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a b s t r a c t

Geostatistical data plays a vibrant role for surface-based reservoir modeling through outcrop analogues,
which is used to understand three-dimensional (3D) variability of petrophysical properties. The main
purpose of this study is to improvise the surface-based 3D geo-modeling to demonstrate petrophysical
characteristics and heterogeneities of Sandakan reservoirs, NW Borneo. We used point cloud data from
Light Detection and Ranging (LiDAR) to build high-resolution virtual outcrop modeling (VOM) onto
which we mapped 6 different lithofacies. Porosity and permeability of core plugs were measured to
determine the average variance of petrophysical properties for each lithofacies. By utilizing the inte-
gration of VOMs analogues and petrophysical properties in Petrel™, we demonstrated the distribution
and associations of all lithofacies in pseudo wells that have inherent thin beds heterogeneities in 3D geo-
cellular model. The results concluded that the heterogeneity of thin beds in lithofacies is dependent on
porosity and permeability with input dataset. According to the final model, cross-bedding sandstone
(CBS), hummocky cross-stratified sandstone (HCSS) and trough cross-bedding sandstone (TCBS) show
good reservoir quality due to high porosity ranging from: 25.6% to 20.4% and, 19.3%e14.5%, and
permeability ranging from: 74.03 mD to 66.84 mD and, 64.86 mD to 21.01 mD. In contrast, massive to
weak laminae sandstone (MWLS) and bioturbated sandstone (BS) show fair to poor reservoir quality,
caused baffling of surrounding mud sediments in the reservoir lithofacies. Results also revealed that
LiDAR based VOM with petrophysical properties can significantly reduce the risk and minimize the cost
of reservoir modeling in petroleum industry.
© 2021 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Outcrop analogues set forth in the form of geostatistical and
high resolution 2D or 3D digital records that effectively help to
handle the large scale reservoir modeling challenges (Jackson et al.,
2005; Enge et al., 2007; Jones et al., 2008; Howell et al., 2014;
Wilkinson et al., 2016), such as, the understanding of heterogeneity
in geo-cellular and petrophysical modeling of subsurface reservoirs
to enhance the quantitative spatial accuracy (Tinker, 1996; Bryant
g).

y Elsevier B.V. on behalf of KeAi Co
et al., 2000; Fabuel-Perez et al., 2009b; 2010; Rarity et al., 2014;
Wilkinson et al., 2016). The geo-cellular modeling is 3D volume of
the reservoir media that includes 3D cells meshes with complete
illustration of stratigraphic packet, reservoir sublayers/horizons
and faults (Shepherd, 2009; Yarus et al., 2012; Fei et al., 2016;
Gomes et al., 2018; Usman et al., 2021). More recently, the geo-
cellular modeling of different lithofacies from outcrop analogues
has been widely applied to the fluvial braided systems based on
subsurface data (Pringle et al., 2006; Howell et al., 2014), but pet-
rophysical heterogeneity in the thin beds remains unsolved
through surface data. Conventionally, seismic, well logs, and pet-
rophysical datasets are useful for reservoir and petrophysical
modeling (Henriquez and Jourdan, 1995; Charles, 1999;
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Brandsӕ;ter et al., 2005) but limited to spatial variations and thin
beds resolution in the reservoir media (Rarity et al., 2014).
Regarding this, the digital scanning of outcrop analogues plays a
dynamic protagonist in the examination of reservoir heterogene-
ities with petrophysical modeling in thin bedded media (Fabuel-
Perez et al., 2010; Pavlis and Bruhn, 2011; Pavlis and Mason,
2017). The digital scanning of outcrops through LiDAR provides
quantitative data (e.g., point clouds, photorealistic 3D models, and
measurements with orientations, polylines) for the lithofacies (geo-
bodies) modeling (Notebaert et al., 2009; Fabuel-Perez et al.,
2009b; 2010) to demonstrate the heterogeneity with spatial and
temporal variations of petro-physical data (Immenhauser et al.,
2004;Mikes and Geel, 2006; Jones et al., 2008a; Amour et al., 2012).

Acquisition of the outcrop analogues is usually performed
through scanning techniques, such as the Light Detection and
Ranging (LiDAR) (Xu et al., 2000; Slob and Hack, 2004; Bellian et al.,
2005; Bellian et al., 2007; Siddiqui et al., 2019), which acquires
outcrop dataset in the form of point clouds and photorealistic 3D
models for virtual outcrop modeling (VOM) (Enge et al., 2007;
Pranter et al., 2007; Buckley et al., 2008; Jones et al., 2008; Fabuel-
Perez et al., 2010) and structure from motion (SFM) algorithm for
the high resolution 3D terrain models (Westoby et al., 2012;
Wilkinson et al., 2016; Brush et al., 2019). The VOM analogues are
used for the stochastic facies modeling to document the di-
mensions and geometry of lithofacies in the surface and subsurface
reservoirs (Coburn et al., 2006) to enhance the resolution of the
geo-cellular modeling for thin bedded reservoir media to under-
stand its reservoir heterogeneity at micro to mesoscale (Jackson
et al., 2005; Coburn et al., 2006; Siddiqui et al., 2019). In outcrop-
based modeling, the lateral and vertical extensions of sedimen-
tary lithofacies in every horizon have primary controls on flow
simulation (Fabuel-Perez et al., 2009b; 2010; Siddiqui et al., 2019).
This shows that the flow simulation in reservoir modeling depends
on the qualitative and quantitative datasets in the VOM to elucidate
the petrophysical heterogeneities of lithofacies (Kjønsvik et al.,
1994; Løseth et al., 2004; Adams et al., 2005; Falivene et al.,
2006b; Eaton, 2006; Aigner et al., 2007; Qi et al., 2007; Phelps
et al., 2008; Verwer et al., 2009; Palermo et al., 2010; Tom�as
et al., 2010; Amour et al., 2012; Wilkinson et al., 2016). Whereas,
for dynamic flow simulation in reservoir modeling, algorithms that
are supportive in stochastic lithofacies are applied to different
reservoir settings e.g., in channel-fill turbidites (Falivene et al.,
2006b). These algorithms including Truncated Gaussian Simula-
tion (TGSim), Sequential Indicator Simulation (SISim) and Indicator
Kriging (IK) (White et al., 2003; Zappa et al., 2006; Aigner et al.,
2007; Falivene et al., 2007; Tolosana-Delgado et al., 2008;
Koehrer et al., 2010), are implanted in the reservoir modeling
software (i.e., Petrel™ Suite) and provide a variety of simulated
models (Gotway and Rutherford, 1994; Bastante et al., 2008).

In this study, we have used Sequential Indicator Simulation
(SISim) algorithm that is useful and sensitive to elucidate the 3D
geo-modeling of thin bedded reservoirs. In the Sabah, northwest
Borneo, subsurface Neogene sedimentary rocks have significant
interests for hydrocarbon (HC) exploration because same age rocks
have been producing HC offshore in the West Borneo (Sarawak)
(Fig. 1) (Madon, 1999; Siddiqui et al., 2020). Different researchers
have already done intensive reservoir sedimentological research in
the Sabah (Lee, 1970; Graves and Swauger, 1997; Hutchison, 2005;
Futalan et al., 2012, Menier et al., 2017; Siddiqui et al., 2019, 2020;
Usman et al., 2020a, b, c) but have not yet any avenues for 3D geo-
modeling to demonstrate the spatial and temporal heterogeneity in
the siliciclastic rock types for reservoir study. The main purpose of
this study is to elaborate the integrated studies of reservoir in the
3D geo-cellular modeling based on outcrop analogues through
LiDAR for VOM to demonstrate the petrophysical and heterogenetic
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characteristics of well exposed reservoir rocks of Sandakan For-
mation, NW, Borneo (Fig. 1). All input datasets for the interpreta-
tion of lithofacies, their horizons, pseudowells in the Virtual Reality
Geological Studio (VRGS) and an industrial reservoir modeling
software (Petrel™ Suite) were collected through conventional
fieldwork and LiDAR scanning and data processing of different
sections in northwest Borneo formation (Fig.1a). Theworkflowand
results of this study are useful to understand subsurface reservoir
models and 3D geometry, to elucidate the thin bedded reservoirs
conditions that are difficult to recognize using seismic and
geophysical well log datasets.

2. Geological setting

Borneo was formed with complex tectonic processes due to the
collision of micro continental fragments with the Paleozoic part of
Sunda Plate (Mathew et al., 2014a, Mathew et al., 2016; Ramkumar
et al., 2018; Usman et al., 2020a). Northwest Borneo mainly com-
prises of Sarawak and Sabah Basins that is a large orogenic belt
along the continental margin of the South China Sea (Rangin et al.,
1990; Siddiqui et al., 2019, 2020; Usman et al., 2020) (Fig. 1a). The
Sabah Basin experienced very complex tectonic history that had
been discussed by many researchers (e.g., Madon, 1999; Hall, 2002;
Hutchison, 2005; Sapin et al., 2011; Hall, 2013; Franke et al., 2014;
Mathew et al., 2016, Usman et al., 2020a, Ahmed et al., 2021a, b;
Jamil et al., 2020). The basin is mainly filled up with Neogene
sediments with intense tectonic history including Late Miocene
Sandakan Formation (Fig. 1a) (Mathew et al., 2016a, Mathew et al.,
2016b, Menier et al., 2017; Usman et al., 2020a). North East Sabah
Basin has two parts i.e., central Sabah sub-basin and Sandakan sub-
basin (Bell and Jessop, 1974; Tjia et al., 1990; Siddiqui et al., 2019;
Siddiqui et al., 2020; Usman et al., 2020a, c). Sandakan sub-basin is
a Peninsula of east Sabah, northwest Borneo that is bounded be-
tween longitudes 117� 90’ E and 118� 10’ E and latitudes 5� 75’ N
and 6� 00’ N (Fig. 1b). The Sandakan sub-basin mainly consists of
Upper Miocene rocks that were deposited within a circular basin
with multiple sediment sources (Clennell, 1996) and in the shallow
marine trough (Collenette, 1965a; 1966). Primary sedimentary
structures such as crossbedding, current and wave ripples, chan-
neling and hummocky with bioturbation (Siddiqui et al., 2019,
2020; Usman et al., 2020a, c) are very common. The Sandakan
Formation unconformably overlies by Quaternary deposits
(Fig. 1b),and in onshore area it can be correlated with Bongaya
Formation (Wilson, 1961; Lee, 1970). The Sandakan Formation
mainly consists of Late Miocene sandstone, mudstone with the
amalgamation of siltstone and coal lamina, and its thickness has
been reported almost 2500 m (Fig. 1b) (Azlina and Muhammad,
1995; Siddiqui et al., 2019, 2020; Usman et al., 2020a, c). It is
overlain unconformably by Quaternary deposits and can be corre-
lated with Bongaya Formation in onshore area (Wilson, 1961; Lee,
1970). Based on primary sedimentary structures and ichnofacies
in the muddy-sandstone and mudstone, researchers (Lee, 1970,
Stauffer and Lee, 1972, Usman et al., 2020a, b, c) suggested that it
has fluvial source and mainly deposited in shallow marine as Late
Miocene. In the past, there have been many hydrocarbon discov-
eries in the Early-middleMiocene sandstone of the northeast Sabah
Basin, including offshore Sandakan sub-Basin (Madon, 1999),
coeval sandstone of Sandakan Formation in the onshore area shows
good reservoir potential (Azlina and Muhammad, 1995).

3. Methodology and workflow

3.1. Fieldwork for sedimentological architecture and core plugs

Four (4) well-exposed outcrop sections to the northwest part of



Fig. 1. Geologic maps. (a) NW, Borneo that is Sarawak and Sabah Basin and consists of Quaternary sediments to ophiolitic and igneous rocks with the close-up view in the main
figure for the understanding of deposited sediments. (b) shows the close-up view of the Miocene sediments in the study area of the Sandakan Formation, NW, Borneo (Modified
after Usman et al., 2020a, c).
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Borneo (Fig. 1a) were chosen for field based sedimentological ar-
chitecture study, and thirty (30) core plugs were plugged out from
these sections with handheld coringmachine. For sedimentological
architecture, we measured the thickness of the sections with grain
size variations and recorded primary sedimentary structures and
borrowing index. Following facies scheme of Siddique et al. 2019,
we marked six (6) outcrop lithofacies of Sandakan Formation for
further 3D geo-cellular and geo-modeling studies. Porosity and
permeability of all recovered core plugs from these lithofacies were
analyzed using Helium Porosimeter and Helium Poroperm to
document the petro-physical heterogeneity in the geo-cellular
model with pseudo wells using reservoir modeling software Pe-
trel™ Suite (Fig. 2).
3.2. Methodology: Creation of Virtual Outcrop Modeling (VOM)

Well-exposed outcrops with lateral and vertical extensions are
good representatives for reservoir modeling (Arbu�es et al., 2007;
Fabuel-Perez et al., 2009b; 2010). Digital scanning techniques have
been developed to construct high-resolution outcrop analogues for
better understanding of reservoirs (Pringle et al., 2006; Enge et al.,
2007; Gold et al., 2012). We used RIEGL VZ-2000i long range 3D
Light detection and ranging (LiDAR) laser scanner of LMS-Z series to
acquire the point cloud dataset with 3D photorealists images from
the four outcrops of the Sandakan Formation, northwest Borneo for
virtual reality modeling (VRM). LiDAR was chosen for its effec-
tiveness in mapping and digitization (Gold et al., 2012; Buckley
et al., 2016; De Paor, 2016) in the regions with very thick
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vegetation and/or difficult to access for the three-dimensional (3D)
outcrops modeling. For the virtual outcrop modeling (VOM), the
LiDAR dataset consists of field data and digital scanning data of the
measured sections with dGPS points and scanned photographs
with maximum ranging of the features. The sedimentological fea-
tures including sedimentary structures with paleocurrent mea-
surements and lithofacies with the variations of grain size were
recorded in the form of logs. Both sedimentological and LiDAR data
further were used in Virtual Reality Geological Studio (VRGS) to
interpret and digitize the identified lithofacies within stratigraphic
horizon framework, and thenwere processed tomake the VOMs for
further interpretation and modeling.

3.2.1. Data acquisition and processing
Details of collecting and processing of point cloud dataset of the

LiDAR have been described by many researchers (i.e., Pringle et al.,
2006; Bellian et al., 2005; Enge et al., 2007; Buckley et al., 2008;
Kurz et al., 2011; Gold et al., 2012; Sima, 2013, Howell et al., 2014;
Siddiqui et al., 2019) for reservoir modeling. The acquired data from
LiDAR (Siddiqui et al., 2019) was then re-processed by using RiScan
Pro v2.1.1 software according to the Fabuel-Perez et al. (2010) for
the 10,000 points/second that were interdepended on the rock
reflectivity and weathering with ±0.01 mm accuracy.

3.2.1.1. Pre-processing of dataset. The LiDAR Point-cloud data
were acquired with 8-scan positioning on the 250 m2 thick suc-
cession of the Sandakan Formation, northwest Borneo. The data
contain �210 million points in x, y, z format that based on outcrop



Fig. 2. Complete workflow used for the Creation of Virtual Outcrop Modeling (VOM)
and 3D geo-model based on LiDAR input dataset. Rounded box shows the mainly used
input dataset and italic text shows processes which are used for getting the final 3D
reservoir heterogeneity facies model (modified after Fabuel-Perez et al., 2010; Siddiqui
et al., 2019).
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reflectivity and distance between outcrop and scanning laser. These
scan positions contain 360

�
low resolution panoramic view, and the

high-resolution scan view of the interested area was prepossessed
by using the RiScan Pro software. The high-resolution scan views
were resized at 0.01 mm from a very large dataset (�20 GB) that
were at 0.004 mm point cloud spacing in order to handle the
dataset easily. The acquired scan photographs from the mounted
and calibrated DSLR Nikon Camera (12 megapixels) covers the
entire outcrop. Merging process and registration of different scan
positions were completed by picking points manually using
transformation matrix of the RiScan Pro v2.1.10 software with the
Global Cartesian Coordinate System.
3.2.1.2. Post-processing. DGPS information was used to provide
the globally correct scanning positions according to UTM (Universal
Transverse Mercator) coordinate system in the pre-processed
dataset. All vegetations and noises were removed by using the
Object Manager and Echo options for further processing. The
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cleaned scans were triangulated to get the mesh file on which 3D
photorealistic images of panoramic views were dressed up. To
reduce the numbers of triangles in the mesh file, the mesh deci-
mation process was subjected without changing of geometry and
shape of the final model (Fig. 2). In the end, to get the original color
of scans each vertex was mapped in the mesh back that was
textured with digital images. Each pixel in 3D photorealistic images
of panoramic view was related to x, y, z coordinates with corrected
triangular vertex. This process was done on the three sections of the
study area to gain the resultant virtual outcrop modeling (VOM)
model.

3.3. Generation of geo-cellular and petrophysical modeling (geo-
modeling)

VOM analogues were used as input dataset for the geo-cellular
modeling that is a 3D gridding volume of the reservoir media
with the complete illustration of stratigraphic strata interval,
reservoir sublayers/horizons and faults in the form of 3D cells
meshes (Shepherd, 2009; Yarus et al., 2012; Fei et al., 2016; Gomes
et al., 2018). The analogue based geo-modeling can be improved by
increasing the resolution and removing of the uncertainties
(Jackson et al., 2005; Coburn et al., 2006; Fabuel-Perez et al., 2009b;
2010; Siddiqui et al., 2019). The required dataset for high resolution
reservoir with limited uncertainties for 3D geo-cellular gridding
and geo-modeling can be seen in detail from Fabuel-Perez et al.
(2009b, 2010). The recommended dataset is used for 3D geo-
modeling of lithofacies with the help of marked horizons that
extracted from the processed VRGS and interpreted on VOMs
(Figs. 2 and 3). The extracted VOMs data (horizons and dGPS
analogue data) from the marked VRGS lithofacies were imported
into the Petrel™ Suite for the further interpretations, 3-Dmodeling,
and flow stochastic simulation (Fig. 3). The geo-modeling of the
reservoir is very helpful to understand and visualize the subsurface
events, reservoir property and its petrophysical heterogeneity
(Bryant et al., 2000; Fabuel-Perez et al., 2009b, 2010; Rarity et al.,
2014).

3.3.1. Pseudo wells
Field based sedimentary logs were interpreted in VRGS software

to make the pseudo wells for digital lithology, grain size, thickness,
sedimentary structures and paleocurrent directions with the ac-
curate coordinates. This georeferenced sedimentary logs data was
imported into the Petrel™ (Fabuel-Perez et al., 2010; Rarity et al.,
2014) as pseudo wells in x, y, z format to generate the horizons
and sub-horizons. The pseudo wells data is used to improve the
sedimentological details in lithofacies modeling, to confirm the
geo-cellular modeling with respect to horizons and sub-horizons
and also to control the qualitative measurements of the geo-
cellular model. Four pseudo wells with all interpreted properties
of measured sections with vertically thickness were imported into
the Petrel™ Suite.

3.3.2. Interpretation of key horizons (stratigraphic surfaces) and
generation of sub-horizons (layering)

Key horizon interpretation of pseudo wells was completed by
importing the VOMs data that were interpreted and generated by
the LiDAR georeferenced data (Bryant et al., 2000; Fabuel-Perez
et al., 2010; Rarity et al., 2014) into the VRGS in x, y, z format. It is
challenging to generate the 3D key surfaces that are needed to
show the geo-cellular area of the reservoir (Enge et al., 2007;
Buckley et al., 2008; Fabuel-Perez et al., 2010; Rarity et al., 2014).
Five horizons in the VRGS were generated based on the marked
lithofacies using triangulated irregular network (TIN) algorithm of
VOMs sections according to Fabuel-Perez et al. (2010) and Rarity



Fig. 3. Complete workflow from surface-based virtual outcrop modeling (VOM) to pseudo wells petrophysical modeling of stochastic lithofacies. This workflow includes input
dataset of VOMs, pseudo well, interpretation of key horizons with sub-horizons, 3D geo-cellular gridding and petrophysical models lithofacies.
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et al. (2014). TIN surface in VRGS is the combined algorithm study of
the interpreted lithofacies with their dip and strike that is helpful
for horizontal extrapolation of the original data in the Petrel™,
although uncertainties are also high due to extrapolation (Redfern
et al., 2007; Wilson et al., 2009; Fabuel-Perez et al., 2010). The
extrapolated datamay be varied from its original positions (Redfern
et al., 2007) but maintain original thickness that shows the key
horizons. Then it was further used in the 3D Stochastic model for
the petrophysical simulation with the generation of sub-horizons
according to the thickness of the marked lithofacies in the field
study. The outcrop analogue is one of the best measured tools,
which is used in the reservoir modeling to observe the heteroge-
neity in all surfaces and subsurface of lithofacies in 3D geo-cellular
model.

3.4. 3-D geo-cellular modeling and lithofacies gridding

Gridding is the first step to generate the 3D geo-cellular model
of lithofacies. We used stratigraphic surfaces and sub-horizons
(layering) in the geo-cellular model to build 3-D lithofacies gridd-
ing in the Petrel™ Suite. To make it more realistic, we used corner
coordinates of the VOMs outcrop model and porosity and perme-
ability for the petrophysical model. The geo-cellular model covers
the three dimensional (3D) large area in X, Y and Z directions
(Fabuel-Perez et al., 2010; Howell et al., 2014). X and Y directions
show the heterogeneities in the reservoir media and Z direction
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shows the vertical resolution that was extrapolated in themodeling
software for higher resolution and better studies to know the
temporal and spatial variations in lithofacies model. The pseudo
wells were used for geo-cellular modeling of the lithofacies which
was defined in the X and Y dimensions of the gridding according to
our study area to represent the lithofacies associations.

3.5. Stochastic modeling: petrophysical modeling

Stochastic modeling is based on three types of simulation al-
gorithms: Truncated Gaussian Simulation (TGSim), Sequential In-
dicator Simulation (SISim), and Indicator Kriging (IK) in the
reservoir modeling Petrel™ software for different models with
same datasets (Gotway and Rutherford, 1994; Bastante et al., 2008).
In this study, SISim has been used for 3D lithofacies, and high-
resolution subsurface thinly bedded reservoir in terms of petro-
physical heterogeneities in the reservoir model. Upscaling of the
pseudo wells with the SISim was done according to the lithofacies
thickness to mark sub-horizons in the key horizon of same facies
for high resolution of heterogeneity in geo-cellular model.

4. Results

4.1. Architecture and lithofacies associations

Based on sedimentary structures, texture, and grain size, six
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lithofacies types (Fig. 4) of Sandakan Formation were recognized to
the following scheme of Siddiqui et al. (2019). Measured porosity
and permeability by Helium poroperm and porosimeter through
outcrop core plugs in the laboratory have been assigned to each
lithofacies.

i Parallel Laminated Sandstone (PLS)

PLS consists of white to pale light yellow parallel laminated, fine to
medium grained well sorted sandstone and has sharp contact with
mudstone (Fig. 4a). In the measured section, PLS is mostly associ-
ated with the planar cross-bedded and massive sandstone facies.
PLS lithofacies formed by the rapid influx of sediments with
interbedded slow deposition of mud layers (Fig. 4a). PLS porosity
and permeability ranges are 27.0%e20.2% and 12.83mD to 9.08mD,
respectively (Table 1).

ii Bioturbated sandstone (BS)

BS consists of the grey to light grey fine to very fine grained and
well sorted sandstone. There is sharp contact between massive
sandstone beds and mudstone at the bottom of BS (Fig. 4b). BS is
associated with low angle hummocky and massive sandstone
facies. It has been deposited by the high storm reworking sedi-
ments (Fig. 4b). There are three predominantly ichnofacies that are
Psilonichnus, Skolithos, and Cruziana with dense ichnofabrics in the
measured section. Porosity and permeability range in the BS vary
from 18.61% to 21.01% and 19.10 mD to 15.73 mD, respectively
(Table 1).

iii Cross-Bedded Sandstone (CBS)

CBS consists of light grey, poorly sorted, fine-grained sandstone
with some mud drapes and coal layers (Fig. 4c). Low angle cross-
Fig. 4. Six (6) marked lithofacies on the outcrop sections with the interpretation of the p
sandstone (PLS) which is mostly associated with planar cross-bedded and massive sands
associated with low angle hummocky and massive sandstone. (c) shows the cross-bedded s
cross-bedded sandstone with MS, BS, and PLS lithofacies. (e) shows the hummocky cross-str
laminae sandstone (MWLS) which is mostly associated with LCS and PLS lithofacies.
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bedded and planar bedding is very common in the measured sec-
tions. CBS facies were formed by the downstream migration of bed
forms and laterally continuing within the whole beds of the San-
dakan Formation and lamination at the base of CBS is nearly parallel
(Fig. 4c). Its porosity and permeability range from 25.6% to 15.5%
and 74.03 mD to 66.84 mD, respectively (Table 1).

iv Trough Cross-Bedded sandstone (TCBS)

TCBS is yellowish color, trough shaped, fine grained, moderately
to well sorted sandstone. Its trough crossbedding cut or overlap
each other with coal clasts, mixed mud-clasts, and mud-drapes.
TCBS formed in the tide dominated migration of sinuous crested
and associated with the MS, BS, and PLS lithofacies (Fig. 4d).
Porosity and permeability of TCBS range vary from 19.3% to 17.6%
and 64.86 mD to 21.01 mD, respectively (Table 1).

v Hummocky Cross-Stratified Sandstone (HCSS)

HCSS consists of very light-yellow, well sorted, fine to medium
grained sandstonewith an erosive base and a sharp top bounded by
mudstone (Fig. 4e). HCSS shows low angle lamina and are associ-
ated with the TCBS, BS, and PLS lithofacies. Bioturbation is present
within this facie in the measured sections. HCSS was formed during
the stormwave through reworking previously deposited sediments
(Fig. 4e). Porosity and permeability range vary from 14.5% to 15.5%
and 69.86 mD to 65.76 mD, respectively (Table 1).

vi Massive to Weak Laminae Sandstone (MWLS)

MWLS consists of light yellow, fine to medium grained, well
sorted sandstone with weak parallel or horizontal lamina (Fig. 4f),
which is restricted to the discrete patches that are not present
throughout the lithofacies. MWLS deposited by the rapid
rimary sedimentary structures in yellow color lines. (a) shows the parallel laminated
tone facies. (b) shows the dense bioturbated sandstone (BS) facies which is mostly
andstone (CBS) with low angle cross-bedded and planar bedding. (d) shows the trough
atified sandstone (HCSS) with TCBS, BS, PLS lithofacies. (f) shows the massive to weakly



Table 1
Shows the lithofacies heterogeneity respective to their measured thickness scales with porosity and permeability.

Details of the Lithofacies Heterogeneity (Interpreted DVOMs in the VRGS)

Harbuor View

Labels Lithofacies
Code

Lithofacies Thickness
(m)

Grain Size Sedimentary Structures Porosity
(%)

Permeability
(mD)

a PLS Parallel Laminated Sandstone 6 Medium
Coarse

Planar and Laminated 20.2 9.08

b CBS Cross-Bedded Sandstone 6 Coarse Cross-Lamination and Stratification 15.5 65.76
c MFBS Massive and Weakly Bedded

Sandstone
24 Very Coarse Structureless with Weakly Planar

Lamination
16.7 66.84

d BS Bioturbated Sandstone 13 Coarse Fills with Surrounding Sediments 21.0 15.73
e TCBS Trough Cross-Bedded Sandstone 15 Very Coarse Trough Cross Stratification 19.3 64.86
m M Mudstone 17 Very Fine Structureless e e

Ulu Sibuga
Labels Lithofacies

Code
Lithofacies Thickness

(m)
Grain Size Sedimentary Structures Porosity

(%)
Permeability
(mD)

m M Mudstone 27 Very Fine Structureless e e

a CBS Cross-Bedded Sandstone 5 Medium
Coarse

Cross-Lamination and Stratification 16.9 66.84

b WS Wavy Sandstone 8 Coarse Wavy and Rippling 20.2 96.92
c HCSS Hummocky Cross-Stratified Sandstone 5 Medium

Coarse
Hummocky Cross Stratification 14.5 69.86

d MFBS Massive and Weakly Bedded
Sandstone

21 Coarse Structureless with Weakly Planar
Lamination

17.3 63.67

m M Mudstone 27 Very Fine Structureless e e

Taman Malanta
Labels Lithofacies

Code
Lithofacies Thickness

(m)
Grain Size Sedimentary Structures Porosity

(%)
Permeability
(mD)

a PLS Parallel Laminated Sandstone 25 Fine Planar and Laminated 27.0 12.83
b BS Bioturbated Sandstone 11 Coarse Fills with Surrounding Sediments 18.6 19.10
c CBS Cross-Bedded Sandstone 8 Medium

Coarse
Cross-Lamination and Stratification 25.6 74.03

d HCSS Hummocky Cross-Stratified Sandstone 5 Medium
Coarse

Hummocky Cross Stratification 15.5 65.76

e TCBS Trough Cross-Bedded Sandstone 22 Medium
Coarse

Trough Cross Stratification 17.6 21.01

f MFBS Massive and Weakly Bedded
Sandstone

33 Coarse Structureless with Weakly Planar
Lamination

20.0 81.52
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deposition or by the sediment gravity flow associated with LCS and
PLS lithofacies (Fig. 4f). Its porosity and permeability range from
20.0% to 16.7% and 81.52 mD to 63.67 mD, respectively (Table 1).
4.2. LiDAR and VRGS based virtual outcrop modeling (VOM)

Three (3) out of four (4) well-exposed outcrops sections were
selected for the LiDAR scanning. The acquired data in the form of
thousands of point clouds were processed in the RiScan Pro soft-
ware to get the textural digital model. Digital triangulated meshed
model of outcrop in the form of virtual outcrop modeling (VOM)
(Fig. 5) was built from RiScan Pro software after all processing steps
(see details in section 3.2). To interpret the sedimentological
parameterization of the outcrops, the high-resolution digital model
from RiScan Pro was imported into the Virtual Reality Geological
Studio (VRGS) software in the form of LAS file. Analogues of sedi-
mentological parameterization of architectural studies are (Fig. 5):
(1) sedimentological logs, including grain size, lithology, bed
thickness, facies association and sedimentary structures; and (2)
building horizons and digitizing according to the marked lith-
ofacies of the Sandakan Formation. These analogues are the sub-
stitutions as the subsurface dataset, which has been discussed in
section 4.4 for the geo-modeling of the lithofacies.
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4.3. Input data integration as pseudo wells for 3D geo-modeling
and quantitative analysis

Integration of scanned and digital dataset is very important for
the 3D geo-modeling analysis through geo-cellular and petro-
physical models (Pringle et al., 2006). The input dataset includes a
suite of 1D georeferenced outcrop sections and well logs, photo-
realists images, horizons interpretations, dGPS dataset, point cloud
data with textured surfaces through LiDAR and RiScan Pro as VOMs
and geophysical dataset. The obtained virtual models were then
manually interpreted to show the actual and real field-based facies
variations (Fig. 5), association and their thickness from the lateral
connectivity of sedimentary logs (Fig. 6) as an input dataset for
modeling. In addition, sedimentological parameterization
including facies distribution (Fig. 6), bedding features (dip, strike,
paleocurrent flow direction) were extracted from pseudo wells and
field photographs of Siddiqui et al. (2019). The input dataset as;
georeferenced sedimentary logs (pseudo wells), point sets (X, Y, Z
format) of interpreted horizons imported into the Petrel™ software
to obtain spatial models. Reservoir 2D connectivity in the lith-
ofacies and uncertainties in 2D flow simulation model were esti-
mated from Siddiqui et al. (2019). All obtained datasets from VOMs
and photorealistic images with sedimentological studies, horizons
and pseudo wells were populated in the Petrel™ according to



Fig. 5. VRGS view of VOM is showing the interpretation of the lithofacies with all real field data. The figure shows the interpreted horizons with different colors and closeup views
show the sedimentary structures (PLS, CBS, MS, BS, TCBS) that formed in the interpreted lithofacies (aee). The digitized lithofacies in VRGS with the sedimentary logs and virtual
scales were used to measure the thickness and lateral heterogeneity in the measured section. On the left side, the real automatically generated georeferenced sedimentary log with
actual grain size, lithology, bed thickness, facies association, and sedimentary structures with different colors.

Fig. 6. Pseudo wells for the lateral and vertical distribution of all sandstone lithofacies correlation from LiDAR based scanned survey outcrop sections.
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Pringle et al. (2006) to gain facies-based 3D geo-cellular model
(Fig. 7) for the generation of petrophysical model to improve the
understanding of lithofacies with reservoir flow simulation. Once
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all the input dataset has populated, we need the porosity and
permeability ranges for all lithofacies in 3D geo-cellular model that
has been discussed in detail as Section 3.4. According to the



Fig. 7. 3D geo-cellular model. (a) 3D views of the interpreted horizons that are showing the subsurface structures with vertical and horizontal extrapolations. (b) sub horizons
(zonation) of the stratigraphic key horizons and layering zonation with thickness and thinning. (c) six stratigraphic horizons with their sub-horizons which vary from 3 to 6 layers
and depended upon the thickness of the lithofacies to mark thin beds. (d) cross-sectional view of the horizons and sub-horizons with the six stratigraphic surfaces.
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quantitative analysis of porosity and permeability in the geo-
modeling, the good reservoir lithofacies are CBS because these
lithofacies have higher porosity and permeability ranging from
25.6% 16.8% and 74.03mD to 66.84mD. Fair reservoir is PLS because
it has very good porosity (27.0%e20.2%) but low permeability (9.08
mD to 12.83 mD). BS lithofacies is very common but has poor
reservoir quality as compare to PLS. It has good porosity (15.5%e
18.6%) with low permeability (19.10 mD to 21.01 mD), because it is
rich in mud matrix that mostly affects the connectivity of pores as
permeability. Details of other lithofacies (variations and their con-
tinuity with the lateral extension that interpreted in the Virtual
Reality Geological Studio (VRGS)) and reservoir properties are listed
in Table 1.
4.4. 3D geo-cellular model for spatial distribution of lithofacies

3D geo-cellular model was obtained from all the input dataset
(pseudo wells, point sets (X, Y, Z format) of interpreted horizons) in
the Petrel™. For the zonation of the geo-cellular model, lithofacies
information in the pseudo logs was upscaled according to the
thickness to show the thin beds within the same lithofacies model
(Fig. 7b and c). The object-based technique in the modelling soft-
ware was used to illustrate the shape and dimensions of input
parameters (Table 1) for 3D geo-cellular facies model (Deutsch and
Wang, 1996; Deutsch and Tran, 2002; Falivene et al., 2007; Fabuel-
Perez et al., 2010). 3D geo-cellular lithofacies model was interpo-
lated and extrapolated in Petrel™, according to coordinates of the
study area and interpreted key surfaces respectively (Fig. 7). Each
lithofacies was modeled individually in the geo-cellular model to
show the architecture of each horizon that was identified from the
field study of Siddiqui et al. (2019). Lateral and vertical dimensions
of massive to weak laminae sandstone (MWLS) lithofacies were
easy to mark in the geo-cellular model (Fig. 7b, c, d) but were-
difficult in the numerical analysis of 2D lithofacies connectivity
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(Siddiqui et al., 2019). Other two (2) lithofacies, cross-bedded
sandstone (CBS) and parallel laminated sandstone (PLS) were also
modeled with input parameters from Table 1 and Siddiqui et al.
(2019) that showed the progradational paleoenvironment of the
Sandakan sub-basin. The associations of all lithofacies were taken
from upscaled pseudo wells/logs to interpret the thin bedded
within the same lithofacies zonation (layering) technique used in
the modeling software (Fig. 7).
4.5. Petrophysical modeling for 3D geo-models

Petrophysical model was completed through the stochastic al-
gorithm that is Sequential Indicator Simulation (SISim) in the Pe-
trel™ for resultant 3D geo-model to know the reservoir
heterogeneity for each lithofacies (Fig. 8). SIS algorithm has applied
by many researchers on different depositional system as fluvial,
deltaic, aeolian and also on turbidites because in this algorithm
facies hierarchy is not considerable for 3D geo-modeling (Langlais
et al., 1993; Journel et al., 1998; Seifert and Jensen, 2000; Falivene
et al., 2007). SIS algorithm works on transition probability of geo-
statistics by Falivene et al. (2007) that provide transition probability
location for lithofacies in a location. Petrophysical modeling in-
cludes porosity and permeability flow models for each lithofacies
with key horizons and their sub-horizons (thin beds) to demon-
strate the 3D petrophysical characteristics and heterogeneities in
the thin beds (Fig. 8a and b). Simulated geo-model of three (3)
lithofacies; cross-bedded sandstone (CBS), parallel laminated
sandstone (PLS) and massive to weak laminae sandstone (MWLS)
shows good to fair reservoir quality because of good porosity and
permeability ranging from 27.01% to 20.2% and 74.03 mD to 9.08
mD respectively (Fig. 8a and b). After petrophysical properties of
thin bedded reservoir media, the heterogeneity of porosity in all
lithofacies is 21%e34% and the heterogeneity of permeability range
is 8 mD to 90 mD. The cross-bedded sandstone (CBS) lithofacies



Fig. 8. 3D reservoir geo-modeling with heterogeneity of porosity and permeability in flow simulation model with pseudo wells different colors. (a) three-dimensional (3D) model
according to the porosity and cross-bedded sandstone (CBS) has intense porosity variations. (b) three-dimensional (3D) model according to the heterogeneity of permeability in
different lithofacies.

Fig. 9. Pseudo wells with the petrophysical modeling in all marked lithofacies with horizons that bound with the lateral continuity of lithofacies with different color codes in the
model.
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shows intense heterogeneity in the simulated 3D geo-model due to
clay laminae with bioclasts of mud that was observed in the field
survey.
4.6. Analysis of 3D model

The analysis of 3D model describes the distribution and asso-
ciation of the lithofacies with outcrop architecture to demonstrate
the reservoir horizons with the petrophysical heterogeneities in the
reservoir model (Figs. 8 and 9). In the 3D model, all sand rich
lithofacies as cross-bedded sandstone (CBS), parallel laminated
sandstone (PLS), and massive to weak laminae sandstone (MWLS)
are good reservoir facies but other mud related lithofacies are non/
poor reservoir facies. Based on this reservoir scheme, it has been
elucidated that 3D spatial variations of petrophysical properties in
the good reservoir facies are high in the 3D geo-cellular model
(Fig. 7). Visual analysis in the well logs based petrophysical 2D
model (Fig. 9) shows good to poor reservoir potential in the
reservoir facies connectivity. With the help of connectivity
parameter in 3D model, the same color grid cells define good
reservoir facies as a thin bed within the same lithofacies. Mud
related lithofacies shows baffling and barriers in reservoir con-
nectivity because it is difficult to mark thin beds that have large
amount of variations in porosity and permeability and no lateral
continuity of facies in the spatial 3D model of the study area.
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5. Discussions

5.1. VOMs and pseudo wells dataset in geo-modeling

Field based detailed studies of outcrop sections for lithofacies
variations with the enhancement of geostatistical and analogue
dataset reduce the uncertainties in the modeling (Narayanan et al.,
1999; Pringle et al., 2006; Enge et al., 2007; Siddiqui et al., 2019).
LiDAR based digital and virtual modeling of outcrops (VOMs) pro-
vide highly geospatial input dataset that reduces the uncertainties
from 10’s of km to cm (Enge et al., 2007; Rarity et al., 2014). That can
be used for the industry with the integration of seismic and pseudo
well logs in the modeling software by filling up the resolution scale
between VOMs and conventional geophysical data (Brandsæter
et al., 2005; Jackson et al., 2005; Coburn et al., 2006; Fabuel-
Perez et al., 2009b; 2010; Rarity et al., 2014; Siddiqui et al., 2019).
In this study, the digitized outcrops and pseudo well logs (Figs. 5
and 6) were used to integrate the petrophysical lithofacies model
in the Petrel™ to demonstrate the reservoir heterogeneity with
respect to porosity and permeability in thin beds (Fig. 7). The input
dataset for this modeling covers all geological characteristics and
also maintained for long outcrops as Pringle et al. (2006); Fabuel-
Perez et al. (2009b, 2010); Rarity et al. (2014); Siddiqui et al.
(2019). We have used VRGS software for 3D interpretation of the
geostatistical dataset including key horizons and pseudo wells
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according to Løseth et al. (2004); Wilson et al. (2009); Enge et al.
(2007); Fabuel-Perez et al. (2010); Rarity et al. (2014), to generate
three-dimensional models. In the 3D geo-cellular and petrophysical
well logs model (Figs. 7c, 8, 9), the association and distributions of
the lithofacies correspond to the VOM of the study that shows high
precision of the dataset and it has been discussed by many re-
searchers in their studies of the VOMs of sandstone facies archi-
tecture (Fabuel-Perez et al., 2009b, 2010; Rarity et al., 2014; Howell
et al., 2014; Newell and Shariatipour, 2016; Seers, 2017; Siddiqui
et al., 2019).

The most important contribution in the study is the spatial
elucidation of thin beds in the 3D geo-model for the petrophysical
characteristics and heterogeneities. Previous studies were only
done just for the 2D connectivity of thin beds with the static model
(Siddiqui et al., 2019). For better understanding and elucidation,
object-based technique was used for each lithofacies to improve
the shape and dimensions of LiDAR based input dataset for all
lithofacies (Deutsch and Wang, 1996; Deutsch and Tran, 2002;
Falivene et al., 2007; Fabuel-Perez et al., 2010; Siddiqui et al., 2019).
According to the 3D geo-model, sandstone rich facies (CBS, PLS,
MWLS) are overall good reservoir due to high porosity and
permeability from 27.01% to 20.2% and 74.03 mD to 9.08 mD,
respectively, whereas mudstone rich facies are non or poor reser-
voir facies (Fig. 8a and b, 9). The accuracy of the 3D geo-model for
petrophysical properties has described an individual parameter on
the basis of net to non-net reservoir facies. HCSS and MWLS
reservoir facies are extensively appeared that have good reservoir
quality in both studies that are LiDAR based VOMs and, in the 3D
geo-model (Figs. 5, 8a and 8b). MWLS, TCBS and BS reservoir facies
are also present but their modeled lithofacies laterally and verti-
cally are not well developed and are low quality reservoirs due to
the presences of the mud baffles or barriers within thin beds. These
variations of thin beds within all lithofacies are the main respon-
sible agent for the continuity or discontinuity of high permeability
that is elucidating the reservoir heterogeneity in terms of 3D pet-
rophysical model.

5.2. Uncertainties and limitations of input analogue dataset

This work was done to improve the applications of the input
analogue dataset of outcrops with the help of virtual outcrop
modeling (VOM) based on VRGS software. We followed the work-
flow of previous researchers (Fabuel-Perez et al., 2009b; 2010;
Rarity et al., 2014; Howell et al., 2014) in addition to extemporizing
the experimental petrophysical (porosity and permeability) values
in the industry-based reservoir modeling software Petrel™ with
geostatistical dataset. The VOMs dataset help to reduce the un-
certainties in the surface-based 3D geo-cellular and petrophysical
modeling of the reservoir facies (Fabuel-Perez et al., 2009b; 2010;
Rarity et al., 2014). But still, there are main uncertainties in the
extrapolation of input dataset of 3D geo-modeling as 3D gridding
cells with petrophysical properties that have been described.

Uncertainties related to input dataset and limitations: inter-
pretation of the VOMs analogues is tenuous work (Fabuel-Perez
et al., 2009b, 2010; Howell et al., 2014; Rarity et al., 2014;
Siddiqui et al., 2019) to deal with, we scanned 3 outcrop sections to
get enough data and do the interpretation for lateral and vertical
extension of the lithofacies VRGS software used according to
Fabuel-Perez et al. (2010). Still, there is a limitation of the scanned
dataset for the 3D geo-modeling to describe the subsurface reser-
voir heterogeneities. Uncertainties of 3D geo-modeling for the
laterally and vertical spatial distribution of the reservoir facies,
Petrel™ software provides enough illustration but still some am-
biguities and complexities remain in the final model as gridding
cells (Fabuel-Perez et al., 2010; Rarity et al., 2014; Newell and
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Shariatipour, 2016; Seers, 2017), to deal with this, we interpret
the key horizons, pseudo wells, and zonationwith enough gridding
cells in geo-cellular model of all lithofacies to ensure the 3D geo-
model requirements.

6. Conclusions

The integrated studies of the surface-based geostatistical ana-
logues and field sedimentary data give a procedure of the inter-
pretation for the reservoir properties and heterogeneities in
petrophysical modeling on Sandakan Formation, NW, Borneo. The
geostatistical data of the VOMs shows the propagation of the key
horizons (stratigraphic surfaces) and their sub horizons (zonation)
for 3D geo-cellular modeling of lithofacies in the Petrel™ suite. This
integration of VOMs dataset for the 3D geo-cellular modeling with
the reservoir properties allows to elucidate the subsurface
modeling based on the high-resolution sedimentological dataset.
The reservoir properties of the 3D modeled lithofacies in the Pe-
trel™ software show that CBS, PLS and MWLS have good to fair
reservoir quality with heterogenous porosity and permeability
from 27.0% to 20.2% and 74.03 mD to 9.08 mD, respectively. In the
3D geo-cellular and petrophysical model, other lithofacies have
poor reservoir quality due to the high baffling of surrounding
sediments of mudstone and sand particles, which was studied in
the high-resolution dataset. This modeling study shows the 3D
dynamic spatial connectivity of all lithofacies that were 2D in the
outcrop sections. Based on reservoir properties in the 3D petro-
physical model, there are strong heterogeneities of porosity and
permeability in the Sandakan Formation that would influence the
reservoir quality within the Sandakan sub-basin reservoirs. There
are some uncertainties in the surface-based 3D reservoir modeling
dataset that shows errors in the resultant 3D geo-cellular and
petrophysical model that can be decreased by increasing the
sample size of scanning positions and with the integration of
subsurface dataset. This improvised high-resolution sedimento-
logical study with the 3D geo-cellular model could be utilized to
enhance the reservoir modeling in the petroleum industry.
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