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Abstract

Geothermal energy extraction often results in the release of naturally occurring
carbon dioxide (CO,) as a byproduct. Research on carbon storage using volcanic
rock types other than basalt under both acidic and elevated temperature
conditions has been limited so far. Our study uses batch reactor experiments at
100°C to investigate the dissolution of andesite rock samples obtained from an
active geothermal reservoir in Sumatra (Indonesia). The samples are subjected to
reactions with neutral-pH fluids and acidic fluids, mimicking the geochemical
responses upon reinjection of geothermal fluids, either without or with dissolved
acidic gases, respectively. Chemical elemental analysis reveals the release of Ca**
ions into the fluids through the dissolution of feldspar. The overall dissolution
rate of the rock samples is 2.4 X 107" mol/(m? - s) to 4.2 X 10~ mol/(m? - s), based
on the Si release during the initial 7 h of the experiment. The dissolution rates are
about two orders of magnitude lower than those reported for basaltic rocks under
similar reaction conditions. This study offers valuable insights into the potential
utilization of andesite reservoirs for effective CO, storage via mineralization.
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Highlights

* Geothermal energy production can release naturally occurring carbon dioxide.

* Calcic plagioclase-rich andesite samples release increased divalent ions.

* Higher plagioclase content in samples correlates with elevated buffering
capacity.

* Occurrence of secondary Al-containing mineral formation is likely.

» Andesite dissolution rate is 10-100 times slower than that of basalt.

various parts of the world. However, geothermal reservoirs,
often located in volcanic regions, present a significant

A steady increase in carbon dioxide (CO,) emissions has
been documented since the 1950s, primarily attributed to
human activities, such as the burning of fossil fuels
(Department of Energy and Climate Change, 2016;
Edenhofer et al., 2014; McCarthy et al., 2001). To mitigate
the potential global temperature increase beyond 1.5°C
compared to preindustrial levels, it is imperative to transition
from fossil fuels to renewable energy sources and implement
technologies for capturing and storing excess CO, (Inter-
governmental Panel on Climate Change [IPCC], 2018).
Geothermal energy, a renewable energy source, has been
successfully harnessed for heat and electricity generation in

challenge due to the release of naturally occurring volcanic
gases, including CO, and H,S, during production
(Fridriksson et al., 2016). Although CO, emissions from
geothermal power plants are approximately 20 times lower
than those from coal-burning plants of equivalent size,
addressing all greenhouse gas emissions is essential to
establish geothermal energy as a truly clean and renewable
source (Aradottir et al., 2015). In the case of Indonesia,
which possesses an estimated 40% of the world's geothermal
resources, a scientifically informed mitigation strategy could
unlock the potential for vast carbon-neutral energy sources
(Suharmanto et al., 2015).
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In several field trials involving subsurface basaltic
systems, the injection of CO, dissolved in aqueous fluids
has proven successful in sequestering CO, through
mineralization. Subsurface storage of CO, can involve
several trapping mechanisms, such as structural, residual,
solubility, and mineralization trapping. Structural trap-
ping requires an impermeable layer overlying the
reservoir to prevent escape of CO, gas back to the
surface, whereas mineralization trapping can be consid-
ered a safer long-term storage mechanism. The CarbFix
project in Iceland, at the Hellisheidi Geothermal Power
Plant, demonstrated a remarkable 95% sequestration of
the injected CO, in just 2 years (Clark et al., 2019;
Gislason et al., 2018; Matter et al., 2016; Pogge von
Strandmann et al., 2019; Snabjornsdottir et al., 2020).
Results from CarbFix2, which doubled the CO, injection
rate, showed the mineralization of 50%-60% of the
injected CO, within 2 years, with no detectable change in
host rock permeability (Clark et al., 2020). A transport
model established for long-term CO, injection into these
basaltic rocks at Hellisheidi aligns with field measure-
ments and estimates a theoretical maximum storage
capacity for the reservoir at 300 megatons of CO, by
2050, assuming a 10% filling of the available space
(Ratouis et al., 2022). This study suggested that the
precipitation of calcium carbonate could have been
limited by the interaction between the fluids and basalt
host rock, in particular, the release of calcium from
the rock into the fluids. Another notable field demon-
stration is the Wallula Basalt Pilot test in the United
States, which achieved the sequestration of injected
supercritical CO, within 2 years of placement (McGrail
et al., 2011, 2017). Furthermore, preinjection tests and
geochemical modeling conducted on the Nesjavellir
geothermal system in Iceland indicated that injected
CO»-charged fluids would dissolve the altered basaltic
host rock near the injection well and subsequently trigger
carbonate precipitation between the injection well and
the production well (Galeczka et al., 2022). Basaltic
rocks are favored for their high content of olivine,
pyroxene, and plagioclase. Olivine and pyroxene have
thermodynamically favorable dissolution rates under
acidic CO, injection conditions, facilitating the release
of alkaline earth metal cations that can lead to carbonate
precipitation, as illustrated in the following equa-
tion (Gislason et al., 2010; Hangx and Spiers, 2009;
Matter et al., 2007; McGerail et al., 2006).

(Ca, Mg, Fe)** + CO, + H,0

1

< (Ca, Mg, Fe)CO3 + 2H". M

Equation (1) suggests that H* ions must be consumed

to favor the formation of solid carbonates, enabling carbon

sequestration. Mafic rocks, such as basalts, possess a high

neutralization capacity, providing alkaline earth metal

cations upon dissolution, which can further contribute to
carbonate mineral formation (Matter et al., 2007).

Importantly, geothermal energy can be harnessed

from a wider array of rock systems beyond basalt. For

instance, Indonesia, rich in geothermal energy resources

(Sawin et al., 2017), features reservoir systems composed

of andesitic rocks (Boedihardi et al., 1993; Purnomo and
Pichler, 2014). Andesite is found in various parts of the
world, including Central and South America and
multiple locations in Australasia. Nevertheless, research
on carbon sequestration in rock types other than basalt
remains relatively limited. A recent study on reactive
transport modeling of the Kizildere geothermal field in
Turkey indicated a prevalence of CO, solubility trapping
and a lack of trapping through carbonate mineralization
in metamorphic schist and marble host rocks at 220°C
(Erol et al., 2023). The limited CO, mineralization in this
case can be attributed to (i) the scarcity of divalent
cations, such as Mg?*, Ca®*, and Fe*", in the chemical
system and (ii) fluid-rock interaction that is primarily
controlled by K-Al-Si-containing minerals, for example,
muscovite. Batch reactor experiments with rhyolite rock
and supercritical CO, at temperatures ranging from
150 to 170°C and pressures of 35MPa led to the
dissolution of primarily calcite and K-feldspar, and
precipitation of calcite and ankerite (Na et al., 2015).
Similarly, fractured granite rock samples were used in
water—CO,-rock interaction core flooding experiments in
a study on CO,-based enhanced geothermal systems at
200°C. The results indicated the predominant dissolution
of feldspars and the precipitation of mainly calcite and
dolomite (Wu et al., 2021). However, other experiments
on CO,-saturated granite geothermal systems at 250°C
showed the dissolution of K-feldspar, oligoclase, and
epidote, along with the precipitation of smectite (Lo Ré
et al., 2014). Carbonate precipitation was only observed
upon cooling and degassing, suggesting that longer time
scales are necessary for its formation (Lo Ré et al., 2014).
Certain studies reported on reactions between acidic
fluids and various volcanic glass samples, primarily from
Iceland (Wolff-Boenisch et al., 2004, 2006), which
revealed a slower dissolution rate for glasses with higher
silica content. Consequently, some expected trends could
also be proposed regarding the dissolution behavior of
rocks that have a less amorphous, more crystalline
structure. The dissolution rates in these studies were used
to determine calcium release rates, enabling interpreta-
tions and estimations of the CO, consumption capacity
of the samples. Nevertheless, these studies primarily
focused on ambient temperature and a pH value of 4 or
higher, and the samples used were mainly volcanic glass
or individual mineral samples, as opposed to rock
samples containing crystalline minerals. A recent study
presented geochemical modeling results for CO, injection
in the Ungaran geothermal field in Java Island, Indone-
sia, using data on rock mineralogy and geothermal water
chemistry (Utomo and Giileg, 2021). The latter study
represented one of the first modeling efforts conducted
on intermediate volcanic rock (andesite) geothermal
reservoir, and indicated promising results for carbon
trapping through mineralization. However, this study
concentrated solely on modeling, and has yet to be
validated by experimental data.

The primary objectives of this study are twofold: (i)
to investigate the geochemical reactions occurring
between andesitic rocks and representative geothermal
reservoir fluids in Sumatra Island, Indonesia, and (ii) to
assess the implications of these fluid-rock interactions
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for potential implementation of carbon storage technol-
ogy involving mineral formation through the reinjection
of CO, dissolved in fluids into andesite geothermal
reservoirs, in order to assist in determining whether this
is a viable sequestration method if basaltic reservoirs are
not available within the relevant geographic area.

This study is exclusively focused on andesitic rock
types for potential carbon sequestration. Note that an
assessment of the field-scale potential of carbon seques-
tration would also need to examine other factors, such as
rock permeability, particularly of the overlying layers, to
ensure that the system has some structural and residual
carbon trapping potential as well.

2 | MATERIALS AND METHODS

2.1 | Rock samples

For our experiments, we utilized samples collected from
a geothermal field located on Sumatra Island, Indonesia.
The geological formation of Sumatra Island resulted
from the subduction of the Sundaland Continental Plate
beneath the India—Australia Oceanic Plate. The tectonic
stress generated by this subduction process, known as the
Subduction of Sundaland with India—Australia, gave rise
to dextral strike—slip faults that run parallel to Sumatra
Island, notably the Great Sumatra Fault (GSF). In
addition to the GSF, this subduction activity also led to
the formation of a volcanic arc, causing seismic events
and creating geothermal potential in Sumatra Island
(Muraoka et al., 2010; Santoso et al., 1995). As described
by Sieh and Natawidjaja (2000), the GSF spans a length
of 1900 km and comprises 19 segments of dilatational
step-overs, each segment ranging from 60 to 200 km in
length (Sieh and Natawidjaja, 2000).

The prevailing mineralogical composition in the
region is primarily andesitic in nature (Barber et al., 2005),
consistent with observations from drill cores obtained
from the Quaternary-aged andesitic—basaltic volcanic
rocks extending from the surface down to the top of the
reservoir section. The reservoir section itself comprises
Tertiary-aged mixed marine sediment interspersed with
layers of silicic and andesitic volcanic rocks.

For our research, we received three rock core samples
from the geothermal field in Sumatra, graciously
provided by PT Supreme Energy. These samples,

’ Rock samples from geothermal field in Sumatra Island ‘
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denoted as RDB1, RDCI1, and RDI1, were extracted
from exploration wells at depths ranging from approxi-
mately 1 to 2 km (Supreme Energy, 2019).

2.2 | Sample preparation and
characterization

An overview of sample preparation, characterization,
batch reactor experiments, and postexperimental analysis
is presented schematically in Figure 1. To begin, each
sample was crushed using an agate pestle and mortar.
The clay fraction (particles <2 um) of each sample was
then determined using a specific aqueous dispersion and
centrifugation method: A 5 g portion of each sample was
suspended in a 50mL solution comprising ultrapure
MilliQ (MQ) water, 3% hydrogen peroxide (H,0,), and
4¢/lL. of sodium hexametaphosphate (SHMP). This
mixture was placed in an ultrasonic bath for 2 h, serving
to eliminate organic materials and disperse the clay.
Subsequently, a sequence of centrifugation and washing
steps at 4000 r/min for 30 min per cycle was performed
until the liquids became clear. The solid samples were
then resuspended in MQ water and subjected to
sonication for 15 min to ensure that the clay remained
evenly dispersed. Finally, a shorter centrifugation step
lasting 2min at 1000 r/min was carried out and the
resulting clay suspension (comprising particles <2 um in
diameter) was carefully decanted to separate it.

To distinguish between chlorite and kaolinite clay
peaks in the powder X-ray diffraction (PXRD) patterns, a
hydrochloric acid (HCI) treatment was applied to each
separated clay fraction (Biscaye, 1964). In a teflon vial,
0.4mL of 12.4M HCI was combined with 4.6 mL of the
clay suspension. The vial was sealed and heated to 150°C
for 1 h on a hotplate. Following this treatment, the sample
was allowed to cool before washing by centrifugation.

Mineralogical phase identification through PXRD
was conducted using an X'Pert PRO PANalytical MPD
X-ray Diffractometer. Normal Bragg—Brentano geome-
try was used, with CuKa radiation at 40 kV and 40 mA,
utilizing sample holders with a 20 mm diameter. Samples
were scanned over a sampling range from 5° to 70° 20,
with a step size of 0.0066 and a scan speed of 0.23° 26/s.
Bulk powder samples were pressed into 20 mm holders
for analysis. In the case of clay experiments, 700 uL. of
each clay suspension was pipetted onto 20 mm glass

¥ ¥
‘ Thin sections ‘ | Crushing to powder | — ‘ Batch reactor experiments |—>‘ Post-experimental analysis
i:: Microscopy XRD on bulk and Rock powder 100°C pH of fluids
Microprobe clay fraction + acidic fluid ICP-OES for elemental
XRF on bulk * composition of fluids
BET on bulk BET to measure surface
b ‘T . area of reacted powder
)
ja
N—"

FIGURE 1

Schematic overview of the rock sample preparation, characterization, batch reactor experiments, and postexperimental analysis in

this study. ICP-OES, inductively coupled plasma optical emission spectrometer; BET, Brunauer-Emmett-Teller.
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discs, with the addition of two drops of acetone, and left
to air-dry overnight before being placed in sample
holders for analysis. For phase identification and
semiquantitative analysis, the PDF4 database (Interna-
tional Centre for Diffraction Data [ICDD], 2018) was
utilized within DIFFRAC.EVA software to identify
mineral peak patterns.

The elemental composition of the powdered samples
was analyzed using X-ray fluorescence (XRF) with an
Epsilon 3 XL high performance benchtop energy-
dispersive X-ray fluorescence spectrometer system.

Nitrogen Brunauer-Emmett-Teller (BET) analysis
was conducted on a Micromeritics 3flex Surface Charac-
terization Analyzer at 77K, encompassing partial
pressures ranging from 0 to 0.99, to determine the
surface area of the samples. Before analysis, the
powdered rock samples were degassed overnight at
100°C. The surface area was found to be 1.1 £0.1 m%/g
for RDBI, 1.7+ 0.1 m*g for RDCI, and 1.8 £0.1 m%/g
for RDII1 (error based on two replicates).

To gain textural and mineralogical insights into each
sample, 30 pm thin sections were examined using a Carl
Zeiss Axio Scope Al optical microscope equipped with
reflective and transmitted light modes and polarizing
filters positioned above and below the sample stage.
Images were captured using a Zeiss Axiocam ERc camera.

The chemical composition of the mineral phases in
the thin sections was determined using standard
wavelength-dispersive techniques with a JEOL JXA-
8200 electron microprobe. This involved using a 15.0kV,
20 nA electron beam at a working distance of 11 mm.
Before analysis, the thin sections were coated with a
15 nm layer of carbon.

2.3 | Batch reactor experiments

In this study, we use batch reactor experiments to assess
the reaction between andesite powder and neutral or
acidic fluids at 100°C. The benefits of this method are the
safe facile setup, the use of fine homogeneous rock
powder with determined reactive surface area enabling
good contact of each component of the rock with the
fluid, and good reproducibility and quantification.
Although the use of batch reactor experiments with
powdered rock samples does not simulate the flow
characteristics of the fluid in the pore structure of the
rock, they do allow us to conduct multiple duplicated
experiments to estimate the whole-rock sample dissolu-
tion rates. Core flooding-type or similar experiments
would be needed to examine the effects of the flow
characteristics within the rock samples, which would not
provide the desired duplication ability for this particular
study examining whole-rock dissolution rates to generate
geochemical data that can potentially be incorporated
into reactive transport modeling experiments.

For the batch reactor experiments, stainless-steel
reactors with a 25mL capacity and Teflon inserts were
used. Each reactor was filled with 15mL of fluid, and
0.1500 g of powdered rock samples (precisely weighed
using a four-figure balance) were added, maintaining a
rock-to-fluid ratio of 1:100. Subsequently, these reactors

TABLE 1 Elemental composition of geothermal fluids in reservoir
wells A and B, as provided by PT Supreme Energy, and the

composition of fluids designed for this study. mg/L
Element Well A Well B This study
Na 1020.000 318.000 1000.000
K 188.000 79.800 150.000
Ca 29.400 2.930 20.000
Mg 0.020 <0.010 0
Al 0.326 1.180 0
Cl 1880.000 521.000 1716.000

were sealed. A total of 15 duplicates of this reactor setup
were placed in a 100°C oven at the beginning of each
experiment. At each time step, one reactor was withdrawn
to obtain an individual sample, resulting in a
15-day monitoring period to track the progression of the
reaction. The pH of the fluids was measured at room
temperature, and the fluids were collected through a
0.22 pm polyethersulfone filter. The solid materials were
then dried at 50°C for 2 days. The fluids utilized in each
experiment were formulated to mimic the geothermal
formation waters found in the RD geothermal well. The
composition of these well fluids was provided by PT
Supreme Energy, with a partial representation in Table 1.
The data suggest that the fluids are meteoric in origin due
to their relatively low total dissolved solids and low
salinity. The composition of the designed fluids was
determined based on an examination of the provided data,
with a closer replication of Well A's composition. Solid
chloride salts from Fisher Scientific were precisely
weighed, with NaCl added to introduce Na*, KCI for
K", and CaCl, for Ca®>*, as shown in Table 1. The
experiments were conducted with both pH-neutral fluid
and acidic fluids adjusted to pH 3 using HCI to simulate
the acidic carbon injection conditions seen in other
laboratory- and field-scale studies (Alfredsson et al., 2013;
Peng et al., 2015) and compare their impact on cation
release rates. Additionally, a control experiment with no
added rock samples was carried out to assess potential
background effects from the experimental setup. The pH
and elemental analyses of the fluids in the control
experiment were conducted in the same manner as the
other experiments.

2.4 | Post-experimental analysis

Post-experimental analysis on the fluid samples was
carried out using a Perkin Elmer inductively coupled
plasma optical emission spectrometer (ICP-OES). This
instrument possesses a detection limit of 0.1 mg/L. and
offers analytical precision of <5%. Calibration standards
were created in the range of 0.100-30.000 mg/L using
100.000 mg/L standard solutions from Fisher Chemical
for elements Si, Al, Na, K, Ca, and Mg. Each fluid
sample was subjected to 1/10 and 1/100 dilutions using
2% HNOj;. The undiluted fluids, as well as the diluted
ones, were then analyzed using ICP-OES. Furthermore,
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the BET surface area of the solids collected after each
experiment was determined using the same method as
that applied for the original powdered rock samples
before the experiments.

3 | RESULTS

3.1 | Rock characterization

3.1.1 | Microscopy results

The core sample RDB1 hand specimen shows a
porphyritic texture, showcasing both dark and pale
phenocrysts set within a gray matrix. When observed in

FIGURE 2 Microphotographs of thin sections. (a) Sample RDBI,
plane-polarized light. Two substantial feldspar crystals showing that
twinning patterns are surrounded by smaller feldspar crystals and a
finer-grained matrix. (b) The same view as (a), but observed under
crossed-polarized light. (c) Sample RDII1, plane-polarized light. A large
feldspar crystal is hosted in a fine-grained matrix, likely composed of
quartz and feldspar. (d) The same view as (c), rotated by 90° and
observed under crossed-polarized light.

(a) go.

70

D
(=)

W
(=)

w
S

Composition (%)
S
(=]

5o
(=}

—_
(=)

o=
SiO, ALO, NaO Fe,0; MgO CaO K,0
Samples

DWSC-WILEY——

thin section, the larger crystals, measuring up to 5 mm in
length, are identified as quartz and feldspars, nestled in a
fine-grained matrix (<20 um) (Figure 2). The presence of
a green hue in the matrix surrounding the crystals
suggests the occurrence of chlorite, likely formed as a
result of hydrothermal alteration.

The core sample RDC1 hand specimen displays an
aphanitic and vesicular texture, featuring visible open
and sealed fractures, as well as veins, with pronounced
gray-green coloring. In thin section, RDCI reveals veins
ranging from 20 to 500 um in width, filled with various
clay minerals and small calcite crystals. Despite the
sample's aphanitic texture appearance in the hand
specimen, there are larger crystals, reaching up to 3 mm
in length, which have been identified as feldspars and
quartz, set within a fine-grained matrix. The matrix
contains chlorite, evident from its blue-green pleochro-
ism (MacKenzie and Adams, 1994).

The RDI1 hand specimen shows a phaneritic texture,
hosting both dark and pale crystals, along with some
green coloration, suggesting the presence of chlorite. In
thin section, this sample reveals numerous large feldspar
crystals, with lengths of up to 2 mm, as well as quartz
crystals (Figure 2). Similar to the other samples, a fine-
grained matrix embeds the larger crystals.

3.1.2 | Geochemical analysis
The XRF results (Figure 3a) reveal that the composition
of sample RDBI1 consists of 71% SiO,, while RDII
consists of 69% SiO,. In contrast, RDC1 contains only
53% SiO,. Furthermore, RDB1 shows higher concentra-
tions of Na,O and K,O, but lower concentrations of
Ca0O, MgO, and Fe,O; in comparison with the RDCI
and RDI1 samples.

To investigate the composition of the identified feldspar
grains within the thin sections of the samples, microprobe
analysis was conducted (Figure 3b). This analysis aimed to

(b) KAISi, 0,

Anorthoclase

~

NaAlSi;O,

CaAl,Si,0,

FIGURE 3 Geochemical analysis data. (a) X-ray fluorescence data for the crushed rock samples presented as a percentage of major oxide
components, revealing significant differences in the SiO, content in the RDCI sample compared to the other samples (with errors based on a 5%
standard machine error). (b) Ternary plot illustrating the compositions of the analyzed feldspar crystals in each sample, as determined through
microprobe analysis of the thin sections. This plot indicates that the plagioclase crystals in the RDC1 sample show a more calcic nature compared to

the other two samples.
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determine the normalized chemical formulas of the feldspar
crystals (Table 2) (Deer et al., 2013). Based on 20 analysis
points, the feldspar crystals in RDBI are identified as
having an oligoclase—plagioclase composition, with an
average formula of K4Naj77Cag 19Al}195155/0g. In the
case of the RDCI sample, with data collected from
15 analysis points, the feldspar crystals are determined to
have a labradorite-plagioclase composition, with an
average formula of K0_02N30_34C30.64A11.64Si2_3608. The
feldspar crystals in the RDI1 sample, based on 25 analysis
points, show an andesine—plagioclase composition, with an
average formula of K o1Nag¢sCag 31Al; 31515 690g. Impor-
tantly, the microprobe data broadly corroborate the
findings from the XRF analysis for each sample.

3.1.3 | Mineralogical analysis

The PXRD patterns for the bulk powder samples of
RDBI, RDC1, and RDI1 (before clay separation) are
depicted in Figure 4, along with the individual patterns
for the primary phases present. Semiquantitative PXRD
analysis indicates that the RDBI sample comprises 76%
feldspar, 23% quartz, and 1% chlorite. The RDCI1
sample consists of 69% feldspar, 21% quartz, and 10%
chlorite, while the RDIl sample is composed of 71%
feldspar, 25% quartz, and 4% chlorite. These findings
align with the results from microscopy and geochemical
characterizations.

In the clay separation experiments (<2 pum), it was
observed that the RDBI1, RDCI, and RDII samples
contain 5.9%, 13.8%, and 8.7% clay, respectively.
Subsequently, these isolated clay fractions were subjected
to PXRD analysis, both before and after an acid
treatment, confirming the presence of chlorite.

3.2 | Fluid analysis

The results obtained through ICP-OES reveal a time-
dependent increase in the Si concentration in all experi-
ments (Figure 5a). Interestingly, under acidic conditions,
there is an equivalent or greater release of Si compared to
neutral conditions in all samples. Notably, the RDCI1

sample in the acidic condition shows the highest Si release,
while the RDB1 sample in the neutral condition shows the
lowest Si release over the 15-day period. To estimate
dissolution rates, a linear fit is applied to the initial Si
release, based on the first three data points (Figure 5b), in
conjunction with the measured BET surface areas
(Table 2), as discussed later. This method of deriving the
dissolution rate from the initial data points that follow a
linear trend is commonly used in kinetics studies using
batch reactor experiments, as the conditions change with
time as the reaction proceeds (Peng et al., 2015;
Vandeginste et al., 2020, 2021). Once the trend of the
data points becomes nonlinear, the system no longer
displays a dissolution rate consistent with the starting
conditions as it moves toward equilibrium; therefore, only
the first three data points were used to estimate the
dissolution rates.

Only the RDBI neutral and RDI1 acidic conditions
release a measurable quantity of Al into the fluids,
characterized by a rapid increase initially and subsequent
stability (Figure 5¢). The concentration of Ca in the fluid
shows a rapid increase to 5-10 mg/L in all experiments with
the RDBI and RDCI1 samples, followed by relative stability.
However, in the RDC1 acidic experiment, the concentration
continues to increase until the end of the experiment
(Figure 5d). In contrast, the RDI1 sample releases a larger
quantity of Ca, approximately 40 x 107°, at the outset before
stabilizing. Generally, the Mg concentration in the fluids is
higher under acidic conditions than in neutral conditions for
all samples (Figure 5e). Notably, the RDBI sample in
neutral conditions releases negligible Mg, while the RDCI
sample releases the most Mg in the acidic condition. The
RDI1 sample, on the other hand, releases similar amounts of
Mg under both acidic and neutral conditions. The initial
fluids all had 150 mg/L of K added to simulate geothermal
fluid conditions, making small changes in its concentration
challenging to discern due to increased error margins. The
RDII sample in both neutral and acidic experiments is the
only one that appears to release any K into the fluids
(Figure 5f).

In the acidic experiments for all samples, the pH
increases rapidly above the initial pH value of 3 (Figure 6).
Specifically, the RDB1 sample increases the pH to 6.5, the
RDCI sample to 5.5, and the RDII sample to about 7.
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FIGURE 4 Powder X-ray diffraction (PXRD) patterns for the three rock samples, alongside reference PXRD patterns for the identified minerals
in the samples, including quartz (Levien et al., 1980), albite (Harlow, 1982), anorthite (Wenk et al., 1980), and chlorite (Phillips et al., 1980). Notably,
the most significant differences among the three rock samples are evident in the 5°—20° 26 region, with more distinct chlorite peaks in the

RDCI sample compared to the other two.
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Inductively coupled plasma optical emission spectrometer data illustrating elemental concentration changes throughout the

experimental periods, measured in mg/L for: (a) silicon release, (b) silicon release within the first 6 h of the experiments, (c) aluminum release,
(d) calcium release, (e) potassium release, and (f) magnesium release. Note the varying scales of the vertical axes. Error calculations are based on

replicate experiments, resulting in an approximate £15% margin of error.

The highest pH was recorded in the RDBI neutral
experiment, where the pH reached alkaline levels at 8.5.
The fluid pH in the RDC1 sample, both in neutral and acidic
experiments, remains below the neutral value of 7, and the
fluid pH in the RDII sample experiments shows minimal
variation between the acidic and neutral conditions.

3.3 | Post-experimental solid analysis

Subsequent to each experiment, PXRD analysis was
conducted on the dried solid samples. These patterns
displayed slight differences compared to the original samples.
However, it is important to note that the solid samples
collected at the end of the experiments were dried without
disaggregation to prevent minor contamination. As a result,
there may be some preferential orientation of the samples on

the XRD holders, which means that these patterns cannot be
solely relied upon for precise quantification analysis
(Kleeberg et al., 2008). In general, these patterns reveal the
same phases as the original samples, but with variations in
relative peak heights. Moreover, the surface area of the
samples following the fluid-rock reaction was assessed using
BET analysis, indicating a minor increase when compared to
the original rock sample powder before the experiment
(Table 2).

4 | DISCUSSION
4.1 | Mineral dissolution rates

We analyzed the Na-K-Mg ratios based on the fluid
data obtained from a geothermal well in Indonesia
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TABLE 2 Experimental results including Si release rate [mg/(L-h)] over the first 6 h of the experiment and calculated rock dissolution rate

[mol/(m? - s)].

Surface area of rock powder:

Si release rate

Dissolution rate

Sample, condition Average formula Initial (final) (mzlg) [mg/(L - h)] [10-11 mol/(m? - s)]
RDBl, neutral K0_04Na0_77Ca0_19A11_195i2_8108 1.1£0.1 (1 0x 01) 0.8746 4.2
RDBI, acidic K0.04N30A77C30.19A11.1gsi2'8108 1.1+0.1 (20 + 01) 0.7857 3.8
RDCI, neutral K0_2N30.34Ca0,64Al|_64Si243608 1.7£0.1 (32 + Ol) 0.6493 2.4
RDC], acidic K0_2N30_34Cao_64A11_54Si2_3(,08 1.7£0.1 (47 +0. 1) 0.8444 3.1
RDI], neutral KO_1Na0_68Ca0_31A11_3ISi2_6908 1.8+0.1 (2] +0. 1) 1.0048 3.1
RDI], acidic KO_lNaO_GgCa0_31All_3ISi2_6908 1.8+0.1 (23 + 01) 1.0119 3.1
8.5 - 5y mg =
L =0 ] ] =
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FIGURE 6 Variation in pH measured in the fluids collected over the course of the experiments for each sample and condition. Error is based on

the pH meter used, with an accuracy of 0.1 pH.

(Table 1). We applied Giggenbach's (1988) classification
to this data, revealing that the reservoir fluids are not in
full equilibrium. Consequently, we expected further
mineral dissolution when using simulated geothermal
fluids and rock samples (Giggenbach, 1988), which is
corroborated by the experimental results. As depicted in
Figure 5a, Si is consistently released into the fluids for all
samples under the conditions tested. Assessment of the
extent of mineral dissolution under neutral and acidic pH
conditions provides insights into the magnitude of cation
release to be expected when injecting neutral formation
waters or those with increased acidity due to dissolved
CO, for carbon sequestration. It is widely assumed that
the rate-limiting step for carbon sequestration through
mineral formation [Equation (1)] is the release of divalent
cations from mineral dissolution (Oelkers et al., 2008;
Wolff-Boenisch et al., 2006). Thus, substantial cation
release rates from target rock formations are crucial for
successful carbon sequestration. Additionally, the ability
of the rock formation to neutralize the acidic pH
conditions created by CO, dissolution in the fluids is
vital for enabling carbonate mineral formation, which
necessitates near-neutral or alkaline pH conditions
(Matter et al., 2007). Dissolution of minerals like
feldspars, known to neutralize solution pH, and the
potential release of additional divalent cations can
further enhance carbon sequestration (Shibuya
et al., 2013). Previous studies have primarily focused on
basaltic formations for carbon sequestration via mineral
formation (Gislason et al., 2010; Matter et al., 2011;
McGrail et al., 2011, 2017; Oelkers et al., 2008) due to
their high content of olivine, pyroxene, and plagioclases,

which provide relatively fast divalent cation release. In
contrast, our study examines andesite rock samples to
assess the potential for carbon sequestration at appreci-
able levels and within useful time scales, despite
significantly lower olivine and pyroxene contents. The
mineralogical, geochemical, and microscopic characteri-
zation confirms the absence of pyroxene and olivine
minerals in all samples investigated in this study.

The investigated rock samples consist mainly of
feldspars, quartz, and chlorite. To estimate the dissolution
rates of the whole-rock samples, we need to make certain
assumptions to simplify the calculation. In this study, we
calculate the sample dissolution rates by assuming that the
released Si primarily originates from feldspar dissolution
(Zhang et al., 2015). Quartz is relatively stable under the
experimental conditions in our study, with minimal
dissolution rates at pH values between 3 and 7 (Knauss
and Wolery, 1988). The dissolution rate of quartz was
determined to be approximately 5 x 102" mol/(m?-s) by
Knauss and Wolery (1988), which is up to 10 orders of
magnitude slower than what we would expect for other
minerals in the rock samples under these conditions.
Therefore, we assume that the dissolution of quartz in this
study is negligible and contributes very little to the overall
Si release. Chlorite dissolution rates, as indicated by
Lowson et al. (2005), are considerably higher, with a rate
of 1.78 x 10 "> mol/(m? - s) under neutral pH conditions,
and an expected rate of 6.46 X 102 mol/(m? - s) under
acidic pH conditions. However, given that chlorite
constitutes only a relatively small percentage (<10%) of
the rock sample and its expected dissolution rate is
approximately two orders of magnitude lower than that
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for feldspar, we assume that chloride dissolution also
contributes very little to the overall Si release.
Considering these assumptions, the release of Si into
the fluids is attributed primarily to the dissolution of
feldspar in the rock samples. We use a mass balance
calculation to determine the sample dissolution rates:

dc, v
Ris Vi dis = d—zl g ()
1S

Here, C; represents the concentration of component i
in the reactor, ¢ denotes time, v; gis 1S the stoichiometric
coefficient of i in the dissolution reaction, Ag; is the
surface area of the mineral, } represents the volume of
the solution in the reactor, and Ry is the dissolution
rate. With a linear change in concentration versus time
within the sampling interval, the reaction rate can be
calculated by substituting the average change in concen-
tration with time (4Cj/At) for the time derivative of the
concentration in Equation (2). To calculate the dissolu-
tion rates, we use Si release over the first 6h of the
experiment, as illustrated in Figure 5b, which allows us
to approximate far-from-equilibrium conditions in the
reactors and simulate the conditions of a hydrothermal
system with continuous fluid flow. The average feldspar
composition in each sample is determined based on
microprobe analysis (Figure 3b). The RDBI1 sample has
a composition of oligoclase (Kg4Nag77Cag 19Al} 19
Si, 770g), with a stoichiometric coefficient of 2.77 for Si
used to calculate its dissolution rate. The RDCI1 sample
is characterized as labradorite (Kg>Nag34CagesAlj 64-
Si, 360g), with a stoichiometric coefficient of 2.36 for Si.
The RDI1 sample has a feldspar composition of andesine
(K().1N30.68C30'31A11.31Si2_6808), with a stoichiometric
coefficient of 2.68 for Si. Previous studies have reported
feldspar dissolution rates within a reasonably large
range, from 10?2 to 10 mol/(m?-s), under similar
experimental conditions with pH values between 3 and
4 at 100°C (Carroll and Knauss, 2005; Hellmann, 1994;
Oelkers and Schott, 1995; Siegel and Pfannkuch, 1984).
The rates calculated in our study fall within this
previously reported range (Table 2).

It is worth noting that the dissolution rates calculated
from the first 6h of the experiment do not precisely
reflect the final quantity of Si released into the fluids by
the end of the experiment. This discrepancy may be
attributed to the buffering effects that batch reactor-type
experiments often experience. Interestingly, the RDBI
sample in a neutral fluid condition presents the fastest
dissolution rate (Table 2), and yet, it releases the least Si
overall into the fluids by the end of the experiment
(Figure 5a). Conversely, the slowest initial dissolution
rates are observed for the RDC1 sample in both neutral
and acidic pH conditions. Nevertheless, this sample
releases a relatively high amount of Si by the end of the
experiment, especially in the acidic condition, resulting in
higher overall Si release throughout the entire experi-
ment. Semiquantitative PXRD results indicate that the
RDBI sample, which shows the fastest initial dissolution
rate, corresponds to the sample with the highest feldspar
content. In contrast, the RDC1 sample, with the
slowest initial dissolution rate, has the lowest feldspar

content. Microprobe results further indicate that the
RDCI sample contains feldspars with a higher calcium
content, while the RDB1 sample contains feldspars
with a higher sodium content. Previous studies have
shown that calcic feldspars are less stable under acidic
conditions compared to alkali feldspars. This may
explain why the RDC1 sample releases more Si overall,
with the controlling factors of feldspar content,
feldspar dissolution rate, and changing pH affecting
the fluid-rock interaction in the batch reactors
(Blum, 2012; Casey et al., 1991; Oelkers and
Schott, 1995). Likewise, geochemical modeling of CO,
injection in host rocks in the Ungaran geothermal field
indicates that anorthite (calcium feldspar) dissolution
dominates over the dissolution of other minerals and
that calcite precipitates at the expense of anorthite
dissolution (Utomo and Giileg, 2021). Therefore, our
findings suggest that the dissolution rates derived from
the first 6 h of the experiment were more influenced by
the feldspar content in the rock sample, with a faster
rate of Si release for sample RDBI1, which has the
highest feldspar content. However, the overall magni-
tude of mineral dissolution after a 15-day period was
influenced more by the type of feldspar mineral in the
rock sample. RDC1, which contains less stable calcic-
type plagioclase, released more Si by the end of the
experimental duration compared to RDBI1, which has
sodic-type plagioclase. In the RDC1 experiment under
acidic conditions, the pH remained lower for a longer
time in the batch reactors, thus favoring higher
dissolution rates.

4.2 | pH buffering capacity

The initial rapid pH buffering observed in Figure 5 can
be explained by feldspar dissolution, which consumes H*
ions. This process is depicted in Equation (3) for alkali
feldspars and Equation (4) for calcic feldspars (Matter
et al., 2011; Shibuya et al., 2013; Zhang et al., 2015):

Na(K)AISizO5(s) + 2H" + H,0 < Na'(K")

: A3)
+ AlSi;05(OH)4(aq),

CaA12Si208(S) + 2H" + H,0 < CaZ*

+ A1281205(OH)4 (aq) (4)

In the experiments conducted with the RDB1 and
RDII samples, the solution pH increases more signifi-
cantly than in the experiment involving the RDCI1
sample (Figure 6). Given that the RDC1 sample has
the lowest feldspar content, it is likely that the
availability of feldspar for dissolution is limited, resulting
in less effective buffering of the acidic pH solutions over
the 15-day time scale in this study. In the context of
carbon sequestration, it is crucial for H* ions causing
acidity in the fluids to be consumed through reactions
such as feldspar dissolution. This consumption allows the
fluids to reach neutral pH levels suitable for carbonate
precipitation (Gislason et al., 2010). Consequently, the
findings of this study suggest that rock systems with high
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feldspar content are promising candidates for carbon
sequestration via carbonate mineral formation. The fluid
pH can be adequately buffered, depending on factors
such as fluid-rock ratio, fluid composition, temperature,
and fluid flow conditions.

4.3 | Secondary mineral formation

Despite the presence of Al in feldspar in the samples and
ongoing feldspar dissolution, detectable Al concentra-
tions are only found in the fluids from experiments with
RDBI under neutral conditions and RDI1 under acidic
conditions. Based on the measured feldspar composition
(between oligoclase and labradorite), Al release in the
fluids would be expected at levels about two to three times
lower than that of Si. However, in some experiments, up
to 30 x 107 of Si is released without any detectable Al
release. This implies that significant nonstoichiometric
dissolution must be occurring, or there is secondary
mineral formation removing Al from the solution.

In the different experiments, the pH increased most
significantly, reaching approximately 8.5, over the course
of the experiment for the RDBI sample under neutral
conditions. Previous research conducted under similar
experimental conditions showed the formation of alumi-
num hydroxide precipitates at a pH of 5-9 (Balintova
and Petrilakova, 2011). Gibbsite (AI(OH);3) precipitates
preferentially in an acidic environment, and the bayerite
polymorph forms readily in a solution with a pH above
5.8 (Barnhisel and Rich, 1965; Schoen and
Roberson, 1970). Therefore, the lack of detectable Al
in most experiments may be due to the rapid precipita-
tion of aluminum hydroxide species in solutions with a
pH between 5 and 7. The higher pH values in the RDBI1
neutral experiment, particularly within the first few
hours, could inhibit some aluminum hydroxide precipi-
tation due to less favorable alkaline conditions, leading
to a small detectable Al concentration in the fluids
(Figure 5c). These observations have implications for the
availability of divalent cations for carbonate formation,
as any secondary precipitates may capture some divalent
cations (such as Fe?") in their structures, reducing the
cations available for carbonate mineral formation (Gysi
and Stefansson, 2011). Therefore, additional research
may be needed to assess the potential impact of
aluminum hydroxide precipitation on the implementa-
tion of carbon sequestration in geothermal reservoirs at a
field scale.

Moreover, other research involving reactive transport
calculations has highlighted the importance of secondary
mineral formation kinetics in CO, mineralization for
subsurface storage (Addassi et al., 2024). In the study, it
was calculated that carbonation of fresh basaltic glass
was slower initially, taking account of the lower
secondary silicate mineral (clay and zeolite) precipitation
rates. It was explained in the study that the calculated
higher aluminum ion concentration in the fluids caused
slower dissolution rates of primary basaltic glass. In
contrast, the carbonation rate of hydrothermally altered
basalts was found to be faster when taking account of
slow secondary silicate mineral precipitation.

4.4 | Implications for carbon storage in
andesitic reservoirs

Studies at the field scale involving carbon sequestration in
basaltic reservoirs have reported impressive results, with up
to 95% of injected CO, mineralized in under
2 years (Matter et al., 2016). This method of carbon
trapping through mineralization offers a significant advan-
tage compared to other approaches like structural trapping,
which relies on impermeable cap rocks to prevent CO,
leakage. Basalt shows dissolution rates on the order of
10 "9 mol/(m? - s) (Gudbrandsson et al., 2011), whereas the
dissolution rate of andesite, as determined in our study, has a
magnitude of about 10" mol/(m? - s) The faster dissolution
of basalt can be attributed to its distinct mineralogy,
featuring minerals like olivine with an average dissolution
rate of 10¥mol/(m?-s) (Rimstidt et al, 2012). Faster
dissolution of rock is beneficial because it makes more
divalent cations available in a shorter time frame, offering
the potential for faster CO, trapping through mineralization.
The andesite dissolution rate observed in our study, which is
roughly one to two orders of magnitude lower than that of
basalt, aligns well with rates reported in previous studies on
volcanic glasses with higher silica content under acidic and
more ambient temperature conditions (Wolff-Boenisch
et al., 2004, 2006). Previous research suggests that, in cases
where a volcanic glass sample with high silica content shows
dissolution rates approximately two orders of magnitude
slower than one with lower silica content, Ca release rates
follow a similar trend (Wolff-Boenisch et al., 2006). There-
fore, we assume that a comparable trend applies to the
crystalline rock samples used in our present study. Although
the release rate of calcium divalent cations is slower in
andesite samples compared to basalt samples, andesitic
reservoirs are still likely to be suitable for carbon sequestra-
tion. However, it is expected to take longer for the fluids to
reach a state of carbonate mineral saturation. This will
generally lead to slower carbonate mineral formation, but
these minerals are also likely to precipitate further away
from the injection site in andesite reservoirs as compared to
basalt reservoirs. This could be beneficial in preventing the
potential risks of permeability reduction associated with
mineral precipitation close to the injection site. Other forms
of geological carbon storage, like injection into porous
sedimentary-type reservoirs that rely on solution trapping
(Holloway, 1997), can take more than 1000 years to serve as
permanent, secure storage sites for CO,. In contrast, results
from field-scale studies on mineral trapping in basaltic
reservoir rocks have shown the potential for permanent
storage in 2 years or less (Matter et al., 2016; McGrail
et al., 2017; Pogge von Strandmann et al., 2019; Snabjorns-
dottir et al., 2020). Also, in altered basaltic rocks, reaction
path calculations suggest that 95% of injected water-
dissolved CO, would be trapped in minerals within 5 years
at 100°C (Oelkers et al., 2022). Even though andesitic
reservoirs may have slightly slower trapping rates compared
to basaltic reservoirs, they are still likely to achieve
permanent CO, storage at a significantly faster rate than
what is achievable with solubility trapping in porous
sedimentary-type reservoirs. These findings align with
geochemical modeling results of CO, injection in the
Ungaran geothermal field, which predict the dissolution of
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calcic feldspar coupled with calcite precipitation as a CO,
mineralization mechanism and a progressive transition from
solubility to mineral trapping within 30 days upon injection
(Utomo and Giileg, 2021).

Divalent species like Mg®" and Fe** are also essential
considerations when discussing carbon sequestration
through mineral trapping. These species are abundant in
basaltic rock types, which is why they have been a focal
point in previous studies on these rocks and one of the key
reasons why basaltic rocks are seen as the optimal target for
rapid mineral trapping of CO, (Matter et al., 2016; Snab-
jornsdottir et al., 2020). In contrast, these species are
considerably less abundant in andesite-type rocks because
plagioclase minerals do not contain Mg or Fe as major
elements. In the current study, minor amounts of Mg>" were
detected in the fluids, particularly in experiments using the
RDC1 sample (Figure Se). The latter sample had the highest
(although still relatively low) chlorite content. Mg is often
present within the chlorite structure, so the release of Mg
may be due to the minor dissolution of this mineral. The
XRF geochemical analysis of the samples supports this
interpretation, indicating that sample RDC1 has a higher
MgO content compared to the other samples (Figure 3a).
While our study has focused on the release of Ca from
plagioclase minerals within andesitic rocks, the significance
of Mg release from other samples with higher secondary
mineral content is an area of research that could be further
explored, with relevance to divalent cation release for carbon
sequestration.

Our study presents promising results for potential carbon
storage through carbonate mineral formation in andesitic
reservoirs, indicating the need for further investigation and
field trials. Apart from Indonesia, regions like New Zealand
are highlighted for their andesite rock resources and
geothermal energy exploration. To initiate a demonstration
pilot project in andesitic reservoirs, further comprehensive
studies that consider additional factors are required. These
factors include assessing the permeability of target reservoirs,
ensuring sufficient pore space for carbonate mineral forma-
tion, evaluating the importance of a sufficiently low-
permeability “cap-rock” to prevent CO, leakage, and
conducting additional laboratory experiments under differ-
ent temperature conditions relevant to various target
formations worldwide. We have found that the specific rock
mineralogy plays a pivotal role in predicting the suitability of
andesitic reservoirs for carbon sequestration. Rocks with a
high content of calcium-rich plagioclase are favored,
especially if minerals such as olivine and pyroxene, found
in basalt, are not available. The results of this study
contribute to the knowledge required for the initial
assessment of the feasibility of sequestering CO, in andesitic
rock systems, which can be a significant contribution to
global greenhouse gas mitigation efforts.

5 | CONCLUSIONS

The study yields several key findings:

1. The dissolution of rock samples released a greater
quantity of divalent cations when the calcic plagioclase
content was higher. This suggests that formations rich in
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calcic plagioclase may be preferable targets, especially
when olivine and pyroxene minerals are absent, as they
release the necessary divalent cations essential for
carbonate mineral formation.

2. Samples with a higher overall plagioclase mineral
content demonstrated more effective buffering capac-
ity in experiments under acidic conditions. Andesite
reservoirs with a substantial plagioclase content are
likely to be well-suited for carbon sequestration. They
can help transform the initially acidic pH fluids,
saturated with dissolved CO,, into near-neutral pH
conditions suitable for carbonate mineral formation.

3. The lower-than-expected concentrations of Al in the
fluids indicate that secondary mineral formation is
likely occurring, affecting cation removal from solu-
tions. Further research is warranted to assess the
impact of such secondary mineral formation.

4. The andesite rock samples used in this study showed
dissolution rates approximately one to two orders of
magnitude slower than those reported for basalt rock
samples. While this may imply that carbon sequestra-
tion in andesitic reservoirs is comparatively slower
than that in basaltic reservoirs, it is essential to note
that carbonate mineral formation in andesitic reser-
voirs remains a highly viable option due to its relative
rapidity.

In summary, the outcomes of this study underscore
the importance of further exploration of carbon seques-
tration via carbonate mineral formation in andesitic rock
formations. Although basaltic rock types are likely to
yield optimum conditions for carbon sequestration via
mineralization, this approach suggests that andesitic
reservoirs may be a suitable alternative for carbon
sequestration when basaltic rock types are unavailable.
Further research incorporating geochemical data relating
to these andesitic rock types into reactive transport
simulations, alongside appropriate core flooding-type
experiments, would provide further valuable insights for
the field. Our study contributes valuable insights into the
feasibility of sequestering CO, in andesitic rock systems,
offering a means to mitigate the ongoing global release of
greenhouse gases, which continues to accelerate global
warming and climate change.
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