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Abstract

The Malay Basin has received significant attention for geological carbon dioxide storage (GCS), but there are no
published studies addressing the selection of appropriate deep saline aquifers. This study closes this gap. We
process spatial data and use geological modelling and cluster analysis to identify optimal areas for GCS,
considering various subsurface characteristics such as temperature, pressure, porosity and thermophysical CO,
properties. It is found that the basin contains numerous Cenozoic aquifers suitable for GCS including locally
thick, but low net-to-gross (NTG), stacked formations. Pliocene aquifers are too shallow to contain CO, in large
quantities, but upper Miocene aquifers located in the northwest of the basin contain promising intervals with
significant porosities and conditions favouring denser CO,. Middle Miocene aquifers, while low NTG, are thick,
and optimally located around the margins of the basin. They also have significant storage capacity and could be
developed as a stacked GCS site. Lower Miocene aquifers are higher NTG, but deeply buried across many areas
of the basin, yet the oldest aquifer evaluated still holds substantial storage capacity, where subject to minor
burial at the margins of the basin. Overall, this study provides a novel first assessment of aquifer GCS potential
in the Malay Basin, while also contributing to wider efforts to evolve screening workflows for rollout to other

geological basins.

1. Introduction

Widespread adoption of geological carbon dioxide storage (GCS) is crucial to limiting global warming to 1.5 °C
by 2050 (Krevor et al., 2023) and it is projected that this will involve annual storage of up to 30 Gt yr' by 2050
(IPCC, 2022). This requires a significant expansion of GCS sites, with current projects only constituting annual

storage of 0.009 Gt (Zhang et al., 2024).

Mature sedimentary basins, defined as basins from which hydrocarbons have historically been produced, are

prime regions for facilitating GCS because of their favourable geological characteristics and proximity to existing
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infrastructure. Depleted gas fields in these basins are attractive as they contain large amounts of subsurface
data and offer historical evidence of effective storage capacity and retention. However, availability is constrained
to those that have ceased production; they are usually closed, confined structures and the depleted reservoir
pressures pose distinct engineering challenges (Hughes, 2009). Containment is predominantly achieved by
structural and residual trapping but there is an absence of large scale understanding on stress hysteresis and its

impact on rock characteristics, such as fracture pressure (Lynch et al., 2013).

Scaling up GCS will require immediate development of many more storage sites and deep saline aquifers are
well-positioned to facilitate this (Gunter et al., 1998). Containment within these sites is achieved by a mixture of
structural, residual and solubility trapping, the relative contributions of which will depend on the geometry of the
reservoir and migration pathway of the CO, plume amongst several other factors. However, less data is typically
available for aquifers and hence, uncertainty around reservoir, caprock and fluid properties is larger. Basin
screening studies have been undertaken to underpin the optimal regions for GCS (Bachu, 2003; Chadwick et al.,
2008; Ramirez et al., 2010; Rodosta et al., 2011; Raza et al., 2016; Bump et al., 2021; Ogland-Hand et al., 2022;
Wendt et al., 2022; Proietti et al., 2023; Callas et al., 2024). These studies often rely on either limited data,
necessitating broad assumptions about the subsurface or very large datasets from hydrocarbon exploration,
which results in a more detailed evaluation but at the expense of time and cost. There is a need to evolve GCS
screening to overcome the lack of data and provide workflows that are flexible and can be translated to other
basins with variable amounts of data associated with them. In this study, a workflow is devised which addresses

aspects of this, by utilising previously published data, geological trends and probabilistic techniques.

The Asia-Pacific region will play a prominent role in the global energy transition. Many countries within it are
experiencing rapid growth while simultaneously seeking to radically reduce CO, emissions, with the region
currently accounting for over half of global CO, emissions (IEA, 2024). With an area of about 70,000 km? and a
sedimentary thickness of up to 13 km (Straume et al., 2019), the Malay Basin is one of the largest geological
basins in Southeast Asia. It is also a mature hydrocarbon region, accounting for over 14.8 billion barrels of oil
equivalent (Madon, 2021), extracted over many decades. Malaysia is being positioned as a regional Carbon
Capture and Storage (CCS) hub (TotalEnergies, 2023) and the Malay Basin has attracted considerable recent
interest for GCS (de Jonge-Anderson et al., 2024a,b; PETRONAS, 2024a), however, there is limited scientific
literature focused on the geology of the basin, and no studies to date have addressed the issue of selecting

appropriate saline aquifers and/or specific areas of the basin for GCS.

We seek to address this by undertaking a regional-scale, geological analysis of the Malay Basin to evaluate the
suitability of aquifers for GCS in the basin and highlight the optimal injection regions that can lead to targeted
feasibility studies. A series of geological properties key to GCS are addressed, and while this listis not exhaustive,
the workflow is framed in such a manner that more properties can be readily added as the screening progresses.
The properties incorporated here are pressure, temperature, porosity, fault intensity and CO, thermophysical
properties and several cut-offs (upper or lower limits) were subsequently applied to these to determine optimal

injection zones and providing indicative estimates of volumetric storage capacity within these zones.
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2. Geological setting

The Malay Basin is a Cenozoic extensional basin oriented roughly parallel to the east coast of Peninsular Malaysia
(Fig. 1a). The structural history of the basin is well documented following analysis of seismic datasets associated
with hydrocarbon production (Tjia and Liew, 1996; Madon and Watts, 1998; Mansor et al., 2014; de Jonge-
Anderson et al., 2024b). It initially developed as a series of west-east-oriented rift basins which formed following
Paleogene extension across a broadly NW-SE shear zone. These rift basins were infilled with continental (fluvial,
lacustrine) Eocene and Oligocene sediments and most were subsequently inverted during a later phase of
deformation in the basin. At the end of the Oligocene (~ 24 Ma), extension ceased, and the basin experienced a
phase of post-rift subsidence, leading to more widespread deposition of Miocene shallow marine sediments.
During the late Miocene, aregional reorganisation in stresses following the end of seafloor spreading of the South
China Sea led to a structural inversion of much of the basin, leading to a shallowing in depositional facies and
ultimately a locally deep unconformity during the Tortonian (~ 8 Ma). This uplift event inverted the pre-Miocene
syn-rift grabens and deformed much of the overlying stratigraphy into a series of anticlines which would
ultimately form major hydrocarbon fields. Gentle subsidence renewed during the Pliocene leading to further

shallow marine deposition and limited extensional faulting.

Throughout the basin’s history, it remained at or near sea level and there are many recognised sandstone
reservoir intervals across the entire stratigraphy from Pliocene-age Group B to Oligocene-age Group N (Fig. 1b)
(Madon and Jong, 2021). However, the only published study addressing regional variations in these reservoirs is
Madon et al. (1999), with most studies focused on field-specific case studies (e.g. Madon (1994)). Studies of this
nature are necessary when considering GCS suitability as the basin lacks a clearly defined, thick target aquifer
like those historically selected for early-stage GCS projects such as the UK’s Bunter Sandstone Formation
(Gibson-Poole et al., 2024) or Norway’s Utsira Formation (Chadwick et al., 2004). Over 85 % of reserves are within
Miocene sandstones, notably Groups D, E, I, Jand K (Fig. 1b) (Madon, 2021) and the best reservoir quality is found
in shallow marine sandstones of Groups J and E and braided fluvial sandstones of Group K (Madon et al., 1999).
But abrupt changes in sedimentary facies, combined with rapid burial often lead to highly variable reservoir

quality, especially at the regional scale, in areas without dense drilling and/or analysis of 3D seismic attributes.

Despite its rich hydrocarbon history, there are currently very few published accounts of the GCS suitability of
saline aquifers in the Malay Basin. Previous accounts have highlighted high volumetric storage capacity
estimates from 19 to 208 Gt, (Hasbollah et al., 2020; Zhang and Lau, 2022), but these studies do not seek to
evaluate specific aquifer intervals or determine areas of the basin most appropriate for storage. This is important
as the geological history of the basin presents several challenges that need to be assessed. The basin has very
high geothermal gradients, particularly in the centre where they can exceed 50 °C/km (Madon and Jong, 2021).
Injection of CO, into hot aquifers can be problematic as, under these conditions, the fluid density remains low,
limiting storage capacity and increasing buoyancy pressure below the caprock. Many areas of the basin are also
overpressured (Shariff, 1994), reducing the pressure space for injection but serving to increase the density of CO,

for the same temperature conditions.
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Every Miocene-age stratigraphic interval was evaluated in this study (from oldest to youngest: Groups K, J, I, H, F,
E and D) (Fig. 1b). In addition to this, the Pliocene-age interval, Group B, was evaluated as the lack of
hydrocarbons could be as a result of lack of charge rather than lack of reservoir, trap or seal presence. Older,
Oligocene to Eocene stratigraphic intervals were not considered as part of this study as they are buried deeply

across many regions of the basin and have not been penetrated by many wells elsewhere.

3.Data

The primary data used within this study is from hydrocarbon wells, including stratigraphic well tops, wireline logs
and formation pressure test data. Stratigraphic well tops were available for 2435 Malay Basin wells. These tops
consist of 5315 unique names, likely a consequence of different nomenclatures adopted by individual
companies operating in the basin. These names were first remapped to a stratigraphic scheme often used within
the basin using a dictionary implemented in a Python script (Appendix A.1). This resulted in a more consistent

dataset of 1004 wells (Fig. 1a) and 12 unique stratigraphic tops.

Wireline log (Modular formation dynamics tester (MDT) tool) formation pressure data was also analysed for 131
Malay Basin wells (Fig. 1a) and used to compile a database of formation pressure with depth for each aquifer
(Appendix A.2). Values were extracted from existing well reports where available, but to create a comprehensive
database, a new analysis of raw, pressure-time MDT data was undertaken. To obtain accurate and consistent
depths, deviation survey datasets were loaded into SLB Techlog software and used to calculate the true vertical
depth below the seabed for each pressure test. Overpressure was then calculated as the difference between
formation and hydrostatic pressure. Overpressure was noted within 50 wells and assigned to the relevant

stratigraphic group to map overpressure distribution within each group.

Basin-wide seismic and temperature data were not used for this evaluation, and a full petrophysical evaluation
of aquifer parameters was out-of-scope. However, we sought to incorporate these drawing on published
literature on the basin. Basin-wide depth structure maps were digitized from PETRONAS (2022) and used within
the gridding workflow as trend surfaces (see below). These were validated against regional seismic data where
available (see de Jonge-Anderson et al., 2024b for extent). A geothermal gradient map (Madon and Jong, 2021)
was also digitized and used to create aquifer temperature maps. Finally, published porosity data (Appendix A.2)

(Madon et al., 1999) was utilised to generate porosity-depth trends across the basin (see below).

4. Methods

Several geological properties were mapped for each aquifer. These included depth, porosity, pressure,
temperature, faults and CO, thermophysical properties, all calculated at the top of each aquifer (Appendix A.3-
A.8) (Fig. 2). A series of cut-offs were then applied to these maps to determine the optimal injection zones for
each aquifer. SLB’s Petrel and Techlog software was used for subsurface workflows including gridding and

petrophysical analysis. Petrosys PRO was used for further gridding and data translation and ESRI’s ArcPro was
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used for spatial data geoprocessing and visualisation. However, new Python routines (Appendix A.1) were also

developed to manipulate well tops, determine optimal zones and analyse clusters.

4.1. Creating depth structure surfaces

Depth structure surfaces for eight aquifer intervals were created by gridding stratigraphic well tops using the
convergent interpolation algorithm available within Petrel E&P software with an additional input of a trend
surface (Fig. 3). By including a trend surface, the gridding algorithm attempts to fit the input data (stratigraphic
well tops) to the trend using a least squares approach and interpolates the output surface based on the residual.
The trend surfaces themselves were generated by first georeferencing and digitizing, in ArcPro software, the
contours and fault sticks from public-domain regional structure maps (PETRONAS, 2022) (Fig. 3b). Petrosys PRO
was then used to grid these and exchange the data into a format compatible with Petrel E&P. The final depth
structure surfaces were then created in Petrel E&P at 100 m by 100 m X and Y increment, before exporting as a

raster file for subsequent analysis (Fig. 3c, Appendix A.3).

For depth maps of Groups B, E, H, | and J, a directly comparable surface was available from PETRONAS (2022).
However, for depth maps of Groups D, F and K, no equivalent trend surface was available in PETRONAS (2022)
and instead, trend surfaces from adjacent surfaces were used. In these instances, no major tectonic activity was
known to affect the basin between the deposition of each Group, so the use of these trend surfaces (with true
depths constrained by well tops) was considered reasonable. However, a major uplift and erosional event did
affect the basin during the Late Miocene, which removed much of the younger Miocene aquifer intervals (Groups
D, E, F and H) from the southeast of the basin and created a variable subcrop beneath the Intra-Late Miocene
Unconformity (de Jonge-Anderson et al, 2024b). This was incorporated into the depth structure surfaces by
removing the appropriate area in ArcPro software according to previously published subcrop limits (de Jonge-

Anderson et al., 2024b).

4.2. Petrophysical evaluation

While a full petrophysical analysis was out of scope for this study, two, regional, NW-SE well correlations (Fig.
1a) were compiled and analysed in SLB Techlog software to illustrate typical aquifer characteristics and extract

representative net-to-gross (NTG) ratio statistics for use in capacity estimates in subsequent sections.

Gamma Ray (GR) logs were used to determine the NTG ratio of each aquifer interval whereby a low GR reading is
interpreted as indicative of a clean sandstone (as carbonates and evaporites are not present within this basin)
and a high GR reading is interpreted as a mudstone. It was necessary to first normalise each GR log to account
for different tool types and environmental corrections between wells. To achieve this, the following equation was

used:

GR — GRpyin,
GR = 1
merm GRmax - GRmin ( )

GRmin and GR.x Were calculated at the 10" and 90™ percentile of the data to avoid anomalous values and GR is

initial reading. The NTG ratio was then calculated as the fraction of the gross aquifer interval with GRom values
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less than 0.5. This analysis was undertaken for twelve wells in the basin, and the mean and standard deviation
of NTG ratio derived thereof (Appendix A.2) were used to create normal distributions for use in capacity analysis

(see below)).

4.3. Porosity-depth model

Reservoir quality in the Malay Basin is strongly controlled by depositional facies and burial diagenesis, but these
phenomena are extremely challenging to predict on a regional scale. Detailed geological modelling was out of
scope for this study and is a challenging task when well penetrations are sparse. Here, we focused on the impact
of burial diagenesis on the compaction of typical sandstones in the basin to determine expected porosities at

certain areas/depths under the assumption that sand-bearing intervals are present therein.

To undertake this, published porosity-depth data (Madon et al., 1999) were digitized and an exponential function
fitted to it using a Python script (Fig. 4a), following the approach of Sclater and Christie (1980) and assuming a
surface porosity of 45 %. This function was then applied to the depth surfaces outlined above (Appendix A.1).
The standard deviation of the dataset was also calculated, and upper and lower bounds were determined as one
standard deviation above and below this fitted curve. The resulting trend shows rapid porosity decline,
particularly in the uppermost 2000 m. At depths of around 1000 — 1500 m, this exponential curve is roughly linear,
at around 1 % porosity decline per 100 m, which is in agreement with those previously described for the Malay
and adjacent Pattiani Basins (Madon et al., 1999). A lower porosity limit of 10 % is used for GCS in saline aquifers
(Chadwick et al., 2008; Ramirez et al., 2010; Callas et al., 2024), coincident with 3000 m according to this

function.

4.4. Pressure, temperature and fluid modelling

The thermophysical properties of CO, were calculated using the CoolProp Python library (Bell et al., 2014). The
temperature at the top of each stratigraphic group (Appendix A.1) was first calculated using maps of depth and
geothermal gradient and assuming a fixed seabed temperature of 24°C (after Madon and Jong (2021)). The
outlines of overpressured zones within each aquifer were mapped based on the pressure dataset described in
section 3 and for these, the pressure was calculated as 20 MPa/km. The rationale for picking this gradient is
further described in subsection 5.3. For the remaining areas, hydrostatic conditions were assumed, and a
gradient of 10 MPa/km was used. Maps of CO, phase and density (Appendix A.7) were generated by performing

equations of state calculations at every point on the depth, temperature and pressure surfaces (Appendix A.1).

4.5. Optimal zones

4.5.1.Defining optimal zones

Many factors need to be considered to evaluate a saline aquifer for GCS, including those around maximising
capacity/injectivity, minimising containment risk and managing siting and economic constraints (Callas, 2024).
This study does not attempt to consider all aspects required to identify the optimal GCS site but focuses only on

subsurface properties. A fundamental aspect of a GCS site is that the aquifer should have sufficient porosity to
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store significant volumes of CO,, and in a general sense, rocks with high porosity often have wider pore throat
radii, leading to higher permeabilities, lower capillary pressures and greater injectivity. In this work, we sought to
impose restrictive bounds on the porosity of each aquifer to highlight only the regions where porosity and
injectivity are sufficiently high. Porosity and permeability logs derived from wireline petrophysics suggest that
reasonable permeabilities of around 400 - 500 mD are expected at 15 % porosity (Fig. 4b), therefore the first cut-

off applied to the optimal zone calculation was to exclude any regions where porosity is 15 % or less.

The treatment of faults within GCS screening workflows is complex. Faults can pose a containment risk, if
permeable, but the risk will depend on the properties of the damage zone around the fault and the geometry of
the fault (Wibberley et al., 2008). However, permeable faults could also be considered a positive factor for GCS,
alleviating pressure buildup in the reservoir. They can also pose a risk of induced seismicity, though this risk will
depend on the stress regime of the basin and the specific fault, amongst other factors (Cheng et al., 2023). On
the other hand, sealing faults have historically provided effective trapping mechanisms for hydrocarbon
accumulations (Spencer and Larsen, 1990). In this work, faults and zones of higher fault intensity are treated as
a risk, and thus optimal zones are limited to those areas that are at least 2 km away from the nearest mapped
fault. The use of a 2 km limit setback distance is based on work undertaken in the Gulf of Mexico (Callas, 2024),
but more detailed fault-seal and geomechanical analyses (Karolyté et al., 2020; Wu et al., 2021; Snippe et al.,

2022; Rizzo et al., 2024; Ramachandran et al., 2024) could be used to reduce or increase this value.

Specific constraints were also placed on the modelled thermophysical properties of CO,. An optimal region must
favour CO, as a supercritical phase with high density. The high temperatures present in the Malay Basin aquifers
suppresses the modelled CO, density at a given depth and pressure. Less dense CO, would lead to reduced
capacity and more buoyancy pressure on caprocks, potentially compromising retention. To account for this, a
lower density cutoff of 300 kg/m?, was applied to ensure that optimal zones did not include regions where very
light CO, might be injected. This cut-off is consistent with the lowest CO, density permitted in a recent saline

aquifer screening study (Callas, 2024),

The final step was to place an area constraint on each individual optimal zone (Fig. 5). To do this, a concept of
“connected area” was introduced where any segments of optimal zones with areas smaller than this connected
area were excluded from the screening result (assumed to be too smallfor serious consideration as GCS targets).
This was undertaken by first implementing a DBSCAN clustering algorithm (Appendix A.1) available within the
scikit-learn Python library (Pedregosa et al., 2011). The DBSCAN algorithm clusters data points based on their
density, grouping points that are closely packed within a specified radius. The main advantage of using such an
algorithm over other clustering algorithms (e.g. k-means) is that DBSCAN can independently identify the number
of clusters to be found, and these clusters can have arbitrary shapes and sizes. The two, key, user-defined
parameters are the radius, and the minimum number of samples required within that radius for a data point to
be considered a core point in the formation of a cluster (Pedregosa et al., 2011). These were defined as 100 and
5 respectively, following the visual inspection of multiple iterations of clustering using various parameter values.

The algorithm was effective in grouping connected regions of optimal zones and assigning each a specific label
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(Fig. 5b). Following this, the total area of each group was calculated and any group with an area less than 200

km? was excluded.

The creation of optimal zone maps was undertaken using a Python script (Appendix A.1). In addition to optimal
zones, sub-optimal zones were also calculated. For these zones, less stringent criteria were applied (lower
porosity cut-off of 10 %, lower CO, density cut-off of 100 kg/m?®, supercritical phase and at least 100 m distance
from a mapped fault). These areas are shown in the map figures for comparison, but volumetric analysis was not

undertaken.

4.5.2. Estimating volumetric storage capacity

The total storage capacity of each optimal zone was also calculated. There has been much discussion around
determining accurate capacity estimates for GCS. Basin-scale estimates are usually made by considering the
pore volume of the aquifer region, or structural closure with the dynamic behaviour of the aquifer approximated
via an efficiency factor (van der Meer, 1995; Goodman et al., 2011; Wang et al., 2013; Bachu, 2015). Ultimately,
full physics reservoir simulations (Hosseini et al., 2024), or reduced complexity models (Gasda et al., 2009; de
Jonge-Anderson et al., 2024a) can produce more accurate estimates, but these studies are usually undertaken
once a storage site has been selected and matured. In this work, the aim was not to calculate precise values of
storage capacity but to evaluate the relative potential of each aquifer in a way that honours the data used within
this work (depth, compaction trend, fault lines, modelled CO, properties). To implement this, a probabilistic,

Monte Carlo approach was used consisting of 1000 simulations.
A well-established equation for calculating storage capacity was used (after Goodman et al., 2011):

Mcoy = A hx NTG * @ * (1 = Syiry) * E * pco2 (2)
Where A is the area of the optimal zone, h is the thickness, NTG is the net-to-gross ratio, ¢ is porosity, Swir is
irreducible water saturation and E is the storage efficiency factor. Values for h, NTG, ¢, Swir, E and pco2 were
obtained from randomly sampling normal distributions of those properties with the mean and standard
deviations constrained from analysis of wells or property maps generated in this study where possible (Table 1).
Mean values of 2 % (Hasbollah et al., 2020) and 27 % (de Jonge-Anderson et al., 2024a) were adopted for E and

Swir respectively.

Derived from well Extracted from Representative
petrophysics property maps literature values
Net-to-gross (NTG) Porosity (¢) Swirr
Thickness (h) CO, density (pco2) E
Area (A)

Table 1: Variables used within capacity estimates grouped by source.
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5.Results

5.1. Petrophysics

Analysis of the two well correlations compiled for this study (Fig. 6, with location of sections shown in Fig. 1a)
suggests that there are many candidate sandstone-bearing intervals across the Malay Basin for GCS, with both
stratigraphic and spatial variations in NTG ratio. The oldest aquifer evaluated within this study, Group K, consists
of thick (up to 50 m) sandstones underlying a mudstone, with NTG ratios between 0.30 and 0.59 (Fig. 6). Group J
is also predominantly sand-rich, with NTG up to 0.61, but it is thinner than Group K. Group | represents a thick
shallow marine sequence, but with thinner sandstone beds and low NTG ratios between 0.04 and 0.26. Groups
H and F also appear limited in sandstone development with NTG ratios of 0.12 on average. Group E is an
important hydrocarbon reservoir interval, with NTG ratios of up to 0.42, averaging at 0.27. Group D also contains
some well-developed sands (e.g. 0.3 NTG ratio in N-1), but these appear to be patchy, with some wells showing
limited sand development (e.g. 0.10 NTG ratio in ID-1 and TG-2). The shallowest reservoir interval, Group B
appears to contain many thin sandstone intervals averaging at 0.17 NTG ratio, however, this interval lacks
significant hydrocarbon accumulations and is usually only partly logged, resulting in greater uncertainty than

older groups.

5.2. Depth and porosity

The shallowest aquifer, Group B lies mostly between 280 and 650 m depth below mean sea level (mostly <70 m
(GEBCO Compilation Group, 2023)), with an average of 444 m (Fig. 7a) and in contrast with deeper intervals in
the basin, there are only small changes in depth across the basin. At these depths, modelled sandstone
porosities are 36.0 % (median value) = 2.5 % (one standard deviation), representing a significant retention of
primary porosity. More structural variation can be observed within the underlying Group D, which is ~ 1300 m
deep in the centre of the basin, rising to less than 500 m deep at the margins (Fig. 7b). At these depths, modelled
sandstone porosities are 26.7 % * 5.0 % (Fig. 4a). This aquifer is also absent in the southeast of the basin
following truncation beneath the intra-Late Miocene Unconformity (de Jonge-Anderson et al., 2024b). Groups E
and F (Fig. 7c, d) show a similar pattern but are notably deeper in the centre of the basin, around 1700 m and
2000 m respectively. However, reasonable porosity is still expected to be preserved at these depths, with Group
E modelled porosities of 24.5 % = 4.7 % and Group F modelled porosities of 26.1 % + 7.9 % (Fig. 4a). There is less
erosion of these groups in the southeast, particularly Group F, which is only absent in an area near the maritime

border with Indonesia.

Within the groups described thus far there has been limited fault influence on depth structure, a reflection of
relatively minor tectonic activity during the upper Miocene to Pliocene. In Groups H and below (Fig. 7e-h), faults
appear to have more control over the depth structure. This is notable along the western margin hinge zone and
central parts of the basin where north-south faults create a series of horsts and grabens. Intervals within Group
F and older are buried significantly in the centre of the basin. By Group H, modelled porosity is likely <15 % = 7.9

% in the centre of the basin and by Group | and older, it is likely < 10 % * 7.9 % in the centre. The oldest aquifer
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studied, Group K is more than 5000 m deep in the centre of the basin (Fig. 7h), correspondingto <5 % 6.5 %

porosity (Fig. 4a).

5.3. Pressure distribution

Some general observations are made from a cross plot of formation pressure with depth, compiled from 131
wells, and coloured by aquifer interval (Fig. 8a). Formation pressure, and thus overpressure tends to increase
with depth below the seabed, though the pattern is complex. The Pliocene-Pleistocene Groups A and B exhibit

no overpressure and position close to the hydrostatic pressure.

Moderate overpressure starts at around 1000 m depth, specifically within Group H (Fig. 8a). The presence of
overpressure in the Malay Basin has been well documented, attributed to disequilibrium compaction (Madon,
2007) further augmented in areas by localised hydrocarbon generation within organic-rich intervals (Tingay et al.,

2013).

Group H exhibits some of the largest overpressures in the basin, notably around 2500 m depth, where formation
pressure approaches lithostatic pressure (Fig. 8a). At around 1750 m, rapid increases in formation pressure
within younger Groups E and F can be observed. Formation pressure quickly reaches the 20 MPa/km gradient
before aligning approximately with this, suggesting the rapid increase is indicative of a transition zone. Formation
pressures within Group | also adhere to this 20 MPa/km gradient, though the presence of a transition zone is less
clear. Deeper and older stratigraphic intervals generally show less clear trends in pressure, with various test

points plotting between hydrostatic and lithostatic pressure gradients.

The spatial distribution of overpressured regions displays some alignment with the total sediment thickness in
the Malay Basin (Fig. 8b), implying that disequilibrium compaction is the dominant cause of overpressure
generation at a regional scale. The youngest aquifer exhibiting any overpressure (Group E), is overpressured only
in the northwest of the basin. The extent of overpressured region increases with age of aquifer, although the
southwest and northwest limits for Groups F, H, I, J and K are quite similar (Fig. 8b), likely due to rapid
overpressure development associated with steep basin margins (Fig. 7). The southeast margin of the basin
exhibits more complex overpressure spatial distributions, with the pattern influenced by local highs, particularly

apparent for Group H (Fig. 8b).

To extract an overpressure gradient for use within modelling work, a gradient of 20 MPa/km was chosen, and this
was used to model pressure for the entire region in which overpressure was noted (Fig. 8b). This gradient is well
aligned with an interval of Fig. 8a between 1750 m and 2500 m. However, the use of this trend presents some

limitations, notably overestimating overpressure in the complex transition zones.

5.4. Final property maps

Maps of depth, porosity, pressure and temperature, fault intensity and CO, thermophysical properties were
created for each aquifer. Fig. 9 illustrates an example for Group J, with other aquifers presented in Appendix A.3-

8. Optimal zones were calculated by applying the cut-offs described above to porosity, CO, property and fault
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maps, leading to classifications of optimal (green), sub-optimal (yellow) and non-viable (grey) areas for each

aquifer (Fig. 10).

The areal extent of the optimal zones for GCS exhibits a pattern whereby the extent initially increases with the
age of the aquifer (Fig. 11, Table 2). Group B is at shallow burial depth across the basin (Fig. 7a) and at these
depths, sandstone aquifers are likely to have retained significant porosity (Fig. 4a), but the modelled CO,
densities are very low, with a median value of 87.5 kg/m?® = 32.6 kg/m® (one standard deviation). This is a
consequence of low formation pressures and high geothermal gradients and results in no optimalzones and only
small areas of sub-optimal zones being calculated (Fig. 11a). Similarly, Group D aquifers, being buried no greater
than 1500 m (Fig. 7b), likely exhibit high porosities (Fig. 4a) but optimal zones are constrained by modelled CO.,
densities and restricted to local depressions in the centre of the basin (Fig. 11b). The median modelled value for
this aquifer is 238 kg/m?® = 76.0 kg/m?®, which itself is beneath the lower cut-off selected for determining optimal

zones. This results in the smallest areal coverage, at 3348 km?, of any optimal zones highlighted (Table 2).

Group E is at depths sufficient to exceed the 300 kg/m?® density cut-off over much of the northwest of the basin,
but the modelled porosity within some deeper parts drops to less than 15 %, represented as non-optimal
zonation (Fig. 11c¢). Starting with Group F, the optimal zones shift to the margins of the basin (Fig. 11d-h), as the
aquifers in the central part are too deep to retain significant porosity. For Groups F and H, few optimal zones are
found in the centre, but the porosity is mostly greater than 10 %, designated as non-optimal zones (Fig. 11d-e).
For Groups I, J and K, porosity in the centre of the basin is too low (< 10 %) to be considered realistic for GCS (Fig.
11f-h). These aquifers rise to relatively shallow depths on the flanks of the basin, passing the 300 kg/m® CO,

density cut-off ~ 60 km from the coastline.

The maximum areal extent of optimal zones is observed within Group | (Fig. 11f, Table 2), as this interval is well
suited in that itis sufficiently buried to possess the pressure and temperature needed for a dense CO, phase, but
not too deep (over most of the basin) that primary porosity is reduced significantly. The areal extent of older
aquifers is significantly more restricted, with optimal zones being restricted to a band in the southeast corner of

the basin.

5.5. Volumetric capacity

Probabilistic calculations show that there is substantial storage capacity within the Malay Basin, with a P50
capacity of 9.3 Gt (Table 2). However, the associated uncertainty is high, reflected by the high P10 (31.5 Gt) and
low P90 capacity (1.7 Gt), underscoring the need for further refinement. Optimal zones within Group D present
the smallest CO, storage capacity, at 0.52-0.14-0.02 Gt (P10-P50-P90) (Fig. 12b), owing to their limited areal

extent (Fig. 11b), low modelled CO, densities and relatively low NTG formation (Table 2; Fig. 6).

Optimal zones within Group E are also fairly limited in areal extent but their higher NTG characteristics (Table 2;
Fig. 6) and denser modelled CO; (Table 2), result in a higher storage capacity. The P50 value calculated was 1.46
Gt, but the aquifer’s optimal zones are potentially capable of storing several gigatonnes of CO, (5.46 Gt (P10))
(Table 2, Fig. 12c).
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Groups F, H and | represent low NTG but volumetrically important aquifers in the basin. Optimal zones within
Group F are also limited in areal extent (< 20,000 km?) but are associated with high modelled densities of CO,
(Table 2). Group H is a thinner aquifer, but given the greater extent of optimal zones, and high CO, densities
modelled within them, offers a large storage capacity of 5.95-1.51-0.19 Gt (P10-P50-P90) (Figure 12e). Despite
Group | being the thickest aquifer and that with the greatest areal extent of optimal zones (Table 2), the modelled
CO; densities are close to the lower cut-off of 300 kg/m? (387 kg/m?® on average; Table 2), resulting in a storage

capacity that is high (5.63-1.76-0.34 Gt (P10-P50-P90)), but not the highest recorded in this study.

The two oldest aquifers evaluated, Groups J and K, are higher NTG (Fig. 6, Table 2), but thinner and with fewer
optimal zones than Groups F, H and | (Fig. 11g, h). At 4.05-1.33-0.30 Gt (P10-P50-P90), optimal zones within

Group J offer the third lowest storage capacity. However, Group K, despite containing the third lowest areal extent

of optimal zones, presents the largest P50 storage capacity at 1.81 Gt, likely a consequence of the higher average

thickness (than Group J) and high NTG (Table 2, Fig. 12 g, h).

Input Output
Calculated within optimal zones Fixed, per group
Area of .
Group optimal Porosity CO, density (kg/m?, . - NTG (frac., CO; capacity
(%, % % 0) 5] Thickness (m, X = o) s ((€19]

(P10-P50-P90)

B No optimal zones 162+ 12 0.17 £0.09
D 3348 221 313+11 287 =262 0.16 = 0.09 0.52-0.14-0.02
E 13894 20+2 461 + 159 354 =280 0.27+0.14 5.40-1.46-0.21
F 18108 204 592 + 142 449 + 415 0.12+0.06 4.73-1.30-0.19
H 22290 21+4 527 =170 393 =294 0.12+0.10 5.95-1.51-0.19
| 24924 20+3 387 =96 610 + 264 0.13+0.08 5.63-1.76-0.34
J 12898 19+3 408 =90 272+ 118 0.42+0.17 4.05-1.33-0.30
K 10643 193 444 =123 383+176 0.44%0.13 5.23-1.81-0.41

Table 2: Summary of the optimal zones, average properties within them and the mean volumetric storage capacity for each aquifer.
Corresponding capacity distributions are shown in Fig. 12. X: arithmetic mean, o: standard deviation, M: median.

6. Discussion

6.1. Regional significance

The findings presented herein indicate that optimal zones for GCS are widely distributed across the Malay Basin
and across various saline aquifer targets. Full utilisation of this pore space could potentially accommodate 32
years’ worth of Malaysia’s CO, emissions (assuming a constant emission rate of 0.29 Gt/year as recorded in 2022
(Friedlingstein et al., 2023)). This result is significant in that there has been a substantial recent acceleration in
CCS screening and development activity in Malaysia. The government has set ambitious CCS targets, with the
Ministry of Economy’s National Energy Transition Roadmap proposing that by 2030, three CCS hubs should be
developed (two in Peninsular Malaysia and one in Sarawak) delivering 15 Mtpa, rising to 40 — 80 Mtpa by 2050
(Ministry of Economy (Malaysia), 2023). In addition, there have been indications that Malaysian GCS sites could

be used to store CO, imported from neighbouring countries, notably Japan (Reuters, 2023).
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While the most advanced GCS project in Malaysia is in waters offshore Sarawak, Peninsular Malaysia has gained
recent attention, with several agreements to explore the potential in both the Malay and Penyu Basins
(TotalEnergies, 2023; Storegga, 2024). Both basins are attractive regions for GCS due to their proximity to
populous and industrial areas of the Peninsular Malaysia coast, but the presence of undeveloped high-CO, gas
discoveries in the Malay Basin provides an added impetus for GCS development. Gas discoveries with high
concentrations (up to 75 mol%) of naturally occurring CO, have been found in the northern part of the Malay
Basin (Madon et al., 2006) but have remained undeveloped to date due to the costs associated with processing
and disposal of the CO.. A cluster of these fields (Bujang, Inas, Guling, Sepat and Tujoh: BIGST) will be developed
with GCS to permanently dispose of the CO, in the coming years (PETRONAS, 2024a). As the BIGST cluster of
fields is located in the northern part of the basin, the results presented in this study suggest that it is aquifers
within Group D and Group E that would be best suited to GCS for this purpose (optimal zones being present and

immediately adjacent to the BIGST cluster of fields).

A CCS hub is also in the early stages of development in the southern part of Peninsular Malaysia, near Pahang
(PETRONAS, 2024b). The Malay Basin is ~ 200 km from this stretch of coastline, and recent activity has focused
on the appraisal of the Penyu Basin (Storegga, 2024), which was out of scope for this study. Optimal zones within
Groups H and | are present in the far southeast of the Malay Basin and one could speculate at continuation of
this trend further south, but the Penyu Basin is in many ways a distinct basin with a less developed Miocene-
Pliocene sequence and the presence of thick, syn-rift Eocene-Oligocene sequences at reasonable depths of

burial for porosity to be preserved (Madon et al., 2019).

6.2. Importance of stacked reservoirs

Our results also highlight the volumetric storage capacity within thick, but low NTG aquifers, notably middle
Miocene aquifers (Groups F-I) (Figs. 1b, 6), which according to this study’s results, are optimally located over a

large area of the basin (Fig. 11) and offer significant storage capacity (4.57 Gt (P50)) (Table 2).

Low NTG intervals consisting of stacked sandstones interbedded with mudstones can offer several benefits to
GCS. The increased vertical heterogeneity can lead to more tortuous migration pathways and greater contact
time between CO, and water, ultimately supporting further dissolution and residual trapping. This effect has
been observed in GCS studies focused on fluvial successions with heterogeneous architectures (Sun et al.,
2023). There could also be added injectivity and pressure management benefits, notably in reducing the risk of
large-scale pressure buildup when compared to injection into a single aquifer (Wijaya et al., 2024). However,
increased heterogeneity can also present un-desirable effects, such as erratic pressure behaviour and/or

injectivity constraints (Jin et al., 2014; Sun et al., 2023).

Some recent studies have suggested that low NTG aquifers, and overburden formations, can serve to
permanently store CO; in the subsurface (Bakhshian et al., 2023; Bump et al., 2023; Ni et al., 2024). This storage
configuration has been termed “composite confining systems” and those authors highlight the potential for such
systems in Miocene aquifers around the Gulf of Mexico. From initial work, it would appear that some Malay Basin

aquifers could be considered similarly, though further work would be required to evaluate the stratigraphic
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distribution of sandstone intervals, caprock properties and effectiveness and dynamic behaviour of the CO,

plume.

6.3. Study limitations

This study also sought to develop an improvement to traditional GCS screening workflows, notably accounting
for highly variable thermophysical CO, properties. The concept of screening geological basins for GCS potential
is well established. Early studies such as Bachu (2003) and Chadwick et al. (2008) outlined the key criteria for
consideration, and these have largely remained unchanged as the topic has advanced and GCS adoption has
evolved. The thermophysical properties of CO, at reservoir conditions are known to be a key parameter when
screening basins, but given many of these studies focused on old, cold basins with limited overpressure, usually
an upper 800 m depth cut-off, paired with a lower depth cut-off (accounting for the reduction of porosity) is
sufficient. That said, there has been more recent literature focused on incorporating variable subsurface
temperature and pressure conditions into screening workflows (Baur and Hiebert, 2024; Bump et al., 2024). This
study builds on that by also incorporating thermophysical property calculations in the screening workflow, while
also adding a further step in the screening workflow of defining optimalinjection zones and using cluster analysis

to identify connected regions well-suited to follow-up GCS studies.

This study also assesses the regional-scale suitability of saline aquifers using relatively little subsurface data
(depth of aquifer, geothermal gradient, trendlines of porosity and pressure with depth, high-level fault mapping).
By this design, and by utilising Python scripts and common file types (ASCII and raster files), it is intended that
this workflow can be readily adopted, utilised for other basins and further developed when new data and/or

knowledge becomes available.

However, by adopting this approach, there are naturally some limitations to the study. Relationships of porosity
and pressure with depth are generalised, in this case owing to the sparse well data used. This could be improved
with further incorporation of geological facies to better constrain porosity distribution and depositional
environment modelling to consider reservoir quality trends away from well control points. The distribution of
overpressures is also likely to be more complex than that presented here, and as outlined in subsection 5.3, we
adopt an approach whereby the maximum possible overpressure for each region is calculated. In reality,
transition zones and various overpressure trends have been noted in different wells, thus the degree of

overpressure in these instances will be overestimated.

We also treat faults exclusively as high-risk and features to be avoided when screening optimal zones. Further
work would be required to better understand the relative risk posed by different fault types, by analysing their
geometry or looking for evidence of methane leakage from seismic datasets. Quick fault leakage screening tools

(Ramachandran et al., 2024) could aid in pragmatically assessing the risk posed by certain faults in the basin.

Finally, this workflow focuses purely on the porosity of the aquifer, the phase and density of CO, at initial
conditions within it, and the distance to major fault zones. We do not consider the effectiveness of the

appropriate caprocks, or the permeability (injectivity) of the aquifer (though this is likely to be partially correlated
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with porosity). Nor did we attempt any modelling of the dynamic behaviour of the reservoir, which is known to
place a major constraint on the storage capacity and efficiency of GCS sites (de Jonge-Anderson et al, 2024a).

However, this study allows for specific areas to be targeted for such analyses in future.

6.4. Sensitivity analysis

The use of cut-off values in calculating optimal GCS zones is recognised as both an uncertain and sensitive step
in this study. Regarding petrophysical properties, a choice to constrain optimal zones to areas of high porosity (>
15 %) and high permeability (> 400 mD) was made, however, an argument could also be made that lower porosity
(10 = 15 %) and permeability (> 100 mD) aquifers are perfectly adequate for GCS and could even bring added
benefits such as more confined lateral CO, plume propagation (Zapata et al., 2020). To investigate the impact of
porosity cut-off on calculated storage capacity, several capacity calculations were made for two different
aquifers, using parameters identical to those described above, with the exception of porosity cut-off, which was
varied from 5 % to 25 % (Fig. 13a, c). For the shallow aquifer, Group E (Fig. 13a), selection of lower cut-offs did
notimpact the result as this aquifer did not contain porosity values in that range. However, for the deeper aquifer,
Group J (Fig. 13c), the impact of cut-off is profound, with the capacity increasing twofold if a cut-off of 10 % is
selected. This points to the importance of accurately constraining appropriate porosity cut-off values moving
forward, perhaps by developing aquifer-specific cut-offs, informed by numerical simulations and/or core
measurements to better understand the dynamics of plume behaviour for a range of petrophysical

characteristics.

This exercise was repeated for CO, density by varying this value from 100 to 700 kg/m? (Fig. 13b, d). For the
shallow aquifer, decreasing the density cut-off to 200 kg/m? results in a ~ 1.5 times increase in total storage
capacity. This can appear counterintuitive as for the same area, a smaller density should result in lower storage
capacity. However, by relaxing the threshold imposed on CO, density, a larger area of the basin is considered
optimal, the effect of which appears to override the reduction in density. In this case, the capacity values should
be treated with caution as they represent basin-scale, but impractical storage, when on the local-scale, CO,

density is much lower than would be considered adequate for a GCS site.

7.Summary and conclusions

This study focused on assessing the suitability of saline aquifers in the Malay Basin for GCS using a screening
workflow incorporating thermophysical properties and mapping of optimal injection zones. While some new
analysis of subsurface datasets was included (mapping based on hundreds of stratigraphic well tops, formation
pressure evaluation from pressure-time measurements and analyses of depth, porosity and permeability

relationships).

Of the eight aquifers evaluated in this work, seven contain optimal zones for GCS, though the spatial distribution
of these varies by stratigraphic interval. The youngest, Pliocene-age aquifer is too shallow to store substantial

amounts of CO,, but upper Miocene intervals contain optimal zones in the northwest of the basin. Importantly,
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these zones are located near to high-CO, gas accumulations awaiting development. Middle Miocene intervals
are too deep in the northwest of the basin but could be developed elsewhere as stacked GCS systems, given
their low NTG. Oligocene-lower Miocene aquifers contain thicker sandstones, but their potential is constrained
to the margins of the basin. The largest storage capacity modelled was within the deepest, oldest aquifer

evaluated, Group K.

Overall, this study provides an important first step in the regional screening of saline aquifers in the Malay Basin
and a framework for which to target detailed feasibility studies (e.g. within optimal zones adjacent to known CO,
sources). Further work should seek to refine the uncertainties around some parameters (e.g. porosity) and/or

determine more bespoke cut-offs for optimal zone identification based on laboratory or modelling studies.
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Fig. 1. a) Map of the Malay Basin showing position relative to the east coast of Peninsular Malaysia, the locations of wells with
stratigraphic tops available, those with pressure datasets available and locations of the two well correlations presented in Fig. 4. The
basemap shows the total sediment thickness at a 100 m contour increment (Straume et al., 2019). b) Simplified chronostratigraphic

chart highlighting the aquifers evaluated in this study (after Armitage & Viotti, 1977; Ramli, 1988; Yakzan et al., 1996; Madon et al., 1999;
Mansor et al., 2014; Lunt, 2021; de Jonge-Anderson et al., 2024).
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Fig. 5. Multi-panel figure illustrating the process of determining clusters of optimal zones and calculating connected areas. a) map of
northern Malay Basin where black colour indicates an optimal zone output from the process described in subsection 4.5.1. b) results of
cluster analysis where groups of connected optimal zones are assigned to an individual colour. The area of each group is then
calculated and those with areas less than 200 km? are discarded in subsequent analysis.
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Fig. 6: Two NW-SE oriented well correlations displaying normalised Gamma Ray logs coloured whereby values of 0.5 and less are yellow (interpreted as sandstone). Net-to-gross ratios are labelled for
each aquifer interval and calculated as the fraction of sandstone to mudstone for that interval. Please refer to Fig. 1a for the location of the correlations.



Fig. 7: Multi-panel plot showing the top depth (in true vertical depth subsea) structure of the eight aquifers selected for analysis in this study. The eroded sections in the southeast of the basin are drawn
after the Pliocene subcrop map within de Jonge-Anderson et al (2024). The maps were created by gridding stratigraphic well tops using an algorithm that fits the surface trend to that of a guide surface.
The guide surfaces and fault polylines were taken from PETRONAS (2022). a) Group B, b) Group D, c) Group E, d) Group F, e) Group H, f) Group I, g) Group J, h) Group K.
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Fig. 8. a) Crossplot of formation pressure versus true vertical depth below the mudline (seabed), coloured by aquifer. b) Map showing the
outline of overpressured regions for each aquifer based on analysis of the same data as shown in a). The colours used for each aquifer
are identical to those shown in a).
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Fig. 9. Multi-panel plot showing an example of the various GCS property maps derived during this study. The example shown is for the Group J aquifer. a) depth, b) porosity, c) temperature, d) pressure, e)
fault intensity, f) CO: density, g) CO2 phase.



106°

supercritical B
gas O

102° 104° 106° ;
no mapped faults @ connected optimal |

d 2 km buffer C optimal @
non-optimal O

500 m buffer O

non-viable [J

Fig. 10: Multi-panel plot showing various property maps for Group J and highlighting the optimal areas (green), non-optimal areas (yellow) and non-viable areas (grey) following the cut-offs described in
subsection 4.5.2. a) porosity, b) COz phase, c) CO:z density, d) fault intensity, e) optimal zones.
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Fig. 11: Multi-panel plot showing the optimal, sub-optimal and non-viable zone maps for each aquifer. The optimal zones are coloured according to the output of the cluster model. a) Group B, b) Group
D, c) Group E, d) Group F, e) Group H, f) Group I, g) Group J, h) Group K.
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Fig.12: Multi-panel plot illustrating the results of the Monte Carlo simulations to derive truncated normal distributions of volumetric
storage capacity for each aquifer within the optimal zones only. The blue, green and red vertical lines represent the 10", 50" and 90"
percentiles respectively. a) Group B, b) Group D, c) Group E, d) Group F, e) Group H, f) Group I, g) Group J, h) Group K.
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Fig. 13: Multi-panel plot illustrating the impact of different porosity (a, c) and CO: density (b, d) cut-offs on storage capacity. Examples for
a shallow aquifer (Group E: a, b) and deep aquifer (Group J: c, d) are shown.



