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Abstract

Isolated carbonate build-ups of Miocene age are important hydrocarbon reservoirs in SE Asia and globally. The architecture
of the build-up rim and fore-reef talus is poorly understood. The Subis build-up is one of the cycle I-II carbonate outcrops
exposed along the coastal Sarawak in an area of 5x 6 km?, with an exposed thickness of 390 m. This provides an opportunity
to document the composition and architecture of rim and talus deposits in an isolated build-up as an analogue for similar
gas-bearing structures located offshore Central Luconia, in Malaysia, which were neither drilled nor cored so far. This paper
documents sedimentological characteristics, lateral and vertical facies relationships, of the marginal sections of a build-up in
a large quarry exposing the Subis Limestone. The Subis Limestone is composed of massive and branching corals, coralline
red algae, benthic foraminifera, bivalves, gastropods, echinoids, and occasionally bryozoans and sponges. Eight microfacies
types and four environments were defined to describe the Subis Limestone: outer talus, inner talus, reef rim, and lagoon.
Nine genera of benthic foraminifera were interpreted, confirming an early Miocene age (cycle II) of the succession. Three
major backstepping events were observed at the build-up, where they developed inward towards the center of the build-up.
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Introduction

Miocene carbonate build-ups are economically important
hydrocarbon reservoirs. They contain 43% of all reserves in
carbonate build-ups globally (Greenlee and Lehmann 1993).
Hydrocarbon production from such carbonates in Malaysia
occurs in the Central Luconia province, an area extending
for some 45,000 km? offshore Sarawak, northwest Borneo
(Kosa 2015). About 200 carbonate build-ups of middle and
late Miocene age (cycle IV and V) are mapped from seismic
(Kosa 2015). Some 60 build-ups are hydrocarbon-bearing,
contributing to about 40% of all gas reserves in Malaysia
(Ho 1978; Doust 1981; Ali and Abolins 1999). These fields
are mature, but gas production is predicted to decline (Wood
Mackenzie 2015). However, additional hydrocarbon volumes
are suspected in fore-reef talus deposits of these build-ups
(Cheong et al. 2017). Reef-talus deposits are linked to reef
erosion and formed adjacent to the reef under moderate-
to high-energy conditions, preferentially on the windward
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side (Darwin 1842; Dana 1853; Braithwaite 2014). Talus
deposits may have a lateral extent of several meters up to
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several tens of kilometers. Their dimensions and proper-
ties are documented for example from Cambrian build-ups
in northern Greenland (Ineson and Surlyk 2000), Ordovi-
cian carbonates in Norway (Braithwaite and Heath 1992),
Devonian carbonates in Australia (Playton et al. 2013), a
Permian build-up in the USA (Longley 1999), or Permo-
Triassic deposits of the Great Bank in Nanpanjiang Basin
(Li et al. 2012). Despite their widespread occurrence, talus
and other re-deposited fore-reef deposits are under-sampled
in Malaysia. The environments are insufficiently investigated
in the Miocene build-ups in Central Luconia, Malaysia. This
paper characterizes this under-explored rim to talus section
of the Miocene Subis Limestone (Fig. 1) exposed in quarries
and compares it with adjacent lagoonal deposits.

Geological setting

Borneo Island, host to the Subis Limestone, formed out of a
set of micro-continental fragments (Hall 1996, 2002, 2009a,
b, 2011; Hutchison 1989, 2005; Mathew et al. 2014a, b;
Mihaljevic et al. 2014; Wilson 2002). Although Borneo is
a broad stable island today, it underwent an intense tectonic
change in the past, which influenced the architecture of car-
bonate build-ups (Sorkhabi 2012). During the early Pale-
ocene, rifting around the edges of the Sundaland initiated the
formation of regional basins, which resulted in widespread
marine deposits in eastern Borneo (Van de Weerd and Armin
1992; Wilson 2002). Carbonate sedimentation was common
in the shallow waters bordering these Tertiary basins (Van
de Weerd and Armin 1992; Wilson 2002).

The Sarawak Basin is a foredeep basin located at the east-
ern end of the Sundaland shelf (today’s NW part of Borneo),

which is composed of more than 12-km-thick clastic and
carbonate deposits, ranging from Late Cretaceous?-Eocene
to Recent (Agostinelli et al. 1990; Hutchison 2005). These
sediments were subdivided by Ho (1978) into eight cycles
from the upper Eocene to Pliocene (Agostinelli et al. 1990).
Each cycle is described with a basal transgression followed
by a regressive sequence which is then interrupted by the
basal transgression of the next cycle (Ho 1978).

Cycle I to cycle III are mainly formed by clastic sedi-
ments that filled synrift graben structures during Oligocene
to early Miocene times (Agostinelli et al. 1990; Ali and Abo-
lins 1999). Away from the clastic sources in the SW and SE,
carbonates grew extensively on the horst structures during
cycle I-II, which were covered by widespread argillaceous
sediments that put the end of the first carbonate produc-
tion (Agostinelli et al. 1990; Ali and Abolins 1999). The
Subis build-up (Fig. 2) represents one of these carbonate
build-ups. During cycles IV-V of middle to late Miocene
age, continuous subsidence and the formation of half-graben
structures resulted in a second episode of carbonate produc-
tion at the northern part of the basin in today’s Central Luco-
nia province. These carbonates were covered by siliciclastic
influx from the SW and SE by the end of the late Miocene
to Pleistocene (cycle VI-VIII) (Agostinelli et al. 1990; Ali
and Abolins 1999).

Stratigraphy of the Subis Limestone

The Subis build-up is also named “Gunung Subis” by the
locals, as “Gunung” refers to a “hill” in the Malay word. It is
a massive, cliff-forming limestone hill and hosts the famous
Great Niah Caves at the northern flank of the build-up
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Fig.1 a Location map of Sarawak, East Malaysia, Borneo Island.
The Subis build-up is situated in the Tinjar Province. Central Luco-
nia carbonates are located some 110 km northwest of the Subis build-
up. b Topographic map of the Subis build-up. Two sets of faults cut
through the build-up. The major Trusan Fault runs in a northeast—
southwest direction and another fault strikes in northwest—southeast
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direction. All three quarries, Debbestone, Yong Shin, and Holystone,
are located at the edge of the southeastern block and the Subis-2 well
located at the western flank of the build-up. The two red triangles
show the location of two peaks of the Subis Limestone, Bukit Kasut,
and Gunung Subis (adapted and modified from Google Terrain Map,
2016)
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Fig.2 The architecture of the Subis build-up. a View taken from the
telecommunication tower at the eastern side, opposite to the Subis
build-up. b The build-up is surrounded by Setap Shale, interfingering
with the Tangap and Nyalau Formations, as shown in the schematic

(Fig. 1a). It extends approximately 5x 6 km?, is 394 m high,
and represents an isolated carbonate build-up that developed
near the paleo-shelf margin (Wilson 2002).

The stratigraphic succession of the Subis build-up is
named the Subis Limestone, which is composed of corals,
red coralline algae, and benthic foraminifera, associated
with echinoids, bryozoans, mollusks, and sponges (Liechti
et al. 1960; Hazebroek et al. 2000; Dedeche 2012). It devel-
oped on paleo-high in clear, shallow seawater with normal
salinity (Hazebroek et al. 2000; Hutchison 2005) and repre-
sents a carbonate build-up in a siliciclastic dominated sec-
tion. The Subis Limestone is referred to as a member of
Tangap Formation by Burr and Crews (1950) and Liechti
et al. (1960), which is itself laterally equivalent to part of
the wide-ranging but less calcareous Setap Shale. The Setap
Shale is a thick clayey section that grades to the southwest
into the sandy Nyalau Formation (Liechti et al. 1960; Haile
1962) (Fig. 2). In Brondijk (1962), was working in south-
ernmost Sabah, where he split the Setap Shale into an older
unit called the Temburong Formation and the Setap Shale,
with a major unconformable boundary, dated as being in the
basal part of the Letter Stage Te5 after Liechti et al. (1960),
close to the Oligo-Miocene boundary. As noted by Lunt
and Madon (2017) this Te4 to TS5 boundary unconformity is
almost certainly the cycle I to cycle II boundary as defined
in unpublished Shell reports, based on biostratigraphy and
evidence for dip contrast at the same time.

This widespread Te4 to Te5 unconformity (also noted
by Liechti et al. 1960) is an important stratigraphic marker.
Previous studies done in the Subis area (Haile 1962; Roohi
1994; Wilson et al. 2013; Lunt and Madon 2017) have found
the main body of the Subis Limestone to contain Te5 (basal

cross-section diagram. Three main backstepping events are noticed
as the build-up grew inward towards its top (modified from Dedeche
2012)

Miocene) foraminifera, but the mixed series of thin lime-
stones and claystones in the nearby Subis-2 well (Fig. 1b)
to be Te4 (Late Oligocene) in age. The Subis-2 well was
drilled between 1951 and 1953 on the southwestern flank of
the Subis Limestone. A core sample of 3077 m was taken.
However, only about 195-m spot cores were retrieved and
preserved.

Study area

The Subis build-up is located close to the village Batu Niah,
Sarawak, approximately 20 km away from the shore of the
South China Sea and about 90 km southwest of the city of
Miri. The build-up is situated some 110 km southeast of the
offshore gas carbonate fields of Central Luconia (Fig. 1a).
Three active quarries are situated at the southern edge of
the build-up, named: Debbestone Quarry (N3°46'21.49",
E113°47'45.42"), Yong Shin Quarry (N3°46'20.12",
E113°47'27.14"), and Holystone Quarry (N3°46'15.67",
E113°47'12.27"; Fig. 1b).

The northeast—southwest-trending Trusan Fault cut through
the build-up and divided it into two major blocks. The south-
eastern block was thrusted and uplifted, leading to exposure
of upper Oligocene deposits adjacent to the Trusan Fault in
the Holystone Quarry. A smaller fault lies in between the
Holystone Quarry and Yong Shin Quarry separates the older
carbonate deposits in Holystone Quarry with the younger
carbonate deposits in Yong Shin Quarry and Debbestone
Quarry (Fig. 1b). These two quarries (Debbestone Quarry and
Yong Shin Quarry) share a continuous outcrop profile that is
exposed over some 1000 m. However, this paper focuses on
the Debbestone Quarry, located at the southeastern edge of the
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Subis Limestone, as the Yong Shin Quarry is not permitted to
enter Fig. 3.

Methodology

Fieldwork was carried out from April to May 2016. The out-
crop investigated is about 560 m wide and 5570 m in height,
slightly slope at the easternmost area but cliff-surface at the
rest of the outcrop. Modern karst-caves are present at the upper
level of the quarry. Vertical stratigraphic sections were logged
at representative locations across the outcrop to establish facies
types and vertical and lateral facies relationships. Forty-five
representative samples were obtained from the section exposed
at the Debbestone Quarry (Fig. 4). These were used to docu-
ment the composition of the carbonates in detail: lithology,
Dunham texture, grain size (Wentworth 1922), components
and their abundancy, and diagenetic features. Outcrop photo-
graphs were captured and stitched to give an overview of the
Debbestone Quarry. Geometries, stratigraphic relationships,
and boundaries were interpreted on these panels. Twenty-nine
thin-sections were prepared and petrographically investigated
with an Olympus BX51 microscope. J-MicroVision 1.2.7
software was used for point counting by describing 500-600
points in every thin-section to accurately capture the percent-
age of grains, matrix, cement, and porosity. Foraminifera were
determined for a biostratigraphic age control of the layers
investigated.

Results
Microfacies types

Eight microfacies types of the Subis build-up are described
in Table 1. The outcrop and microfacies photos are shown
in Figs. 5 and 6, respectively. The percentage of the grains,
matrix, and cement of all the microfacies are shown in Fig. 7.
Occurrence of nine benthic foraminifera genera, i.e., Amphiste-
gina sp., Austrotrilina sp., Lepidocyclina sp., miliolid, Mio-
gypsina sp., and Operculina sp., and occasionally Disco-
gypsina sp., Miogypsinoides sp., and Sorites sp. (Fig. 8), which
commonly occur throughout the Subis Limestone in the Deb-
bestone Quarry, are documented by us in this study through
the examination of thin-sections. The occurrence of the larger
benthic foraminifera of each facies is shown in Fig. 8. The
presence of Miogypsina sp. (Fig. 8) is the key marker for Let-
ter Te5, basal Miocene age (Haak 1955; Adams 1965; Roohi
1994; Barbeito 2005; Ali 2013).
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Fig.3 Chronostratigraphic context of the Subis Limestone, Niah,
Sarawak. The age of the Subis Limestone is late Oligocene to early
Miocene, equivalent to cycle I-1I carbonates in Central Luconia (after
Liechti et al. 1960; Hutchison 2005; Wilson et al. 2013; Lunt and
Madon 2017)
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Fig.4 Sedimentary sequence of the Subis Limestone in the Debbe-
stone Quarry. (A) Three representative sections were described sedi-
mentologically at the eastern, middle, and western parts of the quarry.

Discussion
Environment

Four depositional environments have been interpreted from
the eight microfacies types of the Subis Limestone. The dis-
tribution of the eight microfacies and environments is shown
in Fig. 9.

Outer talus

Geometry The microfacies of the outer talus environ-
ment consists of algal-foraminifera-skeletal packstone (F1)
(Fig. 5a). It is a dark grey to medium-grey, well-cemented
limestone with abundant stylolites and solution seams at the
bottom. The geometry of the outer talus is characterized by
inclined beds with an angle of 10°-15° dipping towards the
southeast and can exclusively be observed at the southeast-
ernmost flank of the Subis Limestone (Fig. 9). The overall
thickness of this limestone facies is 15-35 m with a lateral
extent of some 100 m, thinning out in a southeastward direc-
tion. Caves are formed in certain parts of the dipping beds,
showing a bedding-independent dissolution of the lime-
stone.

a—h in (A) represent the locations of samples. (B) The genera of ben-
thic foraminifera, microfacies, and sampling point were shown in the
logs

Interpretation This environment is located at a fore-reef
environment. The respective deposits represent a mixture
of reworked materials from the upper slope in a micritic
matrix (Fig. 6a). The components are fragmented and less
than 1 cm in size (Fig. 5a). For example, gastropods are
less than 1 cm in size in the outer talus but more than 2 cm
until 15 cm in the lagoonal environment; coral fragments
are about 2 mm in size, but a boulder size of coral colony
can be noticed at the reef rim in the outcrop. This environ-
ment has the most diverse fauna assemblages of the entire
succession exposed in the Debbestone Quarry, indicating a
low to moderate water energy in an open-marine condition.
Furthermore, the beds show a dipping away from the build-
up. The sediment volume as well as the lateral extent of the
outer talus deposits seem to be rather small. With a lateral
extent of 100 m, it probably does not exceed a few percent of
the overall limestone volume. The high amount of micritic
matrix (42%) and no porosity preservation in the outer talus
deposits suggests poor reservoir properties.

Inner talus

Geometry The microfacies of the inner-talus environment
is a coral-skeletal rudstone (F2) (Fig. 6b). It is a pale grey to
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medium-grey, sometimes beige, well-cemented limestone.
The geometry of this facies is characterized by a massive
bed with no visible sedimentary structures within the beds,
which show a slightly inclined bedding angle of less than 5°.
The area of this environment is ~25-30 m thick and ~60 m
laterally, located at the eastern part of the outcrop (Fig. 9).

Interpretation This environment is located at a shallow
and proximal fore-reef/inner talus that formed seawards of
the reef rim. The deposits are mainly composed of grainy
sediments that accumulated under moderate- to high-energy
conditions. Coral debris are large in size, up to 35 cm
(Fig. 5b), transported not far from the reef rim. The pores
within the skeletal components such as coral debris and
bivalves are filled by carbonate mud, while the aragonitic
wall of these components are replaced by calcite cement
through neomorphism process. This leads to poor porosity
preservation and thus poor reservoir quality.

Reef rim

Geometry The microfacies of the reef rim environment
consists of coral framestone (F3) (Fig. 6¢), coralline frame-
stone (F4) (Fig. 6d), and mud-rich coral rudstone (F5)
(Fig. 6e). These facies are pale to medium grey limestone
with the thickness of a single bed of about 20 m or more.
The beds are massive and structureless, but occasionally
5 mm to 1-cm-thick lamination is noticed. It covers the larg-
est part of the outcrop with a lateral extent of 400 m and a
vertical thickness of 40—70 m, is located at the middle to
western part of the Debbestone Quarry, and extends to the
next quarry in the west, the Yong Shin Quarry (Fig. 9). The
border between the reef rim and lagoon is not clear in the
outcrop. However, sharp changes of components and sedi-
mentary structures are noticed, indicating the border is not
in a straight line but rather an undulating boundary across
the outcrop.

Interpretation Rock of this environment is composed
of in situ grown branching (Fig. 5e) and massive corals
(Fig. 5¢) and coralline algae (Fig. 5d). The calcified red
algae are common in shallow-water environments where
they can build up small knolls (Bucur et al. 2008; Granier
et al. 2008). The existence of miliolid foraminifera, Sorites
sp., Lepidocyclina sp., Amphitesgina sp., and Operculina
sp., indicate a protected area and a reef or near-reef environ-
ment (Adams 1965; Sleumer 1977; Ali and Abolins 1999;
BouDagher-Fadel 2008). The in situ growth of branching
and massive corals formed an approximately 60-m-thick
biohermal structure with a lateral extent of several hundred
meters. All the existing components are interpreted as pro-

tected reef setting with moderate water-energy conditions.
Pores originally present within individual corals fragments
are filled with carbonate mud. A high amount of micritic
matrix (44-54%), especially at the bottom part of the out-
crop, suggests a poor reservoir potential.

Lagoon

Geometry The microfacies of the lagoonal environment
consists of coral-algal rudstone (F6), gastropod-skeletal
packstone (F7) (Fig. 6g), and algal-skeletal wackestone-
packstone (F8) (Fig. 6h). These rocks are pale grey to beige,
horizontally bedded, and relatively soft limestone. This
facies occurs predominantly in the upper middle part of the
Debbestone Quarry. The thickness is about 10-15 m with
a lateral extent of about 100 m (Fig. 9), sitting on top of
reef rim deposits. Within the interval, a circa 1-3-m-thick
horizontally bedded layer can be observed, which contains
abundant gastropods. No porosity was observed in outcrops
or in thin-sections.

Interpretation The abundance of large, well-preserved gas-
tropods (Fig. 5g) with up to 15 cm in size, associated with
other components such as bivalves, echinoderm plates and
spine fragments and some reworked coral and coralline red
algae fragments (Fig. 5h), indicates a lagoonal environment
near the reef. A very thin layer of coral-algae facies was
found at the top of the quarry, which probably shed off from
the rim from the inner part of the build-up.

Implication of microfacies and reservoir potential

Eight microfacies were interpreted ranging from distal
outer- to inner talus deposits to a proximal reef rim and
lagoonal deposits. In general, the Subis Limestone is a
grain-supported limestone, with about 45-70% of grains.
The highest grain contents are developed in facies F2, which
is mainly composed of coral debris, coralline algae, and ben-
thic foraminifera. The amount of mud matrix is high in all
facies (38-54%); except for facies F2 and F3, which show
25-26%. In contrast, the highest amount of sparitic cement
can be observed in facies F3, with approximately 20%. Low
percentages of sparite cement with less than 5% are present
in facies F2 and F7. A comparison between the percentages
of the components among all the facies is shown in Fig. 7.
The Subis Limestone is a tight limestone with rare or
no observed pore spaces. All fractures that could be related
to the uplift of the build-up are filled by calcite cement,
probably due to the exposure to meteoric waters. However,
enhanced dissolution is observed in the lower stratigraphic
layers, resulting in the formation of caves. These caves are
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«Fig.5 The outcrop photos show the facies of the Subis Limestone.
The locations of the photos are shown in Fig. 4. a (F1) Algal-
foraminiferal-skeletal packstone, b (F2) coral-skeletal rudstone, ¢
(F3) coral framestone, d (F4) coralline framestone, e (F5) mud-rich
coral rudstone, f (F6) coral-algal rudstone, g (F7) gastropod-skeletal
packstone and h (F8) algal-skeletal wackestone-packstone

subterranean sinkholes which cut across bedding planes and
fractures, forming a deep-vertical karst system. No dolomite
was observed in the outcrop, and only minor amounts in
thin-section in outer talus deposits (F1).

Comparing the textures observed in the outcrops and
thin-sections, a transition from more argillaceous outer-talus
packstone dominated by benthic foraminifera and coralline
algae (F1) to grainy, coral debris-rich inner talus rudstone
(F2), and coral rud- and framestone (F3, F4, F5) represent-
ing reef rim deposits is observed. Lagoonal deposits show
a grainy packstone-rudstone texture indicative of a shallow
lagoonal facies, i.e., (F6) coral-algal rudstone and (F7) gas-
tropod-skeletal packstone. Mud-dominated deeper lagoonal
facies consists of algal-rich wacke- to packstone (F8).

The talus deposits are composed of inclined beds dipping
away from the build-up in an angle of 10°-15°. Close to the
rim they are composed of rather coarse-grained coral debris
that passes into muddier facies with smaller coral debris.
Talus deposits at~20-60 m from the reef rim are observed.
The deposits consist of poorly sorted angular grains indica-
tive of inadequate reservoir quality.

Deposits of the reef rim are influenced by the early sedi-
mentation and later neomorphism that occurred in the corals.
The original pore spaces from the coral cavities (intrapar-
ticle pores) are normally filled by carbonate mud. Rarely,
the original framework porosity is preserved. Addition-
ally, the aragonitic walls of corals have been dissolved and
the moulds were filled by calcite cement. Consequently, a
high permeability must be assumed for reef rim deposits.
They could possibly act as a conduit for fluid-flow in the
subsurface.

Lagoonal facies are basically characterized by horizon-
tally bedded rocks. They mainly consist of gastropods, skel-
etal debris, and coralline algae. The original pore spaces
within gastropods and bivalves are filled with carbonate
mud; shells are dissolved and filled by calcite cements. This
suggests poor reservoir quality despite having a grain-dom-
inated packstone texture. If the deposits are high in grain
content (e.g., rudstone, packstone) and considering the
absence of the recrystallization of the secondary porosity,
some reservoir potential can be assumed in inner talus and
lagoonal deposits.

Depositional sequence

The Debbestone Quarry described in this work is the low-
ermost sequence of the early Miocene Subis build-up. The
overall architecture of the Subis build-up shows three back-
stepping events (Fig. 2) as the carbonates retreat inwards
towards the center of the build-up. The size of the build-up
decreases from the first sequence with 5 x 6 km? to 4 x 3 km?
in the second and about 1 x 1 km? in the third sequence. This
is probably related to a rapid flooding. The Subis build-up
is ultimately covered by hemi-pelagic sediments, the Setap
Shale.

In summary, the lowermost succession in the quarry is
interpreted as representing a shift of the depositional envi-
ronment from the outer reef to the reef core, followed by gas-
tropod-rich lagoonal facies. The bottom part of the quarry is
dominated by coralline algae, which passes rapidly into coral
framestone (Fig. 9a). Changes in coral morphology can be
observed: in the lower part of Sects. 2 and 3 (Fig. 9), mostly
in situ small branching corals (~ 10-25 cm) are replaced
upwards increasingly by massive corals (more than 80 cm),
which are additionally and increasingly coated by coralline
red algae, with changes of water depths from a deeper to
shallower water level.

Laterally, from Sects. 1-2 (Fig. 9), a transition from argilla-
ceous limestone, containing branching coral debris and larger
benthic foraminifera, is followed by coralline algae-rich lay-
ers and massive beds of branching and massive corals. This
massive coral framestone unit is overlain by horizontally bed-
ded gastropod- and algal-rich layers (Fig. 9a). On top of the
lagoonal deposits, a 10-cm-thick, brick-red layer is observed
across the entire outcrop. It is interpreted as terra rossa, a prod-
uct of carbonate weathering, and thus as a sequence boundary.

Above the terra rossa layer, inclined beds composed of
massive coral rud- and framestone are observed (Fig. 9).
The orientation of corals within the beds and the overall
architecture suggests that these components are transported
from the upper and inner part of Subis build-up. They can
be found on top of all three sections and are likely related to
the backstepping of the following sequence and thus derive
from the inner part of the Subis Limestone, which cannot be
reached in quarry outcrops.

Conclusions

1. The Subis Limestone consists of a fossiliferous, grain-
supported limestone with an average of 45-70% grains
in a micritic matrix of arenitic to boulder size.

2. The limestone is predominantly composed of mas-
sive and branching corals, coralline red algae, benthic
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Fig.6 Microphotographs of each of the facies. All the microphoto-
graphs were taken in cross-polarized light (XPL). a Sample DE-1:
(F1) algal-foraminiferal-skeletal packstone. The components are gen-
erally fragmented in a micritic matrix. b Sample DE-4: (F2) coral-
skeletal rudstone. This facies is grainy and slightly less in micritic
contents compared to facies F1. ¢ Sample DU-14: (F3) coral frame-
stone. The walls of meandroid corals are filled with calcite cements.
d Sample DM-6: calcified red algae in (F4) coralline framestone

@ Springer

facies. e Sample DW-8: (F5) mud-rich coral rudstone. Mud-supported
limestone that contains massive coral debris. f Sample DU-13: (F6)
coral-algal rudstone. Massive coral encrusted by red algae. g Sample:
DM-5 (F7) gastropod-skeletal packstone. Abundant gastropods in
a micritic matrix. h Sample DU-10: (F8) algal-skeletal wackestone-
packstone. This facies is generally composed of bioclastic fragments
in a micritic matrix
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Fig.7 Percentages of grains, matrix, and cement in all facies. The
percentage of the mud matrix is high in all facies, except for F2 and
F3. Coralline algae, benthic foraminifera, echinoids, and bivalves
are found in all eight microfacies. Corals or coral debris/fragments
occurred in all the facies except for F4. Gastropods are rare in F1 and

foraminifera, bivalves, gastropods and occasional echi-
noids, bryozoans, ostracods, sponges, and brachiopods.
The limestone is subdivided into eight microfacies types
and four environments were interpreted: inner and outer
talus, reef rim, and lagoon.

The talus deposits are tens of meters thick,~ 160 m
wide; consist of inclined beds and are predominantly
composed of fragmented, finer to coarser skeletal debris
from outer to inner talus. Primarily aragonitic compo-
nents were replaced by calcite, which suggests a poor
reservoir quality.

Percentage (%)

Coralline algae

Percentage (%)

Echinoids

l:] F1 Algal-foraminifera-skeletal packstone
- F2 Coral-skeletal rudstone

F3 Coral framestone

- F4 Coralline framestone

- F5 Mud-rich coral rudstone

- F6 Coral-algal rudstone

D F7 Gastropod-skeletal packstone-grainstone

3 4 5 6 7 - F8 Algal-skeletal wackestone-packstone

Percentage (%)

F6, abundance in F7, and no found in other microfacies. Note: The
number shown in the bar chart is the percentage of each facies that
total up to 100. (For the percentages of the components in each thin-
section, see repository data)

The reef rim is the only part of the build-up composed of
in situ corals. The aragonitic walls of corals are replaced
by calcite and the porosity is low.

The lagoonal deposits consist of horizontally bedded
rocks, grain-dominated packstone texture with abun-
dant centimeter-scale gastropods, coralline red algae,
and benthic foraminifera with a poor reservoir potential
as most of the porosity has been filled either by micrite
or calcite cement.
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Fig.8 The occurrence of benthic foraminifera documented in the
Subis Limestone at Debbestone Quarry. a Sample DE-9: Amphiste-
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gypsina sp., d sample DM-7: Lepidocyclina sp., e Sample DE-4: Mio-
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sp., h sample DU-1: miliolid, i the depositional environment of the
benthic foraminifera (adapted from Ali and Abolins 1999). These
benthic foraminifera indicate shallow-marine reefoid, from fore-reef
to protected back-reef environments (red rectangle)



Facies (2019) 65:28

Page 130f 14 28

9 &

EAST

e |
ey oo eTisratekelatalpacksione TRy
e W o oE1 [

Section 1

Y

Outer talus

Shallow marine

sand flat/mangrove swamps

PLATFORM TOP

Sea Level H Protected reefoid | Deep marine | Basin floor
VT S > S R 1
iy B e i) 2 e L 1
- e u : off-reef/
sooeTE base of slope .
back-reef/lagoon/patch reef/ Basin floor

islet | reef ireef off-reef=)
! flat front} slope/ -}

—_—
: : fore-reef 1

DEEP
OFF-REEF

CLASTICS

1

SHALLOW MARINE i
I

1

Fig.9 a Distribution of the eight microfacies of the Subis Limestone
in the Debbestone Quarry, Sarawak. The western and central parts of
the outcrop are dominated by coral framestone. Towards the east, a
transition to coral-skeletal rudstone and algal-foraminiferal-skeletal
packstone can be observed. In the upper part of the outcrop, gastro-
pod-skeletal packstone is followed by blocks of coral-algal rudstone.

Acknowledgements The authors would like to thank the editor Dr.
Axel Munnecke for a thorough editorial work and two anonymous
reviewers for their constructive comments and suggestions. We also
gratefully acknowledge Dr. Manoj Mathew for help with the revision
of the manuscript. The authors gratefully thank the generous support
of the Debbestone Quarry management and staff (Mr. Albert Wong,
Mr. Liabo, Mr. Lihan) and Ting King King from Shell Miri Malaysia.
Lastly, we would like to thank all SEACaRL staff for their support.

References

Adams CG (1965) The foraminifera and stratigraphy of the Melinau
Limestone, Sarawak, and its importance in tertiary correlation. Q
J Geol Soc Lond 121:283-338

Agostinelli E, Raisuddin M, Antoneilli E, Mohamad M (1990) Mio-
cene—Pliocene paleogeographic evolution of a tract of Sarawak
offshore between Bintulu and Miri. Geol Soc Malays Bull
27:117-135

A thin reddish layer (orange line) was interpreted as terra rossa. b
The interpreted environments in the Debbestone Quarry outcrop:
outer and inner talus, reef rim, and lagoon. ¢ A schematic cross sec-
tion of the Subis-build-up. The red rectangle shows the depositional
environments observed in the Debbestone Quarry. The environment
chart is adapted from Ali and Abolins (1999)

Ali MY (2013) An integrated analysis of the depositional control,
sedimentology and diagenesis of Cenozoic carbonates from
the Sarawak basin, east Malaysia. PhD thesis, Imperial College
London

Ali MY, Abolins P (1999) Central Luconia province. In: Leong KM
(ed) The Petroleum geology and resources of Malaysia. PETRO-
NAS, pp 453-474

Barbeito P (2005) The Niah complex fieldtrip notes for PETRONAS.
Techno-Rada, pp 1-10

BouDagher-Fadel MK (2008) Evolution and geological significance of
larger benthic foraminifera. Elsevier, Amsterdam

Braithwaite CJR (2014) Reef talus: a popular misconception. Earth-Sci
Rev 128:169-180

Braithwaite CJR, Heath RA (1992) Deposition and diagenesis of debris
flows in Upper Ordovician limestone, Hadeland, Norway. Sedi-
mentology 29:753-767

Brondijk JF (1962) A reclassification of a part of the Setap Shale For-
mation as the Temburong Formation. British Borneo Geol Survey
Ann Rept, pp 56-60

Bucur II, Granier B, Sdsidran E (2008) Upper Aptian calcareous algae
from Padurea Craiului (northern Apuseni Mountains, Romania).
Geol Croat 61(2-3):297-309

@ Springer



28 Page 140of 14

Facies (2019) 65:28

Burr IL, Crews WE (1950) Report on the Subis-Bintulu area, GR526

Cheong YL, Hilman A, Kupecz J (2017) A fault seal case study from
the northern Luconia province, offshore Sarawak. In: Proceed-
ings of Asia petroleum geoscience conference and exhibition
(APGCE). Kuala Lumpur Convention Centre, Kuala Lumpur, pp
123-127

Dana JD (1853) On coral reefs and islands. GP Putnam, New York,
p 143

Darwin C (1842) The structure and distribution of coral reefs. Being
the first part of the geology of the voyage of the Beagle, under
the command of Capt Fitzroy, RN during the years 1832 to 1836.
Smith, Elder, London, p 214

Dedeche A (2012) Growth history and facies evolution of the Miocene
carbonate limestone of Gunung Subis, onshore Sarawak. MSc the-
sis, Universiti Teknologi PETRONAS

Doust H (1981) Geology and exploration history of offshore cen-
tral Sarawak. In: Halbouty MT (ed) Energy resources of Pacific
region. American Association of Petroleum Geologists Studies
in Geology Series 12. AAPG, pp 117-132

Google Terrain Map, 2016. Taman Negara Niah. Retrieved
from https://www.google.co.uk/maps/place/Niah+Natio
nal+Park/@3.800341,113.7701914,15z/data=!4m5!3m4!1s0x3
21ee9d8b6c¢3a611:0xf08d64021c616958!8m2!3d3.80142
09!4d113.7841189!5m1!1e4. Accessed 24 June 2016

Granier B, Dias-Brito D, Bucur II (2008) Calcareous algae from
Upper Albian—Cenomanian strata of the Potiguar basin (NE
Brazil). Geol Croat 61(2-3):311-320

Greenlee SM, Lehmann PJ (1993) Stratigraphic framework of pro-
ductive carbonate buildups. In: Loucks RG, Sarg JF (eds) Car-
bonate sequence stratigraphy, vol 57. AAPG Memoir, USA, pp
43-62

Haak R (1955) Study of the Miocene Gunung Subis Limestone com-
plex, Sarawak. Econ Pet Rep 25948:1-30

Haile NS (1962) The geology and mineral resources of the Suai-Baram
area, north Sarawak. Geological Survey Department British Ter-
ritories in Borneo, Memoir 13

Hall R (1996) Reconstructing Cenozoic SE Asia. In: Hall R, Blundell
DJ (eds) Tectonic evolution of Southeast Asia, vol 106. Geologi-
cal Society of London Special Publication, London, pp 153-184

Hall R (2002) Cenozoic geological and plate tectonic evolution of SE
Asia and the SW Pacific: computer-based reconstructions, model
and animation. J Asian Earth Sci 20:353—431

Hall R (2009a) Hydrocarbon basins in SE Asia: understanding why
they are there. Pet Geosci 15:131-146

Hall R (2009b) Southeast Asia’s changing paleogeography. Blumea
54:148-161

Hall R, Cottam MA, Wilson MEJ (2011) The SE Asian gateway: his-
tory and tectonics of the Australia—Asia collision. Geol Soc Lond
Spec Publ 355:1-6

Hazebroek HP, Abang Moshidi AK, Wong KM, Chung RCK (2000)
National parks of Sarawak. Natural History Publications (Borneo),
Malaysia, pp 199-210

Ho KF (1978) Stratigraphic framework for oil exploration in Sarawak.
Bull Geol Soc Malays 10:1-13

Hutchison CS (1989) Geological evolution of South-East Asia. Oxford
University Press, England, p 368

Hutchison CS (2005) Geology of north west Borneo, Sarawak, Brunei
and Sabah. Elsevier, Amsterdam, pp 131-158

Ineson JR, Surlyk F (2000) Carbonate megabreccias in a sequence
stratigraphic context; evidence from the Cambrian of north Green-
land. Geol Soc Lond Spec Publ 172:47-68

@ Springer

Kosa E (2015) Sea-level changes, shoreline journeys, and the seis-
mic stratigraphy of Central Luconia, Miocene—present, offshore
Sarawak, NW Borneo. Mar Pet Geol 59:35-55

Li X, Yu M, Lehrmann DJ, Payne JL, Kelly BM, Minzoni M (2012)
Factors controlling carbonate platform asymmetry: preliminary
results from the Great Bank of Guizhou, and isolated Permian—
Triassic platform in the Nanpanjiang Basin, south China. Palaeo-
geogr Palaeoclimatol Palacoecol 315:158-171

Liechti P, Roe FW, Haile NS (1960) The geology of Sarawak, Brunei
and the western part of North Borneo. Geological Survey Depart-
ment, British Territories in Borneo, Bulletin, vol 3, Kuching

Longley AJ (1999) Differential compaction and its effects on the outer
shelf of the Permian Capitan Reef complex, Guadalupe Moun-
tains, New Mexico. In: Saller AH, Harris PM, Kirkland BL,
Mazullo SJ (eds) Geologic framework of the Capitan Reef, vol
65. Special Publication SEPM, London, pp 85-105

Lunt P, Madon M (2017) A review of the Sarawak cycles: history and
modern application. Bull Geol Soc Malays 63:77-101

Mathew MJ, Menier D, Rahman AHA, Siddiqui NA, Pubellier M, Has-
saan M (2014a) Tertiary Sarawak basin origin: a small step in
demystifying the ambiguity. AAPG Search and Discovery Article,
Istanbul, Turkey

Mathew MJ, Siddiqui NA, Menier D (2014b) An evolutionary model of
the nearshore Tinjar and Balingian provinces, Sarawak, Malaysia.
Int J Pet Geosci Eng 2(1):81-91

Mihaljevic M, Renema W, Welsh K, Pandolfi JM (2014) Eocene-Mio-
cene shallow-water carbonate limestones and increased habitat
diversity in Sarawak, Malaysia. Palaios 29:378-391

Playton TE, Hocking R, Montgomery P, Tohver E, Hillbun K, Katz
D, Haines P, Trinajstic K, Yan M, Hansma J, Pisarevsky S,
Kirschvink J, Cawood P, Grice K, Tulipani S, Ratcliffe K, Wray
D, Caulfield-Kerney S, Ward P, Playford P (2013) Development
of a regional stratigraphic framework for Upper Devonian reef
complexes using integrated chronostratigraphy: Lennard Shelf,
Canning Basin, Western Australia. West Australia Basins sym-
posium, Perth

Roohi G (1994) Biostratigraphy of the Subis Limestone, Sarawak. MSc
thesis, University of Malaya

Sleumer BHG (1977) Paleoecology and internal architecture of the
Subis Limestone complex (Sarawak). Shell Sarawak Bhd Exp R
50108 (unpublished Shell report)

Sorkhabi R (2012) Borneo’s petroleum plays. In exploration petroleum
plays of Borneo. Geo Expro 9(4):20-22

Van de Weerd AA, Armin RA (1992) Origin and evolution of the ter-
tiary hydrocarbon-bearing basins in Kalimantan (Borneo), Indo-
nesia. Am Asso Pet Geol Bull 76:1778-1803

Wentworth CK (1922) A scale of grade and class terms for clastic sedi-
ments. J Geol 30(5):377-392 (Research-article: full publication
date: Jul-Aug, 1922)

Wilson MEJ (2002) Cenozoic carbonates in Southeast Asia: impli-
cations for equatorial carbonate development. Sed Geol
147:295-428

Wilson MEJ, Chang EEW, Dorobek S, Lunt P (2013) Onshore to oft-
shore trends in carbonate sequence development, diagenesis and
reservoir quality across a land-attached shelf in SE Asia. Mar Pet
Geol 45:349-376

Wood Mackenzie (2015) Malaysia upstream summary country report,
Wood Mackenzie Limited


https://www.google.co.uk/maps/place/Niah%2bNational%2bPark/%403.800341%2c113.7701914%2c15z/data%3d!4m5!3m4!1s0x321ee9d8b6c3a611:0xf08d64021c616958!8m2!3d3.8014209!4d113.7841189!5m1!1e4
https://www.google.co.uk/maps/place/Niah%2bNational%2bPark/%403.800341%2c113.7701914%2c15z/data%3d!4m5!3m4!1s0x321ee9d8b6c3a611:0xf08d64021c616958!8m2!3d3.8014209!4d113.7841189!5m1!1e4
https://www.google.co.uk/maps/place/Niah%2bNational%2bPark/%403.800341%2c113.7701914%2c15z/data%3d!4m5!3m4!1s0x321ee9d8b6c3a611:0xf08d64021c616958!8m2!3d3.8014209!4d113.7841189!5m1!1e4
https://www.google.co.uk/maps/place/Niah%2bNational%2bPark/%403.800341%2c113.7701914%2c15z/data%3d!4m5!3m4!1s0x321ee9d8b6c3a611:0xf08d64021c616958!8m2!3d3.8014209!4d113.7841189!5m1!1e4

	Facies, depositional environments, and anatomy of the Subis build-up in Sarawak, Malaysia: implications on other Miocene isolated carbonate build-ups
	Abstract
	Introduction
	Geological setting
	Stratigraphy of the Subis Limestone
	Study area
	Methodology

	Results
	Microfacies types

	Discussion
	Environment
	Outer talus
	Geometry 
	Interpretation 

	Inner talus
	Geometry 
	Interpretation 

	Reef rim
	Geometry 
	Interpretation 

	Lagoon
	Geometry 
	Interpretation 


	Implication of microfacies and reservoir potential
	Depositional sequence

	Conclusions
	Acknowledgements 
	References




