radius
of the grain and also the radius of the outer sphere. SD is the shell depth
and VDha is the volume of the dissolved shell per ha (m3), D is the
density of the substrate (approximately 2.7 g/cm3 for basalt). COMwt is
the chemical concentration for the selected element.

2.2.2. Weathering of silicate minerals and mass transfer
CASPER simulates the process of chemical weathering in terms of

silicate minerals, and ignores physical weathering, which in soils is
hard to predict. The chemical weathering rate R (mol m−2 s−1) of si-
licate minerals is illustrated by the following relationship:

R M
St

= (12)

M (mol) is the change in concentration in solution over time, S
(m2) is total surface area of the dissolving grains, and t (s) is the
duration of the reaction.

2.2.3. Ionic strength and equilibrium concentrations
The simplified geochemical model (APHA, 2012) used in this study

requires an estimate of ionic strength and chemical composition of the

Fig. 1. Structure of RothC organic carbon pools and geochemical model in CASPER (IOM: Inert organic matter; DPM: Decomposable plant material; RPM: Resistant
plant material; BIO: Microbial biomass; HUM: Humified organic matter).
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soil solution so that the saturation index (SI) of calcite can be de-
termined. The most abundant cations that affect ionic strength are Ca,
Mg, Na and K, therefore only these specific elements were considered in
the model. Initial concentrations of HCO3− were also used, while
charge balance is assumed to be as chloride, Cl−, calculated using
molar concentrations:

Cl Ca Mg Na K HCO[ ] 2 [ ] 2 [ ] [ ] [ ] [ ]2 2
3= × + × + ++ + + + (13)

and assuming charge balance:

cations ions= (14)

However, errors associated with analytical procedures may in-
troduce imbalances in the electrical charge. The charge-balance error
(CBE) is one measure with its value in percent:

CBE
cations anions
cations anions

100=
+

×
(15)

CBE is a checksum to ensure CASPER is successfully representing all
ions ions within the substrate that is being simulated. Determining
the equilibrium solution composition allows prediction of calcite pre-
cipitation within the system through two key variables: temperature
and ionic strength. The ionisation constant K2, and calcite solubility
product (Kc) are temperature dependent and are expressed as loga-
rithmic values, pK, which are dependent on temperature and are

introduced via the following equations.

pK
T

T( 2902.39 ) 0.02379 6.4982 = + (16)

Table 2
Data requirements and causal influences.

Criteria Value Initial data requirements Modelled causal influences

Clay content of the soil % Soil type, CaCO3 content Evolved CO2/HCO3 production
DPM/RPM Ratio < 0–1> Soil type Evolved CO2/HCO3 production
Average monthly mean air temperature ºC Local temperature Calcite saturation index, Soil organic decomposition

rates
Soil Cover Cover Material Vegetation in substrate Soil Organic decomposition rates, Evolved CO2/HCO3

production
Monthly input of plant residue t C ha−1 Vegetation in substrate Evolved CO2/HCO3 production
Depth of soil layer sampled m n/a Silicate mineral stocks
Silicate mineral stocks t/ha Substrate density, grain diameter, shell depth Weathering rate
Soil porosity % Density of Basalt (2.7 g/cm3) Moisture content, pore head space
Shell depth mm Mineral composition Mineral stocks, release rate
Substrate density g/cm3 Mineral composition Mineral stocks, Soil porosity
Grain diameter μm-mm Clay fraction particle size of soil Mineral stocks, release rate
Elemental weathering rate mol m−2 s−1 Sampled rates (Hausrath et al., 2009), Soil moisture

deficit, Pore space
Calcite dissolution, Mineral stocks

Soil solution composition mM Sampled (Benians et al., 1977) Ionic strength
Soil pH 1–10 Sampled (Benians et al., 1977) Calcite saturation index
Atmospheric pressure Atm Soil moisture content, Substrate density CO2 dissolution/HCO3 production

Table 3
Model initial values.

Criteria Value Initial data setup

Soil Porosity % 25 (Basaltic)
Moisture content % 60 (Field capacity)
Clay content of the soil % 0
DPM/RPM Ratio <0–1> 1.44
Average monthly mean air temperature ºC ROTH C standard files
Soil Cover Cover Material ROTH C standard files
Monthly input of plant residue t C ha−1 0.065 (Managed grass)
Depth of soil layer sampled cm 100
Organic compartments t/ha DPM 0; RPM 0; HUM 0; BIO 0; IOM 0
Silicate mineral stocks t/ha [Ca] 951.8; [Mg] 533.8; [Na] 284.7; [K] 120.7
Shell depth mm 0.01
Substrate density g/cm3 2.7 (Basaltic)
Grain diameter μm (mm) 100 (0.1)
Elemental weathering rate mols m−2 s−1 [Ca] 2.94×10−10; [Mg] 6.47× 10−10; [Na] 0.203×10−10; [K] 0.046×10−10

Calculated monthly weathering rate mol ha−1 mon−1 [Ca] 472,470; [Mg] 1,039,755; [Na] 71,793; [K] 1123
Soil solution composition mM [Ca+] 0.97; [Mg+] 0.18; [Na+] 0.74; [K+] 55; [Cle] 2.64; [HCO3-] 0.4; [CaCO3] 0
Soil pH 1–10 8
Atmospheric pressure ATM 1

0 10 20 30 40 50 60
Months

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.70

0.80

E
vo

lv
ed

C
O

2
(t/

ha
)

Fig. 2. CO2 concentration in soil gas over 60 months.
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where T is in the range of 273–323 K or 0–50 °C (Harned and Scholes,
1941). The dissociation constant of calcite is given by:

pK
T

T13.870 ( 3059 ) 0.04035c = + (17)

Where T is in the range of 273–323 K or 0–50 °C (Jacobson and
Langmuir, 1974). As the ionic strength increases, the activity of the
species is reduced. Equations for equilibrium are correct when appro-
priately written in terms of activities:

fi X X[ ] ( )= (18)

where:

fi =Activity coefficient.
X[ ]=molar concentration of X.
X( ) =activity of ion X.

The Davies equation is used in order to determine the value of the
activity coefficients (Panthi, 2003):

log fi Z
µ

µ
µ A( ) 0.5 (

1
0.3 )I

2= ×
+

×
(19)

where log fi( ) is the logarithmic activity coefficient, ZI
2 is the ion charge.

As the elements are released into solution, the ionic strength changes
and is expressed in the model as:

I c z1
2 i

n

i i
1

2=
= (20)

where one half is because the quantities of total anions and cations are
equal to maintain charge balance, the molar concentration of ion I in
moles per litre or mol/l is defined as ci, zi is the ion charge number and
all of the ions within the solution are summed appropriately. In more
dilute solutions there is a lack of sensitivity towards ionic strength for
activity coefficients, therefore the ionic strength can be approximated
and still maintain appropriate and acceptable accuracy so that if only
an approximate estimate of ionic strength is available, the activities can
be determined. In natural water, the concentration of total inorganic
dissolved solids can be used to estimate ionic strength (mol/l), Sd:

µ S2.5 10 d
5= × (21)

This relationship ceases once concentrations of 1000mg/l are
reached. Activities of 1 are assumed for water, solids and gases.

2.2.4. Calcite precipitation
Calcite precipitation is calculated using the (APHA, 2012) model,
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Fig. 3. Results of CASPER, illustrating state of elemental stocks, elements in solution and the calcite saturation index after 60 months (5 years).
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taking into account temperature and ionic strength to determine mi-
neral saturation indices of the soil solution and so predicting the pre-
cipitation of calcite (Manning and Robinson, 1999). Mineral saturation
indices (SI) are calculated as follows:

SI IAP
K

log( )
sp

=
(22)

Ion activity product is abbreviated to IAP, Ksp refers to the mineral's
solubility product (Drever, 1988). Instead of using the concentration as
the measure of over or under-saturation, Langelier avoided the use of
CaCO3 concentration and instead used alkalinity and calcium con-
centration in order to determine the assumed pH level of water in terms
of saturation of CaCO3. This was known as the saturated pH value or
pHs:

[ ] [ ]pH pK pK pCa pHCO log fi(5 ( ))s c2 2 3= + + + ×+ (23)

where [ ]pCa2+ and [ ]pHCO3 are calcium and bicarbonate concentra-
tions. Saturation states of minerals can be expressed as an appropriate
saturation index. This is also known as the Langelier index and can be
determined through the difference between actual values of water pH
and pHs that has been declared above:

SI pH pHs= (24)

When the saturation index is zero, the mineral is saturated with respect
to the solution. A mineral is supersaturated if the index has a positive
number and is expected to precipitate, and undersaturated if it is a
negative number and so is expected to dissolve.

2.3. Data collection for model start-up

In order for the model to accurately predict inorganic C as well as
total C content, a number of specific criteria are required. Some RothC
data have an impact on the variables in CASPER which can be acquired
from a number of sources. For the purposes of this study, CASPER si-
mulates a basaltic soil substrate, in which a soil is composed of dolerite
mixed with organic matter to produce a layer 1m thick. Dolerite
(chemically and mineralogically identical to basalt) quarry fines were
selected due to this particular aggregate possessing low embedded
lifecycle emissions as it is a by-product of the construction industry.
Average monthly mean air temperature directly affects the activity
coefficients that determine theoretical pH (as illustrated in eqn. (23)) as
well as the calcite SI within solution (eqn. (24)). Initial elemental
compositions of the ions in solution that have been displaced from
basaltic soil were taken from Benians et al. (1977). The variables that
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Fig. 4. Sensitivity results for scaled weathering rates after 60 months (5 years).

Table 4
Weathering rates of anorthite and diopside (Palandri and Kharaka, 2004).

Parameters Anorthite (mol m−2 s−1) Diopside (mol m−2 s−1)

Acidic soils 3.50× 10−14 6.36× 10−14

Neutral soils 9.12× 10−14 11.11× 10−14

Basic soils 11.15× 10−14 11.11× 10−14

Ca (%) 13.72 18.51
Mg (%) 0 11.22
Na (%) 0.41 0
K (%) 0 0
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are used are listed in Table 2. Appendix A-1 illustrates the theoretical
relationship between grain diameter and particle shell depth to de-
termine average weathering rates for basaltic soils per ha.

2.4. Initial model parameter values

Table 3 illustrates the model start-up values (initialisation). For
monthly plant organic C input, CASPER uses continuous values for
managed grass C inputs which were provided by Paustian et al. (2001),
and which equal 0.78 t C ha yr−1 (0.065 t C ha month−1). The user of
the model should however use data that is available on the specific site
of investigation. Farmyard manure RothC files have been used for the
Rothamsted experiments to simulate compost decomposition.

Monthly time steps are used to illustrate seasonal variables. Soil
solution composition is based on Benians et al. (1977) in mM. Average
chemical compositions (wt%) of basalt were taken from Teir et al.
(2005). The five organic C pools of RothC: DPM, RPM, HUM, BIO, and
IOM are set to zero reflecting the construction of a newly engineered C
capture soil profile, therefore the organic pools are not at equilibrium
and there is no inert matter present. The weathering rates for individual
minerals were taken from in situ experiments Hausrath et al. (2009).
The weathering rates used in CASPER led to the following estimated
release rates for a soil in which dolerite occurs to 1m depth, in moles
per hectare per month: Ca (472 470), Mg (1 039 755), Na (71 793) and
K (1 123). Soil pH is set to 8 to reflect the relatively basic nature of the
dolerite. CASPER assumes a single initial grain size. Grain diameter (Gd)
is set to 0.1mm (100 μm) with a 0.01mm shell depth (SD). The DPM/
RPM Ratio – an approximation of plant material decomposability that is

entering and being influenced by the soil substrate, is set to the default
of 59% DPM and 41% RPM, thus representing agricultural crops and
improved grassland (C capture plots are simulated in the model with
10 cm of compost and rock dust mix). Air temperature is used where
soil temperature data is not available. Temperature affects the rate of
reaction in both organic and inorganic chemical processes and the
standard RothC default files are used for temperature, soil cover and
monthly input of plant residue.

3. Results

CASPER has been used initially to simulate an artificial soil of 1 ha
of dolerite substrate which was mixed with an equal volume of green
compost down to 1m depth, over a period of 5 years (Manning et al.,
2013). The results are shown in Figs. 2 and 3. There are a few important
findings from this run. First, silicate stocks using the selected grain
diameter (0.1mm) and shell depth (0.01mm) do not decrease sig-
nificantly during the weathering process and in the short and medium
term, the substrate will remain stable without significant soil pore
cavities forming due to chemical weathering taking place.

3.1. Model state after initial run

Using the mineral dissolution rate given in Table 3, the solution
attains calcite saturation during the first month, inducing calcite pre-
cipitation. Equilibrium within the system is achieved and the saturation
index is equal to 0.

The ionic strength of the soil solution is sufficient to raise pH levels
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of the soil and to produce calcium carbonate as the calcite SI becomes
positive during the 1st month. Maintaining SI at zero allows the amount
of inorganic C precipitated as calcite to be determined. Fig. 3 illustrates
the total amount of inorganic C that is precipitated over 5 years into the
soil pores. Approximately 19.45 t CO2 ha−1 were sequestered into the
soil by precipitation of calcium carbonate over 5 years, corresponding
to accumulation of approximately 81.51 tonnes of calcite (CaCO3).

3.2. Sensitivity analysis

A sensitivity analysis was applied to selected variables to determine
the lower and upper bounds in different soil states, and variations in
input dissolution rates for anorthite (calcium end member of plagio-
clase feldspar: CaAl2Si2O8) and diopside (a pyroxene: CaMgSI2O6), the
two calcium silicate minerals that dominate in basalts and dolerites.

3.2.1. Variation in weathering rates
In order to test the calibration of the model, it was necessary to

adjust the weathering rates within the bounds of current literature to
determine variation in TIC accumulation. This was carried out through
adjusting the higher power factor between 9 and 13. This range re-
presents rates reported in the literature (in-situ and lab based). Fig. 4

illustrates the results of the weathering rate sensitivity analysis.
Weathering rates from basalt were compared with diopside and

anorthite in basic, neutral and acidic states of soil pH (Palandri and
Kharaka, 2004; Berg and Banwart, 2000). Due to the limited data
available for bulk rock weathering rates, the weathering ratios of ele-
ments determined by Hausrath et al. (2009) in the initial results from
basalt (controlled laboratory conditions) were maintained and nor-
malised to calcium to ensure appropriate elemental behaviour of re-
lease was captured i.e. Ca(1), Mg(2.201), Na(0.069) and K(0.016)
compared to the results of comparable silicate minerals in the analysis.
Table 4 illustrates the parameters for simulating different soil char-
acteristics, and Fig. 5 shows the model results. For diopside no data was
available for basic pH conditions, so the value for neutral pH is as-
sumed. During this particular run, it was noticeable that the increased
weathering rates of the alternative substrates allowed higher con-
centration of elements to dissolve into solution. HCO3− was at its
lowest by the time of saturation.

3.2.2. Variations in grain size
Further analysis on the effect of grain size was conducted. Grain size

directly impacts the quantity of silicate stocks and the release rate of an
element. The grain size was adjusted from the initial run (0.1) to
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between 0.2 and 1mm diameter. Shell depth was scaled in accordance
with the increase in grain size to reflect larger soil particles. The results
led to a steady decline of inorganic carbon content (TIC) as the grain
size increases. This is most likely due to the reduced chemical weath-
ering rate because of a reduced surface area available from number of
grains per ha which also results in a reduced quantity of calcium in
solution. The reserves of calcium silicates remain intact with a diameter
of above 0.2mm over 60 months, indicate that weathering and pro-
duction of TIC is still ongoing during this period (see Fig. 6).

3.2.3. Moisture content and soil porosity
Adjustments in the moisture content and soil porosity were per-

formed in order to determine sensitivity of key model variables based
upon the simulation of random substrates (soil porosity) and atmo-
spheric precipitation (moisture content). As expected, high soil porosity
increases the production of calcite due to greater quantities of surface
area being available although Calcite SI remains unchanged. When
porosity is low, a higher quantity of calcium and bicarbonate in solution
is observed (see Figs. 7 and 8).

In terms of moisture content, higher concentrations produce more
calcite, and also the reduced head space causes an increase in partial
pressure of CO2 at moisture levels of 99%. Moisture content if reduced
will cause an increase in the concentration of both HCO3− and Ca2+.

3.3. Model comparisons

The results obtained from the model have been compared with

observations from urban soils. Renforth et al. (2009) determined that
300 t C ha−1 to a depth of 3m had entered the soil after 10 years, and
reported an annual accumulation of 10 t C ha−1 (1m soil depth) which
corresponds to the modelled output from CASPER if the grain size is set
to 0.2mm with results of 50.0 t C ha−1. At the urban Newcastle site
previously studied, an annual rate of 23 t C ha−1 to 0.1 m depth was
determined (Washbourne et al., 2012), which approximately equates to
a 75 t C accumulation over 5 years. If the weathering rates of CASPER
are adjusted to a power of 9, the results align well (74.55 t C ha−1).

4. Discussion

4.1. Comparison of results to other models

There are currently no directly equivalent models to compare the
results of CASPER and for the time being no possibility for comparison
with independent existing experiments. Model accuracy depends
mainly on weathering rates, representing the bulk dissolution rates of a
mixture of minerals present within the soil. The model can predict
average weathering rates inversely for basaltic (and other) substrates,
by comparing the results of CASPER with appropriate field data. The
focus of the original soil C models (all compatible with input to CASPER
through their evolved CO2 output) such as Roth C, CENTURY (Falloon
and Smith, 2002) and DAISY (Mueller et al., 1996), was on fluctuations
in SOC, representing decomposition of different C pools and evolutions
of CO2. While CASPER can predict mineral weathering and carbonate
formation, validation from experimental observation is required to
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assess the model over a number of different sites with varying proper-
ties.

4.2. Adapting CASPER for reactive transport modelling and global studies

In CASPER, the dissolution of CO2 and base cations is key to en-
suring the model runs but the major driver is the determination of
mineral weathering rates to derive the species in solution. CASPER is
designed to be similar in scope to the existing models of soil organic C
dynamics, which relate to land use. In principle, the accuracy of the
weathering rate can improve through implementing reactive transport
modelling techniques. These include incorporating additional geo-
chemical reactions (in addition to the Arrhenius equation), mass
transport of soil solution, the affect of temperature on the flow of water
and medium deformation which can include the contraction and ex-
pansion of the substrate area. Weathering accuracy can be partially
determined by reactive transport modelling to consider leaching and
drainage. Although CASPER can be used to calculate the weathering
rate when the rock is saturated in water as well as soil solution pH, it
should then be possible to simulate drainage by determining the com-
position and density of the surrounding soil substrate and also to de-
termine the flow rate of solution using data from existing models. A
higher weathering rate will increase the rate of ionic strength provided
that drainage rates of the soil solution are lower than dissolution rates.
This will directly affect the production of calcite. Reactive transport
modelling approaches can also be used to improve the accuracy of
weathering rates based upon several key assumptions taking into ac-
count the physical deformation of artificial substrates. Currently,
CASPER ignores physical weathering but indirectly replaces physical
deformation (i.e. loss of substrate with calcite formation) as a form of
simplification. In reality, it is necessary to treat both events separately,
due to differences in density and textural variation of the parent ma-
terial and carbonate. In addition, more extreme events such as abnor-
mally high fluid pressure require special models that can determine
physical deformation rates. It is important that these observations are
considered when using CASPER, and other key effects including ex-
ternal environmental conditions including climate change should be
estimated either separately from the model or be integrated into the
existing system as an additional component. Fig. 9 illustrates a con-
ceptual framework of a full reactive transport modelling approach. In
addition, the output of CASPER is linked to key environmental and
techno-economic assessment models, which can be used for input to
global datasets that use big data techniques as well as a forecasting tool
to determine carbon capture performance in the form of a plausible
enhanced weathering approach.

4.3. Importance to enhanced weathering

One of the key barriers to ensuring enhanced weathering is a viable
GGR reduction technology is the capability of estimating mineral dis-
solution kinetics, alongside lifecycle assessment approaches. Published

rates of calcium dissolution cannot explain the rapid rates of carbonate
C accumulation observed in field sites or artificial soils (Washbourne
et al., 2015; Manning et al., 2013). A key use of our experimental data
and modelling is, therefore, to infer effective rates for calcium dis-
solution, as it occurs in-situ in soil. The new dissolution rate for calcium
under saturated conditions (using a weathering rate of
2.94×10−10mol m−2 s−1) is equal to 0.018mol/l. This initial cali-
bration enables further development and use of the model in increas-
ingly complex and interesting GGR applications as well as supporting
the latest target of zero net C emissions globally by 2050, as set out by
IPCC (2018).

According to Renforth (2012), the UK has a high abundance of si-
licate mineral stocks sourced from igneous rock with a total area of
679,102 ha resulting in a combined carbon capture potential of 430 Gt
of CO2. The majority of these stocks are basic rocks (basaltic) with a
carbonation potential of ∼0.3 t CO2 t−1 mineral. Calcium is assumed to
be available at around 10% of the total silicate mass. This type of rock is
not just abundant in the UK but is also available globally due to basalt
being one of the most common rock types in the Earth's crust (Beerling
et al., 2018).

5. Conclusions

In the future, C sequestration through land management may be
extended from a focus on organic decomposition to encompass the
various effects of inorganic carbon precipitation, with the intention of
creating an increased store of stable inorganic C. To guide this, new soil
C models will be required. To this end we have extended the organic
pools of the RothC soil model to create a new model: CASPER, which
provides an explicit description of carbon accumulation as mineral
calcite (calcium carbonate), using silicate weathering and a simulated
calculated calcite saturation index (SI) to predict the precipitation of
soil inorganic C (SIC) as CaCO3. Simulations for the target substrate
considered a model soil based on the calcium-silicate bearing rock
dolerite. CASPER aims to provide a foundation in order to predict with
a certain degree of accuracy values of inorganic carbon accumulation,
following prediction of the point at which soil solution reaches calcite
saturation. Taken together, CASPER offers a tool in which its predic-
tions can provide an entry point for international and regional SIC as-
sessments. It aims to quantify the contributions of enhanced weathering
technologies and artificial soil products on a range of scales, given the
occurrence of basaltic rocks over large areas of the continental crust.
The model can also be used to simulate the behaviour of more typical
soils, provided that knowledge of the soil mineralogical composition is
known.
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Appendix A. Additional model detail

Fig. A 1. Relationship of grain diameter and particle shell depth to determine average elemental stocks of Ca, Mg, Na and K of basalt to 1m substrate

Fig. A 2. Relationship between the logarithmic values of the dissociation constants and temperature
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