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A B S T R A C T   

The application of enhanced recovery techniques to improve oil recovery requires a critical understanding of the 
depositional and post-depositional factors that impact fluid flow in sandstone reservoirs. This study combined 
facies, petrographic, mineralogical, and helium porosimetry analyses to examine the quality and producibility of 
the subsurface reservoir equivalents (Cycles I-III) of the Nyalau Formation in the underexplored Onshore Central 
Sarawak, Borneo. The Nyalau Formation consists of medium-to fine-grained, moderate-to well-sorted, and sub- 
rounded to sub-angular sublitharenite to lithic subarkose sandstones. Three facies associations and eight reser
voir facies interpreted to have been deposited within a coast-to-coastal barrier depositional environment were 
delineated. The sandstones have undergone a wide range of diagenetic alterations, with the primary and sec
ondary pore spaces predominantly occluded by authigenic quartz overgrowths and clay mineral cement. The 
helium porosity (ɸH) and Klinkenberg permeability (KK) in the reservoir facies widely vary, ranging from 3.0 to 
22.14% and 0.003 to 8.283 mD, respectively. However, the weak correlation between ɸH and KK (R2 = 0.35) and 
petrographic datasets indicate limited diagenetic and mineralogical controls on the porosity-permeability (poro- 
perm) parameters, consistent with relatively high heterogeneous reservoirs. We inferred that the heterogeneous 
reservoir properties and fluid flow in the studied analogue reservoir sandstones are dominantly influenced by 
depositional processes, as shoreface sandstones typically yield better reservoir quality than those deposited 
within the intertidal reaches. Our data indicate that diagenetic modification and bioturbation exerted lesser 
control on fluid-flow quality. Nevertheless, the disparity of poro-perm values in samples of the same facies 
suggest that localised post-depositional modifications can disproportionately affect reservoir quality, regardless 
of uniformity or variations in depositional conditions.   

1. Introduction 

The development and production of economic hydrocarbon deposits 
in clastic sedimentary systems depends on sandstone reservoir quality, 
which is mainly controlled by important geological processes (e.g., 
sediment deposition, provenance, diagenesis, bioturbation etc.) that 
exert varying influences on sandstone’s fluid retention capacity and 
transmissivity, porosity and permeability, and hydrocarbon saturation 
etc. (e.g., Pittman, 1992; Guillen et al., 2008; Adepehin, 2014; Jiang 
et al., 2017). These petrophysical properties that are critical for fluid 
flow and recovery of petroleum in sandstone reservoirs are controlled by 
the interplay of provenance, depositional environments, primary 

mineralogical composition, and post-depositional diagenetic processes 
at any given burial depth (Ajdukiewicz and Lander, 2010; Morad et al., 
2010; Lai et al., 2016). 

At shallow depth, these properties are predominantly controlled by 
textural parameters (e.g., grain size, degree of sorting), bioturbation, 
and mineralogy, whereas alteration in post-depositional parameters 
such as temperature, fluid chemistry, cementation, and compaction 
dominate during burial (e.g., Bjorlykke, 2014; Ola and Adepehin, 2017; 
Ahfaf et al., 2021a,b). For instance, the porosity and permeability in 
unlithified sands with limited textural and mineralogical variability (e. 
g., Gulf of Mexico deep-water Tertiary turbidites) typically decrease 
with increasing depth due to compactional effect (e.g., Ostermeier, 
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1995). Consequently, the porosity-depth trend has been commonly used 
in hydrocarbon exploration across several basins (e.g., Houseknecht, 
1987; Worden and Morad, 2000; Bjorlykke, 2014; Saïag et al., 2016). 
However, anomalously low porosities (<10%) at very shallow depth (e. 
g., <0.5 km) have been documented in Borneo (Adepehin et al., 2020), 
while contrastingly high porosity values at deeper depth (e.g., >3.5 km) 
have been reported in the North Sea (Ehrenberg, 1993). These de
viations of reservoir petrophysical properties from the typical depth 

trend in sedimentary basins can be attributed to the complex and vari
able interplay of depositional and post-depositional geological factors, 
including mineral composition, grain texture, bioturbation, cementa
tion, compaction, effective stress (pressure), dissolution of primary 
grains or cement, clay fillings, and fluid chemistry (e.g., Hubbard et al., 
1979; Dalrymple et al., 1992; Ta et al., 2002; Plink-Björklund et al., 
2008; Legler et al., 2014; Collins et al., 2018). 

Previous studies have shown that primary porosity is strongly related 

Fig. 1. Geological overview of the study area (a) Map of the Sarawak Basin, Borneo showing the Balingian and Tinjar tectonostratigraphic provinces (Modified from 
Amir Hassan and Johnson, 2012). The rectangle shows the study area, (b) Map showing sample collection sites and the distribution of the Nyalau Formation and 
other lithological units in the Onshore Sarawak Basin, Borneo (Modified from Adepehin et al., 2019a), (c) Eocene-Miocene regional stratigraphic framework of NW 
Borneo showing correlation of the onshore Sarawak formations to the offshore Cycles, Sabah Basin, and Brunei (modified after Liechti et al., 1960; Hutchison, 2005; 
Jong et al., 2017; Breitfeld et al., 2020). Note that the Sarawak Cycles was adapted from after Madon et al. (2013) and the Far East Letter Stages and Planktonic zones 
were obtained from BouDagher-Fadel (2015, 2018). 
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to the sediment’s depositional environment and could reach about 40% 
in well-sorted siliciclastic reservoirs (e.g., Beard and Weyl, 1973; Pryor, 
1973; Houseknecht, 1987; Mode et al., 2013; Lai et al., 2016). These 
studies showed a porosity range of 17–52% in point bar sands, 39–56% 
in beach sediments, 42–55% in dunes, and 40–45% in barrier island 
sands. Relatively, the presence of significant muds/clays that constitute 
reservoir fines in shoreface-subtidal-intertidal environments lowers 
effective porosity in coast to coastal barrier reservoir sandstones (e.g., 
Adepehin, 2019; Xu et al., 2021). In addition, the primary textural 
composition and reservoir quality of sandstones can be significantly 
modified by bioturbation through either (i) mixing of clay with clean 
sands, which may reduce the porosity and permeability of sediments, or 
(ii) destruction of thin clay laminae that may increase the vertical 
permeability (Bjørlykke and Jahren, 2012). For instance, during early 
diagenesis at shallow depth, burrowing worms can produce grain coat
ings of smectite-rich clay that may be altered to chlorite coatings, pre
serving porosity, and improving reservoir quality at greater depth 
(Worden and Burley, 2003). 

Numerous hydrocarbon reserves have been discovered in shallow 
marine reservoir sandstones (e.g., Manzocchi et al., 2008; Howell et al., 
2008). The shallow -coastal marine sandstone of the Nyalau Formation 
(Fig. 1) in the Tatau-Bintulu area of east Malaysia is a major and 
regionally extensive stratigraphic unit deposited by wave and tidal 
processes (Amir Hassan et al., 2013; Adepehin et al., 2019a, b, c, 2020). 
The onshore Nyalau Formation is the equivalent of the 
petroleum-producing siliciclastic Cycles I and II successions in Sarawak 
offshore in the Balingian Province and Baram Delta Province (Fui, 1978; 
Amir Hassan et al., 2016; Lunt and Madon, 2017). Although published 
geochemical datasets indicate organic-rich shales and coals in the for
mation, the search for commercial hydrocarbon deposits in the Nyalau 
Formation in the study area– the southern part of Miri in the Baram 
Delta Province (Fig. 1a), Onshore Central Sarawak remains unsuccessful 
despite decades of exploration activities (Abdullah, 1997a, b; Madon 
and Abolins, 1999; Togunwa et al., 2015; Adepehin et al., 2018). The 
organic geochemical data for the shaly and coaly source rocks of the 
Nyalau Formation indicate excellent type 1 and II petroleum source 
rocks, which are dominantly composed of vitrinite macerals that are 
gradually maturing into the oil kitchen (Adepehin et al., 2018). Siddiqui 
et al. (2016) delineated five reservoir facies (reservoir units showing 
inherently similar depositional origin and fluid flow parameters) in the 
Nyalau Formation based on porosity and permeability data from five 
outcrops in the Bintulu area. They identified the hummocky cross 
stratified sandstones and the herringbone cross-bedded sandstones 
facies as the best reservoir types. Porosity loss in the subsurface reservoir 
units of this formation is mainly controlled by compaction (Adepehin 
et al., 2020), whereas polyphase mineralogical and textural reservoir 
heterogeneities were identified in sandstone outcrops of the Central 
Sarawak Basin (Adepehin et al., 2019a). 

Current understanding of the porosity-permeability (poro-perm) 
controlling factors and the evolution of reservoir facies in the Nyalau 
Formation remains limited and the lateral variation of the mineralogical 
and petrophysical parameters within and between reservoir facies re
mains understudied. Here, we present reservoir facies analysis, petro
graphic, mineralogical, and helium porosimetry data from fifteen 
outcrops of the nearshore-coastal shallow marine deposits of the Nyalau 
Formation in the onshore Sarawak Basin, Borneo, to constrain the 
relative influences of depositional and post-depositional processes on 
poro-perm development in the reservoir facies of the Nyalau Formation. 
The relative influences of facies characteristics and diagenetic signatures 
on reservoir quality were assessed, and inferences were drawn for sub
surface reservoir quality in the producing offshore reaches of the basin 
and by implication, other reservoirs deposited in similar geologic 
settings. 

2. Geological setting 

The Sarawak Basin is in the north-western part of Borneo (Fig. 1a), 
which comprises three petroleum-producing provinces - Brunei in the 
north, Indonesia (Kalimantan) to the south, and East Malaysia (con
sisting of Sabah, Sarawak, and Labuan basins) to the northwest. The 
Sarawak Basin is situated between latitude 26 ◦N to 13 ◦S and longitude 
85 ◦E to 135 ◦E (Hall, 1998), and extends for approximately 300 km 
offshore (Mat-Zin and Tucker, 1999). This basin ranks among the most 
petroliferous provinces in Southeast Asia, consisting of eight tectonos
tratigraphic provinces, including the Balingian and Tinjar provinces in 
the Central Sarawak (Tjia, 2000). The regional geology of the Sarawak 
Basin has been detailed in previous studies (e.g., Reinhard and Wenk, 
1951; Fui, 1978; Mat-Zin and Tucker, 1999; Madon, 1999; Zheng et al., 
2016; Lunt and Madon, 2017). The complex geodynamic evolution of 
the basin varied between five distinct provinces – the Baram-Balabac 
Basin, Luconia, interior highlands, north-western Borneo trough, and 
South China Sea rift (Cullen, 2014). The Baram-Balabac and Luconia 
basins in the low coastal and offshore represent the transition of the 
Pan-Borneo from deep marine to shallow marine conditions after the 
Sarawak Orogeny (Cullen, 2014). However, the Sarawak Basin evolved 
after the collision of the Luconia Block with the West Borneo basement 
during the late Eocene (Liechti et al., 1960; Mat-Zin and Tucker, 1999). 
The rock units in the entire Central Sarawak were significantly affected 
by the Palaeocene-early Eocene Sarawak Orogeny (ca. 40-36 Ma) and 
thus, structurally influenced, as evident by the sub-horizontal to nearly 
vertical bed orientations of the rocks (Fig. 1c, Adepehin, 2019). 

The Nyalau Formation (Fig. 1c) is composed of soft-to-moderately 
hard and particoloured, alternating medium-to fine-grained sandstone, 
and thin shale lamina in the lower part, while the upper part is char
acterised by early Miocene coal seams, thick shales, and sand-shale 
heterolithics towards the top (e.g., Liechti et al., 1960; Peng et al., 
2004; Amir Hassan et al., 2013). The succession of the Nyalau Formation 
is subdivided into two end members: the Biban Sandstone (Lower 
Nyalau) Member and the Upper Nyalau Member, although the upper
most section has lately been proposed as the Kakus Unit (see, Breitfeld 
et al., 2020). The sandstone beds are gently folded, generally a few 
centimetres to <2 m thick on outcrops (Adepehin et al., 2019a), and 
conformably overlying the Buan Formation in the study area (Fig. 1c). 
The basal component of the Nyalau Formation is predominantly 
composed of hard and well-bedded Biban Member, which is mainly 
sandstones with minor intercalations of argillaceous sediments, few 
limestone lenses, and abundant foraminiferal (Liechti et al., 1960). The 
formation shows an essentially upward fining trend with varying sedi
mentary and biogenic structures in outcrops (Fig. 2). The sedimentary 
package of the Nyalau Formation is grouped into eight facies and three 
facies associations that revealed an overall wave-to-tidally influenced 
coastal deposits (Amir Hassan et al., 2013). 

3. Materials and methodology 

The studied samples were collected from fifteen Nyalau Formation 
outcrops across the Selangau-Tatau-Bintulu Road, western flank of Batu 
Tunggal area south to the Tg. Semalaju area in the north (Fig. 1b). The 
outcrops were studied on the field, and sedimentary structures were 
observed and described (Table 1). Weathered surfaces were avoided 
during descriptions and sample collection. The sandstones were defined 
and classified into different reservoir facies (RF) based on differences in 
sedimentary and biogenic structures, textural properties, and bulk 
mineral compositions. Bioturbation intensity (BI in %) in each sample 
was calculated as the ratio of burrowed area to the total surface area of 
hand specimen, where BI >70% is considered intense bioturbation, BI 
<30% indicates minor bioturbation, and intermediate values between 
30 and 70% indicate moderate bioturbation (Baniak et al., 2015; 
Ben-Awuah and Eswaran, 2015; Adepehin, 2019). 

Twenty-four polished thin sections of representative samples (n = 3) 
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Fig. 2. Representative (Coastal Road Outcrop) litholog of the Nyalau Formation showing the reservoir facies and facies associations of the studied sandstones. The 
facies 5 (F5) is not identified in this outcrop. Triangles represent fining upward succession while coarsening upward succession is indicated by inverted triangles. SS 
= sandstone, Sh = shale, CS = claystone, MS = mudstone, CB = cross bedding, PL = planar lamination, CS = cross stratification, BI = bioturbation index, La 
= lamination. 
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of different reservoir facies were prepared and examined with a Leica 
DM 4500 P Binocular Microscope. Manual point counting (300 points) 
was carried out on each slide to construe the relative influence of 
sandstone composition on poro-perm properties. Detailed mineral 
textural and morphology features were observed on freshly broken, 
clean, and gold-coated sample surfaces under a variable pressure scan
ning electron microscope (VPSEM) equipped with an energy dispersive 
X-ray spectrometer (EDX) at the Electron Microscopy Unit of the Na
tional University of Malaysia. X-ray diffraction (XRD) of the powdered 
bulk mineral samples was analysed with a Bruker diffractometer using 
CuKα radiation operating at 40 kV and 40 mA at a step size of 0.025/s. 
The samples were mildly powdered with an agate mortar and a pestle, 
packed in cavity mount, and analysed from the angular range of 2–65◦

2θ. Sample preparation for XRD analysis and mineral identification was 
done after Brindley and Brown (1980) and Moore and Reynolds (1997). 
The X’pert High Score software was used for peak indexation, mineral 
identification, and background stripping. Relative mineral proportions 
in each sample were semi-quantitatively calculated using area ratios of 
distinctive peaks of individual minerals with quartz as an internal 
standard. Estimated mineral percentages are not empirical but are used 
for comparative mineral abundances. The clay minerals were identified 
and distinguished using the 001 d-spacing of their characteristic peaks 
on XRD patterns and their morphologies under SEM. 

The reservoir sandstone pore systems were characterized using he
lium porosimetry (He-porosimetry) and Klinkenberg permeability 
methods. The He-porosimetry is preferred to other poro-perm determi
nation methods because of (i) the ease with which helium molecules 
penetrate tiny pores owing to its relatively small size, (i) accuracy, (iii) 
insensitive to mineralogy, and (iv) leaves the sample available for other 
usages (Kazimierz et al., 2004; Tiab and Donaldson, 2015). Core plugs of 
1–1.5-inch diameter and 1 to 3-inch length of selected samples were 
plunged, cleaned, dried to constant weight, and kept in plug boxes in a 
hot oven. The grain/bulk volume of each sample was determined after 
cooling to ambient temperature. Care was taken to ensure ample 

Table 1 
Reservoir facies description and interpretation of the Oligo-Miocene Nyalau 
Formation.  

Facies 
Code 

Reservoir 
Facies 

Description Interpretation 

RF 1 Hummocky 
cross-stratified 
sandstones 

Brownish to dirty white 
medium- to fine- 
grained sandstones 
with occasional 
whitish clay drapes. 
The thickness of beds 
ranges from 0.4 cm to 
~1.1m. 

Resulted from 
depositional processes 
influenced by storm 
energy that resulted into 
suspension and lateral 
traction in middle to 
upper shoreface coastal 
marine environment (Dott 
and Bourgeois, 1982). 

RF 2 Trough cross- 
stratified 
sandstones 

Greyish to brownish, 
medium- to fine- 
grained sandstones 
with varying thickness 
between 0.5 and 2.2m. 
Contains a host of rip- 
out clasts, which are of 
mud and coal 
lithologies and 
laterally discontinuous 
argillaceous layers. 

Likely deposited through 
the process of saltation 
when shallow tidal 
sediment that resulted 
from the three- 
dimensional downstream 
migration of ripples or 
dunes bedforms in a 
flowing fluid (Wulf, 1962;  
Meckel, 1967). 

RF3 Massive/ 
structureless 
sandstones 

Occurs as 0.2m–3m 
thick, well-sorted, sub- 
rounded to rounded, 
very fine- to fine- 
grained structureless 
sandstones, and 
sometimes with 
moderate to intense 
bioturbation that 
obscured sedimentary 
structure. Typified by 
dominant quartz, rare 
feldspar, and 
significant amounts of 
illite 

Resulted from obliteration 
of initial physical 
sedimentary structures by 
burrows of Skolithos 
ichnofacies in subtidal to 
lower intertidal 
environments where 
sediment movement is 
relatively slow ( 
Middleton, 1966;  
Middleton and Hampton, 
1976; Dalrymple, 1992). 

RF 4 Wavy- to flaser- 
bedded 
sandstones 

0.5–1.5m thick, loose 
to partially 
consolidated, and 
moderately 
bioturbated fine- 
grained sandstones to 
siltstone, often 
characterized by 
internal planar 
laminations and dark 
mud drapes. 

Probably formed by the 
actions of oscillated, mud- 
rich, turbulent–laminar 
combined flow or through 
the countering action of 
strong flood tide acting 
against flow jointly 
instigated by strong ebb 
tide and river action in 
mixed flats (intertidal 
zone) (Reineck and 
Wunderlich, 1968;  
Dalrymple et al., 1992;  
Nichols, 2009; Gugliotta 
et al., 2016; Collins et al., 
2020). 

RF 5 Silty- to clayey- 
sandstones 

Very well-sorted to 
well-sorted, sub- 
rounded fine-grained 
sandstones with silty 
and clayey lithological 
modifiers and bed/ 
laminae thickness of 
15 cm - ~1.5m. 
Presence of white clay 
patches sporadically in 
some locations. 
Diplocraterion burrows 
were observed among 
others 

Deposited by action of 
dwindling river flow, 
perhaps with some marine 
influence, devoid of larger 
grained loads. Presence of 
the suspension-feeding 
diplocraterion burrows 
suggest deposition in 
subtidal to intertidal 
environment (Mason and 
Christie, 1986). 

RF 6 Horizontally 
laminated 
sandstones 

Greyish to brownish, 
angular to subangular, 
medium- to fine- 
grained sandstone, 
typically occurring 
within coarsening 
upward sedimentary 

Deposition under upper – 
low flow regime, plane- 
bed conditions in marginal 
marine setting (Miall, 
1978), or as a sand flat 
deposit in the head-ward 
portions of macrotidal  

Table 1 (continued ) 

Facies 
Code 

Reservoir 
Facies 

Description Interpretation 

package with thickness 
of 0.4–~1.9m. Devoid 
of internal structures 
and typified by 
Skolithos especially 
Ophiomopha burrows. 

estuaries (Dalrymple 
et al., 1990). 

RF 7 Lenticular 
bedded 
sandstones 

Sub-angular to well- 
rounded, low spherical, 
and well sorted, 
medium- to fine- 
grained sandstones. 
Commonly occur as 
sand ripples/sand 
lenses and are typically 
disconnected and/or 
isolated from one 
another by cm-scale 
argillaceous materials. 
Bed thickness ranges 
between 0.1 and 1.2m. 

Possibly deposited in mud 
flats or subtidal 
environments through 
slack water by the action 
of mixed tidal and fluvial 
processes (tidal rhythm 
–tidal lack), which favours 
suspension of argillaceous 
materials, deposited 
thereafter on relatively 
smaller and often 
disjointed sand bodies ( 
Reineck and Wunderlich, 
1968; Dalrymple et al., 
1992). 

RF 8 Flaser bedded 
sandstones 

Greyish to pale 
yellowish, moderately 
sorted to very well 
sorted, medium- to 
fine-grained sandstone 
with BI between 0 and 
25. They are 
predominantly 
composed of detrital 
quartz grains in clay 
dominated matrix. 

Deposited in sand flat to 
mixed flat areas of 
intertidal zone by the 
action of a strong flood 
tide counteracting flow 
mutually initiated by 
strong ebb tide and river 
action in low gradient 
meandering channel ( 
Dalrymple et al., 1992;  
Nichols, 2009).  
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equilibration time in the porosimeter for the diffusion of helium into the 
narrow pore structures of the samples to avoid experimental errors that 
could result in excessive grain density and low permeability (Sondergeld 
et al., 2010; de Oliveira et al., 2016). Measurements were carried out at a 
calibration temperature of +1 ◦C. Authenticated results were inputted 
into the validation worksheet, and grain volume ≤0.2% error was 
deemed satisfactory for porosity measurement. The obtained poro-perm 
values were plotted and petrophysically ranked as tight, fair, or good 

reservoir quality (Zou et al., 2012; Adepehin et al., 2020). 

4. Results 

4.1. Lithological and reservoir facies descriptions 

The Nyalau Formation in the studied outcrops is dominated by clastic 
sandstones, siltstones, shales, and mudstones with varying thicknesses 

Fig. 3. Siliciclastic reservoir facies of the Nyalau Formation (a) RF1- hummocky cross stratified sandstones facies, (b) RF2- trough cross-bedded sandstone facies, (c) 
RF3- Massive to structureless sandstones facies, (d) RF4- wavy to flaser bedded sandstones, (e) RF5- silty-to clayey sandstones, (f) RF6- Horizontally laminated 
sandstone facies, (g) RF7- Lenticular bedded sandstone facies, (h) RF8- Flaser bedded sandstone facies. Di = Diplocraterion burrows, Sk = Skolithos. 
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between ~7.1 and 45.5 m. The lithostratigraphy of the ~42.4 m thick 
roadcut exposure along Coastal Road Bintulu represents the Nyalau 
Formation in the study area (Fig. 2). The basal ~17.5 m thick strata are 
composed of fine-to medium-grained sandstones in an upward- 
coarsening sequence. The sandstones consist of distinct beds corre
sponding to four different reservoir facies (Fig. 2), and lithological units, 
which are composed of thirteen distinctive beds with minor interlayered 
very thin (≤10 cm) argillaceous (shale and claystone) laminae. These 
sandstones are variably characterised by trough cross-stratification, 
hummocky cross-stratification, and horizontal planar lamination sedi
mentary structures with occasional mud clasts (Figs. 2–3). They exhibit 
minor to moderate bioturbation, with BI ranging from 5 to 30%. The 
basal sandstones are directly overlain by a ~2.5 m thick and non- 
bioturbated very fine-to fine-grained flaser bedded sandstone units 
with interbedded claystones and mudstones in a fining upward sequence 
(Fig. 2). They are followed by ~3 m thick siltstones that are in turn 
overlain by ~4 m thick lenticular bedded fine-grained sandstones with 
alternating mudstones in a fining upward succession. The overlying ~4 
m thick mudstone is overlain by ~2 m thick wavy-to-flaser heterolithic 
fine-grained sandstones and mudstones. This lithological sequence is 
capped by ~7 m thick argillaceous siltstones. 

Based on sedimentary structures, textures and bioturbation imprints 
(Figs. 2–4), the sandstones of the Nyalau Formation in the study area are 
divided into eight reservoir facies (RF) (Table 1). These include 1 
hummocky cross-stratified sandstones, 2: trough cross-stratified sand
stones, 3 massive/structureless sandstones, 4 wavy-to flaser bedded 
sandstones, 5 silty - to clayey sandstones, 6 horizontally laminated 
sandstones, 7 lenticular bedded sandstone, and 8 flaser bedded sand
stones. The description and interpretation of these facies are summar
ised in Table 1. 

4.2. Facies associations and interpretation of depositional conditions 

Reservoir facies that show genetic relationships interpretable as the 
result of deposition within the same sedimentary sub-environment were 

grouped into the same facies association. Thus, three facies associations 
(FA) were identified, which are, (i) shoreface deposits, (ii) sand flat-to- 
mixed flat complex, and (iii) mudflat deposits (Table 2). Statistical dis
tributions of the FAs in the studied outcrops are estimated as 26.30% FA 
1, 68.00% FA 2, and 5.70% (FA 3). 

The FA 1 comprises continuous vertical sequences of RF 1 (hum
mocky cross-stratified sandstones) and RF 2 (trough cross-stratified 
sandstone) that are sometimes separated by thin argillaceous beds. It 
is made up of fine-to medium-grained sandstones arranged in a typical 
upward coarsening facies succession (Fig. 2; Tables 1 and 2). The RF 2 
(trough cross-stratified sandstone) was mainly observed below the RFI, 
with both reservoir facies commonly separated by very thin mud lamina. 
These rarely bioturbated sandstones with few intraclasts are interpreted 
as shoreface complex deposits (Kumar and Sanders, 1976; Dalrymple 
et al., 1992) that transitioned from the lower to upper shoreface, 
favouring the development of trough-cross stratification (Fig. 4) that 
corresponds to zones of breaking waves and wave swash (Fig. 2; Kumar 
and Sanders, 1976). The presence of hummocky cross-stratification in
dicates the influence of depositional storms in the shoreface. 

The FA 2 consists of massive structureless sandstone (RF 3), wavy-to 
flaser bedded sandstone (RF 4), silty-to clayey sandstone (RF 5), hori
zontally laminated sandstone (RF 6), and flaser bedded sandstone (RF 8) 
(Fig. 2; Tables 1 and 2). These sediments typically comprise horizontal 
laminated fine-grained sandstone beds (Fig. 3f), often overlain by flaser 
bedded sandstones (RF 8; Fig. 3h), and grades into lenticular bedded 
signatures (FA 3). The flaser bedded units from the FA 2 sandstones are 
often disconnected by thick to thin shale units, and the sequence is 
commonly overlain by wavy-to flaser bedded sandstone facies. The RF 3 
of the FA 2 are well burrowed (B.I. = 40–75) and shows indications of 
the Skolithos ichnogenera (Tables 2 and 3), while Diplocraterion char
acterises the RF 5 components. Though not exclusive, flaser and wavy- 
flaser bedding are typical characteristics of sandstones deposited in 
the sand flat to mixed flat (Dalrymple et al., 1992). High BI in the FA 2 
sediments is dominantly orchestrated by the Skolithos family, indicating 
subtidal to lower intertidal settings where sediment transportation is 

Fig. 4. QFR diagram showing framework composi
tion of twenty-four sandstone samples of the Nyalau 
Formation (Folk, 1968). Plotted points represent 
three samples of each of the defined reservoir facies. 
Note that samples of the W-FBS and M/SS are mainly 
lithic subarkose, while other samples cluster within 
the sublitharenite field. Note that HCSS, TC-SS, M/SS, 
W-FBS, S-CS, HLS, LBS, and FBS denote hummocky 
cross-stratified sandstones, trough cross-stratified 
sandstone, massive/structureless sandstone, wavy-to 
flaser bedded sandstones, silty - to clayey sand
stones, horizontally laminated sandstones, lenticular 
bedded sandstone and flaser bedded sandstones, 
respectively.   
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slow (Middleton, 1966; Middleton and Hampton, 1976). Therefore, the 
lithological features and bioturbations in the FA 2 suggest deposition in 
subtidal to intertidal environments (Fig. 4). 

The FA 3 is the rarest of the identified FAs, and it comprises only 
lenticularly bedded sandstone facies (RF 7). The FA 3 typically overlies 
the heterolithic facies (RF 4 or RF 8), and its occurrence in the Nyalau 

Table 2 
Summarised description and interpretation of facies associations with corresponding fluid-flow values and analogue units.  

Facies 
Association 

Reservoir Facies Characteristics Process interpretation Comparison to published studies Mean 
Poro-perm 

Shoreface 
Deposits (FA 
1) 

Hummocky cross- 
stratified 
sandstone (RF 1) 

Fine - to medium grained sandstones in a 
typical upward coarsening succession. 
Typically composed of continuous 
vertical succession (though sometimes 
separated) of hummocky cross-stratified 
beds/bedsets (0.4–1.1 cm) that are 
overlain by coarser trough cross- 
stratified beds (0.5–2.2 cm) that are 
sometimes characterised by clay drapes 
and argillaceous interbeds, which 
disconnects it from horizontal planar 
laminated beds of the RF 6 in FA 2. 

Wave and storm influenced 
suspension sediment deposited 
between the lower and upper 
shoreface under fair weather. 

This facies association is characteristically 
consistent with the Lower Shoreface and 
Upper Shoreface facies successions of Amir 
Hassan et al. (2013), although our 
interpretation of storm’s influence is at 
variance with these authors. Differences in 
interpretation might have been influenced 
by sampling bias due to the concentration of 
the current study on sandstones 

Φ =
19.96% 
(n = 6) 
K = 3.774 
mD (n =
6) 

Trough cross- 
stratified 
sandstone (RF 2) 

Sand flat to 
mixed flat 
complexes 
(FA 2) 

Massive/ 
structureless 
sandstone (RF 3) 

Typically Fining upward succession of 
dominantly fine-grained sandstone beds 
(0.2–15 cm) often separated by very thin 
mud laminae from the hummocky cross- 
stratified sandstone (RF 1) or 
disconnected by thin sand laminae from 
the lenticularly bedded sandstone facies 
of RF 7. RF 6 sharply or gradationally 
passes upward to RF 3, which is 
structureless and often moderately 
bioturbated, and sometimes upward to 
flaser bedded sandstone (RF 8), which is 
in turn overlain by wavy -flaser -bedded 
sandstone (RF 4) or rarely the RF 7. The 
RF5 is sharply and basally disconnected 
from the RF8. Overall, bioturbation 
intensity varies and typically range from 
5 to 75%. 

Tide and wave dominated 
processes conjointly affecting 
sediment deposition in the sand- 
flat and mixed flat region under 
fair weather. 

Correlated with the tidal bar facies 
association of Amir Hassan et al. (2013) and 
somewhat with the heterolithic facies 
successions (FS 3 and FS 4) of the analogue 
Belait Formations (Collins et al., 2018). 

Φ =
12.77% 
(n = 15) 
K = 1.900 
mD (n =
15) 

Wavy- to flaser- 
bedded sandstone 
(RF 4) 
Silty- to clayey- 
sandstone (RF 5) 
horizontal 
laminated 
sandstone (RF 6) 
Flaser bedded 
sandstone (RF- 8) 

Mud-flat 
deposits (FA 
3) 

Lenticularly 
bedded sandstone 
facies (RF 7) 

Occurs as 0.1–1.2 m sand ripples, lenses 
and beds that are typically disconnected 
and isolated from one another by cm- 
scale argillaceous materials (shale, silt, 
and clay beds). The FA 3 typically passes 
upward sharply into the RF 5 of the FA 
2, and it sharply overlies flaser bedded 
sandstones and sometimes (RF 8) the 
Wavy- to flaser- bedded sandstone (RF 
4) of the FA 2 

Deposited in slack water 
influenced by mixed tide and 
fluvial processes in the mud flats 
or subtidal environments. 

Amir Hassan et al. (2013) suggested this 
deposit was formed in a restricted, low 
energy, tide-dominated environment, 
inshore embayment or subtidal flat 
environment, which is in consonance with 
our interpretation. Facies with similar 
characteristics (tide and river influenced 
bar/channel/delta with low energy) have 
also been recognised in the Belait 
Formations in the Baram Delta area (Collins 
et al., 2018). 

Φ =
13.44% 
(n = 3) 
K = 2.013 
mD (n =
3)  

Table 3 
Variation in poro-perm values with mineralogy and burrow intensity in the reservoir facies of the Nyalau Formation.  

Facies code Nyalau Reservoir Facies Helium Porosity (%) Klinkenberg 
Permeability (mD) 

% QFC Bioturbation Intensity (%) 

RF 1 Hummocky cross-stratified sandstones 12.40–15.38 (13.60) 4.690–8.285 (5.891) Q = 75.04, F = 13.77, C = 11.19. Minor (5–15) 
RF 2 Trough cross-stratified sandstones 8.85–14.37 (12.32) 1.458–1.823 (1.657) Q = 86.08, 

F = 6.60, C = 7.32. 
Minor (5–10) 

RF3 Massive/structureless sandstones 3.26–22.14 (11.46) 0.005–3.828 (1.721) Q = 87.94, 
F = 5.60, 
C = 6.46 

Moderate to intense (40–75) 

RF 4 Wavy- to flaser bedded sandstones 3.07–4.17 (3.72) 0.003–0.104 (0.037) Q = 91.30, F = 2.60, 
C = 6.09. 

Minor to moderate (10–55) 

RF 5 Silty - to clayey sandstones 11.40–13.40 (12.27) 1.298–1.425 (1.363) Q = 78.88, F = 5.38, C = 15.75. Rare to minor (5–20) 
RF 6 Horizontally laminated sandstones 16.69–21.53 (19.55) 3.743–4.577 (4.366) Q = 88.32, F = 4.58, 

C = 7.11. 
Minor to moderate (15–35) 

RF 7 Lenticular bedded sandstones 11.52–16.21 (13.44) 0.583–1.983 (1.148) Q = 91.75, 
F = 0.00, 
C = 8.25. 

Moderate 
35–65 

RF 8 Flaser bedded sandstones 13.13–21.87 (16.85) 1.849–2.309 (2.013) Q = 85.56, 
F = 9.06, C = 5.37. 

Minor (0–25) 

N/B values in parentheses are average porosity and permeability. %QFC was obtained from quantitative XRD data (Fig. 6). It shows the proportional percentage of Quartz-feldspar and clay minerals in each reservoir 

Facies. The percentage feldspar in Quartz (Q)− feldspar (F)− clay (C) is equal to total feldspar (Albite + K− feldspar) divided by summation of Q− F-C and expressed in percentage, while percentage clay minerals in Q− F- 

C is the total composition of identified clay minerals (kaolinite +chlorite + illite) divided by summation of Q− F-C and expressed in percentage. Percentage quartz, percentage quartz is the quartz composition divided by 

the summation of Q− F-C. 
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Formation is dominantly characterised by fining upward sequence 
(Table 2, Fig. 2). Lenses of sandstones trapped within relatively thicker 
claystone and mudstone units are somewhat consistent with sediment 
deposited in upper intertidal reaches of tidal mudflat (Reineck and 
Wunderlich, 1968; Dalrymple et al., 1992). Although not exclusive, 
conditions that favoured deposition of laminated muds with relatively 

little sandstone units are known to occur within the upper intertidal 
zone. 

An annotated depositional model (Fig. 12) of the three facies asso
ciation construed from the studied sandstones suggest sediment depo
sition in a series of sub-environments (lower-to-upper shoreface and 
subtidal-to-intertidal) within a coast-to-coastal barrier island system. 

Fig. 5. Thin section photomicrographs of representative sandstone samples of some identified reservoir facies (RF) in the Nyalau Formation. (a) moderately well 
sorted and matrix-supported framework (xpl) in a sample representing the lenticular bedded sandstone reservoir facies (RF 7), (b) long-grain contact, broken quartz, 
and mud-coated grains (xpl) in a representative sample of the Horizontally laminated sandstone reservoir facies (RF 6), (c) zircon grain within grain supported 
sandstone with clay cement bounding grains together (xpl) in Hummocky cross-stratified sandstones reservoir facies (RF 1), (d) poorly sorted grains with pore-filling 
mud in the matrix-supported framework of fine to coarse-grained (ppl) in the wavy-to flaser bedded sandstones reservoir facies (RF 6), (e) elongated burrows with 
brownish hematite precipitate in fine-grained well-sorted sandstone (ppl) of the massive/structureless sandstone reservoir facies (RF 3), (f) plagioclase feldspar and 
quartz in fine to medium-grained sandstone (xpl) of the trough cross-stratified sandstone reservoir facies (RFII). Note that Qtz = quartz, CC = clay cement, Hem =
hematite cement, TC = tangential contact, LC = long contact. Scale = 0.50 mm, Magnification10x, xpl = cross polarised, ppl = plane polarised light, ST-refers to 
sample locations as indicated in Fig. 1C. Reservoir facies codes correspond to those in Tables 1 and 2 
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Amir Hassan et al. (2013) suggested that the entire FAs of the Nyalau 
Formation were deposited in nearshore and coastal to coastal plain 
depositional settings, and the vertically stacking patterns of the suc
cessions are indicative of repeated cycles of prograding wave-dominated 
shoreface sequences, which are overlain through an erosional surface by 
more tidally influenced successions. 

4.3. Petrography and mineralogical composition 

Optical petrographic data revealed that the sandstones are fine-to 
medium-grained, consisting of 77% quartz, 9% feldspars, and 14% 
rock fragments mean detrital components, and they essentially fall 
within the sublitharenite and lithic subarkose fields in the plotted QFL 
diagram (Fig. 4; Appendix 1). The quartz grains are dominantly mono
crystalline, while the feldspars are mostly plagioclase (Fig. 5; Appendix 
1). The detrital grains are moderate-to well-sorted, sub-rounded to sub- 
angular, and are generally supported in clay-dominated matrix with 

minimal grain-to-grain contacts (Fig. 5a, b, d-f). Observed grain contacts 
were mainly tangential (Fig. 5a, c) and long (Fig. 5b, f) types. Rare oc
currences of fragmented quartz grains and zircon were observed (e.g., 
Fig. 5b, c, f). The matrix is dominated by muddy materials and clay 
minerals (Fig. 5a–d), whereas quartz cement/overgrowths, and some
times dolomite and pyrite, are only identified in a few samples (Fig. 5). 
Mud-filled burrows are observable in some thin sections (Fig. 5e). 
Although the mineral composition in all facies appears similar, except 
for the absence of pyrite and dolomite in all representative samples of 
the flaser bedded sandstones facies, there are variations in their relative 
abundances (Fig. 6a; Appendix 1). 

XRD and SEM data show that the sandstones are essentially 
composed of illite, kaolinite, and chlorite clay minerals, while smectite 
is present in trace amounts (Figs. 6 and 7). Smectite is present as fine 
perpendicular honeycomb fabrics/webs lining and bridging the pores 
(Figs. 7a and 8a), whereas kaolinite occurs as face-to-face vertically 
stacked vermiform of pseudo-hexagonal booklets filling intergranular 

Fig. 6. (a) X-ray diffractograms of selected samples 
showing whole-rock mineral variations with reservoir 
facies of the Nyalau Formation. Note that plotted 
facies are from the same outcrop section and in true 
stratigraphic order but not necessarily resting on one 
another. Ch = chlorite, I/M = illite/mica, Alb =
Albite, CM = clay minerals, KF = K-feldspar, K =
kaolinite. Facies codes used are as earlier defined in 
Fig. 3 and Table 1. (b) Bar chart showing mean 
mineral distribution across the delineated reservoir 
facies of the Nyalau Formation. Mineral compositions 
are percentage averages of representative samples of 
each facies as obtained from XRD analysis. Note that 
HCSS is hummocky cross stratified sandstones facies, 
TC-SS is trough cross-bedded sandstone facies, M/SS 
is Massive to structureless sandstones facies, W-FBS is 
wavy to flaser bedded sandstones, S-CS is silty-to 
clayey sandstones, HLS is horizontally laminated 
sandstone facies, LBS is lenticular bedded sandstone 
facies, and FBS is flaser bedded sandstone facies.   
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pore spaces (Figs. 7b and 8b). Chlorite occurs as small euhedral to 
pseudo-hexagonal perpendicular crystals rimming grain surfaces, filling, 
and lining pore walls (Figs. 7c and 8c). Illite is distinguished by its 
filamentous, platy, and thin flakes ribbon crystals coating grain surfaces, 
filling, and bridging pore spaces (Figs. 7d and 8d). The clay minerals 
were also observed replacing and filling secondary (intragranular) pores 
of altered detrital grains (Fig. 8d and e). Well-crystallised authigenic 
rhombic quartz crystals were observed within pore spaces (Fig. 7c, e; 8e) 
and syntaxial quartz overgrowth around detrital monocrystalline quartz 

grain, which growth was likely inhibited by pore-lining clays (Fig. 5d). 
Pyrite, when present, occurs as closely packed euhedral framboidal 
crystals staining clays and filling pore spaces (Fig. 8f). Intergranular 
(primary) and intragranular (secondary – mostly associated with feld
spar dissolution) microporosities are preserved in several instances in 
the sandstones (Fig. 7a, d; 8f). The relative contents of the clay mineral 
are small compared to the detrital minerals, with chlorite being the most 
abundant clay mineral in all facies types, though completely lacking in 
the lenticular bedded sandstones reservoir facies (Figs. 6–8). 

Fig. 7. Scanning electron photomicrographs of the Nyalau Formation reservoir sandstones: (a) network of smectite filling pores in a representative sample of the 
flaser bedded sandstone reservoir facies; (b) kaolinite sheets and dissolved feldspar within pore spaces of the horizontally laminated sandstone reservoir facies; (c) 
euhedral authigenic quartz overgrowths associated with chlorite flakes in the massive to structureless sandstones reservoir facies; (d) disaggregated pyrite filling 
pores and pore-bridging illite in a sample of the massive to structureless sandstones reservoir facies; (e) assorted clay minerals replacing/filling secondary porosity of 
altered detrital grains in the wavy to flaser bedded sandstone reservoir facies; (f) euhedral authigenic pyrite clusters filling secondary pores and quartz cement in a 
representative sample of the lenticular bedded sandstone reservoir facies. Note that QG = quartz grain, Ka = kaolinite, FD = dissolved feldspar, and ɸ = porosity. 
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4.4. Porosity and permeability 

The He-porosity (ɸH) and Klinkenberg permeability (Kk) values in the 
sandstones widely vary, ranging from 3.07% to 22.14% (average =
12.90%) and 0.003 to 8.285 mD (average = 2.28 mD), respectively 

(Table 2). The horizontally laminated sandstones facies have the highest 
ɸH value (19.55%), while the lowest ɸH value is recorded in the wavy-to 
flaser-bedded sandstones facies (3.72%). In contrast, the latter has the 
highest average Kk value (5.891 mD), while the hummocky cross- 
stratified sandstones facies have the lowest average value (0.037 mD) 

Fig. 8. SEM images showing authigenic signatures in the Nyalau Sandstone: (a) evolving smectite network within pore system (b) mixed kaolinite-smectite, (c) pore- 
filling chlorite flakes, (d) convoluted illite strands and pore-filling authigenic quartz crystals (yellow arrows), (e) authigenic quartz crystals (yellow arrow) filling 
intergranular pores, and evolving chlorite flakes within pore spaces, and (f) secondary porosity due to the dissolution of unstable feldspar grains quartz dissolution. 
AQ, IGV, and DQ represent authigenic quartz, intergranular volume, and detrital quartz, respectively. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 
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(Table 2). The Kk displays a weak relationship with ɸH Fig. 9; R2 = 0.35). 
The wavy-to flaser-bedded sandstones facies plot in the tight reservoir 
quality field, while the trough cross-stratified sandstones, silty - to 
clayey sandstones, and lenticular bedded sandstones are all in the in the 
fair reservoir quality field. The flaser bedded sandstones, horizontally 
laminated sandstones, and hummocky cross-stratified sandstones are 
located in the fairly good reservoir quality field. The massive/struc
tureless sandstone is dispersed across all the fields on the reservoir 
quality classification plot (Fig. 9). Generally, the amounts of quartz, 
feldspar and lithic fragments in the samples do not significantly relate 
with the ɸH and Kk in the Nyalau Formation reservoir sandstone 
(Fig. 10). However, the ɸH values exhibit a positive trend with increasing 
quartz contents in the horizontally laminated sandstones, flaser bedded 
sandstones, and lenticular bedded sandstone reservoir facies (Fig. 10a) 
and with increasing lithic fragments contents in the hummocky cross- 
stratified sandstones (Fig. 10e). The ɸH values increase with increasing 
chlorite content only in the trough cross-stratified sandstone facies 
(Fig. 11a) but decrease with increasing kaolinite and illite in the hori
zontally laminated sandstones, silty - to clayey sandstones, and lentic
ular bedded sandstone facies (Fig. 11c, e). Conversely, increase in 
percentage chlorite, illite and clay gave rise to consistent decline in 
permeability trend in the hummocky cross-stratified sandstone facies 
(Fig. 11b, d, e). Although less conspicuous, this inverse permeability 
trend is also construable with increasing illite and chlorite in the trough 
cross-stratified sandstone facies (Fig. 11b, d). 

5. Discussion 

5.1. Facies control on reservoir quality 

Overall, the measured poro-perm values in this study are lower than 
the mercury porosity reported by Siddiqui et al. (2016) for the Nyalau 
Formation sandstones but are significantly higher than those reported by 
Adepehin et al. (2020) for the subsurface successions of this formation 
(Fig. 9). The presented data show that five (RF 1, RF 2, RF 5, RF 6, and 
RF 7) of the eight characterised reservoir facies have near homogenous 
poro-perm values that grouped them into statistically distinct fields 
(Fig. 9). The clustering of samples representing the same facies suggests 
the influence of depositional control (facies) on porosity and perme
ability and perhaps relative uniform responses of the facies to 
pore-reducing diagenetic processes. Conversely, the significantly 
noticeable distance between a sample each of the RF 4 and RF 8 from 
their respective facies fields, is interpreted to be indicative of 
non-uniform post-depositional fluid-flow controls on the samples, and 
by implications, the lesser influence of facies. The dispersal of the 
massive/structureless sandstone (RF 3) samples across the classification 
fields correspond to limited facies control (Fig. 9), and perhaps dispro
portionate alteration of the syn-depositional fluid-flow parameters, 
which resulted in their high heterogeneous reservoir quality (Pryor, 
1973; Houseknecht, 1987; Lai et al., 2016). 

The wavy-to flaser-bedded sandstones facies have the lowest ability 
to store and transmit fluids (Table 2). They are classified as tight 
reservoir quality sandstones (Table 2), consistent with previous docu
mentation in the subsurface reservoir of the Nyalau Formation (Ade
pehin et al., 2020). The contrasting difference in the qualities of the 

Fig. 9. Petrophysically-ranked poro-perm values of 
the Nyalau Formation reservoir facies based on the 
bivariate relationship of Klinkenberg permeability 
and ambient helium porosity. Note the relative 
proximity of points representing the RF 1, RF 2, RF 4, 
RF 5, RF 6, and RF 7, which is interpreted to be 
indicative of the influence of facies and near-uniform 
response to diagenetic modification. The scattering of 
points representing the RF 3 reflects differential 
samples responses to diagenesis (including bio
turbation) and indicate that depositional facies have 
no significant control on fluid-flow parameters. The 
reservoir quality classification shown is based on 
subjective cut-offs and adapted from Zou et al. (2012) 
and Adepehin et al. (2020) schemes.   
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Fig. 10. Bivariate plots showing relationships of quartz (a&b), feldspar (c&d), and lithic fragments (e&f) on porosity and permeability of representative samples of 
the Nyalau Formation reservoir facies. Note that HCSS is hummocky cross stratified sandstones facies, TC-SS is trough cross-bedded sandstone facies, M/SS is Massive 
to structureless sandstones facies, W-FBS is wavy to flaser bedded sandstones, S-CS is silty-to clayey sandstones, HLS is horizontally laminated sandstone facies, LBS is 
lenticular bedded sandstone facies, and FBS is flaser bedded sandstone facies. 
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Fig. 11. Relationship of main clay minerals and poro-perm datasets in the siliciclastic reservoir facies of the Nyalau Formation, Borneo. a, c, and e show bivariate 
plots of helium porosity and percentage chlorite, illite/mica, and kaolinite, respectively, while b, d, and f show trend of permeability with percentage chlorite, illite/ 
mica, and kaolinite, respectively. Note that HCSS is hummocky cross stratified sandstones facies, TC-SS is trough cross-bedded sandstone facies, M/SS is Massive to 
structureless sandstones facies, W-FBS is wavy to flaser bedded sandstones, S-CS is silty-to clayey sandstones, HLS is horizontally laminated sandstone facies, LBS is 
lenticular bedded sandstone facies, and FBS is flaser bedded sandstone facies. 
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trough cross-stratified sandstone (RF 2), silty - to clayey sandstones (RF 
5), and lenticular bedded sandstone (RF 7) with relatively high mean 
poro-perm values and the flaser bedded sandstones (RF 8), horizontally 
laminated sandstones (RF 6), and hummocky cross-stratified sandstones 
(RF 1) with much higher values further suggests indicates the influence 
of depositional control on the reservoir qualities of the sandstones 
(Fig. 12). The reasonably good reservoir qualities of the flaser bedded 
sandstones, horizontally laminated sandstones, and hummocky 
cross-stratified sandstones can be attributed to their relatively uniform 
grain sizes (Table 1), well-sorted nature, and low clay contents that 
collectively suggest sedimentation of mature sediments in high energy 
depositional environment (Meckel, 1967; Middleton and Hampton, 
1976; Dott and Bourgeois, 1982; Dumas and Arnott, 2006; Dim et al., 
2019). On the other hand, the heterolithic wavy-to flaser-bedded 
sandstones, lenticular bedded sandstones, and flaser bedded sandstones 
facies contain considerable amounts of muds within the sandstones, 
significantly reducing pore connectivity and pore sizes (Ramón and 

Cross, 1997). Converse to the wavy-to flaser-bedded sandstones, the 
higher poro-perm values in lenticular bedded sandstone and flaser 
bedded sandstones are interpreted to be due to their relatively lower 
mud contents than the former. Unlike other facies with distinct and 
near-homogeneous reservoir qualities, the heterogeneous reservoir at
tributes of the massive/structureless sandstone are likely due to the 
widely varying B.I (Table 2). (Buatois et al., 1999; Jackson et al., 2005; 
Tonkin et al., 2010; Baniak et al., 2015; Gingras et al., 2016; La Croix 
et al., 2017). It is however difficult to ascertain whether the structureless 
characteristics of this reservoir facies resulted as a syn-depositional 
feature, a product of severe post-depositional obliteration or an inter
play of both processes. 

Overall, the occurrence of the mean highest porosity (19.96%) and 
permeability (3.774 mD) values in the shoreface deposits (FA 1) indicate 
that sandstones deposited in the shoreface sub-environment would yield 
better reservoir quality than those in the intertidal sub-environments 
(Table 2). Although sands in the lower shoreface are often siltier than 

Fig. 12. Block diagram representing the depositional model of the shoreface deposits (FA 1), sand flat-to-mixed flat complex (FA 2) and mudflat deposited (FA 3) 
facies association of the studied Nyalau reservoir sandstone facies (after Reinson, 1992; Lucas et al., 1998). 
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the characteristically well-winnowed upper shoreface deposits, the 
domination of wave action and alongside known storm influence jointly 
act to produce laterally extensive and very good quality reservoirs and 
aquifers (Table 2). Shoreface facies with excellent reservoir quality have 
been reported in Sandakan Formation, Borneo (Siddiqui et al., 2020), 
Agbada Formation, Niger Delta (Mode et al., 2017), Bahariya Forma
tion, northern Western Desert, Egypt (Selim et al., 2021). This 
notwithstanding, the excellent reservoir quality of shoreface systems 
may be drastically lost due to increasing diagenetic alterations (Lawan 
et al., 2021). 

Given the contrasting relationship between the documented average 
porosity (12.77%) and permeability (1.900 mD) in the defined sand flat 
to mixed flat complexes (FA 2), it can be construed that several un
connected pore spaces accounted for the recorded porosity values 
(Table 2). This anomaly probably resulted from the high silty and muddy 
textures within RF 3 and RF 5. This is perhaps exacerbated by the high 
argillaceous interbeds in the heterolithic facies (RF 4, RF 6, and RF 8), 
which traditionally disconnect vertical permeability. However, pub
lished data on tidal bar facies from the Permian Upper Cape Hay For
mation, Bonaparte Basin, Australia, indicated that siliciclastic tidal 
systems reservoir may still preserve producible fluid-flow quality, even 
under post-depositional subsurface conditions (Saïag et al., 2016). This 
is however thought to be subjective to prevailing basinal geotectonic, 
porewater chemistry, burial depth, and bioturbation (e.g., Ahfaf et al., 
2021a, b). 

Though with porosity (13.44%) and permeability (2.013 mD) that 
exceed the tight reservoirs threshold (ɸ = 10.00%, K = 1mD), the 
reservoir quality of the mudflat deposits is based on limited data 
(Table 2), and rigorous discussion on its producibility cannot be robustly 
discussed. This notwithstanding lenticular bedded sandstone facies are 
well documented to have good reservoir quality (e.g., Saïag et al., 2016; 
Adepehin et al., 2019c; Barshep and Worden, 2022). Although the for
mation of this facies is not exclusive to coastal systems, the inherent 
depositional signature in the facies suggest similar producibility pa
rameters as in other depositional sub-environments. 

5.2. Diagenetic control and evolution mechanisms 

In addition to the interpreted influence of depositional facies on 
reservoir quality, diagenetic controls on the fluid-flow parameters are 
discernible. The dominance of matrix-supported framework with mini
mal grain-to-grain contacts over the grain-supported framework with 
closer grain-to-grain packing and contacts somewhat suggests mild 
diagenetic compaction (Figs. 5, 7 and 8) (e.g., Worden and Burley, 2003; 
Adepehin et al., 2019a). Enhanced by compactional load from overlying 
strata, the essentially muddy/clay matrix of the Nyalau Formation 
reservoir sandstones has been dispersed within the pore-systems (Fig. 5), 
thus contributing to poro-perm occlusion. This compaction-induced 
redistribution of clay-sized matrices within the sandstone framework 
is perhaps the principal cause of depositional porosity loss in the sand
stones, although authigenic clay and quartz cement are also present 
(Figs. 7 and 8). In addition, the presence of fractured quartz grains 
(Fig. 5b, f) shows mechanical compaction somewhat contributed to 
diagenetic alterations in the reservoir sandstones notwithstanding its 
matrix-dominated framework (Appendix 1) (e.g., Mansurbeg, et al., 
2008; Lai et al., 2018). 

Chemical compaction in the reservoir sandstones of the Nyalau 
Formation is less common but indicated by the observed breakdown of 
non-micaceous detrital components and framework grain dissolution 
(FGD) (Figs. 7d and 8d, f). Grain dissolution may result in the 
enhancement or destruction of reservoir fluid-flow parameters, 
depending on the complex interplay between dissolution and precipi
tation reaction (Zhu and Lu, 2009). FGD usually involves the reaction of 
organic acids, produced from CO2 generated from the early maturation 
of organic matter (shale) to dissolve aluminosilicate, organic complex 
agents (ligands) and methane gas (Siebert et al., 1984). The resultant 

aqueous solution permeates contiguous sandstone bodies and dissolves 
aluminosilicate grains as illustrated in the following equations. 

2NaAlSi3O8. CaAl2Si2O8 + 4H+ (aq)+ 2H2O → 2Al2 Si2 O5 (OH)4 + 4SiO2 

+ 2Na+ (aq) + Ca2+ (aq) (1)  

NaAlSi3O8 + 4H+ (aq)→ Na+ (aq)+Al3+ (aq)+ 3SiO2(s) + 2H2O (2)  

NaAlSi3O8 + 2H2O → Na+ (aq)+Al(OH)
−

4 (aq) + 3SiO2(s) (3) 

FGD in an open diagenetic system allows for the leaching of the by- 
products from leached grains, thus enhancing poro-perm (Wilkinson 
et al., 1997; Zhu et al., 2004, 2008; Zhang et al., 2014; Yuan et al., 
2015a, b, c). Conversely, in a comparatively closed diagenetic system, 
the by-products of FGD are generally retained and reformed as diage
netic clay and/or quartz cement (Giles and De Boer, 1990; Chuhan et al., 
2001; Higgs et al., 2007). 

The rare occurrence of K-feldspar (KAlSi3O8), the dominance of 
albite (NaAlSi3O8), and quartz cement, as well as the presence of 
authigenic clay minerals and low poro-perm values in the reservoir, are 
suggestive of moderate FGD (Table 2; Figs. 6 and 8). This is perhaps best 
typified by the inverse correlation of % kaolinite (flaser bedded sand
stones) and % illite (trough cross-stratified sandstone and lenticular 
bedded sandstone) with %feldspar displayed by some reservoir facies 
(Fig. 13a–c). The consistent decrease in feldspar content with increasing 
%kaolinite in the flaser bedded sandstone and massive/structureless 
sandstone facies (Fig. 13a) likely suggest Kaolinitisation of feldspar – 
precipitation of kaolinite from dissolving K-feldspar (Seki and Kennedy, 
1964; Worden and Burley, 2003; Adepehin et al., 2020). Similarly, the 
converse trend between percentage feldspar and illite in the trough 
cross-stratified sandstone and lenticular bedded sandstone facies 
(Fig. 13c) also suggest illitisation of feldspar in these facies. Chuhan 
et al. (2000) indicated that the preponderance of kaolinite over K-feld
spar, such that K-feldspar: kaolinite <1 and the general co-existent of 
kaolinite with illitic clay at the detriment of K-feldspar are perhaps the 
two indicators of kaolinitic illitisation in diagenetic sandstone. Hence, 
the fact that the K-feldspar-kaolinite ratio in all studied samples is 
generally below one, except in the massive/structureless sandstone 
facies further shows that feldspar is probably the precursor for both 
kaolinite and illite clays within the pore system of the reservoir Nyalau 
Formation. 

The dissolution of framework grains and the subsequent precipita
tion of authigenic minerals (dominantly kaolinite and illite) in the 
Nyalau reservoir facies is a probable indicator of a closed diagenetic 
system (e.g., Schmidt and McDonald, 1979a, 1979b; Bjørlykke, 1984; 
Siebert et al., 1984; Surdam et al., 1984; Meshri, 1986; Giles and De 
Boer, 1989; Smith and Ehrenberg, 1989; Zhu and Lu, 2009). 
Geochemically, a closed diagenetic environment is characterised by low 
migration efficiency, weak material exchange (Wu et al., 2021). This 
accounts for why secondary pores created by grain dissolution are often 
refilled by authigenic minerals (Figs. 8 and 9). Hence, the rarity of sig
nificant effective porosity and/or permeability enhancement in the 
samples (Figs. 5, 8 and 9). To better understand the influence of 
diagenetic signatures on the porosity and permeability, point counted 
intergranular volume (IGV), undifferentiated matrix and amalgamated 
percentage cement and replacements were plotted alongside the Klin
kenberg poro-perm values (Fig. 14). The observed depression in the 
porosity/IGV and permeability track and the corresponding peakedness 
in the matrix/cement track indicate that matrix, and most importantly 
cement has an inverse relationship with porosity in the wavy-to fla
ser-bedded sandstones. Similarly, the same trend is construable from the 
peakedness in porosity/IGV and permeability vis-à-vis the relatively low 
values of the matrix and cement. Thus, confirming the differential 
response of sandstone facies to diagenesis, and alluding to cementation 
as a major porosity reducer in the subsurface successions of the Nyalau 
Formation. 
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5.3. Impacts of the clay minerals on fluid flow 

Clay mineral heterogeneity can significantly impact the quality of 
sandstone reservoirs (Mode et al., 2013, Wilson et al., 2014, 2016; 
Adepehin et al., 2019a, b, c). The relative abundance, textural occur
rence, and morphology of the different clay minerals have different ef
fects on reservoir qualities (e.g., see reviews in Worden and Burley, 
2003; Xi et al., 2015). Generally, clay minerals occurring as pore-lining, 
pore-filling, and pore-bridging clays (e.g., smectite, illite, chlorite, and 
kaolinite) reduce permeability and porosity, whereas grain-coating 
chlorite can preserve porosity at a deeper burial depth. For instance, 
honeycomb illite/smectite mixed-layer mainly occlude primary pores 
and thus destroy reservoir quality (especially porosity), whereas fibrous 
and flaky illite crystals tend to plug pore spaces and pore-throats, which 
can significantly reduce pore connectivity (permeability) and lower 
reservoir quality by dividing macro-pores into micropores. Pore filling 
chlorites are commonly small crystals and tend to reduce pore-throat 
diameters but do not have strong effects in occluding pore spaces; 
however, grain coating chlorite is capable of inhibiting quartz cemen
tation/overgrowths and thus can preserve reservoir qualities, especially 
porosity (e.g., Morad et al., 2010; Mode et al., 2013). 

The petrographic observations (thin section and SEM) of the studied 
samples showed that the clay minerals mainly occur filling and lining 
the pore spaces with different morphologies (Figs. 5, 7 and 8), sug
gesting their potential detrimental impacts on reservoir qualities of the 
sandstones by decreasing intergranular effective porosity and perme
ability for fluid flow. These deductions are evidenced by the decreasing 
porosity and permeability with increasing amounts of the clay minerals - 
illite, kaolinite, and chlorite in most of the reservoir facies (Fig. 11). The 
lack of significant correlation between the amount of the clay minerals 
and poro-perm properties (Fig. 11) and the weak relationships between 
porosity and permeability (Fig. 9) probably reflect the effect of micro
pores in present in reservoir fines, with very negligible permeability. 
This is supported by the weak positive relationship between chlorite and 
porosity in the trough cross-stratified sandstone (RFII) facies, while 
kaolinite shows a decreasing trend in the hummocky cross-stratified 
sandstones, and none of these shows any relationship with permeability. 

5.4. Wider implications for onshore subsurface reservoir quality 

Since porosity generally reduces with depth, owing to the influence 
of increasing compactional load, the poor-to-fairly good reservoir 
quality of the studied analogue sandstones indicates that subsurface 
reservoir units within the Cycles I-III successions in the Sarawak Basin 
may have significantly deteriorated. In the offshore Balingian Province 
of the Sarawak Basin, significant porosity loss in the Nyalau Formation 
to an average of 7.5–15% at subsurface depth ≥2.5 km has been re
ported (Madon and Abolins, 1999). This likely indicates that the reser
voir quality in the subsurface onshore would drastically diminish at 
depth >2.5 km since the offshore porosity values double the quoted 
porosity range at a shallower depth. Consequently, this is consistent 
with the documented porosity and permeability reduction for subsurface 
onshore successions of the Nyalau Formation at shallow depth (<1.5 
km) in the Bintulu area (Adepehin et al., 2020). 

Although depositional facies and cement were identified as the 
dominant control on porosity and permeability in the studied sandstone 
reservoir facies, we theorised that the onshore subsurface equivalents of 
the Cycles I-III would be significantly affected by the sediment 
compaction, owing to the overburden loads on the reservoir units. 
Notwithstanding the promising organic geochemical datasets of the 
Nyalau Formation, the poor reservoir quality establishes that non- 
connected pore spaces within the carrier beds would constitute signifi
cant petroleum exploration risk in the study area. This is particularly 
true for facies associations 2 and 3 that are interpreted to have been 
deposited alongside mud-rich lithological components within the 
intertidal zone (Fig. 12). Although published data on the Upper Cape 

Fig. 13. Relationship of percentage feldspar composition with (a) kaolinite, (b) 
chlorite, and (c) illite/mica in the reservoir facies of the Nyalau Formation. 
Note that HCSS is hummocky cross stratified sandstones facies, TC-SS is trough 
cross-bedded sandstone facies, M/SS is Massive to structureless sandstones 
facies, W-FBS is wavy to flaser bedded sandstones, S-CS is silty-to clayey 
sandstones, HLS is horizontally laminated sandstone facies, LBS is lenticular 
bedded sandstone facies, and FBS is flaser bedded sandstone facies. 
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Hay Formation tidal sandstones, Bonaparte Basin, Australia indicates 
inconsistent preservation of porosity (20%) and permeability (100 mD) 
in intertidal sandstones at depth below 3575 feet (Saïag et al., 2016), the 
conspicuous reduction in these petrophysical parameters that is 
consistent with increasing clay components gives credence to this 
interpretation. 

Although the dissolution of mineral grains yielded some secondary 
porosity (e.g., Figs. 7d and 8d, f), the partial to complete filling of the 
secondary pores by authigenic minerals (Figs. 7 and 8) in most samples 
indicate that the subsurface sequence would perhaps experience 
consistent porosity loss with depth. Facies representing the subtidal to 
intertidal wavy-flaser bedded sandstone would have experienced 
greater porosity loss due to its high mud proportion. In contrast, high 
energy depositional facies, such as hummocky cross-stratified sand
stones and trough cross-bedded sandstone would perhaps yield greater 
resistance to diagenetic modifications in the subsurface. Overall, pro
duction from the Nyalau Formation in the onshore Central Sarawak 
Basin would warrant a significantly enhanced recovery procedure to 
mitigate the effects of the arrays of facies and diagenetic heterogeneities 
in the studied reservoirs to ensure optimum recovery. This contribution 
shows that depositional signatures of coastal reservoirs could have a 
lasting impact on reservoir quality, notwithstanding the overprint of 
diagenetic alterations. Thus, it provides useful insights into assessing 
coastal sandstones’ reservoir quality in other petroleum provinces of the 
world. 

6. Conclusions 

The reservoir sandstones of the coastal Nyalau Formation in Onshore 
Sarawak comprises of eight reservoir facies: (1) the hummocky cross- 
stratified sandstone, (2) trough cross-stratified sandstone, (3) massive/ 
structureless sandstone, (4) wavy-to flaser bedded sandstones, (5) silty - 
to clayey sandstones, (6) horizontally laminated sandstones, (7) lentic
ular bedded sandstones, (8) flaser bedded sandstones, which are 

amalgamated into three reservoir facies associations and interpreted to 
be deposited as shoreface, subtidal-to-intertidal, and tidal mudflat de
posits. The reservoirs sandstones are tight to open, with porosity as low 
as 3.07% and permeability range between 0.003 and 8.285 mD. 
Shoreface deposits would yield better reservoir quality than siliciclastic 
reservoirs deposited in the intertidal zone. Illite, mica, and undistin
guished clay minerals are vertically enriched with depth in the outcrops, 
while feldspar and quartz composition generally dwindle with 
increasing depth. Although mineral grain dissolution created significant 
secondary porosity, the development of authigenic quartz crystals, clays, 
and other precipitated materials significantly reduced pore spaces. 
Increased quartz composition yielded an insignificant increase in the 
poro-perm trend while increasing feldspar and lithic fragments com
positions resulted in a steady decline in porosity and permeability 
values. Similarly, chlorite and illite contents of the sandstone have an 
inverse relationship with porosity and permeability, while kaolinite 
appears to give rise to microporosity significantly. Modifications of the 
initial depositional conditions yielded complex interaction dynamics 
between the dissolution of primary grains and precipitated clay by- 
products in a closed sandstone system. The study shows that authi
genic imprints can produce heterogeneous reservoir quality in sand
stones notwithstanding the uniformity of depositional conditions or 
facies. 
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