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Abstract: Reservoir characterization specific to CO2 storage is challenging due to the dynamic
interplay of physical and chemical trapping mechanisms. The mineralization potential for CO2 in a
given siliciclastic sandstone aquifer is controlled by the mineralogy, the total reactive surface areas,
and the prevailing reservoir conditions. Grain size, morphologies and mineral assemblages vary
according to sedimentary facies and diagenetic imprint. The proposed workflow highlights how the
input values for reactive mineral surface areas used in geochemical modelling may be parameterized
as part of geological reservoir characterization. The key issue is to separate minerals both with
respect to phase chemistry and morphology (i.e., grain size, shape, and occurrence), and focus on
main reactants for sensitivity studies and total storage potentials. The Johansen Formation is the
main reservoir unit in the new full-value chain CO2 capture and storage (CCS) prospect in Norway,
which was licenced for the storage of CO2 as of 2019. The simulations show how reaction potentials
vary in different sedimentary facies and for different mineral occurrences. Mineralization potentials
are higher in fine-grained facies, where plagioclase and chlorite are the main cation donors for
carbonatization. Reactivity decreases with higher relative fractions of ooidal clay and lithic fragments.

Keywords: CCS; CO2 storage; mineralization; carbonatization; mineral trapping; mineral sequestration;
Johansen Formation; North Sea; sedimentary facies

1. Introduction

Saline aquifers hold the largest potential for geological CO2 storage considering total volume,
economic and environmental factors [1]. CO2 storage is considered one important measure for the
imminent reduction of greenhouse gas emissions and climate change mitigation [2]. Most suitable
reservoir candidates, pilot projects, and commercial operations utilize siliciclastic deeply buried
sandstones [3,4]. In evaluating the suitability of saline aquifers for CO2 storage, geological
characterization is of crucial importance in estimating the reservoir property distribution and
reactivity under prevailing reservoir conditions. Sedimentary facies and burial diagenesis control the
petrophysical properties and mineralogical composition of the reservoir host rock, and to some extent
the chemistry of pore water. These factors must be specified when evaluating the relative effect of various
trapping mechanisms for CO2 (i.e., structural, residual, solubility, ionic, and mineral trapping [5]).
The physical and chemical immobilization of CO2 are important controls in risk assessments.

Predictions of the CO2 trapping potential of a storage reservoir over hundreds to thousands of
years requires a sound understanding of the geochemical reactions that will come about when CO2 is
injected and the thermodynamic system is perturbed [6]. Such predictions ideally require detailed
knowledge about the mineralogy, formation water chemistry, mineral surface reactivities, and reaction
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rates. These data are then used as input in the geochemical batch or reactive transport numerical
simulations (e.g., [7–12]). This is, however, not trivial for several reasons. First, there is no simple way
to accurately estimate reactive surface areas of the various reactive mineral phases without careful
sediment analyses and theoretical models to relate reactive and total surface areas [13–16]. This may
lead to corresponding orders-of-magnitude uncertainties in the rates of CO2 mineral trapping [17].
Second, the most commonly used rate models, i.e., based on transition state theory (TST), have been
suggested to largely overestimate the growth rates of secondary carbonates at low temperatures and
in the shorter time scales (<100–1000 years) [10,17,18]. Third, data on the mineralogy may in many
cases be available only as crude XRD data, without details on the individual mineral morphologies,
grain size, sediment maturity, etc.

The relative importance of the various trapping mechanisms for injected CO2 in aquifers has been
discussed ever since Gunther and co-workers published their geochemical simulations on solubility,
ionic, and mineral trapping in the early nineties [19,20]. This relates especially to how fast these
reactions are, and if they will impose porosity/permeability changes. This has implications if true
complex multiphase reactive flow simulations are needed, or if flow and reactions can be partly
separated. Most commonly, reservoir simulations of CO2 storage only include the dissolved CO2 in
contact with separate phase CO2, and disregard the mineral-formation water reactions due to slow
reaction rates. Furthermore, the heterogeneity of reservoirs with respect to mineralogy and grain size
has seldom been taken into account (e.g., [7,16,21–23]). However, some mineral phases and occurrences
do seem to react and contribute to mineralization in shorter time scales (100’s of years) (e.g., [10,24])
and are thus valid for consideration in sensitivity studies of storage reservoir performance.

We show how to more accurately estimate input parameter values for reactive mineral surface areas,
as used in the geochemical modelling of long-term mineralization potential for CO2. Reservoir models
can be improved by upscaling from pore- and grain-scale to sedimentary facies distributions with the
associated reactive mineral characteristics [25]. A general workflow is outlined, which can be applied
to improve facies and mineral specific estimates of reactive surface areas and mineralization potential
for CO2 in sandstone aquifers.

Case Study: The Johansen Formation, North Sea (NORWAY)

Simulation examples with input from the Johansen Formation are provided. The Johansen
Formation is part of the Northern Lights full scale storage prospect offshore Norway (Figure 1), which is
highly relevant at this time due to imminent drilling and plans for CO2 injection [26]. The first formal
license for injecting and storing CO2 as part of full-value chain carbon capture and storage (CCS)
was approved by Norwegian authorities as of 2019 (Exploitation Licence EL001, by the Norwegian
Petroleum Directorate) [26].

The Johansen Formation (Dunlin Group) is a sandstone of early Jurassic age [27]. This prospective
reservoir is located offshore of the city of Bergen on the western Norwegian coast (Figure 1). It displays
thicknesses in the order of 100–180 m and is located at burial depths of 2–3 km. The saline aquifer
is in parts underlying the operating Troll Gas Field in the North, and as a premise for storing CO2,
there is to be no risk of interference with on-going production [4]. Thus, the potential injection area
considered in evaluations of storage potential for CO2 is located approximately 20 km south of Troll,
at top formation depths in the order of 3 km. The Cook Formation is likely to be in contact with the
Johansen Formation and provide as a secondary reservoir unit. The main sealing unit is the Drake
Formation mudstone [4,28,29].
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Figure 1. The Johansen Formation is a prospective CO2 storage reservoir offshore of Norway, located 
at burial depths of ca. 2100–3200 m. The operating hydrocarbon field “Troll” (yellow) is located north 
of the licensed CO2 injection area “EL001”. The cored well 31/2-3 is marked in red, and additional 
wells with wire line data from the Johansen Formation are marked as black dots. There are no well 
data available from EL001 as of yet, while an appraisal well is planned [26]. Source data are available 
at factmaps.npd.no, with suggested injection area and depth maps as shown in [29]. 

2. Estimating CO2 Mineralization Potential (I): Model Parameterization 

In CO2 storage, the chemical characteristics of the sediment are of particular importance with 
respect to estimating mineralization potential. Thorough, descriptive petrographic studies using 
optical- and scanning electron-microscopy (SEM) methods in addition to quantitative bulk 
mineralogy analysis such as X-ray diffraction data (XRD) are necessary to characterize the reservoir 
rock with respect to reactivity. 

2.1. Qualitative and Quantitative Reservoir Mineralogy 

It is useful to define reactivity and make separate geochemical categories within the 
sedimentological framework. Changes in grain size and mineralogy (phase and occurrence) are 
particularly important. Bed stacks, or para-sequences (sensu Van Wagoner et al. [36,37]), may serve 
as a scale of reservoir subdivision, depicting depositional trends; e.g., upwards coarsening or fining 
trends in grain sizes, indicating changes in depositional regime with time. In the case of the Johansen 
Formation, reservoir grade sandstones recognised in wells are subdivided in lower shoreface (very 
fine-grained) and upper shoreface (medium-grained) deposits, interbedded with mudstones and/or 
carbonate cemented layers [28,29] (Figure 2). 

Figure 1. The Johansen Formation is a prospective CO2 storage reservoir offshore of Norway, located at
burial depths of ca. 2100–3200 m. The operating hydrocarbon field “Troll” (yellow) is located north of
the licensed CO2 injection area “EL001”. The cored well 31/2-3 is marked in red, and additional wells
with wire line data from the Johansen Formation are marked as black dots. There are no well data
available from EL001 as of yet, while an appraisal well is planned [26]. Source data are available at
factmaps.npd.no, with suggested injection area and depth maps as shown in [29].

The Johansen Formation is interpreted as a progradational to retrogradational sequence of
shallow marine sandy deposits sourced from the east [28,29]. The depositional environment in the
licenced injection area (Figure 1) has been interpreted to comprise lower to upper shoreface deposits
based on seismic data and extrapolation (across distance and depth) of well data from the Troll
area [28]. However, an accurate facies description of sandstone in the injection area is not feasible
until an appraisal and/or injection well is drilled and sample material becomes available. The shallow
marine facies and mineral assemblages of the Johansen Formation appear analogous to several other
CO2 reservoir candidates on the Norwegian Shelf, e.g., the Sognefjord, Fensfjord, Krossfjord, Cook,
and Gassum formations [29–35].

2. Estimating CO2 Mineralization Potential (I): Model Parameterization

In CO2 storage, the chemical characteristics of the sediment are of particular importance with
respect to estimating mineralization potential. Thorough, descriptive petrographic studies using
optical- and scanning electron-microscopy (SEM) methods in addition to quantitative bulk mineralogy
analysis such as X-ray diffraction data (XRD) are necessary to characterize the reservoir rock with
respect to reactivity.

2.1. Qualitative and Quantitative Reservoir Mineralogy

It is useful to define reactivity and make separate geochemical categories within the
sedimentological framework. Changes in grain size and mineralogy (phase and occurrence) are
particularly important. Bed stacks, or para-sequences (sensu Van Wagoner et al. [36,37]), may serve
as a scale of reservoir subdivision, depicting depositional trends; e.g., upwards coarsening or fining
trends in grain sizes, indicating changes in depositional regime with time. In the case of the Johansen
Formation, reservoir grade sandstones recognised in wells are subdivided in lower shoreface (very
fine-grained) and upper shoreface (medium-grained) deposits, interbedded with mudstones and/or
carbonate cemented layers [28,29] (Figure 2).
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at npd.factpages.no), cuttings, and a short cored section (2116–2134 m) from which rock samples 
were collected. The succession consists of prograding and aggrading parasequences of upper and 
lower shoreface deposits, with mudstones representing flooding events. Carbonate cemented 
sandstone layers may form within or on the top of beds due to dissolution and re-precipitation of 
calcareous material (e.g., shells). These layers are close to impermeable, and provide barriers to fluid 
flow in otherwise permeable reservoir sandstone. Generally, micro-scale observations from the 
different facies settings show that total grain surface area in contact with pore water (white void) 
increases with decreasing grain size. 
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rarely available. Usually data from shorter core sections or sidewall cores must be interpolated with 
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data are collected from a well tens of kilometres away from potential injection areas, and at 
shallower burial depths (Figure 1). Thin sections provide means for 2D porosity estimations, grain 
size, and mineral content (vol. %). Porosity and permeability plug test data are available from side 
wall cores [28]. 

One of the most common means for mineralogical quantification is X-ray diffraction (XRD) 
(e.g., the Rietveld method), as it is inexpensive, fast, and requires little sample material. The method 
may be crude or specific with respect to mineral phases, depending on the effort and knowledge put 
into interpretation of the results and treatment of sample material [38]. Analyses of grain size 
specific fractions are more suited for reactivity estimates—e.g., clay separation in fluid suspension.  

Identification of main cation donors for mineralization in a given reservoir can be performed 
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Figure 2. (a) Simplified sedimentary facies distributions for the Johansen Formation. Mineralization
potential for the reservoir intervals are given for upper and lower shoreface sandstones; (b) an
interpreted lithological log (vertical section through the sandy Johansen Formation with the muddy
over- and underlying Amundsen Formation) from well 31/2-3: based on wire line log data (available at
npd.factpages.no), cuttings, and a short cored section (2116–2134 m) from which rock samples were
collected. The succession consists of prograding and aggrading parasequences of upper and lower
shoreface deposits, with mudstones representing flooding events. Carbonate cemented sandstone
layers may form within or on the top of beds due to dissolution and re-precipitation of calcareous
material (e.g., shells). These layers are close to impermeable, and provide barriers to fluid flow in
otherwise permeable reservoir sandstone. Generally, micro-scale observations from the different facies
settings show that total grain surface area in contact with pore water (white void) increases with
decreasing grain size.

Though desirable, geological cores through the entire reservoir zone from saline aquifers are
rarely available. Usually data from shorter core sections or sidewall cores must be interpolated with
respect to vertical and lateral facies changes. In the case of the Johansen Formation, available core data
are collected from a well tens of kilometres away from potential injection areas, and at shallower burial
depths (Figure 1). Thin sections provide means for 2D porosity estimations, grain size, and mineral
content (vol. %). Porosity and permeability plug test data are available from side wall cores [28].

One of the most common means for mineralogical quantification is X-ray diffraction (XRD) (e.g.,
the Rietveld method), as it is inexpensive, fast, and requires little sample material. The method may
be crude or specific with respect to mineral phases, depending on the effort and knowledge put into
interpretation of the results and treatment of sample material [38]. Analyses of grain size specific
fractions are more suited for reactivity estimates—e.g., clay separation in fluid suspension.

Identification of main cation donors for mineralization in a given reservoir can be performed using
the bulk mineralogy. Chlorite is a major constituent in the clay fraction of the Johansen Formation [29],
and geochemical studies find chlorite to be a significant cation donor (i.e., Fe2+ and Mg2+ supply
through rapid dissolution) in CO2 carbonatization [9,10,18,39]. Feldspars also provide a significant
reactant, as plagioclase (albite and oligoclase) dissolve within relatively short time-scales (100 s of
years), contributing Na+ and Ca2+ to solution [10,18,19]. This study will focus on the characterization
of chlorites and feldspars, while the same kind of analyses should be undertaken in case of other or
more reactive constituents (e.g., mafic minerals).

2.1.1. Characterization of Chlorites

Chlorite is a phyllosilicate mineral, with Fe-rich chamosite (Fe,Mg)5Al(Si3Al)O10(OH)8 and
Mg-rich clinochlore (Mg,Fe)5Al(Si3Al)10(OH)8 as common varieties. Detrital chlorites derived from
mafic volcanic or metamorphic terrains are commonly Mg-rich clinochlores, whereas chlorites sourced
from peralkaline granites tend to generate Fe-rich chamosites [40]. Diagenetic chlorite is a significant
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constituent in many siliciclastic reservoirs in the Norwegian North Sea [33]. Autigenic chlorite may form
by recrystallization of precursor clay minerals during early burial; e.g., from smectite (<70 ◦C) [41,42] or
from berthierine (90 ◦C) [33,34,43]. Chlorite may also form as an alteration product from degradation of
mafic minerals (e.g., biotite, pyroxene, amphibole). In addition to provenance and detrital mineralogy,
depositional environment also exerts a control on chlorite occurrence. As summarized in a literature
review by Maast [44] (and references therein), Fe-rich chlorite coating is associated with sediments
deposited in marine environments, near river mouths and under tropical conditions, whereas Mg-rich
chlorite coating is commonly found in continental sediments, deposited under arid- to semi-arid
conditions. Chemical speciation with respect to Fe/Mg ratios is important in the selection of suitable
kinetic parameters for geochemical simulations, as chamosite and clinochlore display different reaction
potentials. Chamosites with Fe/(Fe+Mg) values between 0.57 and 0.91 are the most common in studied
North Sea reservoirs [45]. Most geochemical studies implement kinetic data from [46], which only
provide kinetic constants for Mg-rich clinochlore. It seems that also recent investigations into chlorite
kinetics focus mainly on clinochlore (e.g., [47–49]). The effect of varying chemical composition of
chlorite on dissolution rates is uncertain, as no thorough studies have been performed in this realm.
It has been claimed to have little effect [50]. However, some experimental studies indicate significantly
higher rate constants for Fe-chlorite [33]. However, the precipitation rates for siderite (FeCO3),
magnesite (MgCO3), and Fe-Mg-Ca solid solutions are not the same, which provides another argument
for differentiation. It is likely that more kinetic data will become available and include more detailed
solid solution speciation in the future. As part of the geological characterization, XRD-spectra may be
modelled for estimation of element ratios, as shown for a typical Fe-rich chlorite (chamosite) from the
Johansen Formation (Figure 3a).Minerals 2019, 9, x FOR PEER REVIEW 6 of 23 
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fraction is less than the original detrital composition, but the overall reactive surface area is probably 
higher than the direct relation to average grain size, due to the diagenetic, secondary porosity within 
individual grains. The chemical composition in single grains is closer to the albite endmember, with 
Na >> Ca (determined with electron microprobe). Albitization of K-feldspar grains is common in 
siliciclastic reservoirs at temperatures >65 °C [53], which would add to the more reactive fraction of 
feldspars compared to assemblages at shallower depths. If the reservoir conditions in the injection 
area differ from the sample site it is necessary to extrapolate such diagenetic alterations, or perform 
sensitivity studies. In the available data set from the Johansen Formation microcline is the most 
abundant phase, and occurs as monocrystalline grains, some with authigenic overgrowths. 
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proportional to average grain size. In perthitic grains, one constituent may be more corroded than 
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Figure 3. Chlorite solid solutions and occurrence: (a) Modelled X-ray diffraction pattern by use of
Newmod II, showing a fit with typical chlorites found in a potential CO2 reservoir in the North Sea;
the Johansen Formation. The best fit was found for a Fe2.34 chamosite, with a Fe/(Fe+Mg) ratio of
0.93; (b) Scanning electron microscope image of grain coating chlorite from laboratory experiments
of daphnite growth (yellow colour applied for reference). Individual crystals are half disk-shaped,
growing perpendicular to the host grain surface, ranging in size from 2–15 µm; (c) Scanning electron
microscope image of ooidal chlorite. Crystal growth occurs in dense, concentric layers around a nucleus
grain, which has been dissolved in this case. Grain coating chlorite covers the surface of framework
quartz grains. Ghost rims of chlorite coats remain where the framework grain has been dissolved.



Minerals 2019, 9, 671 6 of 23

In a disaggregated sample, e.g., separated in clay (<2 µm), fine (2–250 µm), and medium (>250 µm)
grain size classes, chlorite may be present in all fractions as quantified by XRD. The clay fraction
would comprise pore-filling chlorites from diagenetic degradation of detrital, percolated clay and/or
diagenetic chlorite from disassembled pseudomorphs of altered grains (e.g., degraded biotite) or
mud-clasts. The sand fraction classes could comprise grain coating chlorite, from precursor clay coats.
These appear as platy clay-fraction crystals growing tangential or perpendicular on the host grain
surface (Figure 3b), and may be more or less resistant to mechanical sample treatment. Another common
chlorite occurrence, ooidal, may also be included in the sand fraction. Ooids are spherical grains,
with concentric layers of a coating mineral (e.g., clays, carbonates, phosphates) adsorbing on and
accumulating around a nucleus-grain. Ooidal chlorite (Figure 3c) forms by recrystallization of precursor
clay. These grains have a dense structure with low permeability. Other examples are chloritic pellets
and dense diagenetically altered pseudomorphs. Thus, reaction potentials calculated as surface area
per wt% mineral from XRD analysis, assuming a uniform clay fraction, would be overestimated in
ooid-rich sediments. Additionally, pore-filling clays may not be accessible for intruding reactive
fluid [22,23,51], which may cause overestimation of the clay fraction reactivity.

Petrographic studies (e.g., modal mineralogy or point counting) of thin sections in optical
microscopes provide a volumetric estimate (vol %) of the mineral assemblage and porosity, which in
combination with a description of grain shapes, sizes, micro-porosity from SEM, pore connectivity,
and extent of coating translates directly to 2D specific surface areas. As with sieving before XRD
analysis, point-counting methods may be used to separate mineral occurrences in grain size classes,
in combination with descriptions of grain shape. In addition to chlorite, several reactants may appear
in different grain size classes, representative of different reaction potentials.

2.1.2. Characterization of Feldspars

It is relevant to quantify the relative contributions and occurrences of feldspars (i.e.,
microcline/orthoclase/sanidine, albite, anorthite, and their solid solutions), as kinetics and dissolution
potentials in the presence of CO2 vary significantly [46]. Anorthite is rarely preserved in clastic rocks,
as it is chemically unstable and weathers easily [52]. Generally the feldspar assembly varies according
to provenance and hinterland geology (i.e., felsic or mafic, igneous or methamorpic rock), and relative
feldspar/quartz contents are higher in finer grained facies.

In the Johansen Formation (and aforementioned siliciclastic reservoirs of the North Sea) K-feldspar
and Na-plagioclase are abundant (Figure 4). Plagioclase occurs as monocrystalline, diagenetically
etched grains, partly dissolved and/or severely altered to sericite. The plagioclase fraction is less than
the original detrital composition, but the overall reactive surface area is probably higher than the
direct relation to average grain size, due to the diagenetic, secondary porosity within individual grains.
The chemical composition in single grains is closer to the albite endmember, with Na >> Ca (determined
with electron microprobe). Albitization of K-feldspar grains is common in siliciclastic reservoirs at
temperatures >65 ◦C [53], which would add to the more reactive fraction of feldspars compared
to assemblages at shallower depths. If the reservoir conditions in the injection area differ from the
sample site it is necessary to extrapolate such diagenetic alterations, or perform sensitivity studies.
In the available data set from the Johansen Formation microcline is the most abundant phase, and
occurs as monocrystalline grains, some with authigenic overgrowths. K-feldspar is less corroded than
plagioclase, and the reactivity is thus likely more directly proportional to average grain size. In perthitic
grains, one constituent may be more corroded than the other (Figure 4b), increasing the proportion
of reactive surface areas. The feldspar component in lithic fragments (e.g., gneiss and granite) is less
corroded and exposes smaller mineral surface areas relative to the absolute volume fraction.
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sizes; (c) mineral maps from Scanning Electron Microscopy (QemScan analysis, Equinor—by C. 
Kruber), showing the relative volume fractions of the main mineral constituents. Corresponding wt. 
% from XRD (Rietveld) are: 10 wt % K-felspar, 6 wt % Albite, and 2 wt % chlorite in this f-m grained 
sandstone (2125.4 m), and 12 wt % K-felspar, 5 wt % Albite and 9 wt% chlorite in this very fine 
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but the term reaction potential is more useful for summarizing the geochemical processes. In the 
case of the Johansen Formation, plagioclase (5–8 wt % in samples [29]) is the most reactive phase in 
fine- and medium-grained sand fractions, while K-feldspar (9–12 wt % in samples [29]) is more 
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Figure 4. Feldspar occurrences and elemental mapping: (a) Scanning electron micrograph of K-feldspar
grain with spiky, euhedral overgrowths. Note the compositional change across the outline of the
original, detrital grain. The autigenic component is pure microcline, compared to the detrital K-feldspar
grain with more heavy elements; (b) feldspar perthite grain (scanning electron micrograph). The albite
component (dark colour) is partly dissolved, while microcline (light colour) is preserved. This grain
is likely to display large mineral surface area compared with average grain sizes; (c) mineral maps
from Scanning Electron Microscopy (QemScan analysis, Equinor—by C. Kruber), showing the relative
volume fractions of the main mineral constituents. Corresponding wt% from XRD (Rietveld) are:
10 wt% K-felspar, 6 wt% Albite, and 2 wt% chlorite in this f-m grained sandstone (2125.4 m), and 12 wt%
K-felspar, 5 wt% Albite and 9 wt% chlorite in this very fine grained sandstone (2129.3 m).

2.2. Reaction Potential

The mineralization potential is given by the amount of available cations per given rock volume,
but the term reaction potential is more useful for summarizing the geochemical processes. In the
case of the Johansen Formation, plagioclase (5–8 wt% in samples [29]) is the most reactive phase
in fine- and medium-grained sand fractions, while K-feldspar (9–12 wt% in samples [29]) is more
abundant. Fe-rich chlorite (1–9 wt% in samples [29]) is the most reactive clay phase. There is generally
more clay in the finer grained, lower shoreface facies (e.g., Figure 4).

The potential for CO2 to be mineralized, i.e., trapped in solid state, depends firstly on the amount
of CO2 added to the system and less on the solubility in formation water, considering salinity, pressure,
temperature, and thermodynamic constraints. CO2 is transported through the aqueous phase during
mineralization [18]. The solution composition applied in simulations (Table 1) was selected based
on analogous reservoirs in the North Sea [54]. There is currently no data available on detailed water
composition from the Johansen Formation.
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Table 1. Aqueous solution input for kinetic simulation.

T pH Na K Ca Mg Fe Al Cl Alk Si O O2

◦C ppm ppm ppm ppm ppm ppm ppm meq ppm ppm Log P

96 5.9 7544 113 890 53 0 1 × 10−8 13,187 293 1 × 10−4 1 × 10−3 −50

Aqueous trapping capacity; CO2 + HCO3
− + CO3

2−, is relatively small and in the order of
a few percent [55]. Further dissolution of residual CO2 adds to the dissolution potential [56].
Carbonate precipitation reactions consume bicarbonate and cations from solution, lowering the pH
as H+ is produced. Dissolution of silicate minerals consumes protons, and release cations, HCO3

−,
aqueous silica and/or secondary clay minerals to solution (e.g., [19]). Carbonate stability is enhanced
by increased pH, and the cation supply drives further carbonate precipitation. Dissolution and
precipitation are interconnected through these feedback mechanisms [56], and the rate of either will be
controlled by the slowest reaction [18]. Carbonate precipitation, most often considered a more rapid
reaction compared to silicate dissolution (e.g., [54]), may in some settings provide the rate limiting
reaction, such as for low temperature settings [18].

As a first approximation of reactivity and identification of primary reactants, initial geochemical
batch simulations including the full mineral assemblage are adequate. For example PHREEQC,
TOUGHREACT, and other numerical tools may be applied for batch geochemical modelling
in combination with thermodynamic databases such as llnl.dat, phreeqc.dat, or equivalents,
including kinetic expressions with nucleation growth rate equations (e.g., [10]).

Based on previous geochemical studies of siliciclastic reservoirs from the North Sea and elsewhere,
it may be concluded that a few percent of scattered carbonate equilibrates instantly, that quartz is
close to chemically inert, and that reactive accessory minerals present in small amounts (<<1 wt%)
are insignificant on reservoir scale. One sedimentary facies may be represented by several samples,
which in turn should be averaged with respect to grain size distributions, porosity and mineral content.
Subsequently, cases for geochemical simulations, may be defined. If the sediment sorting is poor,
it may be relevant to divide the sand fraction in two or more classes. Each mineral is assigned a
representative wt% within each class according to petrographic studies of occurrence.

2.3. Reactive Surface Areas

Estimation of reactive surface area (m2/liter pore water) must relate weight or volume percent
of mineral to grain size, shape, porosity, and mineral density. Aged, coated, diagenetically altered
and/or weathered grain surfaces are expected to display lower reactivity compared to crushed sample
material commonly used in laboratory studies of kinetics.

The mineral content given as wt% from XRD must be translated to the specific surface area
by relating mineral density and grain shape (e.g., spheres or circular disks) in geometric formulas.
Spherical grains are an appropriate assumption if grain sizes are adjusted according to appearance,
e.g., 0.1 µm diameter for the clay fraction if assuming spherical grains, rather than 2 µm diameter if
measuring more realistic clay appearances such as flakes (Figure 3b). Porosity is a characteristic of the
sedimentary facies and diagenetic imprint, which must be estimated for the associated sample and/or
interpolated to the study area. The geometric surface area may be described as:

Si =
3xiρsolid

ρi

[
1
ϕ
− 1
]∑

j

x j

r j
(1)

where Si is the average specific surface area of mineral i for the appropriate facies (m2/L pore water).
x is the mass fraction of mineral i, and ρsolid (g/L) and ρi (g/m3) are the average density of the total
solid and density of mineral i respectively, ϕi is porosity, r is the mean radius of grains belonging
to the discrete size group j, and x is the fraction of grains belonging to the same discrete grain size
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group. As a next step in detailed studies of separate mineral phases, the reactive surface area may be
further adjusted according to petrographic observations. The true reactive surface area St, differs from
Si, as only some parts of the surface is reacting at any given time (e.g., [10,17]). Grain roughness
may increase St by up to several orders of magnitude compared to Si, while grain coats and “aged”
surfaces have the opposite effect. Diagenetic processes may provide inaccessible (−) or accessible (+)
micro-porosity within grains or mud aggregates. Appropriate fractions may be estimated qualitatively
and/or quantitatively by elemental analysis and microscopy.

For example, the reactive surface area of plagioclase in lithic fragments may be assigned a lower
reactive surface area, Sr < Si, compared to plagioclase as monocrystalline grains, where Sr = Si. In the
case of etched plagioclase grains with additional internal porosity, Sr > Si. Using spheres as proxy
for geometric grain shapes is sufficient in most cases, as long as the true morphology is considered.
Needle-like crystals (e.g., illite) may for example be represented as a series of small spheres, and must
be accounted for by reducing grain size. Clay minerals with flaky occurrence (e.g., chlorite in Figure 3b)
are most reactive at the edges, and thus, Sr << Si, as shown in Figure 5a. Assuming spherical grain
shapes is therefore not necessarily a drastic simplification. For shales, where the connected porosity is
low, reactive surface areas have to be estimated from a geometric model of the pore space rather than
the solid phase [17].
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Figure 5. Parameterization of reactive surface areas: (a) Examples of grain geometries in relation to
specific and reactive surface areas. For platy clay minerals Sr << Si, as reactions only occur along the
edges; (b) Grain size distribution curves for typical lower (finer) and upper (coarser) shoreface facies.
The small amounts of clay in reservoir sandstone and small amounts of available sample material
makes separate clay analysis for detailed speciation difficult. Note that if disaggregating samples to
analyse the clay fraction separately in XRD, a large part of the reactive phase may sort as sand (e.g.,
chamosite grain coats and ooids). Bulk XRD for the same samples show 6–9 wt% chlorite; (c) Reactivity
quantification may be performed on bulk XRD data if typical mineral occurrences are described (vol
%), and reactive surface area assigned. Example from the Johansen Formation: plagioclase, K-feldspar,
chamosite, sorted from right to left according to reactivity in sand and clay fractions, respectively.
Occurrence affecting reactive surface area is related both to sedimentary facies and diagenetic alterations
(e.g., altered perthites).
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3D imagery of crystal habits in SEM is useful in quantification of reactive surfaces (Figure 3b).
By use of 2D element-mapping of thin sections, mineral distributions may be efficiently estimated.
These methods are of particular importance when variations in solid-solution chemistries relate to
different reaction potentials; e.g., for feldspars, chlorites, smectites, carbonates, sometimes by orders of
magnitude (e.g., [46]). Micro-porosity and fluid access is challenging to quantify, and total porosity is
likely to be underestimated by microscopy methods. The total surface within connected pores may be
measured in 3D by use of micro-tomography or Hg intrusion. In combination, these methods may be
applied to estimate reactive surface areas, as described in [23]. However, available sample material or
budget is often limiting 3D characterization.

3. Estimating CO2 Mineralization Potential (II): Example Modelling

Batch reaction models were performed with the geochemical software PHREEQC v3 using
the built-in phreeqc.dat thermodynamic database, allowing robust estimates of the CO2 fugacity
coefficient using the Peng–Robinson EOS model [57]. CO2 solubilities are however slightly high
because a Poynting (pressure) correction for the gas solubilities is not included in PHREEQC. For the
Johansen Formation (e.g., 96 ◦C, 300 bar, 0.5M NaCl, from [28]) the true solubility is 1.29 mol/Kgw
(using the SAFT v1 method as described in [56]), whereas the PHREEQC solubility is 1.52 mol/Kgw.
Nevertheless, the high solubility does not alter the prediction of carbonatization potential as simulations
were run at a constant CO2 pressure and pH rapidly approaches a value close to 5 (4.9–5.4) at calcite
saturation and over a large range of CO2 pressures (100–300 bar) [10,17].

To model the kinetics of mineral reactions the rate equations presented in [10] were used,
with a transition state theory (TST) based rate law for dissolution and a nucleation-growth equation
for growing mineral phases. The exception was growth of dawsonite, which had to be estimated using
a local-equilibrium assumption (forming at equilibrium) because of convergence problems when it
was included in the kinetic assemblage. This has been demonstrated to cause an overestimate of the
amount of dawsonite that forms at short time-scales, whereas the models are less sensitive at the longer
time-scales [17]. Kinetic data (rate constants for dissolution, nucleation and growth, and apparent
activation energies), were taken from [17] (Table 2).

Table 2. Kinetic data.

Mineral log k+ T = 25 pH = 0 Ea+
(1) N (2) log k- (3) Ea-

Albite −10.2 65.0 0.46 log k+ −2 Ea+

Oligoclase −9.7 65.0 0.46 log k+ −2 Ea+

K-feldspar −10.1 52.0 0.5 log k+ −2 Ea+

Chamosite 7A −9.8 22.0 0.53 log k+ −2 Ea+

Quartz/Chalcedony EQUIL Ea+

Calcite EQUIL Ea+

Kaolinite EQUIL Ea+

Dawsonite(4) −4.5 63.8 0.98 log k+ −2 Ea+

Siderite −7.5 48.0 0.94 log k+ −2 Ea+

Ankerite (5) −3.2 56.7 0.5 log k+ −2 Ea+

(1) Apparent activation energy (kJ/mol) for dissolution, listed in [46]; (2) Reaction order with respect to protons [46];
(3) Growth rate constants at 25 ◦C (mol/m2 s). pH dependencies are unknown and neglected for growth; (4) Rate
coefficient at 25 ◦C and pH = 0 (mol/m2 s), apparent activation energy and reaction order with respect to protons
from [58]; (5) Lacks data and set to the same as dolomite [46].

The true reactive surface area (St) differs from the geometric values (Si) because of grain shape,
surface roughness, and because only parts of the surface are taking part in the reaction at a given
time. Roughness may increase the surface area by 1–2 orders of magnitude, whereas the fraction of
the total surface that is reactive may be 1% or less. These two effects therefore partly cancel each
other, but the extent of this is difficult to assess and depends on several factors. Generally, aged
sediments may have orders of magnitude lower reactive surface area than activated crushed materials.
The sensitivity of mineral carbonatization on the reactive surface area has earlier been demonstrated
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in [10,17], and we will here simply use the geometric model (Equation (2)) and focus the sensitivity
study on sedimentological features (e.g., chlorite and feldspar morphologies and mean sediment
grain sizes).

Si =
3xiρsolid

rρi

[
1
ϕ
− 1
]

(2)

For the case studies, we divided simulations into very fine sand (r = 0.05 mm) and medium
sand (r = 0.2 mm), representing typical lower and upper shoreface facies of the Johansen Formation
(Figure 2) [28,29]. In these simulations quartz (nucleation surface), feldspar, Fe-chlorite ooids, and rock
fragments were considered to be of the same size, whereas clay particles (kaolinite, chlorite, smectite)
were considered to have a mean radius of 1 µm. Sensitivity of feldspar occurrences were simulated
for 4.8 wt% perthitic K-feldspar, 1 wt% lithic K-feldspar, 2 wt% perthitic Na-feldspar, and 3 wt%
plagioclase. Chamosite input was 4 wt% porefill and 1 wt% ooid. The porosity was set at 25% and
reservoir conditions (300 bar, 96 ◦C) were not varied between scenarios. Model sensitivity studies for
temperature and nucleation growth are on-going.

3.1. Carbonatization of Chlorite

Two of the chlorite occurrences observed in the Johansen Formation, i.e., in ooids and as pore
filling and grain coating cements, display very different reactivity. Because large parts of the chlorite in
ooids are inside the grain and prevented from being in contact with the reactive solutions, ooid-chlorite
is assumed to have about two orders of magnitude lower specific reactive surface area than the
pore-filling and grain-coating chlorites. The abundance of ooids varies in the cored interval of well
31/2-3 in the Johansen Formation, but is generally not dominant relative to more accessible pore-filling,
pseudomorph alterations, and grain coats. We therefore varied the fraction of ooid-chlorite from 0 to
20 vol %. Chlorite morphology is also expected to show significant lateral and stratigraphic variations.
Chloritic ooids are recognised also in other potential storage formations such as the overlying Cook
Formation [34] and in the Gassum Formation [35].

The simulations show that the amount of chlorite dissolved over short to medium time spans
(<1000 years) very much depends on the amount that is high-reactive, i.e., the pore-filling and
grain-coating chlorite (Figures 6 and 7). The time it takes to completely dissolve the ooidal chlorite
is approximately 10,000 years, also in the 20% ooid-chlorite case, and it is therefore no difference in
the dissolved amount at this time scale (Figure 7a). Figure 7b shows pH changes and the amount
of secondary carbonates (siderite, ankerite, and dawsonite) that form in the 20% chlorite-ooid case
over 100 years. Siderite is the only Fe-carbonate to form, and the amount is proportional to the
amount of chlorite that dissolved (1.8 moles of siderite formed for each mole of chlorite dissolved).
The short delay of four years before onset of growth (Figure 7b) was due to the nucleation induction
time. As kaolinite was defined to be at equilibrium with the formation water and dawsonite formed
according to the local-equilibrium assumption, dawsonite formed immediately from the dissolved
CO2 and the formation water Na+ and Al3+, but the growth rapidly stopped as no further Na+ was
supplied (Figure 7b).
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their chemistry and morphology. The lithic feldspars (plagioclase and K-feldspar) were assumed to 
be in a mineral mixture inside spherical fragments, and have reactive surface areas corresponding to 
the mineral fraction in the fragment. K-feldspar was also found along albite in perthitic fragments, 
and some plagioclase occurred as larger, preserved detrital grains. In these simulations we assumed 
that all grains (minerals and lithic) where in the same size, and we simulated two different settings: 
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sand (0.4 mm) being representative for upper shoreface deposits [29]. The difference in grain size 

Figure 6. Simulated dissolution of chlorite (chamosite) (e.g., Johansen Formation, 96 ◦C, 300 bar CO2);
where chlorite was separated into two parts: (1) highly reactive pore filling/grain coating chlorite with
large reactive surface area (1 µm grains); and (2) low-reactive ooids (125 µm aggregates where reactions
are only assumed on the aggregate surface). Up to 20% chlorite in ooids was simulated.
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Figure 7. Simulated chlorite dissolution (a), and corresponding secondary carbonate formation and pH
(dotted curve) evolution (b), for 100 years of CO2-chlorite interactions with initial materials consisting of
20% chlorite as ooids, and the remaining fraction as high-reactive pore-filling or grain-coating materials.

3.2. Carbonatization of Feldspars

The feldspars in the Johansen Formation have been divided into five different types based on
their chemistry and morphology. The lithic feldspars (plagioclase and K-feldspar) were assumed to
be in a mineral mixture inside spherical fragments, and have reactive surface areas corresponding to
the mineral fraction in the fragment. K-feldspar was also found along albite in perthitic fragments,
and some plagioclase occurred as larger, preserved detrital grains. In these simulations we assumed that
all grains (minerals and lithic) where in the same size, and we simulated two different settings: very fine
grained sand (0.1 mm) corresponding to lower shoreface deposits, and medium grained sand (0.4 mm)
being representative for upper shoreface deposits [29]. The difference in grain size leads to a four
times larger reactive surface area for the very fine sandstone, and correspondingly faster dissolution
of the feldspar grains and faster formation of the secondary dawsonite (Figure 8). In the very fine
sand, detrital plagioclase dissolved completely within 50 years, leading to a corresponding dawsonite
growth. In the medium-grained sandstone the same reaction takes four times longer, indicating that the
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dissolution occurs at far-from-equilibrium under-saturation and that the rate therefore is proportional
to the reactive surface area. The difference in carbonatization potential is mainly seen on the short
term, with the very fine sandstone having a potential of about 50% more CO2 bound and immobilized
in dawsonite after 100 years (Figure 8). The difference is smaller in the long term (1000–10,000 years)
as all Na-feldspars are eventually replaced by dawsonite. Including minor calcite contents (e.g., 1 wt%)
causes some minor recrystallization of calcite to ankerite, but the overall storage potential does not
change much. The K-feldspars were not completely dissolved after 10,000 years, but K-feldspars have
earlier not been regarded as a source for dawsonite ([59] and references therein). Some recent data may,
however, indicate that K-dawsonite may also form, but this is still highly uncertain [60]. The feldspars
in intact lithic fragments are much less reactive compared to individual plagioclase grains, and it takes
thousands of years to dissolve the lithic plagioclase even in the very fine sandstone.
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Figure 8. Simulated feldspar dissolution of equal wt% feldspars for (a) very fine grained sand, and
(b) medium-grained sand. Feldspars were divided into perthitic K- and Na-feldspars, K-feldspar and
plagioclase in lithic fragments, and detrital plagioclase grains; (c) micrographs from corresponding
facies in the Johansen Formation: very fine grained and medium grained sandstones. Pore space is
filled with blue epoxy; (d) amount of dawsonite that forms from feldspar dissolution for very fine
grained and medium grained sand lithologies. The two cases correspond to (a) and (b) (this figure).

If available mineral data are XRD analyses only and no petrographic information is available,
we cannot distinguish the lithic plagioclase component (as long as the chemical compositions of
the two are similar). The rates of plagioclase dissolution and dawsonite formation may in such
cases be highly uncertain. Although we know quite well the local composition (well 31/2-3) of the
Johansen Formation rocks, there may be spatial variations and we illustrated this by simulating three
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cases with different fractions of plagioclase bound in lithic fragments (Figure 9). If all plagioclase
is monocrystalline and detrital (0% in lithic fragments), nearly 70% of the plagioclase has dissolved
after only 100 years and some significant amounts of dawsonite forms (Figure 9b). On the other hand,
if most (90%) of plagioclase is within lithic fragments, less than 20% has dissolved after 100 years and
much less dawsonite forms. The difference is, however, smaller at longer time scales and quite small
when approaching 10,000 years (Figure 9). We have so far simulated chlorites and feldspars and their
carbonatization potentials separately. Because these mineral groups share elements such as Al and
Si, dissolution of one may affect the other. We therefore simulated the combined chlorite-feldspar
assemblage and compared the carbonatization potential with the individual mineral-group simulations
(Figure 10).
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Figure 10. Amount of CO2 stored in secondary carbonates (mol/L fmw) in simulations only taking
into account either feldspars or chlorites, and compared to the results in coupled simulations taking
into account both feldspars and chlorites. No/little difference suggests that pH is the same in both
cases. The motivation to run separate simulations is to save time in more complex large-scale reactive
transport simulations.
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4. Discussion

The reactivity depends on the mineral assemblage, grain size and morphology, which all vary
according to sedimentary facies within one sandstone reservoir unit, as well as on the diagenetic
imprint and in-situ reservoir conditions. Characterizing and describing a potential storage candidate
with respect to the spatial distribution of sedimentary facies is an efficient means for separating zones
with different mineralization potentials for CO2 in siliciclastic reservoirs.

4.1. Workflow

The workflow for parameterizing input for geochemical models described above is summarized
in Figure 11. The main challenge with respect to geological characterization of saline aquifers is that
hard data are often scarce. Thus, interpolation across large distances and/or burial depths from areas
where data are available, to a less mapped, potential injection site are carried out. Absolute reactivity
may often not be estimated, but taking into account facies changes (e.g., more clay and feldspar
in finer grained facies) and diagenetic imprint (such as albitization with increasing temperature),
some scenarios may be defined for initial geochemical bulk modelling including all phases and
identification of main reactants. For the Johansen Formation the main cation donors were identified in
bulk simulations as albite and Fe-chlorite [61]. Subsequently, estimating the facies-specific reaction
potential through geochemical simulations takes a detailed description of the reactants into account.
Solid-solutions must be specified and parameterized with suitable kinetic parameters [10,46] and
assigned to one or more grain size/shape class occurrences (Figure 5).Minerals 2019, 9, x FOR PEER REVIEW 16 of 23 
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The total input reactive surface area (St) may be defined through petrographic studies and
quantification of mineral assemblage as described here and/or according to other methodologies
(e.g., [22,23,62]). Depending on the magnitude and kinetics of pH-changes during simulations
(i.e., not too large fluctuations), simulations for each reactant (dissolving phase) may be run separately.

4.2. Input Data

XRD quantification procedures provide cheap and frequently available data. Direct use of bulk
rock XRD data (sometimes lacking specification of sample type and treatment) as input for geochemical
modelling of mineral trapping, with uniform grain sizes and associated reactive surface areas, is common
procedure. Evaluating the effect of phase occurrence and grain shape/size may change the time scale
and magnitude of mineralization potential significantly, as shown here. Without complementary
geological knowledge about the depositional environment and burial history of siliciclastic rocks,
reservoir scale estimations of reaction potentials may be grossly wrong. Appreciating the large
uncertainty due to natural heterogeneity and lack of data, a range of geochemical models can be
constructed to illustrate effects of alternative interpretations and data interpolation. Effects of system
variability may also be explored by means of stochastic analysis: for example by Monte Carlo sampling
from experimental surface area measurements [16].

In the Johansen Formation the content of reactive minerals varies in well 31/2-3, and until the
assembly is confirmed in the actual injection area, facies related scenarios may be defined for sensitivity
studies of trapping potential.

4.3. Upscaling

Having defined reactive surface areas and mineral assemblages specific to each facies represented
in the reservoir, bulk reservoir reaction potentials (dissolution + mineralization) may be estimated.
By fluid flow simulations of CO2 injection and migration (e.g., Eclipse, TOUGH, and similar numerical
tools), total dissolved volumes of CO2 within specific layers or in each defined facies setting may
be quantified. The current facies model for the Johansen Formation (Figure 12) is based on acoustic
impedance data, and must be verified and calibrated with well data before reactivity distributions
can be predicted. Scenario based modelling of fluid distributions and dissolution potentials, however,
indicate that the dissolution potential (e.g., 29% of 160 Mt injected CO2 after 1000 y) could be less than
the mineralization potential (Figure 10) on the same time scales (100’s of years), which would cause a
catalytic effect of mineralization on further dissolution of the residual phase, where supply of CO2

would be the rate limiting factor. This is highly dependent also on reservoir pressure and temperature
conditions, which still are to be measured in the proposed injection area.

Decoupling of models is an advantage in that fluid simulations may include realistic topography,
fine grid sizes, proper equations of state (EoS) [63] and relative permeability curves (e.g., [51]) assigned
to facies [28], all within the limits of computing capacity (CPU). Considering the residence time of
CO2 at the dispersive plume front, as well as the dissolution of residually trapped CO2 left behind
a migrating plume, the reaction potential in the injection area and along the predicted migration
path may be evaluated. The formation water salinity has negligible effect on the mineralization
potential, as the moles of cations in the solid phases are several orders of magnitude larger than in
the water at any time, and the aqueous phase can be regarded as merely a transporter of CO2 during
the mineralization [18]. Significant mineral precipitation may retard plume migration, increase the
dissolution potential, immobilize CO2 and is considered the safest trapping mechanism [2,55,56].
The reaction potential is higher in fine grained facies (because of larger reactive surface areas and
higher relative fractions of cation donor minerals), which in combination with higher fractions of
residual CO2 would support more efficient immobilization. With a porosity of 25%, the estimated
volumetric long term trapping potential would be 55 kg CO2 per m3 reservoir.
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Figure 12. Fluid distribution relative to sedimentary facies with different mineralization potentials:
(A) Interpreted facies distribution related to porosity class and interpreted from seismic attribute
analysis (acoustic impedance). Upper shoreface (high porosity and permeability) in dark yellow,
lower shoreface (intermediate porosity and permeability) in light yellow. Non-reservoir siltstones and
mudstones in green and grey. Model described in [28]; (B) fluid distribution at 100 years, after 50 years
of injection 3 Mt/y CO2 through a well perforated in the lower half of the reservoir. In this case 16% of
CO2 was dissolved, 38% residually trapped [28].

4.4. Hydrogeochemical Trapping

Mineral and ionic trapping reactions for CO2 are often disregarded in reservoir characterization
and modelling schemes, due to slow kinetics. Geochemical studies indicate, however, that the
dissolution of clay and silicate minerals and the subsequent precipitation of carbonates may be
significant also on time scales less than 100 years (e.g., [10,24]), and approach immobilization potentials
in the same size order as dissolution in pore waters [7]. Thus, it may be argued that mineralization
potential and the associated increase in dissolution potential should be taken into account in general
reservoir characterization schemes.

Immobilization of CO2 enhances storage security [2]. Between two otherwise suitable reservoir
candidates (e.g., high injectivity, safe cap-rock, appropriate temperature and pressure conditions),
the safer option would be the more reactive reservoir setting (e.g., mineralogy, salinity, pH,
temperature) providing permanent storage of CO2 through dissolution-, ionic- and mineral- trapping,
disregarding near-well pore-clogging by rapid salt precipitation in this context. Geological heterogeneity
may cause plume spreading, increase dissolution and immobilization potential [28,64].

De-coupling of models for transport and reactions, as proposed here, introduce challenges with
regards to timing and linked processes such as aqueous speciation of CO2 and pH-changes during
silicate dissolution and carbonate precipitation [56]. Furthermore, the dynamics of porosity changes
due to mineral precipitation may not be incorporated [65]. However, in coupled geochemical and
transport models, reservoir geometries and geological heterogeneities are not accounted for, e.g., [7],
which impose the most important control factors with respect to fluid distributions (Figure 12).
Fluid flow models may highlight preferential flow paths within distinct facies, bypass zones, and plume
separations due to layered heterogeneities. The reactive surface area is expected to be highest in rocks
of sedimentary facies with smaller average grain size and higher clay content, as well as increasing
with associated lower porosities and smaller pore throats. This relation is valid only down to effective
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porosities <6% and associated permeabilities <100 mD [66], at which point it is no longer realistic
that all pores are swept with CO2. Absolute estimations of mineralization potential by decoupled
methods are not possible due to constrains of present day CPU capacity, but reservoir scale relative
evaluations may be made by bulk volume calculations of residual and dissolved CO2 present in
a given sedimentological facies setting at different time steps during fluid migration (Figure 12).
The implementation of geological models in sensitivity studies may provide insight towards long-term
reservoir behaviour.

The result shows that there is no significant difference between batch simulations using the
complete reactive mineral assemblage, and the results of running separate simulations for the feldspars
and chlorite and summing up the carbonatization potential (Figure 10). This indicates that pH of the
simulations are also very similar, as pH strongly affects reaction rates. Such simplifications may be
beneficial for running reactive-transport simulations of larger and more complex CO2 storage systems
as the addition of kinetic reactions to flow simulations adds a substantial CPU load. All simulations
were run at constant CO2 pressure, implying that the batch system is in communication with a CO2

source with sufficient CO2 to feed the necessary five moles required for a complete carbonatization
of the feldspar-chlorite assemblage. The amount of CO2 required for a complete carbonatization
at time scales when CO2 is still dominantly mobile (<100–1000 years) is about 2.5 to 3.8 moles/L
Fmw (Figure 10). With a solubility of 1.28 moles/Kg Fmw in the Johansen Formation (SAFT v1
calculations: [59]), we need about 1.2 to 2.5 additional moles of CO2 per liter formation water for a
complete carbonatization. This can be fed from CO2 trapped residually. The minimum volume of
residual CO2 and percent residual required per liter pore water was estimated using a CO2 density of
680.13 kg/m3 [63]. The estimated amounts of residually trapped CO2 for 1.2 and 2.5 moles are then
7.2% and 13.9% respectively.

4.5. Kinetic Rate Uncertainties for Chlorite

Kinetic data used for most CO2 storage simulations are taken from Palandri and Kharaka [46].
There has, however, been generated more recent data and some experiments have also been performed
at conditions more relevant to CO2 storage (i.e., relevant CO2 pressures). Because the Palandri and
Kharaka [46] review has incorporated data for all feldspars of interest to CO2 storage in sedimentary
basins (anorthite, Na-rich plagioclases, albite, K-feldspar), and there are no more recent studies that
change the rate constants or temperature dependencies, we have here focused on the variation in data
for chlorites, and the few data of Fe-rich chlorites and the total lack of data for the Fe-endmember
chlorite. Only rate data from experiments at acidic conditions will be compared here as they are most
relevant for CO2 storage. A summary of the compiled chlorite data is given in Table 3.

Table 3. Kinetic data for chlorites.

Study CO2
(1) pH T log k (2) Ea N (3) log k log k

range ◦C (kJ/mol) at 37 ◦C, pH 5 at 75 ◦C, pH 5

Clinochlore-14A 0 Acidic – –11.1 88.0 0.5 –13.0 –10.6
Fe-rich (Mg/Fe = 1.4) 0 Acidic 25–95 –9.8 94.3 0.49 –11.6 –9.1

Clinochlore-14A 0.1–0.5 M 3.0–5.7 100–275 –9.9 25.1 0.49 –12.2 –11.5
Clinochlore-14A 120–200 M 3.5–5.4 50–120 –12.0 16.0 0.076 –12.3 –11.9

(1) Experimental CO2 molar concentration (denoted with an ‘M’ after the value) or CO2 pressure. (2) Rate constant k
(mol/m2s) at pH = 0 and 25 ◦C, assuming a rate equation of the form R = kSaH+n(1 − Ω) (see Palandri and Kharaka,
2004 [46]). (3) Rate order with respect to the proton activity.

Average values from Palandri and Kharaka [46] have been estimated from the published
data prior to 2004. This compilation suggests a dissolution rate constant of the Mg-endmember
chlorite (clinochlore-14A) of 7.76 × 10−12 mol/m2 s at pH = 0 and 25 ◦C (all rate constants will from
here be discussed at this reference point), and with an apparent activation energy of 88.0 kJ/mol.
Lowson et al. [50,67] examined the dissolution rates of an Fe-rich chlorite (molar Mg/Fe = 1.4) and found
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a rate constant of 1.62 × 10−10 mol/m2s, significantly larger than the average value listed by Palandri
and Kharaka [46] for the Mg-endmember, but with a similar and even larger apparent activation
energy (94.3 kJ/mol). Smith et al. [48] examined the clinochlore-14A end-member and found a rate
constant comparable with [50] (1.23 × 10−10 mol/m2

·s), but with a much smaller apparent activation
energy (25.1 kJ/mol). Finally, Black and Haese [68] recently found a clinochlore-14A rate constant of
9.55 × 10−13 mol/m2

·s, and with an even smaller apparent activation energy than in Smith et al. [48]
(16.0 kJ/mol). In all studies, except for Black and Haese [68], a reaction order with respect to protons
of about 0.5 has been found. However, the low value of 0.076 found by Black and Haese [68] was
attributed to the inhibiting effect of bicarbonate on the dissolution rate, largely cancelling out the
catalyzing effect of protons. It is clear that it is a large range in listed rate constants and apparent
activation energies, and the work by Black and Haese [68] also suggest that CO2 and bicarbonate
will significantly affect the pH dependency of the rates. It is therefore of interest to compare chlorite
dissolution rates at conditions relevant for CO2 storage. The pH of a CO2 storage repository buffered
by calcite dissolution is around 5 and quite independent of CO2 pressure and temperature [10,17].

The temperature varies from reservoir to reservoir. At 37 ◦C (e.g., the Utsira CO2 storage site),
differences are only modest for the Mg-endmember, with the largest rate constants from Smith et al. [48]
being approximately seven times larger than the lowest from Palandri and Kharaka [46]. The Fe-rich
chlorite is at these conditions suggested to react approximately six times faster than the average found for
the Mg-end-member (Table 3). At 75 ◦C the rate constant from Palandri and Kharaka [46], having much
higher apparent activation energy, passes the value for two other studies on the Mg-chlorite. At this
condition, the Palandri and Kharaka [46] rate constant is approximately 16 times that of the Black and
Haese [68]. The rate constant for the Fe-chlorite, having even larger activation energy, is at 75 ◦C almost
100 times larger than for the average of the Mg-chlorites. This fast reactivity of the Fe-end-member
fits well with studies of other Fe-rich clay minerals, such as glauconite [69], and poses a challenge in
predicting the short term (<100 years) reactivity and mineral trapping potential of the Fe-chlorites,
being very common in North Sea reservoirs [34,35,44,61]. The large variations in data for Mg-chlorite
and the lack of data for the Fe-endmember result in a significant uncertainty in estimated dissolution
rates, on top of the large uncertainties in reactive surface areas. This calls for more rate studies on
chlorite dissolution, preferentially done at CO2 storage conditions (including realistic CO2 pressures).

5. Conclusions

The reactive surface area depends on grain size and shape, porosity and permeability, and varies
according to sedimentary facies and diagenetic imprint. More accurate, or relevant ranges, of input
values for reactive specific mineral surface areas as used in geochemical modelling of long term
mineralization potential for CO2 may be estimated by combining optical, physical and chemical
quantification methods, and relate mineral morphology to grain size in estimations from weight %.
Implementing sedimentary facies variations in reservoir models provides for volume estimations
of fluid distributions in various parts of the reservoir, which may be applied for evaluating spatial
variability of mineralization potentials in CO2 storage reservoirs.

Na-plagioclase and Fe-chlorite are the main cation donors for mineral trapping of CO2 in the
Johansen Formation. Reaction rates of chamosite in reservoirs ~100 ◦C are likely significant on shorter
time scales (100’s of years), and relevant for estimation of immobilization potential and increased
dissolution. The bulk reactive mineral content (feldspar and chlorite) as well as reactive surface area
per weight fraction is higher in fine-grained facies. Simulations suggest that chlorites in ooids or
dense aggregates may reduce the short term (<100 years) mineral trapping potential by up to 20%,
compared to more reactive occurrences like grain coats. Feldspars are suggested to have the largest
impact on long-term (1000–10,000 years) mineral trapping. Intact lithic fragments are less reactive,
while diagenetically altered grains may be more reactive. In our geometric model, fine-grained facies
have four times larger specific reactive surface areas compared to medium-grained sand, and the
mineral trapping rates are correspondingly faster.
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