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Abstract: This study evaluates the feasibility of reinjecting separated CO₂ into its source carbonate reservoir, the high-
temperature, high-pressure S Field in the Sarawak Basin, offshoreMalaysia. The reservoir gas comprises∼30%CH₄ and∼70%
CO₂. We combine mineralogical, petrophysical and geomechanical analyses to assess reservoir integrity and caprock sealing
performance under in situ conditions. The calcite-dominated gas zone exhibits high porosity (>30%), whereas the underlying
aquifer zone is co-dominated by calcite and dolomite with lower porosity (20–25%) and higher strength. The primary caprock
(Seal A), a 500 m-thick Miocene mudrock–siltstone unit, has porosities of 2–10% and low permeability, with illite and quartz
as dominant minerals. Laboratory experiments exposed reservoir and caprock samples to CO₂-charged brines at reservoir
pressure (30 MPa) and temperature (150°C) for up to six months. Post-reaction analyses revealed only minor changes in
mineralogy, porosity, permeability and mechanical strength. These results indicate limited CO₂–water–rock reactivity and
confirm the mechanical and geochemical stability of both reservoir and caprock. The findings support the viability of CO₂
reinjection and long-term geological storage in the S Field, providing a benchmark case for carbonate-hosted carbon capture
and storage systems in SE Asia.
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Abundant natural gas reservoirs have been detected in Miocene

carbonate build-ups in the offshore Sarawak Basin, Malaysia

(Darman and Harun 2006). However, this cluster of gas fields

contains high contents of CO2 (>40%) which are challenging for

field development. Therefore, carbon capture and storage (CCS) has

been identified as one of the solutions to manage the high CO2

levels and to monetize and sustain the gas production. Integrated

screening and site selection for potential CO2 storage sites for these

high CO2 fields have been conducted previously (Bing et al. 2015;

Widyanita 2017). These feasibility studies involve the implemen-

tation of cyclic gas production and CO2 reinjection from the start of

the field operation. The CO2 reinjection into the same or an

overlying/underlying reservoir provides the advantage of no

transportation costs, a concept that has already been applied

successfully within the Norwegian Sleipner Field (IPCC 2009).

However, there are limited case studies of CO2 storage in carbonate

reservoirs compared to clastic reservoirs and most of these CCS

projects are related to enhanced oil recovery (EOR) operations, such

as in the Weyburn Field in Canada, the West Seminole San Andres

Unit in Texas, USA or the Lula Field in Brazil (Brown et al. 2017;

Siqueira et al. 2017; McCloskey et al. 2022).

The viability of CO₂ storage in the S Field hinges on two critical

factors: (i) the geochemical reactivity of the carbonate reservoir rock

and (ii) the sealing capacity and mechanical stability of the

overlying caprock formations (Seal A and Seal B). Carbonate

minerals, such as calcite and dolomite, are known to dissolve in low-

pH environments, potentially altering porosity, permeability and

mechanical strength. Additionally, the interaction of supercritical

CO₂ with fine-grained mudrocks may affect the mineralogy and

induce microstructural changes that compromise seal integrity.

Previous geochemical modelling of the S Field (Ameer Hamza

et al. 2012) suggested limited mineralogical changes upon CO₂

exposure; however, these predictions were based on limited input

data and lacked experimental validation. To date, there has been no

systematic study incorporating integrated mineralogical, petrophys-

ical and geomechanical analyses under simulated reservoir condi-

tions. This study addresses these knowledge gaps through detailed

laboratory investigations designed to replicate in situ CO₂–water–

rock interactions. The objective is to assess the suitability of the S

Field for safe, long-term geological CO₂ storage and to contribute to

the broader understanding of CCS feasibility in carbonate-

dominated systems.
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Geological setting

The Sarawak Basin

The S Field is located 200 km offshore Sarawak in the Tatau

Province in the Sarawak Basin, East Malaysia (Fig. 1). This

Cenozoic sedimentary basin developed by straddling collisional

plate boundaries as part of the regional development of SE Asia,

which lies at the junction between the Eurasian Indo-Australian,

Pacific and Philippine Sea plates (Tjia 2000; Metcalfe 2009, 2011).

From a seismic stratigraphy study, it was concluded that the Sarawak

Basin formed by NW–SE-trending right-lateral movement during

the late Oligocene–Miocene (Zin 1997). The continental margin of

the Sarawak Basin forms part of the Late Eocene of the Sundaland

landmass (Madon 1999). The Nam Con Basin bounds the Sarawak

Basin to the NW, the Sabah Basin to the east and the Soi Kang Basin

to the SW (Fig. 1). The Sarawak Basin extends∼400 km in a north–

south direction and ∼740 km east–west (Tjia 2012).

Sedimentation in the Sarawak Basin was mainly in coastal to

shallow marine environments during the Oligocene and Early

Miocene. During the Middle Miocene, tectonic activity resulted in

extensional faulting and the creation of depocentres and intervening

basement highs. A relative rise in sea-level during this event resulted

in marine conditions offshore Sarawak and the deposition of

shallow carbonates on partly submerged basement highs (Madon

and Redzuan 1999). Eight phases, called ‘Cycles’, have been used

to describe the sedimentation from the Late Eocene to the

Pleistocene in the Sarawak Basin (Lunt and Madon 2017). These

Cycles were defined by an initial transgression, changing gradually

to regression and tied with planktonic foraminifera (Ho 1978). The

contrast in lithology marked the boundary of each cycle. Sea-level

transgressions spread over a wide area; thus the sediment

characteristic and depositional environment can be different even

within the same cycle (Lunt and Madon 2017). For example, in the

Baram Province, Cycles I and II formed deep marine sediments, in

contrast with the coastal and fluviomarine sediments in the

Balingian Province (Fig. 1). Cycle III generally characterizes

deltaic environments and defines the base of carbonate build-ups in

Cycle IV. Cycles IV and V sediments are both carbonate build-ups.

The Sarawak Basin is subdivided into five provinces which

represent an area characterized by a particular tectonic and structural

style that influenced the stratigraphic and sedimentation histories.

The provinces are Baram Delta, Balingian, Luconia (West, North

and Central), Tinjar and Tatau (Tjia 2012), with the S Field being

located in the latter province (Fig. 1). Horst and graben structures

make up the Tatau region. Situated between the Balingian and SW

Sarawak provinces, the Tatau Province is divided into the Half-

Graben and SW Luconia sub-provinces, separated by the Penian

High (Fig. 1).

Middle Miocene extensional tectonics overprint the structure of

the Tatau Province by creating NNW-trending normal faults,

dipping mostly to the SW (Madon and Redzuan 1999; Sim and

Jaegar 2006). Fault movement during Cycles III and IV resulted in

the development of deep half-graben, filled with thick Cycle III to V

sediments. At the end of Cycle III, the area underwent

compressional deformation, followed by the development of

carbonate build-ups on the uplifted horsts (Madon and Redzuan

1999).

Fig. 1. Map showing the hydrocarbon provinces of the Sarawak and NW Sabah basins as well as the location of the S Field in the Tatau Province, in the

south of the Sarawak Basin. (1) NW Sabah Platform, (2) NW Sabah Trough, (3) Outboard Belt, (5) Tatau Province, (6) Tinjar Province. Source: modified

after Tjia (2012).
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Overview of the S Field

Reservoir setting

Palaeoenvironmental studies indicate that the Tatau Province

formed in a non-marine setting in Cycles I to IV (Oligocene to

Middle Miocene; Madon and Redzuan 1999). Carbonate build-ups

start to develop during the regional marine transgression in Cycle

IV. Cycle V and younger are believed to be deposited in deltaic and

shallow marine environments. Particularly for the S Field, the

palaeoenvironment evolves from lower coastal plains in Cycle I to

coastal plains in Cycles II and III, and finally to a neritic

environment with the start of the carbonate build-ups in Cycles

IV and V (Madon and Redzuan 1999).

The S Field structure (Fig. 2) is a north–south elongated four-way

dip closure carbonate build-up with a vertical relief of more than

300 m. The build-up covers an area of ∼102 km2. The water depth

for this area is approximately 80 m. The most recent well, S-4, was

drilled in 2015, after S-1 (1970), S-2 (1997), S-2 rdr (1997) and S-3

(2006). The first core from Cycles IV and V carbonate build-ups

was obtained from the S-3 well, providing 44 m of carbonate

material. Well S-4 provides access to 200 m of carbonate core and

18 m of overlying caprock material. The caprock material has been

cored just above the reservoir section and is expected to be

representative for initial reaction/leakage should this occur. Core

samples and drill cuttings from all wells were used in this study to

identify the overall distribution of mineralogy as well as

interpretation of the depositional environment for the S Field.

Three connected reservoir zones (Zones A, B and C) are

determined based on stratigraphy, formation pressure and petro-

physical log interpretation and analysis (Fig. 2). The top of the

carbonate, referred to as Zone C, has a thickness of up to 150 m at

the crest and thins out towards the flanks with a thickness of ∼30 m.

The second carbonate zone (Zone B) is further divided into two

zones with different reservoir quality. The upper part of Zone B is

the main production/hydrocarbon zone with good porosity and

permeability. The deeper carbonate zone at depths below ∼2000 m

(Zone A) forms the gas and aquifer zone. Gas/water contact is

estimated at 2193 m across the reservoir (Fig. 2). The top of the

carbonate reservoir is overlain by two sealing units, comprising the

caprock. The effective seal, and one of the focus areas of this study,

is Seal A with a thickness of ∼300 m at the crest and up to 500 m

towards the flanks of the top of the carbonate. The second layer

(secondary seal) is Seal B with a thickness of ∼800 m (Fig. 2).

Fig. 2. (a) Cross-section of wells S-3 to S-4 showing the depth penetration of the wells drilled into the S Field in metres and (b) proposed well location for

CO2 injection into the aquifer zone below the gas/water contact. Horizontal scale in metres. Inset map shows the line of cross-section over the S Field and

the four-way closure of the structure.

3CO2 reinjection into the S Field
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The high CO2 contents of the S Field (∼70%) are assumed to

originate from thermal breakdown of organic matter or from

inorganic sources such as mantle degassing (Cooper et al. 1997).

Stable isotope data from reservoir fluids provide evidence of a

thermogenic origin of the gases (Madon and Redzuan 1999). The

δ
13C isotopic composition in the S Field ranges from−38 to−33‰,

suggesting a post-mature generation stage; thus, the high CO2

content in the S Field can be related to migration of CO2 from deeply

buried sources (at high temperature) along extensional normal faults

(Madon and Redzuan 1999).

Depositional environment of the S Field

The first biostratigraphy studies on samples from well S-1 indicated

deposition of the carbonate reservoir and Seal A in the Middle

Miocene (11–16 Ma), whereas Seal B was deposited in the Late

Miocene (∼5–10 Ma). Foraminifera Globorotalia mayeri was

discovered in the carbonate reservoir and marks a Middle

Miocene age (12 Ma), while Globorotalia margaritae found in

the overlying mudrock samples (Seal B) indicates a Late Miocene/

Early Pliocene (5–7 Ma) deposition (Bolli and Saunders 1982;

Liska 1991; Rehm 2003; Wade et al. 2018).

The depositional environment of the S Field is associated with

lagoonal to back reef and off reef facies, with seven main lithofacies

described from the sampled intervals. The lithofacies were character-

ized by combining the classifications of Dunham (1962) and Embry

and Klovan (1971), described in (Flügel 2004). This classification is

based on depositional texture and origin, including grain composition

and grain size, as well as biogenic content and sedimentary structures.

This study analyses carbonate reservoir variability and identifies

eight lithofacies in the carbonate core samples of the S Field, namely

wackestone, bafflestone, packstone, grainstone, floatstone, rudstone,

bindstone and framestone. The S Field carbonate records repeated

phases of shallowing and deepening as evidenced from palaeobathy-

metric data and facies associations (Fig. 3). The carbonate core

section, derived from the S-3 well, is dominated by large grain

lithofacies, which suggests the depositional environment as reef front.

The heterogeneity of lithofacies influences the mineralogy and

rock quality, shown in core samples from well S-4 (Fig. 4).

Representative samples for each dominant lithofacies in the S Field

show variable porosity, permeability, pore type and mineralogy.

Rudstone is the dominant lithofacies in the S-4 well. Porosity and

permeability determined on rudstone show the highest values

compared with other samples, which is due to high porosity

associated with mouldic and vuggy pores. Floatstone and bindstone

show low porosity and permeability, reflecting highly cemented

carbonate rocks as part of this lithofacies. The differences of rock

quality and mineralogy for these lithotypes plays an important role

in the reservoir heterogeneity of the S Field.

S Field as a CO2 storage reservoir

CCS implementation was planned to start with the production of

natural gas (∼70%CO2,∼30%CH4), followed by CO2 separation and

Fig. 3. Core description and facies association of core at a depth of 2088–2100 m from the S-3 well. The depositional environment is interpreted to be a reef

front setting with lithofacies association dominated by bafflestone, bindstone and framestone. These three lithofacies are composed of large grain/allochem

components that are bound together during deposition, indicating a high energy environment. The short core section A shows lamination of shale in the

mudstone–wackestone lithofacies. Core section B portrays branching corals with red and green algae in between the coral fragments. Platy corals shown in

the core section C, together with sedimentary structure of stylolite, may indicate lamination of shale in the mudstone–wackestone lithofacies. Core section B

portrays the branching coral with red and green algae in between the coral fragments. Platy corals are shown in core section C, together with sedimentary

structures associated with stylolites.
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reinjection into the aquifer zone (Fig. 2). This concept will change the

current pressure, temperature, mechanical and geochemical equilibria

of the S Field. The initial formation pressure of the S Field is∼35 MPa

and the temperature is ∼150°C at a depth of ∼2200 m, resulting in a

CO2 partial pressure of 24.5 MPa. The high concentration of CO2 in

the gas zone indicates that exsolution happened, as the formation brine

is almost fully saturated with CO2 (Zaidin et al. 2019). As a result, the

reservoir pressurewill decrease during gas production, whichmay also

reduce the CO2 solubility into formation water, and trigger CO2

exsolution from the water into the gas zone (Kuo 1997). However,

following CO2 reinjection, the reservoir pressure will slightly recover,

together with the CO2 partial pressure. Ultimately, this will result in re-

equilibration of pore fluids with CO2.

CO2 infill into the reservoir resulted in a (near) equilibrium state

between rocks and CO2-charged fluids (Kaszuba et al. 2011; Bickle

et al. 2013). Consequently, the increase of the CO2 partial pressure

is expected to result in minimal changes in pH/alkalinity and

therefore in small-scale mineral reactions with the injected CO2

only. However, this scenario requires validation by an integrated

analytical and numerical study to establish an appropriate

subsurface risk assessment.

Samples, data and methods

We used a combined petrophysical, mineralogical, geochemical and

geomechanical approach to characterize the caprock (Seal A and

Seal B) and carbonate reservoir properties of S Field. This approach

is complemented by integrating field data, such as formation fluid

compositions (gas and brine), formation stress, temperature,

pressure, petrophysical well log analysis and well/field testing of

the S Field. Reservoir pressure, temperature and in situ stress were

used in laboratory studies to simulate the actual reservoir conditions.

Wireline data, which has mainly been used as background data and

to inform some of the interpretation of this study, can be found in the

Supplementary material (SI 1).

Reservoir condition and reservoir fluid properties

Reservoir pressure and temperature

Data recorded from the five wells show formation pore pressures of

33.8–35.2 MPa for the gas zone (1925–2195 m depth) and up to

36.5 MPa in the aquifer zone at a depth of 2300 m, indicating

significant over-pressurization of the formations of ∼15 MPa. The

temperature gradient is based on formation test data and each well

provides different temperature gradients, depending on the well

location in the reservoir structure. For the S-4 well, within the

carbonate reservoir, the temperature ranges from 108°C at depth

1925 m (∼5.6°C per 100 m); for the S-2 rdr well, the true vertical

depth subsea to 130°C is at datum 2193 m (∼5.9°C per 100 m),

indicating a high temperature anomaly in the CO2 storage target

formation.

Reservoir fluid compositions

Only the S-3 and S-4 wells provide information on brine

composition, although data from both wells differ. The brine

salinity in well S-3 is 40 000 ppm, but it is considered to be

contaminated and not representative as it is a surface sample. The

brine salinity in well S-4 is considered low (9000 ppm) in

comparison to other salinities recorded in the Sarawak Basin,

such as in the Jintan Field, which yields a salinity of about

20 000 ppm. Thus, the synthetic brine is based on the relative brine

composition obtained from S-4 well but with a salinity of

∼20 000 ppm to be comparable to regional salinities recorded in

the Sarawak Basin/average salinity in neighbouring fields

(PETRONAS, unpublished data). This salinity has been used in

all laboratory experiments (Table 1).

The reservoir gas composition in the S Field is determined by

analysis of the mud gas as well as from formation testing and gas

sampling. The ratio of methane (C1) to n-heptane (nC5) increases

with depth. Formation tests in all wells provide average CO2

Fig. 4. Core photographs from well S-4 show the differences in core porosity and permeability for different lithofacies. These three lithofacies are the main

lithofacies in the gas zone formation. Rudstone represents the most dominant lithofacies with high porosity and permeability and this can be related to the

mouldic and vuggy pore type. The pores in the floatstone are cemented, resulting in low porosity and permeability. Bindstone from the bottom Zone B has

the lowest porosity and permeability and this can be related to the presence of clay minerals, which fill pores in between the allochem during the carbonate

exposure.

5CO2 reinjection into the S Field
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contents ranging between 63% and 90%, and 30–290 ppm for H2S

in the gas zones. All tests were conducted in the gas zones, except

Test 1 in the S-4 well, which was conducted in the aquifer zone. The

tests further indicate significantly higher CO2 concentrations in the

aquifer zone, reaching values of close to 100%, with 500 ppm of

H2S. The higher concentration of CO2 in the water zone is similar to

the measured CO2 composition obtained from PVT analysis,

showing an average of 70 mol% CO2 in the gas zone and 100 mol%

of CO2 in the aquifer zone.

Samples and sample preparation

About 700 carbonate and shale core plugs were obtained from well

S-4 for determining petrophysical and mechanical properties. In

addition, a selection of the core chips and drill cuttings was

collected for mineralogical analysis. Full diameter whole-core

medical CT scanning was performed at 0 and 90° longitudinal

orientations along the core. CT scan images were used to evaluate

the internal core condition and quality before deciding on exact

sampling and plugging locations. This is an important workflow

process, especially for selecting samples for geomechanical testing,

which requires intact and identical samples for triaxial testing under

different stress conditions.

Carbonate samples were slabbed and then plugged two-thirds

across the longitudinal section. The carbonate core was cleaned

using toluene and methanol by cold Soxhlet extraction. After

extraction, the plugs were dried using two methods: (1) humidity

oven at 60°C and 45% relative humidity for rock mechanical

experiments and (2) 60°C for routine core analysis.

Shale sample preservation is more critical as loss of initial pore

fluids can change initial properties, such as the hydration state of

swelling clay minerals, ultimately leading to dehydration cracking

or fracturing due to general stress-unloading (Ewy 2015). In

addition, shales can become stronger and stiffer on the loss of native

pore fluids (e.g. Pervukhina et al. 2015; Minaeian et al. 2017).

Therefore, shale whole-core sections were kept in non-polar mineral

oil and were not slabbed before plugging using a diamondwire band

saw (details in Dewhurst et al. 2020). This is the recommended

method to avoid dehydration of the samples (Ewy 2018).

Experimental methods

In this study, we aim for a multi-method, comprehensive

characterization of the reservoir as well as analysing the effects of

CO2–water–rock interactions (CO2WRI) on these reservoir proper-

ties. Reservoir characterization involves fluid geochemistry and

mineralogy, as well as routine and advanced petrophysical/

geomechanical core analysis. CO2WRI involve batch experiments,

together with pre- and post-geomechanical, mineralogical and

petrophysical analysis, for which core samples from both reservoir

and caprocks have been used. Table 2 provides details of methods

used and the number of samples tested in this study.

Reservoir and caprock characterization

Detailed descriptions of the standard experimental methods (helium

porosity, air permeability on carbonates, X-ray diffraction (XRD)

and X-ray fluorescence (XRF) analysis, scanning electron micros-

copy, mercury injection capillary pressure) and details for the CO2

ageing experiments are summarized in the Supplementary material

(SI 2). Methods requiring specific explanations are detailed below.

We used the unsteady-state pulse decay method (Brace et al.

1968) to measure permeability on shale samples from Seal

A. Analytical and numerical methods have been established to

determine the intrinsic permeability and porosity from one single

experiment (Cui et al. 2009; Profice et al. 2012). The method

considers unconfined samples that are charged with a helium gas

pressure. Permeability is then calculated from the pressure decay

Table 1. Brine composition used for laboratory analysis (in ppm)

Ca2+ Mg2+ K+ Na+ Sr2+ HCO3− Cl− SO4
2− TDS

247 46 311 7653 73 400 12 348 182 21 056

TDS, total dissolved solids.

Table 2. List of work scopes with detail of testing conditions and location

Work scope Samples and testing conditions

Core review and description 200 m reservoir and 18 m caprock from S-4 well

Mineralogy and petrography

X-ray diffraction (XRD) Reservoir (40); caprock (40)

Scanning electron microscopy (SEM) Reservoir (10)

Thin section analysis Reservoir (13)

Specific surface area (SSA) Reservoir (11); caprock (1)

Cation exchange capacity (CEC) Reservoir (5); caprock (5)

X-ray fluorescence (XRF) analysis Reservoir (5); caprock (5)

Petrophysics

Permeability Seal A (1); reservoir (682)

Mercury injection capillary pressure Seal A (5)

Porosity Reservoir (682)

CO2–water–rock Interactions (CO2WRI)

Rock chip reaction tests 1 sample from each reservoir zone (A, B, C) and seal (A, B)

Core plugs reaction tests 10 samples from each water zone, gas zone A and gas zone B

Petrophysical and rock mechanical testing 60 samples: 3 samples each from water zone, gas zones A and B for pre- and post-CO2WRI using triaxial

and Brazilian testing; 30 samples for porosity and permeability measurement after CO2WRI

Batch experiment to study changes in rock strength 14 core plugs from Seal A

Rock mechanical tests for pre- and post-CO2WRI 12 samples from Seal A

Numbers in brackets indicate number of samples.
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curve and porosity at pressure equilibrium. We used one core plug

sample from well S-4 with dimensions of 25.4 mm in diameter and

19.6 mm in length, which was oven-dried at 105°C under vacuum.

The measurement was repeated three times, resulting in average

permeability values of 0.47 µD (4.7 × 10−19 m2). It should be noted

that drying the sample may have impacted the results, allowing

cracks to form. Actual water permeability may therefore be

significantly lower.

In total, 30 core plug samples from the carbonate reservoir and 12

samples from Seal A caprock were used for triaxial testing and

Brazilian indirect tensile strength testing. Cylindrical samples were

cored normal to bedding for triaxial tests, with dimensions of

38 mm in diameter and 76 mm in length for carbonate, and 25 mm

in diameter and 50 mm in length for shale caprock. Single-stage

triaxial testing was conducted on sets of three samples for each

depth using a Terratek triaxial testing machine and an autonomous

triaxial cell developed by CSIRO (Dewhurst and Siggins 2006;

Dewhurst et al. 2011; Kuila et al. 2011).

The operational limits of the rigs are 70 MPa confining pressure

(with oil used as a confining medium), 70 MPa pore pressure and

400 kN axial load. All experiments were conducted at room

temperature of 22 ± 0.5°C and no diurnal pore pressure fluctuations

were noted. Each sample was tested with different confining stresses

within the range of the in situminimum horizontal stress. Confining

pressures range between 36 and 66 MPa for the shale samples, 40.5

and 60.5 MPa for samples from gas zone A, 39 and 50 MPa for gas

zone B, and 40 and 55 MPa for the aquifer zone samples. Another

set of samples from each zone was tested using different confining

pressures following CO2 ageing. Shale samples from Seal A were

dry after CO2 ageing, so no pore pressure was applied. The range of

confining pressure used during testing of the aged samples from

Seal A was 6–25 MPa and the values were matched to the effective

stress conditions in the saturated shale samples. Details of the tests

on the seal samples have been published previously (Dewhurst et al.

2020) so will be only briefly summarized here. During testing for

aged reservoir samples, the confining pressures were similar to

thosewithout ageing for gas zone A samples. The ranges were 40.5–

50.4 MPa, 39–55 MPa for aged samples from gas zone B and 40–

55 MPa for aquifer zone samples. The pore pressure applied to the

samples was determined from the in situ pore pressure, using

30 MPa for shale samples,∼34.7 MPa for samples from gas zone B,

35.2 MPa for gas zone A and 36.7 MPa for aquifer zone samples.

Carbonate samples were isotropically consolidated in a drained state

before axial loading at a strain rate of 1.0 × 10−6 s−1. A different

setup was used for shale as the axial load was applied under

undrained conditions (pore pressure lines closed) at a lower strain

rate of 1.0 × 10−7 s−1 until failure occurred. Shale samples were left

for consolidation for two to three weeks before undrained axial

loading was applied to the sample tested. Stress, strain and pore

pressure were monitored during loading/deformation. Stress–strain

curves from this triaxial testing provided information on elastic–

plastic behaviour and derivation of elastic moduli such as Young’s

modulus and Poisson’s ratio as well as yield strength. Principal

stresses from each sample for individual depths were plotted on

Mohr’s circles to determine the failure envelope and compressive

strength.

Brazilian testing was performed on six carbonate and two

preserved shale samples to evaluate the indirect tensile strength

(Riding and Rochelle 2009; Perras and Diederichs 2014). Disc-

shaped plugs with nominal dimensions of 38 mm in diameter and

20 mm in length were loaded into standard Brazilian jaw platens

with transducers connected to measure the axial deformation (mm)

and axial load (kN). The samples were loaded at 0.01 mm min−1

until failure. The tensile stress along the diameter was calculated

according to ASTM (2008) and ISRM (1978).

Results and discussion

Initial characterization of reservoir and caprock in S

Field

Porosity and permeability of carbonates

Porosity and permeability were measured on 682 carbonate plugs

from well S-4. The results reveal a wide range of heterogeneity

(Fig. 5), attributed to variations in lithofacies, depositional

environment and diagenetic sequence (Masoudi et al. 2011;

Wilson et al. 2013; Janjuhah and Alansari 2019; Warrlich et al.

2019; Ali et al. 2021). Laboratory data indicate that around 30% of

the samples are highly porous carbonates, exhibiting porosities

>30% and permeabilities >100 mD. Four dominant pore types are

identified during core plug description: mouldic and vuggy (PT1)

Fig. 5. Lithofacies distribution plotted

with porosity and permeability. Lithofacies

with large sizes of grain/allochems, such

as framestone, bafflestone, bindstone and

grainstone, dominate the high porosity and

permeability values.
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are the main pore types, averaging 48% of the total core plugs,

followed by intergranular pore types (PT2) with 28%; 18% relate to

cemented pore types (PT3); and 6% of the core plugs are

characterized by fractures (PT4). All pore types are found in the

gas zone but only two pore types in the aquifer zone (intergranular

and cemented). The differences reflect that porosity along well S-4

varies, particularly comparing rock quality in the gas and the aquifer

zones. Porosity in the gas zone ranges from 2 to 40%, while the

aquifer zone is between 7 and 28%. Consequently, the three

different layers of the gas zone have higher permeabilities of up to

5000 mD, compared to the aquifer zone with maximum values of

33 mD. However, samples from the top of the carbonate have low

porosities, mainly characterized by cemented and intergranular pore

types.

Mouldic and vuggy pore types dominate the higher range and

cemented pore types dominate the lower range of porosity and

permeability (Fig. 5). Samples identified with fractured and

intergranular pore types are found to be scattered across the plot

from low to high porosity and permeability ranges.

The porosity types observed are classified as secondary porosity

based on the diagenetic features observed in the core samples. The

evolution of secondary porosity from primary porosity is interpreted

to be due to dolomitization and dissolution or leaching of skeletal

allochems (Moore 1989; Zampetti et al. 2003; Wayne 2008). The

dominant pore types identified in the S Field carbonates are similar

to adjacent carbonate gas fields in the Central Luconia Province of

the central Sarawak Basin (Pierson et al. 2012; Janjuhah et al.

2017a; Janjuhah and Alansari 2019; Ali et al. 2021).

In relation to lithofacies, the measured porosity and permeability

values match quite well the textural classification scheme by

Dunham (1962), modified by Embry and Klovan (1971). Core plugs

with lithofacies made up of large grain/allochem sizes (>30 mm),

such as framestone, bindstone and bafflestone, are found to have

high porosities and permeabilities (Fig. 5). The rudstone lithofacies

has a scattered distribution across the plot from low to high values,

which is expected as the grain/allochem size in this rock type is

highly variable.

Detailed analysis reveals that the core plug samples dominated by

mouldic and vuggy pore types (PT1) are grain-supported carbonates

such as framestone and bindstone. Samples that are dominated by

intergranular (PT2, PT3) pore types are mostly mud-supported

carbonates such as packstone and wackestone. This comparison

reflects the influence of diagenesis and matrix composition on

carbonate rock quality and pore connectivity.

Similar observations were made in the petrographic study, which

was conducted on ten carbonate core samples from well S-4. The

objective was to obtain a detailed description of the texture,

composition and diagenesis of the samples. From a microscopic

scale, three main pore types were identified, which are intergranular,

intragranular, as well as vuggy/mouldic. The primary porosity

(intergranular and intragranular pores) is associated with the

original depositional texture (Flügel 2004; Wayne 2008).

From microscopic analysis, the allochems appear to be poorly

preserved, with most of them experiencing neomorphism. This

diagenetic process leads to the formation of micritic and sparry

calcite in between the remaining allochems. As a result, the grains/

allochems are poorly to moderately sorted. Only few types of

bioclasts can still be identified, including remnants of corals, algae,

benthic foraminifera, echinoderms, bryozoans and bivalves. From

the grain sorting and texture, three lithotypes were identified using

Dunham’s classification: (1) wackestone–packstone; (2) packstone;

and (3) grainstone. The syndepositional diagenetic processes, such

as micritization, caused the formation of mouldic and vuggy pores

by dissolution of the allochems. Some of the vugs and moulds were

further cemented by sparry calcite and/or microspar. Dolomitization

was also observed with some of the micrite and sparite being altered

to dolomite. The main diagenetic events observed in the S Field are

comparable to other Miocene carbonate reservoirs in the Central

Luconia Province (Epting 1980; Janjuhah et al. 2017b) and the East

Natuna, Sarawak Basin (Dunn and Kozar 2006). In general, the

evolution of reservoir properties in these Miocene carbonate build-

ups is primarily controlled by a combination of early depositional

fabric and multistage diagenetic overprinting. Early marine and

near-surface diagenesis include micritization, marine cementation

and early lithification, which locally stabilize framework grains but

can reduce primary intergranular porosity. Subsequent subaerial

exposure and freshwater phreatic diagenesis promote selective

dissolution of metastable carbonate phases (e.g. aragonitic corals

and skeletal grains), leading to the development of secondary

porosity types such as mouldic, vuggy and intraparticle porosity that

significantly enhance reservoir quality. With progressive burial,

mechanical compaction and pressure solution increasingly reduce

porosity and permeability, particularly in finer-grained or mud-

supported facies, while burial cementation further occludes pore

space. Dolomitization, where present, may either enhance perme-

ability through intercrystalline pore networks or degrade reservoir

quality where dolomite acts as pore-filling cement, increasing

microporosity and reducing effective permeability. The relative

importance of these processes varies systematically with deposi-

tional facies, burial depth and fluid-flow history, resulting in strong

vertical and lateral heterogeneity in porosity and permeability at

both core and field scales.

Mineralogical composition of carbonate reservoir rocks

Based on the mineralogical composition of the different strati-

graphic units, distinct CO₂WRI can be hypothesized. The calcite-

dominated gas zones are expected to exhibit rapid initial buffering

of CO₂-induced acidity through carbonate dissolution, potentially

leading to short-lived changes in pore structure but limited long-

term reactivity once near-equilibrium conditions are attained. In

contrast, the calcite–dolomite assemblage of the aquifer zone may

display slower reaction kinetics, with dolomite dissolution expected

to be more limited under the prevailing high-temperature condi-

tions. The clay-rich caprock units (Seals A and B), dominated by

illite and mixed-layer illite–smectite with only minor reactive

carbonate phases, are anticipated to show minimal mineralogical

reactivity over experimental timescales, with any CO₂ interaction

primarily affecting pore fluids rather than the solid framework.

These hypotheses provide a framework for assessing the experi-

mental observations presented below.

As such, the mineralogical composition of the reservoir

determines rock reactivity with reservoir fluids and the injected

CO2 (Solomon 2006). X-ray diffraction analysis was performed on

38 carbonate powder samples from various depths in well S-4

(Fig. 6). Results from gas zone samples show that calcite is the

dominant mineral type, averaging 80 wt%. Small amounts of

dolomite, plagioclase, K-feldspar, pyrite, quartz and clay were also

identified. In contrast, dolomite and calcite co-dominate the aquifer

zone, with ∼40 and ∼50 wt% respectively. Both gas and aquifer

zones contain illite and illite/smectite mixed layers as the main clay

minerals, but in very small quantities. Detailed XRD results are

summarized in the Supplementary material (SI 3).

Carbonates in the gas zone of the S Field were deposited in a reef

environment with the presence of algae and planktonic foraminifera

along with corals. This probably resulted in the formation of high

calcite carbonates. For the aquifer zone, however, the carbonate

rock is interpreted to be deposited in a lagoonal environment. This

reflects the co-occurrence of calcite and dolomite. The formation of

dolomite could be related to a sea-level rise during the deposition of

carbonate in the present-day aquifer zone. Exposure of carbonates to

meteoric waters during sea-level drop may have caused unstable
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minerals to dissolve (Moore 1989). Higher dolomite contents with

smaller grain sizes in the aquifer zone may be due to the breakup of

small planktonic foraminifera such as Globigerina (Chave 1961). In

addition, we can speculate that the difference in mineralogy between

the aquifer and the gas zones is partly due to differences in

hydrodynamics whereby the gas zone is disconnected from basinal

flow systems with limited or no exchange of reservoir fluids,

resulting in limited reservoir diagenesis. Again, this is in addition to

high gas saturations in the gas zone and therefore limited formation

brine volumes controlling diagenetic processes. High solution

temperatures might have also influenced the precipitation of

dolomite in the aquifer, whereas the lower temperature in the gas

zone may have resulted in calcite replacement (Morad et al. 2018).

Caprock properties and significance for CO2 storage

Capillary entry pressure and column height of caprock

Seal A

The capillary entry pressure is an important parameter to evaluate

the sealing capacity of caprocks (Krushin 1997; Divko et al. 2010;

Busch and Amann-Hildenbrand 2013; Fatah et al. 2020). Five

samples from Seal A have been tested by mercury intrusion

capillary pressure (MICP) analysis, providing information on

porosity and most prominent pore sizes (Table 3).

From MICP data, maximum gas column heights can be estimated

(Busch and Amann-Hildenbrand 2013), ranging between 583 and

753 m. This is based on a gas density taken at initial reservoir

conditions with PCO2 of 70%, CO2 interfacial tension (IFT) of

20 mN m−1 (Busch et al. 2013) and assuming a contact angle of 0°

(water-wet conditions). The pore throat size is the main control on

capillary entry pressure calculation and column height estimation. A

difference of 4 nm on average pore radius between samples S-4 A2

and S-4 A3 results in 170 m of additional column height. The

calculated CO2 seal capacity for Seal A from this study is higher by

about 300–450 m, compared to the current gas column height in the

reservoir which is ∼300 m. The calculation uses 0° for the contact

angle, although there is a possibility of a non-zero contact angle

(Iglauer et al. 2015). A sensitivity analysis on the contact angle has

been conducted with the angle ranging from 0 to 35° and results show

a decreasing gas column height with an increase in contact angle by

about 100 m, which still does not exceed the current column height in

the S Field of 300 m. Therefore, based on this evaluation, the risk of

having capillary CO2 leakage into the caprock is considered low.

Permeability of Seal A (primary caprock)

Measurement of pulse decay gas permeability under in situ stress

conditions has been conducted on one Seal A sample, revealing a

permeability of 0.5 µD and a porosity of 2.4%. The porosity value is

consistent with the measured porosity obtained from MICP on

sample S-4 A3, which is from the same depth. The pulse decay

measurement was repeated three times using different initial

pressures. In addition, the sample has been dried prior to unconfined

gas permeability testing, possibly resulting in dehydration and

therefore shrinkage of swelling clays, or possibly into the formation

Fig. 6. Distribution of mineral

composition in the carbonate reservoir.

Gas water contact (GWC) separates the

gas zone from the aquifer zone.

Table 3. Results of MICP measurements for five samples from Seal A

Sample ID S-4 A2 S-4 A3 S-4 A4 S-4 A5 S-4 A6

Sample depth m 1853.3 1853.2 1850.5 1851.8 1858.4

MICP porosity % 6.2 2.2 10.0 10.0 10.0

Most prominent pore radius nm 11 9 10 10 10

Interfacial tension mN m−1 20 20 20 20 20

Contact angle ° 0 0 0 0 0

CO2 capillary entry pressure MPa 3.5 4.5 4.0 4.0 4.0

CO2 column height m 583 753 670 670 670
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of microfractures. As a result, the value should be treated with great

care and only used as an upper limit of the true, in situ permeability.

This concern is substantiated when applying the Yang and Aplin

(2007) permeability model, which is based on clay content, porosity

and mean pore throat radius. For samples S-4 A2 and S-4 A3 we

obtain porosities of 6.2 and 2.2% and mean pore throat radii of 11

and 9 nm, respectively. Clay content from the same depth (1853 m)

was determined at 56%. This clay value, however, is high in

comparison to overlying and underlying layers which are ∼36%.

Calculating permeability from the Yang and Aplin (2007) model

provides a permeability between 1 and 4 nD (1–4 × 10−21 m2) and

therefore two orders of magnitude lower than provided by the

unconfined method.

It should be noted that the permeability measured on intact shale

core plugs is interpreted to represent matrix-dominated flow at the

centimetre scale, whereas effective permeability at the formation

scale may be higher if connected fractures or discontinuities are

present. However, the laterally continuous depositional character,

mineralogical homogeneity and lack of evidence for pervasive

natural fracturing in Seal A suggest that matrix permeability remains

the dominant control on large-scale fluid flow.

Mineralogical composition of Seals A and B

Seal A (primary caprock) has slightly higher average clay contents

compared to seal B (secondary caprock) (Fig. 7). The clay

mineralogy of the caprock layers is mainly characterized by illite,

followed by mixed-layer illite–smectite, kaolinite, smectite and

chlorite. Furthermore, siderite contents are lower and plagioclase

contents higher in Seal B compared to Seal A. The heterogeneity of

the caprock samples was determined through analyses of eight Seal

A and four Seal B samples from the same depths and found to be

homogeneous (Dewhurst et al. 2020).

CO2–water–rock interaction

Even though the dissolution of CO2, potentially followed by

mineral carbonation, may offer secondary CO2 trapping over longer

timescales, the impact of this reaction on the degradation of the

formation properties can be of concern. Previous studies revealed

that CO2 injection into a subsurface formation may trigger changes

in rock and fluid properties, including geochemistry, mineralogy,

porosity, permeability and rock strength (Luquot and Gouze 2009;

Sterpenich et al. 2009; Hangx et al. 2010a, b, 2015; Grgic 2011;

Vialle and Vanorio 2011; El Hajj et al. 2013; Falcon-Suarez et al.

2017; Busch et al. 2020; Fatah et al. 2020; Busch et al. 2023).

Therefore, it is important to evaluate the impact of CO2WRI in the S

Field for appropriate assessment of the feasibility and potential

subsurface risks.

Based on a simulation study, CO2WRI in the aquifer zone of the S

Field are considered low due to natural saturation of formation

waters with CO2 (Amin and Jaafar 2016). However, at the time,

information on the S Field rock and fluid properties was limited,

requiring a re-evaluation based on a new core acquired in 2017.

Therefore, we here attempt to determine the impact of CO2WRI on

petrophysical (porosity, permeability) and geomechanical proper-

ties of the reservoir and caprock. Changes in mineralogical and

geomechanical properties of caprock samples have been published

previously (Dewhurst et al. 2020). A brief summary is provided

below, but refer to the original study for full details.

Static batch experiments and impact on petrophysical and

mechanical rock properties

CO2WRI in the carbonate reservoir (aquifer zone) and caprock Seal

A of S-4 well were investigated in detail using an integrated

experimental approach. A representative composition of the

formation water in the S Field was formulated to prepare a synthetic

brine (Table 1). Pressures and temperatures used in the experiment

are similar to the original reservoir conditions of the S Field.

The impact of the injected CO2 is variable throughout operations,

either during the CO2 injection phasewith timescales on the order of

tens of years, or after CO2 injection with timescales of hundreds to

thousands of years. This reflects interactions between the injected

CO2 and reservoir fluids/rocks, which depend on the distance from

the injector where reservoir fluid-water–rock equilibria are

significantly disturbed over distances of several hundreds of

metres (depending on reservoir porosity, permeability and injection

rates).

Static batch experiments were performed to simulate the scenario

representing the far field of the reservoir, where CO2 dissolution in

formation fluids and dissociation decreases pH (Pokrovsky et al.

Fig. 7. Distribution of mineralogy in shale

samples of Seal A and Seal B from the S-4

well in their initial state.
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2005). This changes the geochemical equilibrium, triggering

reactions between CO2, brine and rock, depending on mineralogy,

formation water composition, pressure and temperature (Kaszuba

et al. 2011; Dawson et al. 2013). We performed static batch

experiments to obtain input for predicting the integrity and safety of

CO2 storage in the S Field over a long period of time. These

experiments were selected to represent far-field conditions where

transport is diffusion-dominated and fluid–rock systems progres-

sively approach equilibrium; in contrast, flow-through configura-

tions maintain a stronger disequilibrium driving force and are more

representative of near-injector conditions, but are difficult to

implement for intact caprock due to capillary entry constraints

and very low achievable flow rates.

Core chips from the water zone, gas zones B and C as well as Seals

A and B from well S-4 were used for CO2WRI. The core chips were

subdivided into four batches for XRD, XRF, specific surface area

(SSA) and cation exchange capacity (CEC), respectively. Experiments

were conducted for four different time periods: unreacted (‘pre’)

samples and reacted samples after exposure to carbonated fluids

(‘post’) for one, four and six months. These CO2 ageing experiments

were conducted in high pressure vessels and at 150°C and a pressure of

∼29 MPa with one pore fluid volume of synthetic brine present;

samples were pressurized using supercritical CO2.

Carbonate reservoir. The results of the XRD analysis on

samples from the aquifer zone are shown in Table 4. The rock in its

initial state (0 months) is dominated by dolomite and calcite (with

trace amounts of quartz, clay minerals, halite and svanbergite of

<3% in total). Clay minerals are mainly composed of illite–smectite

mixed layers and smectite (data not shown here). From the results,

ageing in supercritical CO2 for one, four and six months shows no

clear impact on the mineralogy of the rock. The minor variations are

close to the level of accuracy for the technique and may be due to

rock sample heterogeneity.

In line with the observed mineralogical changes, the variation in

elemental composition (especially CaO and MgO) is small and

mostly within the experimental uncertainty of the analysis

(Supplementary material, SI 4). A small decrease in SiO2, Al2O3,

Fe2O3 and SO3was observed over time in the aquifer zone, possibly

indicating partial dissolution of clay minerals. This is however not

confirmed from XRD analysis, probably due to the relatively large

error margins associated with trace mineral phases.

The mineralogical composition of gas zone samples B and C

from the S Field differs significantly from the aquifer zone with

notably higher calcite contents (∼97 and 88 wt% respectively) and

minor amounts of other mineral phases such as dolomite, pyrite,

dickite and gypsum. However, similar to the aquifer zone, the static

ageing for one, four and six months shows no mineralogical change

(Table 4). In terms of geochemical composition, CaO is obviously

the main element (∼54%), consistent with calcite being the primary

mineral phase. Other elements are present at <1% in gas zone B

samples, while SiO2 and Al2O3 are slightly more elevated in gas

zone C samples, probably due to higher clay contents. Again, no

significant changes in elemental composition were observed

following CO2 exposure for up to six months.

The minimal CO2WRI observed suggests that the carbonate

formation in the S Field is already at or near to equilibrium with

dissolved CO2 in formation waters. As a result, further geochemical

changes are either unlikely or occur beyond the six-month

experimental time frame used in this study. Similar results have

been reported through high resolution analyses of subsequent

experiments, using samples from the same zones under comparable

conditions (Sazali et al. 2019). Several studies have investigated

CO2WRI in carbonate samples under batch conditions, which are

like the scenario studied here (Gunter et al. 2000; Kaszuba et al.

2011; Dawson et al. 2013; Siqueira et al. 2017). However, none of

these studies were conducted under the high-pressure and high-

temperature conditions applied in our experiments. Findings from

previous studies indicate non-linear changes in ionic species

concentration over time, a small increase in porosity and no

significant change in mineralogy or mechanical properties (Dawson

et al. 2013). Carbonate minerals are reactive minerals that tend to

dissolve rapidly at low pH as the kinetic rates are fast (with

magnitudes of 10−7 mol m−2 s−1) compared to other minerals such

as illite (10−13 mol m−2 s−1) or quartz (10−14 mol m−2 s−1) (Zhang

andWu 2018). Thus, mineral dissolution is more likely in carbonate

samples. Previous findings further suggest that the rapid dissolution

of calcite will result in a short time for the reaction to achieve an

equilibrium state. However, pH buffering effects will influence the

reaction of carbonate minerals (Grgic 2011). This has been

suggested by static batch experiments on different limestone

samples dominated by calcite, which show slight changes in

mineral and fluid geochemical composition (Sterpenich et al. 2009;

Rimmelé and Renard 2010; Berrezueta et al. 2017). Batch

experiments were also conducted on the carbonate samples from

the IEA Weyburn CO2 storage site, and it was concluded that

geochemical reactions did not reduce the porosity and permeability

of the carbonate formation (Riding and Rochelle 2009). The high

native CO₂ content of the S Field reservoir indicates that reservoir

rocks and formation fluids have been exposed to elevated CO₂

partial pressures over geological timescales (millions of years).

Such prolonged exposure is expected to drive the system towards

geochemical equilibrium, thereby limiting ongoing mineral reactiv-

ity. The minimal mineralogical, petrophysical and geomechanical

changes observed in our laboratory experiments are therefore

consistent with a reservoir that has already undergone long-term

CO₂–water–rock interaction prior to any engineered CO₂ reinjec-

tion. This is also valid for the caprock discussed below.

In addition, this is consistent with field analogue studies which

show that CO2 exposure did not change the mineral composition

(Xiao et al. 2011; Bickle et al. 2013; Heinemann et al. 2013; Busch

et al. 2014; Hangx et al. 2015). Additionally, high CO2 saturation

conditions prevent mineral precipitation, supporting the stability of

the system. Thus, additional CO2 injection into the water zone is

unlikely to cause major impact on reservoir properties, such as

porosity and permeability.

Caprock. Static batch experiments were also conducted on

caprock samples to evaluate the potential enhancement of matrix

permeability if the injected CO2 migrates by advection or diffusion

into the caprock. It has previously been reported by Dewhurst et al.

(2020) that reaction of Seals A and B with CO2 does not lead to

significant mineralogical changes. In that study, multiple samples

Table 4. Mineralogical changes of aquifer and gas zones B and C samples
following CO2WRI under in situ conditions

Time (months) Calcite Dolomite

Aquifer zone

0 44.0 54.0

1 43.5 55.0

4 44.0 54.0

6 47.0 51.5

Gas zone B

0 97.0 2.0

1 97.0 2.0

4 98.0 2.0

6 97.0 2.0

Gas zone C

0 88.5 2.0

1 88.0 2.0

4 88.0 2.0

6 89.0 2.0
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from Seals A and B were tested to determine the degree of

homogeneity to establish a baseline from which the significance of

any changes in mineralogy could be evaluated. The initial whole

rock composition for Seal A is dominated by quartz (∼30%) and clay

minerals (∼55–60%), with kaolinite, mixed layer illite–smectite

(85–90% illite) and illite dominating the clay fraction. In addition,

Fe-bearing siderite is a significant component (∼10%) and some

minor amounts of dolomite and ankerite are present. Seal B is

dominated by quartz (∼40%), clay minerals (∼27%) and feldspar

(∼25%). The clay fraction is composed ofmixed layer illite–smectite

(70–80% illite), smectite (5–8%), illite, kaolinite and some chlorite.

Mineralogy is an important caprock property that influences the

impact of CO2WRI on caprock sealing capacity (Busch et al. 2010).

From previous studies, the occurrence of smectite with chlorite may

be converted to illite in the presence of CO2 (Alemu et al. 2011). A

study on the impact of CO2 exposure to Eau Claire shale by (Liu

et al. 2013) revealed dissolution of feldspar and anhydrite

associated with precipitation of pore-bridging illite and smectite,

as well as minor precipitation of siderite adjacent to pyrite. A flow-

through experimental study conducted on a caprock sample from a

CO2 storage site at In Salah, Algeria, found that CO2WRI resulted in

increased permeability and porosity by dissolution of siderite and

chlorite (Armitage et al. 2013).

However, this was not observed in the Dewhurst et al. (2020)

study and no significant mineralogical changes were found. This is

expected, as reactive minerals such as carbonate only occur in minor

amounts and reaction rates for other minerals (mainly silicates) are

significantly lower and probably outside the timescales that can be

reproduced under laboratory conditions and using a single pore

volume of formation fluid for reaction with CO2 and the rock.

Geomechanical properties (pre- and post-CO2 ageing)

Any changes in poroelastic behaviour, whether in the caprock or

reservoir rock, may trigger mechanical damage such as wellbore

breakouts, fault (re)activation, formation fracturing or reservoir

compaction. Geomechanical risks associated with geological CO2

storage decrease away from the wellbore due to pore pressure

reduction into the far field. However, the effects of chemical

reactions must also be evaluated (Hawkes et al. 2005). Previous

studies revealed that the impact of CO2WRI on the geomechanical

properties may be influenced by mineralogy, pH, permeability and

porosity (Hangx et al. 2013, 2015; Zheng et al. 2015). Porosity

reflects the amount of water that is in contact with the rock. The

water–rock ratio will influence the geochemical interaction between

reactive fluids and the mineralogy of the rocks (Hangx et al. 2015).

In this study, we conducted two types of laboratory tests to study

the effect of chemomechanical impact on caprock and reservoir

samples from the S Field. These tests were single-stage triaxial tests

and Brazilian tensile strength tests. The principal stresses, tensile

stress, elastic properties (Young’s modulus, Poisson’s ratio) and

failure criteria were used to validate the geomechanical properties

generated by well logs in a one-dimensional geomechanical model.

To assess the impact of CO2WRI, we compared geomechanical

properties pre- and post-CO2 exposure. Representative twin core

samples from each zone inwell S-4were selected from the same depth

to obtain similar rock properties in terms of mineralogy and porosity,

and therefore to minimize heterogeneity effects on test results. All

samples were photographed and CT scanned before testing to confirm

the absence of internal or pre-existing (micro-)fractures. Porosity and

permeability measurements were also conducted on the carbonate

samples to establish petrophysical properties.

For the carbonate samples, the consolidated drained (CD) triaxial

method has been used to avoid excess pore pressure during the

shearing phase (Addis et al. 2012; Rees 2013). This test describes

long-term loading responses, providing strength parameters

determined under effective stress control. A different method is

used for the shaly caprock samples, which is a consolidated

undrained (CU) experiment, where pore fluids are not allowed to

drain from the sample (Josh et al. 2012; Dewhurst et al. 2015; Ewy

2018; Giger et al. 2018). CU tests allow strength parameters to be

determined based on effective stresses.

In situ pressure and confining stress magnitudes were chosen

based on the field conditions. Different confining stresses were used

during triaxial testing for each sample, ranging from higher to lower

in situ stresses to evaluate the strength behaviour and the failure

envelope. During the shearing stage, the confining stress and pore

pressure were monitored and kept constant throughout the carbonate

sample testing. For the shale samples, only the confining stress was

maintained but not the pore pressure, since excess pore pressure is

dynamic during undrained experiments. The differential stress

between the axial load applied and confining stress was recorded.

The effective normal stress s0

n is obtained by subtracting the pore

pressure Pp from the normal stress sn.

Strength or rock failure can be interpreted by stress and strain

criteria. The principal stress σ1, or the maximum stress, is

represented by the total axial stress (axial load plus confining

pressure) and σ3, or the minimum stress, is given by the confining

stress. The stress–strain curve is plotted to determine the peak

strength of the samples. Young’s modulus E is calculated by taking

the slope of the differential stress-axial strain curve at 40 to 60% of

the peak strength. Poisson’s ratio ν was estimated by plotting the

axial against the radial strain with the same range of axial strain used

for E. However, the preserved shale samples exhibited non-linear

stress–strain behaviour in the 40–60% range of peak strength.

Therefore, elastic properties were calculated within the linear

portion of the curve between ∼2 and 10 MPa differential stress. The

classical Mohr–Coulomb failure criterion was applied to evaluate

strength parameters.

Carbonate reservoir. In general, mineralogy and porosity are

key factors influencing rock strength; changes in these can lead to

formation weakening, reservoir compaction and ultimately porosity

reduction (Busch et al. 2023). However, heterogeneities caused by

diagenetic processes, such as grain-to-grain contacts and pore type

variations, can also have a major contribution (Hangx et al. 2015).

Thus, detailed characterization of composition, texture and porosity

is essential for evaluating any potential CO2 storage reservoir

(Busch et al. 2014; Hangx et al. 2015). Most previous studies on the

effect of CO2WRI on mechanical properties have focused on

sandstone reservoirs (e.g. Hangx et al. 2015). Therefore, limited

published data are available for carbonate systems, making direct

comparisons with the findings from this study more challenging.

We used 12 representative carbonate samples from the gas zone

and six carbonate samples from the water zone for triaxial testing.

Samples were divided into two batches to evaluate the rock

mechanical property changes due to CO2 exposure.

Initial porosity and permeability as well as stress/pressure data for

single-stage triaxial testing are provided in Table 5. The porosity

and permeability of carbonate samples from each zone are different.

Average porosity for samples from gas zone B is 30% and average

permeability is 180 mD. Slightly higher average porosities and

permeabilities from gas zone A have been determined (∼36% and

∼350 mD respectively). Samples from the water zone show the

lowest values for average porosity (∼28%) and average permeability

(∼30 mD). In terms of rock composition and fabric, both gas zone

samples mainly consist of calcite (>90 wt%) with heterogenous

vuggy and mouldic pore structures.

The unreacted set of carbonate samples used for triaxial testing

originates from the production gas zone B, at a depth of between

1973.10 and 1973.63 m. The lowest in situ pore pressure used is

34.6 MPa, relating to the shallowest sample depth for carbonate

reservoir zones. Stress–strain curves show different behaviour for

12 S. S. M. Shah et al.
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each sample without clear correlation to confining pressure

(Fig. 8a). Some of the lower porosity samples are brittle and show

a clearly defined peak stress at the maximum of the stress–strain

curve. However, some samples are ductile or strain harden so a yield

stress is defined at the departure from linearity on the stress–strain

curves (e.g. Baud et al. 2009; Cilona et al. 2012). As a peak strength

is often not defined, in these cases the elastic range used to calculate

E and ν is taken at low differential stress on the linear part of the

stress–strain curve.

The sample tested under the lowest effective confining pressure at

∼5 MPa shows ductile behaviour and a yield stress constant at

14 MPa. The strongest sample, with a yield stress of 16 MPa, shows

strain hardening after the yield point at 19 MPa. The third sample was

tested at the highest effective confining pressure of∼15 MPa. No peak

stress was recorded, and strain hardening identified as the dominant

effect after yield stress of 11 MPa. E and ν for these samples were

calculated from the linear stress interval before yield. The range of

initial E for gas zone B is 2.5–5.3 GPa and ν ranges between 0.09 and

0.24. These differences suggest the influence of carbonate rock

heterogeneity on mechanical strength. The heterogeneity can be

caused by the pore types, cement types, biological components and

microcracks (Eberli et al. 2003; Ajalloeian et al. 2017).

The second set of carbonate samples from gas zone B includes

samples following ageing with supercritical CO2 for 35 days under

in situ reservoir pressure and temperature conditions. The initial

confining stress and pore pressure used is the same as for the first set

of samples at initial conditions. Stress–strain curves show different

strain hardening behaviour for almost all samples without clear

correlation to the confining pressure (Fig. 8b). Sample 2683, tested

with the lowest effective confining pressure at ∼5 MPa, shows a

peak stress at ∼11 MPa with stable residual strength at ∼10 MPa

towards the end of the test. The other three samples show strain

hardening behaviour without any peak stress. The same approach

was used to calculate Young’s modulus E and Poisson’s ratio ν

compared to samples at initial conditions (without ageing). The

range in E is 2.2–4.7 GPa and 0.25–0.41 for ν.

In total, six core plug samples from gas zone Awere prepared for

triaxial testing. Three unreacted samples were used for initial

characterization of rock strength properties. Effective stress

conditions for this set of samples were chosen using higher initial

confining stress and pore pressure conditions compared to gas zone

B, considering a greater sample depth of ∼2100 m. The initial

confining stress applied was ∼40, ∼50 and ∼60 MPa with an initial

pore pressure of ∼35 MPa. Each sample shows an individual trend

of stress–strain curve (Fig. 8c). Sample 2635 was tested at lowest

confining stress (∼5 MPa) and was the only sample showing shear

failure with a peak strength at 10.4 MPa. In contrast, the second and

third sample tested with higher confining stresses show strain

hardening with yield strengths at 4.4 and 7.7 MPa respectively.E for

this set of samples ranges from 1.8 to 4 GPa and ν from 0.13 to 0.4.

One sample dedicated to post-CO2 ageing was damaged before

testing. Thus, only two samples were available for testing under low

and medium confining stresses. Peak stress at 8.7 MPa was

observed from the stress–strain curves of sample 2637, while a

small peak stress of 2.2 MPa was recorded from the stress–strain

curve of sample 2642, followed by strain hardening in the residual

strength phase (Fig. 8d). Elastic properties for these post-CO2

ageing samples are similar to unreacted samples, with E ranging

between 2.3 and 3.8 GPa and ν between 0.26 and 0.4.

Three carbonate samples from the aquifer zone, originating from

a depth of 2328.2 m, were used for triaxial testing to determine the

unreacted rock strength properties. The lowest effective confining

pressure of 3.5 MPa was applied to sample 2507 with constant

confining pressure and pore pressure. From the stress–strain curve in

Figure 8e, the sample shows brittle behaviour with an increase in

peak strength up to ∼27 MPa and a decrease to residual strength of

∼16 MPa. Samples 2506 and 2505 show higher peak stresses with

increasing effective confining pressure of 7 and 19 MPa. The

residual strength of sample 2506 is also higher compared to the

sample with lower confining pressure (2507). A different scenario is

observed for sample 2505, where the peak strength remains constant

until the end of the test, suggesting ductile behaviour on the

macroscopic scale with slight strain hardening (Fig. 8e). Unreacted

E is 8.5–10 GPa. Using the same axial strain interval (linear elastic

zone) as for the E calculation, Poisson’s ratio ν was calculated to be

0.2 to 0.3. In summary, the stiffness of samples from the S-1 aquifer

zone increases with effective stress shown by the increase of E and

decrease of ν. Compared to the gas zone, the high E in the aquifer

Table 5. Sample properties and setup for triaxial testing of samples from the gas and water zones with porosity, permeability, peak/yield stress, Young’s modulus
and Poisson’s ratio

Zone and test condition Depth, m Sample ID Porosity % Permeability, mD Initial confining

stress

Initial pore

pressure

Peak or *yield

stress

Young’s

modulus

Poisson’s

ratio

MPa MPa MPa GPa

Gas zone B (initial) 1973.10 2527 32.0 165 39.0 34.6 *14.0 4.2 0.24

1973.60 2529 29.0 195 45.0 34.6 *16.0 5.3 0.17

1973.63 2530 30.0 212 50.0 34.6 *11.0 2.5 0.09

Gas zone B (after CO2WRI) 1973.10 2683 32.4 183 39.0 34.8 7.5 2.2 0.25

1973.58 2688 30.9 252 45.0 34.7 7.6 3.2 0.25

1973.69 2689 29.9 167 50.0 34.7 5.8 4.7 0.41

1973.58 2687 33.0 84 55.0 34.7 3.1 3.0 0.28

Gas zone A (initial) 2110.47 2635 34.0 249 40.5 35.2 10.4 4.0 0.28

2110.64 2637 37.0 353 50.5 35.2 *4.4 4.0 0.19

2110.64 2642 37.0 326 60.5 35.2 *7.7 1.8 0.13

Gas zone A (after CO2WRI) 2110.93 2637 34.5 237 40.5 35.2 8.7 3.8 0.40

2110.93 2642 37.8 574 50.5 35.2 *2.2 2.3 0.26

Water zone (initial) 2328.20 2507 28.5 34 40.0 36.5 27.0 8.6

2328.20 2506 28.3 30 43.7 36.7 31.0 8.4 0.24

2328.10 2505 27.2 27 55.0 36.6 40.0 9.2 0.19

Water zone (after CO2WRI) 2330.70 2705 29.1 33 40.0 36.7 14.5 5.4 0.21

2330.55 2703 28.6 30 43.7 36.7 21.6 6.1 0.33

2330.55 2701 28.6 33 55.0 36.7 19.3 5.8 0.25

Core plugs with similar properties have been selected to represent each zonation. Initial confining stress and pore pressure have been selected based on the in situ pressure at the

respective sample depth. Peak or yield stress is dependent on whether the samples in question showed strain softening (brittle), pure ductile or strain hardening behaviour (see Fig. 8).

13CO2 reinjection into the S Field

Downloaded from http://pubs.geoscienceworld.org/gsl/geoenergy/article-pdf/doi/10.1144/geoenergy2025-046/7859514/geoenergy2025-046.pdf by TU DelftLibrary user on 10 July 2026



zone suggests that rock strength and elastic properties are controlled

by porosity, pore type, mineralogy and cementation.

The same procedure was used to evaluate rock strength changes

due to CO2WRI in aquifer zone carbonates. Three additional samples

from a depth of 2330 m were aged with supercritical CO2 under

reservoir conditions. After 35 days of ageing, these samples were

used for triaxial testing under the same stresses and pressures used for

the unreacted sample. Stress–strain curves are plotted from the triaxial

tests and show the same deformation behaviour compared to the

unreacted samples. However, the peak stress and E are slightly lower

compared to the unreacted samples. Peak stresses range from 14.5 to

21.6 MPa (Fig. 8f) compared to 27 to 40MPa for unreacted samples,

and E ranges from ∼5 to ∼6 GPa compared to values of ∼8.5 to

∼10.0 GPa for unreacted samples (Table 5).

Results for unreacted samples are first compared to evaluate the

influence of carbonate heterogeneity on the initial rock mechanical

properties for both gas and aquifer zones. Samples from the aquifer

zone show highest peak strength and E values, followed by gas zone

B and gas zone A.

The differences in rock strength properties and elastic moduli

between the gas and the aquifer zones suggest that mineralogical

composition, pore type and porosity are key controls. Carbonate

rock samples in the aquifer zone are lower in porosity compared to

samples in the gas zones. In terms of composition, the mineralogy in

the aquifer zone is dominated by calcite and dolomite, whereas

calcite dominates samples from the gas zones. The differences in

pore type may also play a role in the rock strength as the main pore

types in aquifer samples is intergranular, but most samples in gas

Fig. 8. Stress–strain curves for gas zone B (a) unreacted and (b) CO2-reacted samples. Curves show different deformation behaviour of each sample at

different effective confining pressures (CP) with no obvious stress dependence. Most samples in (b) show strain hardening and no shear failure, apart from

the lowest effective CP sample. Stress–strain curves for gas zone A (c) unreacted and (d) CO2-reacted samples. Strain hardening at the two higher CP for

unreacted samples can be observed, as well as brittle failure for the lowest CP. CO2-reacted samples in (d) show no dependence of the deformation

behaviour on the effective CP applied, which is similar to other samples from gas zones A and B. Stress–strain curves for aquifer zone (e) unreacted and

(f ) CO2-reacted samples, with different effective CP. For both sets of samples, deformation behaviour shows strong dependence on effective stress. Samples

tested under the highest effective stress of ∼19 MPa show ductile behaviour with slight strain hardening, while samples at lower effective stress show brittle

shear failure.
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zones have mouldic and vuggy pore type. Overall, results are

consistent with previous studies conducted for carbonate rocks

(Palchik and Hatzor 2000; Baud et al. 2004; Chang et al. 2006;

Palchik 2011; Cilona et al. 2012; Najibi et al. 2015; Ajalloeian et al.

2017; Zambrano et al. 2017; Ghafoori et al. 2018). Carbonate rocks

with high dolomite content, low porosity and less mouldic or vuggy

pore type are stronger compared to carbonates dominated by calcite

with high porosity and mouldic and vuggy main pore type.

Most of the carbonate samples tested in this study show strain

hardening and no direct peak/yield stress correlation with effective

stress. Thus, the shear failure criterion, such asMohr–Coulomb, is not

appropriate for these highly porous and heterogenous carbonates.

Typical rock failure behaviour can be described using the Mohr–

Coulomb failure criterion, which predicts an increase in yield or peak

strength with increasing confining pressure. However, in the case of

these porous carbonate samples, the yield strength decreases as

confining pressure increases, which may be attributed to grain

crushing or pore collapse. As a result, the end cap model might be a

more appropriate failure criterion to describe the mechanical

behaviour of these rocks, as it accounts for the transition from

compactive to dilatant deformation (Fossum and Fredrich 2000; Baud

et al. 2009; Cilona et al. 2012, 2014). The end cap model was

constructed using the mean effective stress and differential stress

shown in Figure 9. The plot shows the end cap failure envelopes for a

set of porous carbonate samples with varying porosity. However, due

to the limited number of samples available for each carbonate set in

this study, a complete end cap envelopewas not defined. Nevertheless,

the end cap failure envelope from Cilona et al. (2014) in Figure 9 can

be a reference for aquifer samples in the initial state (prior to CO2

ageing) as the porosity for the samples is comparable (28%, with one

sample at 32%). Similarly, the Majella grainstone samples from Baud

et al. (2009) with a porosity of 30% are comparable to gas zone B,

making their end cap envelope suitable for comparison.

Comparison of triaxial results for carbonate samples from the gas

and aquifer zones shows that CO2-reacted samples are slightly

weaker than the unreacted samples. This difference could also be

due to sample heterogeneity (e.g. vuggy porosity distribution

between core plugs) as CO2WRI did not indicate significant

mineralogical or porosity changes (Table 4). Moreover, rock

strength does not only depend on porosity changes but also on

fluids inside the pore space (dry/wet, CO2 saturation, etc.)

(Sterpenich et al. 2009; Zhou et al. 2009; Rimmelé and Renard

2010). However, this study confirms that massive calcite dissolution

is unlikely due to pH buffering and equilibrium of carbonates with

CO2-saturated formation fluids. However, the porosity measure-

ments on samples before and after CO2 reaction show minimal

porosity changes that are all within the experimental uncertainty

(<5% relative or <1.5% absolute porosity values).

The heterogeneity of carbonate rocks makes it difficult to

determine reliable rock mechanical properties including tensile

strength. Determination of tensile strength can indirectly be

obtained from Brazilian tensile strength tests (BTS) or estimated

from other rock properties such as uniaxial compressive strength

(UCS) (Mellor and Hawkes 1971; Cai 2009; Li and Wong 2013;

Nazir et al. 2013; Kallu and Roghanchi 2015).

Correlations between BTS and UCS are well established from

previous studies, but mostly for clastic rocks. There is limited data

for heterogenous carbonate rocks, such as the carbonate formations

in the Sarawak Basin. In this study, the tensile strength of the porous

carbonates was determined using BTS and UCS, with the latter

obtained from laboratory triaxial and core scratch tests and derived

from validated 1D geomechanical models.

Porosity is the main index parameter studied and shows a strong

relationship with UCS and tensile strength from laboratory tests.

Meanwhile, BTS samples with porosities of >30% show tensile

strengths of <1.5 MPa. However, higher tensile strengths were

obtained from the calculation of one-tenth of the UCS in 1D

geomechanical models at the same sample depth and same porosity

compared to the tensile strength measured by BTS (PETRONAS,

unpublished data). Both correlations between BTS and 1D tensile

strength with porosity show a reasonable correlation with an R2 of

0.7 and are also consistent with empirical equations from the

literature (Fig. 10). We therefore conclude that an estimation of

tensile strength from BTS and UCS from porosity can be used for

high-porosity carbonate samples. This finding is important to

ensure that tensile strength data of sensible magnitude are used in

geomechanical modelling.

For Brazilian testing, a total of 16 carbonate plug samples were

selected from depths closely aligned with those used for triaxial

testing to characterize the indirect tensile strength across different

carbonate zones and to assess the impact of CO2WRI. The results

reveal that carbonates from the aquifer zone have higher average

tensile strengths of ∼1.8 MPa compared to those from the gas zones

of less than ∼1 MPa, with minimal variation observed after CO2

ageing (Table 6).

These findings suggest that, under the simulated static CO2

storage conditions, CO2WRI have negligible influence on the rock

strength and elastic properties in the S Field carbonate reservoir. We

conducted this series of measurements to evaluate potential long-

term changes in mechanical properties away from the injection well,

where rocks are not affected by temperature changes and are fully or

near-fully water-saturated.

Caprock (Seal A). Twelve representative samples from Seal A,

recovered from a depth of 1853 m, were used to determine the

geomechanical properties of the effective caprock. We used eight

core plug samples for triaxial and four plugs for Brazilian tests.

Samples were divided into two batches: the first batch (without CO2

exposure) was tested to characterize the initial conditions, while the

second batch (post-CO2 exposure) was aged with CO2 for six months

at 29 MPa and 150°C. Results have been published earlier (Dewhurst

et al. 2020) and show that the samples obtained from Seal A are a

relatively weak shale with low cohesive strength (∼5 MPa) and low

friction coefficient (∼0.25). After exposure to supercritical CO2 for

six months, the strength of the samples at each confining pressure

stage increased, resulting in small increases in cohesive strength and

friction coefficient. Brazilian tests show a low tensile strength normal

to bedding of 1.5 to 2.7 MPa when in its preserved state. After

exposure to supercritical CO2 for six months, and resultant loss of

pore fluid, the tensile strength has increased to 3.3 to 4.0 MPa.

Fig. 9. End cap failure envelopes in the stress space (q–p′ space) for initial

state (IS) and aged samples from the aquifer zone and gas zone B

superimposed on porous carbonate failure data from Cilona et al. (2014)

and Baud et al. (2009). The locations of the end caps in the q–p′ space are

governed by sample porosity.
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Seal A in its initial state has relatively low stiffness with E

between∼3 and 6 GPa and Poisson’s ratio ν from 0.24 to 0.39. After

exposure to supercritical CO2 and consequent pore fluid loss, the

stiffness significantly increases, with E rising to 7.6 to 8.8 GPa and

ν decreasing to ∼0.15.

There was no change in mineralogy. The increase in strength and

stiffness are probably the result of loss of water from the shales, as

shown by changes in bulk density and water content (Dewhurst

et al. 2020). Such effects would probably be limited in the field to

the caprock–reservoir interface by capillary considerations and the

discrete nature of flow paths in mudrocks with little exposure to

reactive fluids.

Implications for CO2 reinjection into CO2-contaminated

gas reservoirs

Reinjecting CO₂ into the same reservoir from which it is produced

represents a distinct and largely untested CCS strategy. This study

demonstrates that such an approach can be technically viable and

environmentally sound for contaminated gas fields with high CO₂

contents, offering a route to monetize otherwise stranded gas

resources under increasingly stringent emission regulations. While

this case study is unique for contaminated gas reservoirs, Petrobras

is reinjecting CO2-rich associated gas into the same reservoir for

enhanced oil recovery in the Santos Basin, offshore Brazil (Pereira

Nunes et al. 2024).

The S Field represents a unique case study, whereby the

carbonate gas reservoir is highly overpressured and at high

temperature. CO2-rich (∼70%) gas would be produced from the

gas cap. The gas cap is associated with a calcite-rich facies of the

reservoir, whereby CO2 reinjection will be in the water leg,

composed of a mixture of calcite and dolomite. Given the low

permeability of the aquifer zone (maximum of 33 mD), it might

therefore require more than a single injection well to cover the rates

required.

Gas production and CO2 reinjection will lead to a net decrease in

reservoir pressure and therefore a decrease in the risk of leakage

because of a decrease in pressure gradient. It should be noted,

though, that the net reservoir pressure reduction can still cause fault

reactivation, possibly leading to enhanced fault permeability. This

is, however, partly compensated for by the CO2 reinjection,

compared to a case where reinjection does not occur into the

same hydraulically connected reservoir unit.

Furthermore, as the CO2 content in the gas leg increases, the

interfacial tension is expected to decrease, leading to changes in

capillarity within the reservoir and the caprock. For the latter, it is

Table 6. Tensile strength data from Brazilian tests conducted on CO2-reacted and unreacted carbonates

Zone Depth Porosity Indirect tensile strength Average indirect tensile strength

m % MPa MPa

Gas zone B (initial) 1973.04 33.6 0.7 0.9

1973.63 30.8 1.1

Gas zone B (after CO2WRI) 1973.04 33.7 0.4 0.6

1973.63 30.4 0.7

Gas zone A (initial) 2111.55 36.6 0.7 0.9

2111.55 36.4 0.8

2111.73 33.6 1.2

Gas zone A (after CO2WRI) 2111.73 35.8 0.5 0.6

2111.87 35.4 0.7

2111.87 34.6 0.5

Aquifer zone (initial) 2330.28 29.2 1.8 1.8

2330.49 28.6 1.8

2330.62 29.0 1.9

Aquifer zone (after CO2WRI) 2330.28 30.3 2.1 1.8

2330.49 29.0 1.6

Fig. 10. Tensile strength from Brazilian

testing and the 1D geomechanical model

shows a decrease in strength with an

increase in porosity. The predicted tensile

strength from uniaxial compressive strength

(UCS) using empirical equations from

literature also shows clear correlations with

porosity.
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important to balance the decrease in gas column height with a

decrease in interfacial tension to evaluate the risk of capillary

leakage. A net decrease in methane content in the reservoir will lead

to higher solubility of CO2 in water and therefore to lower pH and

possibly some increased reactivity. We tested the reactivity of

caprock and reservoir rock material but could not identify any

conclusive changes in mechanical, mineralogical or petrophysical

properties. This is probably due to the small changes in CO2

solubility expected and CO2–water–rock being close to equilibrium

in the subsurface already.

A decrease in reservoir pressure and thinning of the gas column

will lead to a repositioning of the gas–water contact to a shallower

depth and therefore into the calcite-rich facies. This is likely to be

followed by water inflow from a connected aquifer and mixing of

fresh water with CO2-charged waters, thereby leading to further

CO2 dissolution and pressure decrease.

Although the S Field is a case study, it presents some key

learnings for de-risking similar scenarios for carbon storage. There

are many CO2-contaminated gas reservoirs in the world, and the SE

Asia region is known for some of the largest ones. The combination

of natural gas production and CO2 reinjection can lead to a general

leakage risk reduction, reduction of costs for exploration, drilling or

reservoir and caprock characterization compared to green fields, and

might provide additional storage volume beyond the gas production

phase due to the pressure space created.

Conclusions

This study provides a comprehensive assessment of the S Field

carbonate reservoir and its overlying caprock to evaluate the

feasibility and safety of CO₂ reinjection and long-term geological

storage. The integrated mineralogical, petrophysical and geome-

chanical analyses under reservoir conditions demonstrate that both

the reservoir and caprock maintain their structural and chemical

integrity following exposure to supercritical CO₂.

(1) Reservoir characteristics: the calcite-dominated gas zone

exhibits high porosity (>30%) and moderate strength, while

the underlying aquifer zone – co-dominated by calcite and

dolomite – has lower porosity (20–25%) but higher

mechanical strength.

(2) Caprock sealing capacity: Seal A, composed mainly of

illite-rich mudrocks and siltstones, has low permeability and

high capillary entry pressures, sufficient to retain CO₂

columns exceeding the current reservoir height (∼300 m).

(3) CO₂–water–rock interactions: static ageing experiments at

30 MPa and 150°C for up to six months revealed minimal

changes in mineralogy, porosity, permeability and

mechanical strength in both reservoir and seal samples.

The carbonate rocks are already at or near equilibrium with

CO₂-saturated formation waters.

(4) Mechanical integrity: no measurable deterioration in elastic

moduli or compressive strength was observed post-CO₂

exposure, confirming the mechanical stability of both

storage and seal units.

Collectively, these findings indicate a low geochemical and

mechanical risk associated with CO₂ reinjection into the S Field

reservoir. The system’s high-temperature, high-pressure conditions,

combined with its mineralogical maturity, contribute to long-term

geochemical stability. The results provide a regional analogue for

carbonate-hosted CO₂ storage systems in SE Asia and support the

viability of reinjecting separated CO₂ streams into the producing

reservoir as a safe and cost-effective decarbonization strategy.
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