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ABSTRACT

Incised valleys are commonly investigated based on outcrop, modern setting
and seismic data, which are often limited by data availability, especially for
broad (ca >100 km wide) shelf settings. Consequently, few have described
complete depositional systems of the incised valleys, especially those linked
to their corresponding modern rivers in a source-to-sink framework to deter-
mine comprehensive controlling factors. This study documents Late Quater-
nary incised valleys and their characteristics in the Balingian — Central
Luconia shelf based on regionally-extensive three-dimensional seismic data,
two-dimensional high-resolution seismic data and boreholes. The three-
dimensional seismic data show that the main Tatau incised valley and tribu-
tary Suai incised valley fed the Tatau-Suai shelf-edge delta. The Tatau
incised valley is interpreted as the main incised valley based on its broader
width, thicker infill, two-tier stratigraphic architecture and its larger drainage
basin area compared to the tributary Suai incised valley. The Tatau incised
valley shifted its direction towards an active tectonic lineament (West Baram
Line) and bypassed sediments to the deep-water via a series of upper slope
channels. The Tatau incised valley system comprises the following elements:
(i) an upstream segment characterized by rivers dissecting an uplifted hinter-
land comprising Neogene sedimentary rocks, humid-tropical vegetation,
monsoonal climate, extremely high river discharge and sediment supply; (ii)
a midstream segment comprising an emergent, vegetated (tropical rainforest
to mangroves) and relatively narrow (ca 150 to 200 km wide) shelf, which
was characterized by basinward-increasing, tectonically-driven accommoda-
tion space, valley incision and deposition; (iii) a downstream segment with
increasing tidal-influence where the Tatau and its tributary valley merged;
and (iv) a short (15 to 20 km), narrow (10 to 15 km), tectonically-controlled
shelf-edge delta and channelized upper slope. This study demonstrates the
value of documenting an incised valley system in the context of its broader
source-to-sink setting, which may provide a useful analogue for ancient
incised valleys in comparable geological settings.

Keywords Central Luconia Province, incised valleys, Late Quaternary,
shelf-edge delta, Sunda Shelf, three-dimensional seismic.
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INTRODUCTION

Incised valleys have been widely studied in vari-
ous climate settings and through different geo-
logical time-periods. Incised valleys are
recognized based on dimensions, regionally
extensive basal erosion surfaces, and distinctive
facies types from those in adjacent and preced-
ing strata (Van Wagoner et al., 1990; Zaitlin
et al., 1994; Best & Ashworth, 1997; Hampson
et al, 1999; Reynaud et al., 1999; Posamen-
tier, 2001; Gibling, 2007; Catuneanu et al., 2009).
Incised valley formation is closely related to rela-
tive sea-level changes, most notably with valley
incision occurring during sea-level fall and
valley infill mainly coinciding with periods of
sea-level rise (Zaitlin et al., 1994). Thus, incised
valleys are important for understanding past sea-
level changes and reconstructing depositional
histories, palaeogeographies and source-to-sink
systems (Posamentier et al., 1988; Dalrymple,
1994; Shanley & McCabe, 1994; Zaitlin et al.,
1994; Mattheus & Rodriguez, 2011; Blum
et al., 2013; Algahtani et al., 2015; Bhattacharya
et al., 2016).

Some of the best documented incised valleys
are found in the Quaternary, when glaciation was
a major control on eustatic sea-level changes,
especially in low latitude settings where shelves
were not glaciated. For example, in the Late Pleis-
tocene of Southeast Asia, incised valleys were
abundant on the wide (ca 600 km) and stable
Sunda Shelf, when sea-level was —120 m below
the present level, causing widespread subaerial
erosion (Voris, 2000). Previous studies on these
Late Pleistocene incised valleys have investigated
the following aspects: (i) relatively short seg-
ments of the single major trunk mostly concen-
trated in the midstream reach; (ii) longer river
systems (>1000 km); (iii) a single major trunk
river draining relatively distant hinterlands; (iv)
large (ca 100 000 km®) palaeo-drainages (for
example, palaeo-Chao Phraya-Johore and palaeo-
North Sunda rivers; Posamentier, 2001;
Miall, 2002; Darmadi et al., 2007; Puchala
et al., 2011; Reijenstein et al., 2011; Algahtani
et al., 2015, 2017; Fig. 1). These examples are
located in relatively tectonically-stable parts of
the Sunda Shelf, often far distant (hundreds
of kilometres) from their catchment areas.

However, previous incised valley studies have
lacked the complete depositional system to
observe how the downstream incised valley
changes relate to the controlling factors (for
example, sediment supply, tectonics). This

study focuses on the Quaternary coastal plain
depositional system in the Central Luconia and
Balingian provinces, offshore north-west Borneo,
which displays a different style of Pleistocene
incised valley to those described previously
(Fig. 1). Here, the incised valleys are located on a
relatively narrow part of the Sunda shelf (ca
300 km wide) and are characterized as follows: (i)
shorter river systems, located between the major
palaeo-Rajang and Baram rivers (200 to 350 km);
(ii) multiple river systems draining the nearby
and recently uplifted hinterland (Rajang Range
fold-thrust belt); and (iii) a shelf edge that is
partly defined by a major and long-lived tectonic
lineament, the West Baram Line (WBL; Fig. 1).

This study aims to document Late Pleistocene
incised valleys and the adjacent depositional ele-
ments in the eastern Central Luconia Province
(CLP) by: (i) evaluating incised valley strati-
graphic architecture and depositional evolution
from the upper to lower coastal plain to the shelf
edge; (ii) quantifying the dimensions and geome-
tries of incised valleys and shelf-edge delta; and
(iii) determining the larger scale geological con-
trols on the youngest Late Pleistocene incised
valleys in the CLP. The evaluation uses a diverse
subsurface dataset, which crucially includes a
regionally-extensive three-dimensional seismic
data (ca 90 000 km?) enabling a source-to-sink
analysis of a Late Pleistocene incised valley net-
work (Figs 1 and 2). This is supported by seven
site survey reports (some of which include two-
dimensional high-resolution seismic data) and 17
boreholes described in the geotechnical reports
(the boreholes extend up to 50 to 150 m below
seabed), which cover most of the CLP shelf
(Fig. 2). The detailed mapping shows a network
of multiple, ca 0.3 to 12 km wide and generally
northward-trending incised valleys, which
receive sediments from various sizes of palaeo-
drainages (Fig. 2).

REGIONAL GEOLOGICAL SETTING

North-west Borneo has a complex geological his-
tory. The interior consists of deep-water clastic
sediments within an Eocene to Late Oligocene
fold—thrust belt, which forms the Rajang—Crocker
Range (Fig. 2). The north-west Borneo coastal
plain is dominated by the Rajang river and delta
(Staub & Gastaldo, 2003), plus numerous smaller
rivers (for example, Baram, Tatau, Kemena and
Mukah rivers); all of these rivers have drainage
basin areas that extend into the highlands. The
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Fig. 1. Reconstruction of Late Pleistocene river networks and shelf-edge deltas along the Sunda shelf margin. The
palaeo-rivers are modified from Voris (2000), Lambiase & Cullen (2013), Thanh et al. (2021), Wetzel et al. (2021).
Previous Quaternary incised valleys studies are numbered on the map as follows: (1) Posamentier (2001); (2) His-
cott (2001); (3) Miall (2002); (4) Hanebuth et al. (2002); (5) Hanebuth et al. (2003); Wong et al. (2003); (6) Hane-
buth & Stattegger (2004); (7) Samorn (2006); (8) Tanabe et al. (2006); Wetzel (2017); Wetzel et al. (2021); (9)
Puchata et al. (2011); (10) Reijenstein et al. (2011); (11) Algahtani et al. (2015, 2017); (12) Tjallingii et al. (2010);
Thanh et al. (2021); Wetzel et al. (2021).

north-west Borneo shelf-edge is variable, reflect- collision zone between Borneo and the South
ing its complex Miocene to present-day tectonic China Sea (SCS; Hutchison, 2004), and (ii) the
and stratigraphic history, including (i) the north- north-west-trending WBL, and its extension to

west Borneo Trough, which defines a Miocene the Red River Fault (Morley, 2002).
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Fig. 2. Map of present-day onshore Sarawak with modern rivers (lighter blue lines) and their drainage basin areas
(darker blue lines). The offshore Balingian — Central Luconia provinces comprise palaeo-valley networks mapped
from three-dimensional (3D) seismic and site survey datasets. The source of data is a 30 m digital elevation model
(DEM). River names: (1) Baram; (2) Sibuti; (3) Niah; (4) Suai; (5) Similajau; (6) Kemena; (7) Tatau; (8) Lemai; (9)
Mukah; (10) Oya; (11) Rajang.

northern part of the CLP adjoins the North Luconia
deep-water area (—200 to —1500 m). The southern
part of the Balingian Province comprises the
present-day coastline, which passes landward to an
elevation of ca 1500 m in the interior highlands.

Tectono-stratigraphy of the eastern Central
Luconia Province

The Central Luconia — Balingian area is situated on
the narrow (ca 200 to 300 km wide) and low-
gradient (ca 0.001°) continental shelf (Fig. 2). The
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The regional stratigraphy of the CLP comprises
a thick (0.5 to 2.0 km), clastic-dominated Neo-
gene succession, which has been divided into
eight cycles (Cycles I to VIII; Fig. 3) bounded by
marine flooding surfaces and/or their approxi-
mately correlative unconformities (Ho, 1978;
Hageman, 1987; Lunt & Madon, 2017). Three
broad stratigraphic intervals are recognized

(Fig. 3): (i) Cycles I to III (Oligocene — Miocene)
comprise coastal plain clastic deposits overlying
strongly folded and thrusted deep-water deposits
(Rajang Group), unspecified Sequence A/Pre-
Cycle I deposits and/or older basement rocks; (ii)
Cycles IV to V (Mid-Late Miocene) are dominated
by carbonate deposits, represented by over 200
carbonate build-ups, which overlie the regionally

A -
Sarawak (Landward) Stratigraphy (Basinward)
Epoch | cycle BALINGIAN CENTRAL LUCONIA|  Tectonics
f ——— O Shelf
Quatemary VIl ¢ Study interval // p A
COASTAL PLAIN
. Vil / 'g
Pliocene A S
v 9
g3
Vi / DEEPER OPEN MARINE b g
Upper —_—_————— s 38
Miocene EROSION/NON-DEPOSITION / g
/ MID- )
Vv / OPEN BATHYAL fs VY
. MARINE S
Mid / § :
Miocene / Y=
v —
—7
7 Y
] / 7 /— ——(—— — | Mid Miocene Unconformity
/ s e T ©
Lower - 3
Miocene I / s
/ COASTAL PLAIN, COASTAL AND 5 ';:-\'»
| FLUVIOMARINE SEDIMENTS o< "rl:
Oligocene £58
’ / R
L
Sequences with considerable Argillaceous sequences with Carbonat
sand interbeds insignificant sand content arbonates
B
Central Luconia Province | shelf-edge NE
Va

REMANGES. _FIWNW-2 152

CILI PADI-1 F21  NCa-1 KEDIDI-1 / DURIAN-1

Cycle Vi - Vil

rh onate Cycle

\\
WBL —_

Y
-

—
=
=

“

£
(=
S
(=
-

Fig. 3. (A) Tectono-stratigraphic section through the Balingian — Central Luconia provinces (modified from Ali &
Abolins, 1999). (B) WSW-NE regional geoseismic section across the Central Luconia Province (CLP) towards the
shelf-edge and West Baram Line (WBL; section line located on Fig. 2). This study focuses on the shallowest and
youngest succession (Cycles VII-VIII), which shows a sediment wedge building out (thickening towards the north-
east) to the structurally-controlled shelf-edge. Modified from Iyer (2019).
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extensive Middle Miocene Unconformity (Epting,
1980; Ali & Abolins, 1999; Kosa, 2015; Ting et al.,
2021); and (iii) Cycles VI to VIII (Late Miocene/
Pliocene — Pleistocene) shallow-water clastic
deposits with large-scale progradational seismic
stratal geometries (Fig. 3B; Madon et al., 2013;
Iyer, 2019). This study is focused on the last
regressive—transgressive phase, Cycle VIII (the
Latest Pleistocene—Holocene).

The sedimentary sequences of the Central
Luconia — Balingian provinces are influenced by
both tectonics and eustasy (Hutchison, 2005;
Fig. 3A). During the Late Cretaceous to Late
Eocene, the South China Sea plate was subducted
beneath Borneo and formed the Rajang Fold-
Thrust Belt (Hutchison, 2005). The Balingian
Province was subsequently dominated by com-
pressional tectonics, episodic uplift and erosion
from Eocene to Pliocene times, which resulted in
a thick siliciclastic succession deposited basin-
ward of the fold—thrust belt (Madon, 1999; Madon
& Abolins, 1999; Hutchison, 2005). The Oligo-
cene to Miocene geological history of the CLP
reflects early South China Sea seafloor spreading,
extensional tectonics, regional subsidence and
extensive Mid-Late Miocene carbonate build-ups
(Ali & Abolins, 1999; Kosa, 2015). Miocene car-
bonate deposition was terminated by renewed
influx of siliciclastic sediments in the Pliocene—
Quaternary (Cycles VI-VIII), caused by uplift of
the Rajang Fold-Thrust Belt (Ali & Abolins, 1999;
Kosa, 2015). The Mid-Miocene Unconformity
marks the end of South China Sea rifting (Ali &
Abolins, 1999). During the Quaternary, the WBL
continued to be a long-lived tectonic lineament,
which had originated in the Oligocene. It sepa-
rated an extensive coastal plain area to the south-
west (throughout the Central Luconia — Balingian
area) from the deep-water north-west Borneo
Trough to the north-east (Tan et al., 1999; Cul-
len, 2010; Madon & Jong, 2022; Figs 2 and 4).

Quaternary geological setting of the eastern
Central Luconia shelf

The Sunda Shelf is a broad, low-gradient conti-
nental shelf, located in an equatorial setting with
a tropical-humid climate, high precipitation and
high sediment discharge (Milliman & Syvitski,
1992). The shelf is ca 600 km wide in its central
part (across the Malay Basin), whereas in the
south-eastern part (across the Sarawak Basin) it is
300 km wide. The gentle shelf gradient (ca
0.001°) results in small sea-level changes having
the capacity to rapidly expose or submerge the

entire shelf area (Hanebuth et al., 2011). At pre-
sent, the Sunda Shelf is a large submerged epi-
continental sea following the Holocene sea-level
rise (Hanebuth et al., 2003). The low-latitude set-
ting prevented the Sunda Shelf from glaciation
during the Pleistocene.

The palaeoclimatology of the area shows that
the area was influenced by high humidity in the
Pliocene, drier in the mid-Pleistocene, and fol-
lowed by fluctuations between and wet and dry
climates in the Late Pleistocene (Li et al., 2013).
Pollen analysis indicates that continental areas
were covered by a tropical rainforest; mangroves
and freshwater peats were widespread during
periods of sea-level rise, especially in the late
Quaternary (Bian et al., 2011; Hanebuth et al,
2011). In general, the last glacial maximum (LGM)
climate is reported to be cooler and drier than the
present-day (Morley, 2013; Wurster et al., 2019).

Sea level was around 120 m below the present-
day level at the LGM and thus the shoreline was
located close to the present-day shelf-edge (Voris,
2000; Sathiamurthy & Voris, 2006). The broad cen-
tral and more stable parts of the Sunda shelf were
dissected by long rivers (ca >1000 km) with large
drainage networks (ca >1 000 000 km?), such as
those of the Chao Phraya River, North Sunda River
and East Sunda River (Voris, 2000; Algahtani
et al.,, 2015). In contrast, shelfal areas closer to
tectonically-active regions (for example, the north-
west Borneo margin) tend to be narrower and dis-
sected by the shorter rivers, such as the Rajang
River (Voris, 2000). Several of the main modern
rivers were active trunk rivers during the LGM and
can be identified by subtle topographic variations
across the submerged Sunda shelf, extending to the
shelf-edge around the periphery of the deep-water
South China Sea (Voris, 2000). Today, the modern
rivers commonly occupy incised valleys and termi-
nate at the coastline, with the river mouths reflect-
ing drowning during the Holocene transgression.

DATASET AND METHODOLOGY

This paper focuses on the eastern CLP dataset,
which consists of 3D seismic data (ca 4000 km?),
three high-resolution seismic sections from the
site survey reports (2D seismic, pinger and
boomer sections), and four geotechnical bore-
holes with 50 to 150 m depth (PC4, B12, B11
and NC3 boreholes; Figs 4 and 5). Firstly, the 3D
seismic data was used mainly to map incised val-
ley margins in plan-view and section view. Sec-
ond, 3D seismic data were calibrated with the
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Fig. 4. Reconstruction of the complete source-to-sink, palaeo-Tatau drainage basin, which merges modern rivers
(upstream) with palaeo-incised valleys in midstream (Balingian Province) and downstream areas (Central Luconia
Province — CLP). Within the study area, the focus of this research has been on the eastern CLP, which comprises
the Tatau incised valley, Suai incised valley and Tatau-Suai (T-S) shelf-edge delta in the downstream area. The
Brunei submarine landslide is mapped from Gee et al. (2007).
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Fig. 5. The flattened time-slice map at 30 ms TWT (ca 24 m depth beneath the seabed) of the eastern Central
Luconia Province (CLP). The grey scale colour map shows light shade of maximum seismic amplitude and dark
shade of minimum seismic amplitude. (A) Uninterpreted map. (B) Interpreted incised valley and delta margin
with distribution of the site survey data. The map shows Tatau, Similajau and Suai incised valleys in the land-
ward area and transitions to the West Baram Line (WBL) fault-bounded Tatau-Suai (T-S) shelf-edge delta in the
basinward area. The area is divided into lower coastal plain in the landward area, lower delta plain in the basin-
ward area within the WBL fault zone, and delta front — upper slope in the shelf-edge to deep-water area.

high-resolution seismic sections and borehole
data to identify the seismic facies and lithofacies
of the: (i) Tatau incised valley fill; (ii) Suai
incised valley margin and interfluve; and (iii)
Tatau-Suai shelf-edge delta margin (Fig. 5).
Third, the interpreted incised valleys were linked
to the upstream palaeo-modern valleys.

Three-dimensional seismic reflection data

The  time-migrated, 3D  seismic-reflection
data comprises zero-phase, reverse polarity, in

which the black seismic reflection indicates
minimum amplitude and red seismic reflection
indicates maximum amplitude based on SEG
(Society of Exploration Geophysicists). The shal-
low 3D seismic data have good horizontal reso-
lution but are limited by low vertical resolution.
In-line spacing is 9.5 m, cross-line spacing is
12.5 m and the data have a 2 ms vertical sam-
pling rate. The vertical resolution of the seismic
data is approximately 10 m based on the domi-
nant frequency content of 40 Hz. A shallow sed-
iment velocity of 1600 m/s from site survey
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data (PETRONAS, 2013) was used for time-to-
depth conversion to calculate depth and
thickness.

The good horizontal resolution enabled the
application of seismic geomorphology methods
(Posamentier, 2001; Miall, 2002; Lonergan et al.,
2006; Zeng, 2007; Reijenstein et al., 2011; Stewart
et al., 2013; Algahtani et al., 2015, 2017), particu-
larly with regard to plan-view imaging and map-
ping of fluvial features such as incised valleys
and channels. The seabed and incised valley base
of the studied interval were mapped throughout
the 3D seismic volume. Then, the 3D seismic vol-
ume was flattened to the seabed due to the gentle
seaward dip of the seabed to map the shallowest
fluvial channels observed in the flattened seismic
amplitude maps. The incised valley thickness
was calculated from an isopach map between the
valley base and seabed. However, the relatively
low vertical resolution, and the poor quality and
rugose seabed reflection, limited the evaluation
of cross-sectional features, such as valley/channel
depth and stratigraphic architectures. This limita-
tion was overcome in limited areas by calibrating
the low-resolution 3D seismic section with the
2D high-resolution seismic data and 2D sub-
bottom profile data (for example, pinger,
boomer).

Site survey data

Site survey data comprise high-resolution, 2D
seismic section, sub-bottom profiles and geo-
technical boreholes. These data were originally
acquired to determine the shallow subsurface
conditions and potential hazards prior to plat-
form installation for oil and gas production
(PETRONAS, 2013). In this study, the 2D seis-
mic data and sub-bottom profile data were cali-
brated with the 3D seismic data to determine
seismic facies and stratigraphy. Seismic facies
were calibrated with lithofacies information
based on widely-spaced data from the geotechni-
cal boreholes. This framework is used to
describe the Quaternary stratigraphy, seismic
geomorphology, facies and stratigraphic archi-
tecture of the Tatau valley, the Suai valley and
the Tatau—Suai shelf-edge delta.

The high-resolution 2D seismic/sub-bottom
profile (for example, boomer, pinger) data con-
tain a much higher vertical resolution (0.2 to
2.0 m) than the 3D seismic data (10 m), which
allows for the observation of the internal strati-
graphic architecture. However, these data cover
a much smaller area and have shallower

penetration compared to the 3D seismic data.
The 2D multichannel, high-resolution seismic
has relatively high vertical resolution (2 m),
deep penetration, and better seismic quality.
The sub-bottom profiles (boomer, pinger,
sparker) have higher vertical resolution (0.2 m)
but only shallow penetration depth (ca 10 m
deep) and low seismic quality.

Seismic facies characteristics were identified
based on the combination of 3D seismic and
high vertical resolution 2D seismic sections. In
certain cases, the 3D seismic data prevents seis-
mic facies interpretation because of poor vertical
resolution. None of the seismic reflection char-
acteristics observed in the 2D seismic sections
are visible in the 3D seismic sections. The 2D
seismic data are used to describe the seismic
amplitudes, reflection geometries and continu-
ity. These seismic facies were calibrated with
the geotechnical borehole to identify the gross
depositional environment.

Seismic-borehole calibration

The geotechnical boreholes were tied to the seis-
mic data using time-depth conversion based on
the site survey reports (PETRONAS, 2013). The
geotechnical boreholes contain lithology informa-
tion derived mainly from the grain-size analysis
and cone penetration test (i.e. cone resistance,
sleeve friction; Truong et al., 2011; Lunne, 2012).
In this study, 50 to 150 m deep boreholes were
analysed based on the geotechnical properties,
including cone resistance, shear strength, mois-
ture content and plasticity index, which have
been used to create sedimentary logs (Fig. 6). The
cone resistance values can be used to identify
stratigraphy based on sand-mud intervals, and to
differentiate between clean sand, mixed sand-silt
and interbedded silt and clay (Schiltz, 2020;
Prins & Andresen, 2021). For example, borehole
NC3 shows that sand-dominated units (LF1, LF3,
LF5) are correlated with high cone resistance,
whereas mud-dominated units (LF2, LF4, LF6)
are correlated with low cone resistance (Fig. 6);
other boreholes can be interpreted in a similar
way. However, biostratigraphic analyses of
borehole-derived cuttings samples were not
undertaken, since these were beyond the scope of
the original site investigation objectives (i.e. plat-
form installation). Seismic facies observed in the
seismic data, their associated lithofacies and
borehole geotechnical properties are shown in
Table 2 and discussed where relevant in the text
below.
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Biostratigraphic framework

There is a comprehensive regional biostrati-
graphic framework for the several kilometre-thick
Neogene to present-day seabed succession. This
is mainly based on biostratigraphic analyses
(micro-palaeontological and palynological) of
hundreds of oil and gas exploration and produc-
tion wells, which define a series of large-scale
cycles (oldest to youngest): Cycles I to VIII (Fig. 3;
e.g. Ho, 1978; Lunt & Madon, 2017). Several
regionally-extensive, stratal surfaces define
tectonically-influenced unconformities and/or
maximum flooding surfaces based on calibration
between wells (biostratigraphy, well log patterns
and genetic stratigraphic) and seismic data (e.g.
Levell, 1987; Cullen, 2010; Morley, 2016). These
regional studies enabled the calibration of key
seismic stratigraphic surfaces in the study area
with their regional equivalents (Fig. 3), including
the Base of the Pleistocene (Base Cycle VIII/Top
Cycle VII) and near-base Pliocene (Base Cycle
VII/Top Cycle VI; e.g. Kosa, 2015; PETRO-
NAS, 2019; Van Vliet & Wannier, 2023). Finer-
scale calibration of the Late Pleistocene to Holo-
cene stratigraphy was accomplished through
comparison with previous studies in south-east
Asia (e.g. Hiscott, 2003; Staub & Gastaldo, 2003;
Hanebuth et al., 2011; Twarog et al., 2021). Spe-
cifically, calibration of our seismic data with Late
Pleistocene-Holocene was a two-step process: (i)
a sharp-based, ca 2 m thick veneer of fossilifer-
ous, shallow-marine mud, which covers the sea-
bed throughout the study area, is interpreted as
Holocene sediment overlying the Base Holocene
transgressive surface (for example, Fig. 6); and
(ii) ca 10 to 30 m thick regionally-extensive and
laterally-confined fluvial channels, immediately
underlying the Base Holocene transgressive sur-
face, are interpreted as incised valleys resulting
from the last shelf exposure during the LGM,
which follows the practice adopted by other seis-
mic stratigraphic studies on the Sunda Shelf (e.g.
Posamentier, 2001; Reijenstein et al., 2011;
Algahtani et al., 2015). The stratigraphy between
the regionally-constrained Base Pleistocene and
inferred LGM/Base Holocene cannot be dated,
due to a lack of information.

DEPOSITIONAL AND STRATIGRAPHIC
FRAMEWORK

The seismic geomorphological interpretations of
the greater Balingian — Central Luconia area

show a network of multiple, narrow to broad (ca
0.3 to 12 km wide), and generally northward-
trending incised valleys (Fig. 4). These valleys
are 200 to 350 km long and can be traced
upstream to their modern, onshore equivalents
to reconstruct the palaeo-drainages (Fig. 4). In
the eastern part of the CLP area, which is the
focus of this study, two Late Pleistocene incised
valleys are represented by the present-day Tatau
and Suai rivers; subsequently, termed the
palaeo-Tatau and palaeo-Suai, but shortened to
‘Tatau’ and ‘Suai’ incised valleys, respectively
(Fig. 4).

The Tatau and Suai incised valleys received
sediments from the hinterland onshore Sarawak,
which comprises folded and thrusted deep-
water sandstones and mudstones of the Rajang
Group (Fig. 4). In the upstream zone, the incised
valleys are influenced by a partially peneplaned
area in the Balingian Province area with an
accretionary area to the north in the CLP area.
In the downstream area (eastern CLP), the Tatau
and Suai incised valleys merge, terminate at
confluence zone, and form a shelf-edge delta
(the Tatau—Suai, or T-S shelf-edge delta; Fig. 4).
The T-S shelf-edge delta extends downstream
from the valley confluence to the shelf edge,
which coincides with a major tectonic linea-
ment, the WBL. The T-S shelf-edge delta is also
linked with the feeder canyons and gullies in a
north-easterly-dipping slope, which trends
north-west/south-east, parallel to the WBL, and
extends into the deep-water north-west Borneo
Trough (Fig. 4).

Seismic morphologies of the eastern Central
Luconia Province

The flattened time-slice map at 30 ms two-way
travel time (TWT; ca 24 m depth) beneath the
seabed captures exceptional plan-view expres-
sion of the three genetically-linked depositional
elements, namely the: (i) Tatau incised valley
(@ major trunk wvalley); (ii) Suai incised
valley (a secondary tributary valley); and (iii) the
Tatau-Suai shelf-edge delta (Fig. 5). The main
Tatau incised valley flows north-eastward in the
up-dip south-west area, whereas the tributary Suai
incised valley flows north-westward in the up-dip
south-east area. Another tributary incised valley
(possibly Suai/Similajau) is observed in the mid-
dle area and flows northward. These tributary
incised valleys merge with the main Tatau incised
valleys to feed Tatau-Suai (T-S) shelf-edge delta
in the northward down-dip area (Fig. 5). The
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imaging of the downstream area is more diffuse
and depicts an unconfined setting of the T-S shelf-
edge delta within ca —100 to —110 msl (Fig. 5).

The main Tatau incised valley has thicker
incised valley fills (ca 20 to 60 ms TWT thick)
compared to the tributary Suai incised valley (ca
10 to 20 ms TWT thick) and T-S shelf-edge delta
(ca 20 to 25 ms TWT thick; Fig. 7; Table 1). The
inner/confined part of the Tatau incised valley fill
is thicker (ca 60 ms TWT thick) than the outer/
unconfined part of the fill (ca 20 ms TWT thick;
Fig. 7), which is defined according to the strati-
graphic architecture (refer to the Tatau incised
valley section below). The main Tatau incised
valley also has broader widths than the tributary
Suai incised valley (Table 1). The incised valley
widths show that the Tatau and Suai incised val-
leys have narrower widths (ca 3 to 10 km wide)
than the T-S shelf-edge delta (ca 10 to 16 km
wide; Table 1).

The plan-view observation of the LGM fluvial
to deltaic system is simplified as a schematic

10- 20 ms TWT thick

Fig. 7. Isopach map of downstream
Tatau, Suai incised valleys, and
Tatau—Suai (T-S) shelf edge delta
generated from 3D seismic data
using Paleoscan software. The Tatau
incised valley fill is thicker (20 to
60 ms TWT) than the Suai valley
fill (10 to 20 ms TWT thick) and T-
S shelf edge delta (20 to 25 m
thick).

interpretation (Fig. 8), which is based on the
flattened time-slice map at 30 ms TWT beneath
the seabed (Fig. 5). The main Tatau incised val-
ley is dominated by prominent scroll bars,
high-sinuosity channels and larger meander-
loops (ca 5 km wide; Fig. 8; Table 1). The trib-
utary Suai incised valley is dominated by smal-
ler meander-loops (ca 1km wide) and
abandoned channels, where the Tatau—-Suai val-
leys merge, there are significant changes from
the upstream areas (to the south) to the down-
stream area (to the north), and marked as a ‘-
neck-point’ transition (Fig. 8). The upstream
area is dominated by the two separate valley-
confined rivers, characterized by high-sinuosity,
meandering channels, and the valleys merge at
a confluence into a single valley within ca
20 km of the shelf edge. The Tatau-Suai shelf-
edge delta is characterized by multiple low-
sinuosity channels, and elongated sediment
bars (Fig. 8). The northward area immediately
adjacent to the T-S shelf-edge delta is identified
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Table 1. Dimensions of the Tatau incised valley, Suai incised valley and Tatau-Suai (T-S) shelf edge delta of the

east Central Luconia Province.

Length Average width Average thickness W/D Sinuosity

Area Fluvial features (m) Width range (m) (m) (m) ratio index
Tatau Unconfined Valley 30 000 4000 + 360-9600 + 864 7000 + 630 24 (140-110 ms 125 1.0
incised (Upper tier) TWT)
valley

Confined valley 3000 £+ 270-6600 + 594 4600 + 41 32 (180-140 ms

(Lower tier) TWT)

Young channels 80 000 100-500 300 2.1

Meander-loop 3000 5000

Old channels 200-500 350 1.2
Suai Valley 20 000 3200 + 2886400 + 576 4400 + 392 24 (160-130 ms 130 1.0
incised TWT)
valley ~ Young channels 20 000 70-300 180 1.5

Meander-loop 1000 1600

Dendritic channels <100 2-4 25 1.0
Tatau—  Delta lobe 18 000 8800 + 792-16 000 + 1440 13 000 + 1170 20 650
Suai
delta Young distributary 120 + 33-706 + 197 428 + 119 1.2

channels

Old distributary 120 + 33-279 + 78 210 + 58 16 14 1.3

channels

as continental slope, which is interpreted as a
rapidly deepening area beyond the continental
shelf. This upper slope area is also dominated
by north-east-trending headward incision at the
shelf-edge, numerous very small (ca <100 m
wide) gullies, and faulting within a north-west/
south-east-trending zone of the WBL (Fig. 8).
This schematic interpretation provides a basis
for evaluating the seismic geomorphology of the
Tatau incised valley, Suai incised valley and T-
S shelf-edge delta.

Stratigraphic framework

The stratigraphic relationship between the Tatau
incised valley, Suai incised valley and the
Tatau-Suai shelf-edge delta is captured in an
SSW-NNE-oriented (depositional dip) seismic
section (Fig. 9). The lower section (ca 150 to
200 ms TWT) shows northward-dipping, low-
angle (<0.1°) clinoforms with high amplitude and
high continuity reflectors, which thickens,
expands northward, and represents seismic facies
one (SF1) and Units 3.1 to 3.5 (Fig. 9B; Table 2).
The upper section (ca 100 to 150 ms TWT)
shows low amplitude and low continuity reflec-
tors (SF2, Unit 3.6), overlies a regionally-
extensive erosion surface (horizon B6), which is

interpreted as the LGM sequence boundary
(Fig. 9; Table 2). The uppermost section (ca 90 to
100 ms TWT) shows continuous and high ampli-
tude seismic reflections that drape the whole sec-
tion and are interpreted as Holocene marine
mudstones (SF5 and Unit 4) and overlie a
regional marine flooding surface (horizon C;
Fig. 9; Table 2). This stratigraphic framework is
supported by the correlation of four boreholes,
three from relatively more upstream locations
(boreholes PC4, B12, B11) and one from a rela-
tively further downstream location (borehole
NC3; Fig. 10). Three flooding surfaces are inter-
preted on top of the sand-dominated units, and
two sequence boundaries are interpreted at the
bottom of the respective sand-dominated units
(Fig. 10). From the top, Unit 4 comprises a ca
2 m thick mud-dominated lithofacies (LF6) with
a laterally-extensive and tabular geometry; this is
interpreted as the Holocene transgressive mud
layer. Unit 3.6 has an irregular geometry, it thins
basinward (ca 22 to 6 m thick) and is a sand-
dominated unit with lithofacies variations (LF3,
LF8, LF7, LF5; Fig. 10); this interval is inter-
preted as an LGM incised valley-fill succession.
The relationship between seismic facies (SF1-
SF5; Fig. 9) and lithofacies (LF1-LF8; Fig. 10) is
determined based on the calibration of high-
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resolution seismic and boreholes (for example, Table 2), which are characterized by their low
Fig. 11). SF1 is calibrated with two mud- cone resistance and sleeve friction values. LF4 is
dominated lithofacies (LF2, LF4; Fig. 11C and D, differentiated from LF2 based on its lower shear
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as Holocene mud). The seismic geomorphology of the Late Pleistocene fluvial systems is observed based on two

flattened time-slice map at 70 ms TWT (red arrow) and 30 ms TWT (blue arrow) beneath the seabed.

strength (<80 kPa), higher moisture content (max-
imum 75%), lower plasticity index (maximum
69%) and more widespread submerged density
(0.4 to 1.0 g/cm®; Fig. 6; Table 2).

Seismic facies 2 is calibrated with three sand-
dominated lithofacies (LF1, LF3, LF5), which
have discontinuous geometries and variable
thicknesses (Fig. 11C and D; Table 2). These
lithofacies have mostly low moisture content (25
to 40%) and highly varied cone resistance, plas-
ticity indices and submerged density (Fig. 6;
Table 2). The thickest (ca 27 m thick) sand-
body, dominated by LF1, has a consistently very
high cone resistance (45 to 60 MPa) and widely-
distributed submerged density (0.5 to 1.1 g/cm?
Fig. 6; Table 2). LF3 comprises 2 to 6 m thick
sand-bodies, has a much lower, serrated-shaped
cone resistance (15 to 55 MPa), well-constrained
submerged density (0.8 to 1.0 g/cm®) and a low
plasticity index (15 to 37%; Fig. 6; Table 2). The
thinnest sand-bodies (ca <1 m thick) of LF5
comprise the lowest, bell-shaped cone resistance
(8 to 15 MPa) and high plasticity index (55%;
Fig. 6; Table 2).

Seismic facies 3 is calibrated with LF8 (Fig. 10),
where borehole B12 possibly penetrates through a
dendritic channel (Fig. 5) at ca 8 m depth and is
correlated with ca 12 m thick sand-body (Fig. 10;
Table 2). SF4 is calibrated with LF7 (Fig. 10;

Table 2), where borehole B11 penetrates through
the interfluve based on calibration with pinger data
(refer to Suai incised valley). SF5 is calibrated with
LF6 as shown in seismic-borehole NC3 calibration
(Fig. 11) and present in the topmost part of all
boreholes (Fig. 10; Table 2).

TATAU INCISED VALLEY

Regional context

The Tatau incised valley can be linked to the mod-
ern Tatau and Kemena rivers in onshore Sarawak
(Fig. 4). The modern Tatau incised valley is ca
120 km long with a drainage area of ca 5000 km?
(Table 1). The modern Kemena incised valley is
slightly longer (220 km long) and has a larger
drainage area (ca 8000 km?) than the modern Tatau
valley (Fig. 4; Table 1). The palaeo-Kemena valley
merges with the palaeo-Tatau valley in the
upstream area (Balingian Province). The total
length of modern-palaeo Tatau incised valley is
340 km (Table 1). The palaeo-Tatau incised valley
in the downstream area (CLP) received sediment
from multiple drainage basins (Kemena, Tatau,
Suai and Similajau rivers; Fig. 4). The cumulative
Tatau palaeo-drainage area is estimated to be ca
30 000 km? (Table 1). Here, the Tatau incised
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Fig. 10. Four boreholes (PC4, B12, B11 and NC3) with cone resistance values are used in this study for the strati-
graphic correlation. The cone resistance shows significant change between sand-dominated and mud-dominated
units. The boreholes correlation shows Unit 4 consistently presents as a 2 m thick mud-dominated unit and Unit
3.6 thins basinward from a ca 22 to 8 m thick sand-dominated unit.

valley is a long (ca 30 km length), broad (average
width ca 7000 m wide), varying from ca 4000 to
10 000 m wide (Table 1), thick incised valley fill
(ca 16 to 50 m thick; Fig. 7) and low-sinuosity (SI:
1.0) incised valley (Table 1). The seismic geomor-
phology of the Tatau incised valley can be
observed based on two flattened time-slice maps of
the lower incised valley fill (lower Unit 3.6; 70 ms
TWT/ca 56 m depth beneath the seabed) and
upper valley fill (upper Unit 3.6; 30 ms TWT/ca
24 m depth beneath the seabed; Fig. 12).

Plan-view morphologies

The flattened time-slice map at 70 ms TWT
(ca 56 m depth beneath the seabed) across the
lower Unit 3.6 shows mixed fluvial features of
valleys and channels (Fig. 12A and B). The
north-trending, short (ca 12 km length), broad
valley (ca 3500 wide) dominates the eastern
area and is identified based on low amplitude
seismic reflections (Fig. 12B). The dendritic
channels are also visible perpendicular to the
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Fig. 11. The calibration of high-resolution seismic section and borehole NC3, which is located at the Tatau-Suai
(T-S) shelf-edge delta margin. Refer to Fig. 5B and Fig. 16 for location. (A) Uninterpreted high-resolution seismic.
(B) Interpreted high-resolution seismic identifies five seismic facies (SF1-SF5) calibrated with borehole NC3.
Mud-dominated units correlate with SF1 and sand-dominated units correlate with SF2. (C) Geoseismic interpreta-
tion of the wedge-shaped T-S shelf-edge delta (Unit 3.6), which overlies Unit 3.5, is overlain by Unit 4.1 and then
draped by Unit 4.2. (D) Borehole NC3 is 150 m deep and penetrates the T-S shelf-edge delta margin. The 70 ms
TWT time-slice map correlates with ca 56 m depth beneath the seabed (red arrow) and 30 ms TWT time-slice
map correlates with ca 24 m depth beneath the seabed (blue arrow).

valley margin. The western area is dominated
by narrow (200 to 500 m wide), low sinuosity,
and north to east-west trending channel

segments. The eastern valley is interpreted as
an old valley possibly unrelated to the Tatau
incised valley, whereas the western channels
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}i L . e

—— 3D seismic section (Fig. 13A) === Confined valley margin
=== Boomer section (Fig. 13C) === Unconfined valley margin
=== (Old valley margin

Fig. 12. The flattened time-slice map of the Tatau incised valley at: (A) and (B) 70 ms TWT beneath the seabed
and across the lower Unit 3.6. The map shows broad valley and low-sinuosity channels segments. (C) and (D) The
flattened time-slice map of the Tatau incised valley at 30 ms TWT beneath the seabed and across upper Unit 3.6
shows narrow and high-sinuosity channels with distinct scroll bars and point bars. Refer to Fig. 5B for the

location.

are interpreted as old channels and a part of
the Tatau incised valley fill.

The flattened time-slice map at 30 ms TWT
(ca 24 m depth beneath the seabed) across the
upper Unit 3.6 shows the Tatau incised valley
as a very broad valley (ca 9000 m wide) and
infilled with various fluvial features such
meander-loop, scroll bars, point bar and
meandering channels (Fig. 12C and D). The
Tatau incised valley is also observed as an

irregular and unconfined valley margin due to
the presence of various sizes of meander-loops
on both sides of the valley (Fig. 12D). The
large-sized meander-loops (ca 7600 m wide by
3000 length) with clear scroll bars dominate
the eastern and central part of the Tatau
incised valley. The numerous small-sized
meander-loops (ca 2500 m wide by 1600 m
length) with point bars dominate the western
part of the Tatau incised valley. The
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Seismic stratigraphy of Late Pleistocene incised valleys 339

meandering channels inside the valley margin
are described as narrow (ca 300 m wide) and
high-sinuosity (SI = 2.1) channels, which are
commonly located at the valley edge. Another
north-trending and narrower valley (ca 2000 m
wide) is also visible on the eastern area, which
is overprinted by the Tatau incised valley and
is possibly related to the old valley.

The unconfined valley margin is defined by the
outermost meander-loops on both sides of the
Tatau incised valley (Fig. 12D). The confined val-
ley margin is constrained within the sharp and
linear valley margin on the eastern side. The
western side of the confined valley margin is con-
strained with the small meander-loops associated
with the large meander-loop in the central part of
the Tatau incised valley (Fig. 12D). The uncon-
fined Tatau incised valley shows irregular valley
widths between ca 4000 to 9600 m for over a ca
30 km downstream distance (Table 1). The Tatau
confined valley margin shows narrower widths
within ca 3000 to 6600 m wide (Table 1).

Tatau incised valley facies and architecture

The lower seismic section is dominated by con-
tinuous seismic reflections (SF1) within ca 180
to 300 ms TWT and interrupted by discontinu-
ous seismic reflections (SF2, SF3; Table 2;
Fig. 13A). The middle seismic section is domi-
nated by low amplitude SF2 within ca 140 to
180 ms TWT. The upper section comprises high
amplitude seismic reflections (SF4, SF5) and
interrupted SF3 within ca 90 to 140 ms TWT
(Table 2; Fig. 13A). The boomer data covers the
shallow seismic section (ca 125 to 165 ms TWT)
within the scroll bars of the large meander-loop
(labelled ‘C’ along part of section Fig. 13B). The
boomer section differentiates the seismic facies
characteristics of parallel, low-angle (ca <0.1°)
SF4 (135 to 145 ms TWT) and structureless SF5
at 125 to 135 ms TWT (Fig. 13C and D).

The lower section is interpreted as unincised
floodplain and the old valley dominates the
eastern section. The middle section is identified
as lower-tier Tatau incised valley (SF2), which
dissects SF1 at an irregular depth within ca 110
to 180 ms TWT, as indicated by the confined
valley base and infilled with amalgamated chan-
nel complexes (SF3; Fig. 13B). The upper sec-
tion is identified as upper-tier Tatau incised
valley (SF2), as indicated by the meandering
channels (SF3) at both sides of the valley edge
and marked as unconfined valley base. The
upper Tatau incised valley also is infilled with

lateral accretion (SF2), abandoned channels
(SF3) and overlain with transgressive sediments
(SF4), as observed in the boomer section
(Fig. 13B and D). Finally, the Tatau incised val-
ley (Unit 3.6) and interfluve (Unit 3.5) is draped
with Holocene mud based on the structureless
SF5 (Unit 4; Fig. 13B, D and E).

The stratigraphic architecture of the Tatau
incised valley is characterized as a two-tier valley
system, which comprises a confined valley base
at the middle section and an unconfined valley
base at the upper section (Fig. 13B and E). The
lower-tier valley (lower Unit 3.6) is identified as a
deeper (ca 50 to 90 ms TWT/ca 40 to 72 m depth
beneath the seabed), thicker (ca 32 m thick), nar-
rower (ca 3 to 6 km wide) and more steeply
incised valley, which is infilled with narrow
(350 m wide) and low sinuosity (SI: 1.2) channel
segments (Fig. 12B, Table 1). The upper-tier val-
ley (upper Unit 3.6) shows shallower (ca 30 to
50 ms TWT/ca 24 to 40 m depth beneath the sea-
bed), thinner (ca 16 m thick), wider valley (ca 4
to 9 km wide), which is infilled with clearly
imaged, narrow (300 m wide) and high sinuosity
(SI: 2.1) meandering channels that extend along
most of the valley lengths (Fig. 12D; Table 1). The
valley is widened as the meandering channel (ca
200 to 500 m wide) extends beyond the confined
valley margin.

SUAI INCISED VALLEY

Regional context

The Suai incised valley can be linked to the
short (100 km long) and small (drainage area of
ca 2000 km?) modern Suai river in the onshore
Sarawak (Fig. 4). The total modern-palaeo Suai
valley is estimated to be ca 260 km long
(Table 1). Here, the characteristics of the down-
stream Suai incised valley are identified as short
(ca 20 km long), narrow (average width of ca
4400 m varying from ca 3000 to 6000 m wide;
Table 1), thin (ca 10 to 20 ms TWT/8 to 16 m
thick) incised valley fill (Fig. 7) and low-
sinuosity (SI = 1.0) incised valley (Table 1). The
Suai incised valley morphologies are mainly
made from a flattened time-slice map at 30 ms
TWT (ca 24 m depth beneath the seabed) across
Unit 3.6 (Fig. 14). The Suai incised valley facies
and fluvial architecture are observed based on
the pinger section covering the interfluve and
valley margin, and 70 m deep borehole (B11) in
the interfluve (Fig. 14).

© 2023 The Authors. Sedimentology published by John Wiley & Sons Ltd on behalf of
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and is infilled with Unit 4.1 and completely draped with Unit 4.2 for the whole section.
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Fig. 14. A flattened time-slice map at 30 ms TWT (ca 24 m depth) beneath the seabed of the Suai incised valley.
Refer to Fig. 5B for location. (A) Uninterpreted map. (B) Interpreted map shows an irregular incised valley margin
defined by numerous dendritic channels in the interfluve and small (ca 1 km x 1 km) meander-loops inside the
valley margins. The site survey data (pinger section, borehole B11) are located at the valley margin and interfluve

area.

Plan-view morphologies

The 30 ms TWT flattened time-slice map of the
Suai incised valley shows numerous small-sized
meander-loops (average 1 km length by 1.6 km
wide), abandoned channels, and clearly imaged
dendritic channels perpendicular to the uncon-
fined valley margin. These channels are charac-
terized as narrower (average ca 180 m wide),
shallower (ca <6 m deep), lower width/depth
aspect ratio (<30) and very sinuous (SI: 1.5)
compared to the Suai incised valley (Fig. 14).
The Suai incised valley produces variable valley
widths, fluctuating between ca 3200 £+ 144 m
and 6400 + 264 m over a downstream length of
ca 20 km (Table 1). The irregular and fluctuating
valley widths are caused by several meander-
loops and abandoned channels that extend
beyond the confined valley margins.

Suai incised valley facies and architecture

The seismic section across the Suai incised val-
ley shows that continuous SF1 dominates the
lower section (ca 160 to 200 ms TWT) and dis-
continuous SF2 and SF3 dominates the central
part of the section (ca 120 to 160 ms TWT;

Fig. 15A). The Suai incised valley is recognized
based on distinct SF2, which dissects SF1, and
the sharp valley margin and valley base within
130 to 160 ms TWT (Fig. 15B). SF2 comprises
high seismic variation between the eastern and
western valley margin. High seismic amplitude
and high continuity SF2 dominates the eastern
part of the valley and SF3 marks the eastern val-
ley edge (Fig. 15B).

Low seismic amplitude and low continuity SF2
and SF3 dominates the western part of the valley
(Fig. 15B). The pinger section at the western valley
margin also shows SF2 as steeply dipping seismic
reflections that terminate at the shallow section (ca
125 ms TWT; Fig. 15C and D). In the interfluve,
the pinger section is dominated by shallow SF3 (ca
4 m deep), which overlie SF1 in the lower section
(ca 125 to 140 ms TWT). The uppermost pinger
section (ca 120 to 125 ms TWT) comprises struc-
tureless seismic reflections (SF5) and is calibrated
with ca 2 m thick mudstone with shell fragments
and sand intraclasts (Fig. 15D).

The section below the Suai incised valley is
interpreted as floodplain and interfluve (Unit
3.5) based on the mud-dominated unit (Fig. 15D
and E). The upper section is identified as the
Suai incised valley (Unit 3.6; Fig. 15E), which is
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Fig. 15. (A) and (B) Uninterpreted and interpreted seismic section of the Suai incised valley differentiates
SF1 and SF2 with calibrated site survey data in the western valley margin. (C) and (D) Uninterpreted and
interpreted pinger section within the interfluve and the Suai valley margin identifies steeply-dipping seismic
reflections truncated at the valley margin (SF2) and dendritic channels (SF3) in the interfluve. (E) Geoseismic
interpretation of the Suai incised valley comprises Unit 3.6 dissects Unit 3.5 and is draped by ca 2 m thick
Unit 4.2.

© 2023 The Authors. Sedimentology published by John Wiley & Sons Ltd on behalf of
International Association of Sedimentologists, Sedimentology, 71, 319-354

85U80|7 SUOWWOD A 1810 (el |dde 8Ly Aq peusenob ae sejoiLe YO ‘8sn JO Sa|nJ Joj AriqiT8UIIUO /8|1 UO (SO PUOD-PUR-SWBIW0D A8 | 1M Ae.d 1 |BulU0//SdhL) SUORIPUD pue SWB | 81 88S *[202/T0/2z] Uo Areiqi]aulluo A8 |IM ‘So 1 Aq 8ETET PES/TTTT OT/I0p/Wiod" A8 | AreIq1jpul|uoy/:sdny woly pepeojumod ‘T ‘4202 ‘T60ES9ET



Seismic stratigraphy of Late Pleistocene incised valleys 343

infilled with abandoned channels in the eastern
valley margin and numerous small meander-
loops in the western margin as observed in the
plan-view (Fig. 14). The uppermost section is
interpreted as Holocene mudstone based on
structureless seismic facies and mud-dominated
unit (SF5). The shallow (ca 4 m deep) and nar-
row (ca <50 m wide) channels in the interfluve
are identified as dendritic channels, which are
oriented perpendicular to the western valley
margin (Figs 14 and 15E).

The stratigraphic architecture of the Suai
incised valley is characterized as a single-tier
valley system (Unit 3.6) and a sharp valley base
(horizon B6), which dissects Unit 3.5 and is
overlain with Unit 4.2 (Fig. 15E). The single-tier
valley (Unit 3.6) is shallow (ca 10 ms TWT/ca
8 m depth beneath the seabed), thin (ca 24 m
thick), narrow (ca 4 km wide), and is infilled
with abandoned channels and small meander-
loops (ca 1 km wide; Figs 14 and 15E; Table 1).
Towards the downstream area, the Suai incised
valley merges with the Tatau incised valley and
feeds Tatau-Suai shelf-edge delta (Fig. 8). The
merger is observed as a valley confluence
(Fig. 8) with significant lateral width changes
from ca 8 km wide to 12 km wide.

TATAU-SUAI SHELF-EDGE DELTA

Regional context

The Tatau—Suai (T-S) shelf-edge delta is located
immediately downstream of the Tatau-Suai val-
ley confluence with an oval shape (ca 18 km
length, ca 13 km wide) within the delta plain —
delta front area (Fig. 8). The T-S shelf edge
delta is recognized based on the significant
fluvio-deltaic transition from narrow (ca 300 m
wide), high-sinuosity channels and numerous
meander-loops in the incised valleys (southward
area) to wider (ca 1000 m wide), low-sinuosity
distributary channels and lobate-shaped mouth
bars in the deltaic setting (northward area;
Fig. 8; Table 1). This fluvio-deltaic transition
occurs at a ‘neck-point’ ca 20 km from the shelf-
edge and corresponds to the north-west/south-
east WBL fault zone (Fig. 8). The T-S shelf-edge
delta also is marked by significant width
increase from ca 4000 m wide in the upstream
(T-S valleys) to 8000 to 12 000 m wide at ca
30 km downstream distance (Table 1). The
down-dip part of the T-S shelf-edge delta is
dominated by the north-west-trending West

Baram Line and active river mouth, which trans-
ports sediments to the deep-water system
through feeder canyons and gullies on the conti-
nental slope (Figs 8 and 16).

Tatau-Suai shelf-edge delta morphologies
and facies

Plan-view morphologies

The flattened time-slice map at 70 ms TWT (ca
56 m depth beneath the seabed) across Unit 3.5
(Fig. 16A and B) shows dominant north-west/
south-east lineaments with a mixture of fluvial
and deltaic features widely distributed in the
southward and northward areas. The southward
area is dominated by lobate to arcuate features
and linear to sinuous channel segments,
whereas the northward area is dominated by
north-west-trending linear features, north-east-
trending headward incision and high amplitude
seismic reflections (Fig. 16A). The
north-west-trending linear features are inter-
preted as fault segments associated with the
WBL based on their similar orientations
(Fig. 16B). Narrow to wide (ca 100 to 500 m
wide) channel segments are interpreted as flu-
vial to distributary channels. The lobate-arcuate
features are interpreted as fluvio-deltaic sedi-
ment bars and slumps. The sediment bars are
identified based on the presence of channel seg-
ments, whereas slumps are interpreted based on
the presence of north-west-trending faults per-
pendicular to the arcuate features mostly in the
upper slope area (Fig. 16B).

The flattened time-slice map at 30 ms TWT
(ca 24 m depth beneath the seabed) across Unit
3.6 (Fig. 16C and D) shows various channel
morphologies from the southward to northward
areas. The southward area is dominated by
narrow-to-wide high sinuosity channels and
north-west-trending linear features (Fig. 16C).
The central area shows diffuse images of
narrow-to-wide low sinuosity channels and fea-
tureless arcuate to elongated bars, whereas the
northward area is dominated by high amplitude
north-east-trending channels (Fig. 16C). In the
southward area, the north-east-trending, wide
(ca 500 m wide), high sinuosity channels are
associated with the Tatau incised valley,
whereas the north-west-trending, narrow (ca
100 m wide), high-sinuosity channels are associ-
ated with the Suai incised valley (Fig. 16D).
Beyond the ‘neck-point’, these fluvial channels
are no longer visible and become narrow-to-
wide (ca 100 to 800 m wide), low-sinuosity
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Fig. 16. Two flattened time slices of the Tatau-Suai (T-S) shelf edge delta. (A) and (B) Flattened time-slice map at
70 ms TWT beneath the seabed, which shows a mix of fluvial and deltaic features. (C) and (D) Flattened time-slice
map at 30 ms TWT beneath the seabed, which shows high sinuosity channels within the Tatau and Suai incised val-
leys in the southern landward area and low sinuosity, lobate — elongated features in the northern basinward area. The
transition from incised valleys to the shelf-edge delta is marked as ‘neck-point’ located in Fig. 8.
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distributary channels and coalesced, multiple
mouth bars dominate the central area, which are
associated with the Tatau-Suai shelf-edge delta
(Fig. 16D). Overall, the southward to central
areas show fluvial channels confined within the
Tatau and Suai incised valleys in the up-dip
area and transitioned to unconfined, multiple
distributary channels — mouth bars in the down-
dip area. Thus, the T-S shelf-edge delta com-
prises unconfined and multiple distributary
channels — mouth bars, which are distributed
laterally and prograded northward until the
WBL (Fig. 16D).

Tatau-Suai shelf-edge delta facies and
architecture

The strike-oriented, high-resolution seismic sec-
tion of the T-S shelf-edge delta margin shows
alternated SF1 and SF2 in the lower section (ca
200 to 400 ms TWT) and various seismic facies in
the upper section (160 to 200 ms TWT; Fig. 11A).
The upper section comprises continuous and
high amplitude SF1, interrupted by localized SF3
within ca 170 to 200 ms TWT, overlain by
steeply-dipping and low amplitude SF2 in the
west side, wedge-shaped SF4 in the east side
within 150 to 170 ms TWT, and draped by con-
tinuous SF5 at ca 160 ms TWT (Fig. 11A).

The interval of seismic facies SF1 are inter-
preted as coastal plain to delta plain deposits
based on correlation with ca 30 m thick mud-
dominated unit with shell fragments (Fig. 11C).
The interval of seismic facies SF2 are inter-
preted as fluvial deposits based on thicker
sand-bodies (ca 4 to 30 m thick; Fig. 11C). The
uppermost interval of SF2 (Unit 3.6) is inter-
preted as 8 to 24 m thick mouth bars with
fluvio-tidal distributary channels based on lat-
eral accretion, and thin sand-bodies (<1 m
thick) with shell fragments and a peat layer
(Fig. 11C). SF3 is interpreted as distributary
channels within Unit 3.5. SF4 is interpreted as
transgressive deposits (estuarine to mangrove
deposits) based on its ca <8 m thick wedge-
shaped geometry (Unit 4.1), which onlaps the
mouth bar deposits (Unit 3.6). SF5 is inter-
preted as Holocene mud (Unit 4.2) based on its
correlation to a 2 m thick mud-dominated unit
with shell fragments.

Based on this, the authors interpret the
youngest interval of SF2 (Unit 3.6) as the T-S
shelf-edge delta margin, which formed during
the Latest Pleistocene. It overlies the
Pleistocene deposits and is overlain by trans-
gressive deposits during the initial sea-level rise

and, finally, draped by the Holocene mud dur-
ing the complete submergence (Fig. 11C). The
interpretation of the T-S shelf-edge architecture
also highlights thin deltaic deposits (ca 16 to
24 m thick; Figs 7 and 11C) and thin
sand-bodies (ca 1 m thick), which possibly indi-
cate that the sediments have been bypassed to
the upper slope (Fig. 16D).

The sediment bypass from the T-S shelf-edge
delta to the upper slope can be observed based
on the presence of river mouths and feeder can-
yons at the tectonically influenced shelf-edge
(Fig. 16D). Most of the distributary channels —
mouth bars are constrained within the WBL but
several river mouths extend northward towards
the irregular shelf-edge (Fig. 16D). The flattened
time-slice map at 30 ms TWT also suggests that
the T-S shelf-edge delta is controlled by the
WBL, as the delta occurs immediately within
the north-west-trending fault segments in the
southward area (indicated by ‘neck-point’) and
ceased towards the shelf-edge.

The relationship between the T-S shelf-edge
delta and the WBL fault zone is observed on the
seismic section perpendicular to the fault seg-
ments (Fig. 17). The West Baram fault segments
are clearly visible as steeply dipping (9° to 11°)
faults with normal offset in the deeper section
(ca 2000 ms TWT) and several faults penetrate
until the seabed (ca 200 ms TWT), especially at
the neck-point and shelf-edge (Fig. 17B). These
younger and prominent WBL fault segments
seem to control the Tatau-Suai shelf-edge
delta based on proximity between the T-S delta
and the faults at the present-day shelf-edge
within a 20 km wide zone (Fig. 17B). This study
identifies the WBL as a ca 20 km wide fault
zone with normal offset, which forms part of a
regional strike-slip fault system (Morley, 2002).

Upper slope morphologies and geometry

Aside from the fault controls, the sediment
bypass to the deep-water is also enhanced by
the headward incision process as indicated by a
feeder canyon, which causes an irregular shelf-
edge and separates the shelf and slope area
(Fig. 16D). The enlarged image of the northward
area (Fig. 18) shows the upper slope area as
high-gradient (>0.1°), deep water (—200 to —900
msl depth), and with a rugged/irregular seabed,
compared to the shelf area, which is low-
gradient (<0.01°), shallow water (—110 to —130
msl depth), and with a smooth seabed. The
feeder canyons are north-east-trending with
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Fig. 17. The seismic section of across the 20 to 30 km wide West Baram Line (WBL) fault zone. Refer to Fig. 16 for
location. (A) Uninterpreted. (B) Interpreted seismic section in relation to the shallow Tatau-Suai (T-S) shelf edge delta
within ca 150 ms TWT. The north-west/south-east lineaments are identified as steeply dipping normal offsets that pen-
etrate very close to the seabed and the T-S shelf edge delta especially towards the south-west and north-east section.

broad (ca 1000 to 1700 m wide) headward inci- TWT (ca 56 m depth) to the shallow time-slice
sion within —140 to —200 msl depth (Fig. 18B). map at 30 ms TWT (ca 24 m depth; Fig. 18).

The feeder canyons are also persistently The feeder canyons also transported sedi-
observed in the deeper time-slice map at 70 ms ments to the upper slope channels, which are
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specifically referred to as gullies (Fig. 18B).
These gullies are observed as a prominent ero-
sional and dense network of dendritic features
in the upper slope and described as north-east/
north-west trending, very narrow (ca 100 to
200 m wide) channels (Fig. 18B). In strike-
oriented seismic sections, the feeder canyons are
identified as deep incisions within ca 180 to
280 ms TWT (ca 80 m deep; Fig. 19A). The
gullies are identified as shallower incisions
within ca 600 to 640 ms TWT (ca 30 m deep)
and characterized by very rugged topography on
the present-day seabed (Fig. 19B). These gullies
and feeder canyons also possibly cause an
unstable shelf-edge by eroding the shelf, in addi-
tion to the WBL (Fig. 18B). In summary, the T-S
shelf-edge delta is terminated by the northward-
dipping WBL fault segments. Sediments reach-
ing the shelf were likely transported to the
deep-water through the feeder canyons based on
the presence of numerous erosional and den-
dritic gullies on the steep upper slope (Fig. 18).

DEPOSITIONAL SYNTHESIS AND
DISCUSSION

The incised valleys in this study show a typical
incised valley dimension for a coastal plain set-
ting (Gibling, 2007; Wang et al., 2019) and simi-
lar depositional facies (fluvial, estuarine and
shallow marine) with other Quaternary incised
valleys in the Sunda Shelf (Darmadi et al., 2007;
Reijenstein et al., 2011; Algahtani et al., 2015;
Wetzel et al., 2021), but with different incised
valley architecture. This study discovers a two-
tier incised valley architecture (Fig. 20), which
has never been observed previously in the other
Quaternary incised valleys in the Sunda shelf.
The incised valley in the Sunda Shelf is typi-
cally observed as a single-storey and simple
incised valley architecture (Algahtani et al.,
2015). However, a two-tier incised valley archi-
tecture can be observed in other analogues such
as the Mississippi valley, which comprises com-
pound valley architecture due to multiple fluvial
cycles (Blum & Tdrngvist, 2000).

In this study, the two-tier valley architecture
is observed in the downstream part of the main
incised valley only and is not observed in the
tributary Suai incised valley. The Tatau incised
valley comprises two-tier valley architecture
with two types of fluvial deposits (lower and
upper Unit 3.6), whereas the Suai valley com-
prises a single-tier valley. These similar two

types of fluvial deposits are observed in the
palaeo-Chao Phraya incised valley as Unit 7,
which comprises a basal coarse-grained interval
associated with low-sinuosity channels (Unit
7.1) and overlain with two heterolithic shell-
bearing intervals (Units 7.2 and 7.3) associated
with high-sinuosity channels (Algahtani et al.,
2015). The lower Unit 3.6 is interpreted as a
braided river deposit based on amalgamated
channel complexes and the upper Unit 3.6 is
interpreted as meandering channels based on
lateral accretion and valley widening (Fig. 20A;
Friend et al.,, 1979; Miall, 1985; Shanley &
McCabe, 1994; Pranter et al., 2009; Algahtani
et al., 2015).

Therefore, the lower Unit 3.6 (lower-tier Tatau
incised valley) potentially formed during rela-
tive sea-level fall during the initial LGM low-
stand phase. In contrast, the upper Unit 3.6
(upper-tier Tatau, Suai incised valley and T-S
shelf edge delta) possibly formed during the ini-
tial (Late Pleistocene — Early Holocene) trans-
gressive phase (Fig. 20B; Shanley & McCabe,
1994; Hiscott, 2001; Strong & Paola, 2010;
Algahtani et al., 2015; Twarog et al., 2021). The
incised valley-fill (Unit 3.6) is overlain by thin
(ca 3 m thick) transgressive sediments (Unit
4.1), as seen in both high-resolution seismic and
boreholes. The relatively thin transgressive sedi-
ments in more basinward areas (for example, ca
3 m thick in Unit 4.1 in Central Luconia Prov-
ince) may reflect a combination of reduced sedi-
ment supply and/or erosional transgression
during Early — Middle Holocene, as seen in
other low-gradient shelves (Wetzel et al., 2021).

The authors deduce that two-tier valley
architecture is a characteristic for downstream
fluvial-dominated incised valley (Willis, 1997;
Blum et al., 2013) due to high sediment supply,
which can be observed based on valley widening
(Martin et al., 2011). The incised valley with high
sediment supply also results in shelf-edge delta
in the shelf margin (Willis, 1997; Sylvester
et al., 2012; Bentley et al, 2016). In this
study, the shelf edge delta comprises multiple
mouth bars and fluvio-tidal distributary channels
within the active and abandoned delta lobes
(Wellner et al., 2005). The T-S shelf-edge delta
received the sediment from the T-S valley and
formed lobate features infilled with mouth bars
and fluvio-tidal distributary channels (Fig. 8).
The delta plain is commonly dominated by low-
sinuosity distributary channels and lobate-shaped
sediment bars (Coleman & Wright, 1975; Olariu &
Bhattacharya, 2006). The distributary channels
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also responded to the tidal influence as the chan- described as tidally influenced facies and pro-
nels flow close to the palaeo-shoreline (i.e. shelf- grading clinoform that are cut by distributary
edge). The shelf-edge delta is commonly channels (Carvajal & Steel, 2009).
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Fig. 18. Flattened time-slice map at 20 ms TWT (ca 16 m depth) beneath the seabed of the shelf-edge and upper
slope areas. (A) Uninterpreted. (B) Interpreted map shows Tatau-Suai (T-S) shelf-edge delta river mouth/bypass
channel on the continental shelf and upper slope channels (feeder canyons, gullies) on the continental slope. The
T-S shelf-edge delta feeds the continental slope through the bypass channel and feeder canyons. Sharp north-
west/south-east lineaments are identified within the shelf-edge delta area with similar orientation to the irregular
shelf-edge delta. Dense gullies form a network in the upper slope with dominant north/north-east orientation,
which causes slope erosion cutting the shelf at an irregular shelf-edge within —130 to —200 msl.

Fig. 19. Seismic sections across the shelf-edge and upper slope channels. (A) Wide and deep (ca 1 to 2 km wide,
ca 80 m deep) feeder canyons at the shelf-edge and smooth seabed; (B) Significant rugose present-day seabed in
the upper slope area, which is dominated by narrow and shallower gullies (ca 200 to 500 m wide, ca 40 m deep).

Refer to Fig. 18 for the seismic line locations.

The modern Trusan delta (north-west Borneo),
Wax Lake Delta (Mississippi River) and palaeo-
Baram shelf-edge delta can be seen as analogues
to the T-S shelf-edge delta recognition due to sim-
ilar fluvio-deltaic morphologies and characteris-
tics. For example, the Trusan Delta shows a
transition from a meandering river within a con-
fined valley (freshwater swamp) to low-sinuosity
distributary channels in the delta plain (man-
grove swamp; Lambiase et al., 2003). The Wax
Lake Delta comprises prominent active and aban-
doned delta lobes, which are made up of small-
scale distributary channels and mouth bars (Well-
ner et al., 2005). The palaeo-Baram shelf-edge
delta also can be imagined as an analogue for the
T-S shelf-edge delta based on its tectonically-
controlled shelf-edge and the presence of slope
channels (Hiscott, 2001). The shelf-edge deltas
and deep-water morphologies have also been

observed along the north-west Borneo margin
such as: palaeo-North Sunda river shelf-edge
delta and mass transport deposits (Wong et al.,
2003; Hanebuth et al., 2011); palaeo-Baram shelf-
edge delta (Hiscott, 2001); submarine landslide in
the Baram canyon (Gee et al., 2007); and present-
day canyons in the continental slope offshore
Brunei (Straub et al., 2012). The T-S shelf-edge
supplied sediments to the upper slope channels
and possibly linked with submarine landslides in
the deep-water (Fig. 8).

The lower delta plain area is also cut by several
discontinuous  north-west/south-east-trending
WBL lineaments, which are more numerous in
the deeper seismic amplitude map, with increas-
ing frequency towards the shelf edge (Figs 16, 17
and 20). The most palaeo-landward of the
north-west/south-east lineaments is also close to
the ‘neck point’ of the valley to lower delta plain
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Fig. 20. Schematic interpretation of the Tatau incised valley system. (A) Schematic depositional strike line show-
ing the inferred incised valley fluvial architecture, comprising: (i) confined, narrow and, possibly, isolated sand-
filled braided channels in the lower-tier of the valley (base defined by dashed red lines); and (ii) unconfined,
wider, meandering channels with point bars and abandoned channel-fills in the upper-tier of the valley (base
defined by solid orange line). (B) Schematic depositional dip line in a downstream position showing an incised
valley to the left (relatively landward) and its downstream termination and interfingering relationship with shelf-
edge delta to upper slope deposits (to the right — relatively basinward). The lower-coastal plain comprises a thick
(ca 60 m) fluvial unit dominated with freshwater trees/tropical rainforest in the up-dip area (left) and thinning to
ca 8 to 25 m thick in the down-dip area (right). The delta front thickens basinward, is dominated by mangrove

swamps and overlies prodelta—upper slope deposits.

boundary. Features with a prominent north-west/
south-east trend may all be related to the WBL
(Morley, 2002) and most likely mark a 10 to
20 km wide near-surface zone of deformation,
including slump scars at the Late Pleistocene
shelf edge. The ‘neck point’ or transition area,
where the confined T-S valleys merge (to the
south-west and south-east) and expand into an
unconfined shelf-edge delta setting (to the north-
east), possibly signifies a zone of deep incision.
Channel sinuosity also decreases abruptly to the
north-east of the ‘neck point’ and could mark
the onset of tectonic influence of the WBL. The
most striking feature of the ‘neck point’ is the
change from high-sinuosity channels in the south
(in both Tatau and Suai incised valleys) to less
sinuous channel patterns in the north (Fig. 8).
The present-day shelf edge might signify some
delta front accretion across the WBL (His-
cott, 2003). This combination indicates fault-
induced slumping (i.e. WBL related) and shelf
edge instability due to high rates of sediment sup-
ply, consistent with the WBL/shelf edge being a
zone of several kilometres width (ca 10 to 20 km;
Steel et al., 2003).

This study interpreted that the Tatau-Suai
incised valleys and shelf-edge delta in the

eastern CLP are mainly influenced by tectonics
(i.e. WBL), which is recognized as a ca 20 to
30 km wide fault zone. The north-west Borneo
hinterland has recently been uplifted during Pli-
ocene and caused subsidence in the CLP and
was also influenced by the WBL (Kosa, 2015). In
this study, the WBL is observed to have steeply-
dipping normal fault offsets within the Plio-
Pleistocene succession and is still active until
today. The north-west/south-east fault segments
were observed to penetrate the seabed especially
at the shelf-edge and cause headward incision
in the upper slope. The WBL is also identified
as a ca 20 to 30 km wide fault zone from the
‘neck point’ to the shelf-edge. The effect of shelf
subsidence due to the WBL can be observed
based on the palaeo-Tatau valley direction, in
which the upstream valley initially flows north-
ward and suddenly changes its direction
towards the north-east in the midstream to
downstream valley. The WBL has also termi-
nated the shelf-edge delta based on numerous
north-west/south-east lineaments at the margin
of the abandoned delta lobes. This relationship
possibly explains the lobe switching from the
westward progradation to northward prograda-
tion as shown by the active T-S delta lobe.
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Subsidence also creates more accommodation
space, increases sediment thickness (Shanley &
McCabe, 1994; Yan et al., 2020) and thus explains
the presence of ca 1 km thick prograding sedi-
ment wedges in the Sunda Shelf margin (His-
cott, 2001; Hanebuth et al., 2003). Similarly, the
tectonic control on the basin sedimentation is
reported in the Bunguran Trough (West Luconia
Delta Province), where extensional and strike—
slip faulting of the West Balingian Line has
caused basin formation and subsidence (Madon &
Jong, 2022). Thus, this study shows that the WBL
is still active, based on the present-day shelf-edge
morphologies, which plays a major role in con-
trolling Plio-Pleistocene sedimentation and
present-day upper slope process in the CLP.

CONCLUSIONS

1 The Late Quaternary stratigraphic succession
of the Central Luconia — Balingian provinces (Cen-
tral Luconia — Balingian; off the coast of Sarawak)
comprises a network of approximately ten incised
valleys that terminate in multiple shelf-edge deltas
at the shelf margin, which coincides with the tec-
tonically active West Baram Line (WBL).

2 The main morphological characteristics of
the incised valleys are as follows: (i) the domi-
nant trend is south to north; (ii) ca 300 to
12 000 m wide, with width increasing downstream
to a maximum at the shelf edge, (iii) mostly low
sinuosity (SI = 1); and (iv) ca 20 to 60 m deep.

3 The stratigraphic architecture of the incised
valleys is divided into two stratigraphic levels
(‘tiers’): (i) the lower tier valley is relatively nar-
row, infilled with low sinuosity channels and is
interpreted to have formed during the last gla-
cial maximum (LGM) lowstand; (ii) the upper
tier is relatively wide and filled with high sinu-
osity channels with brackish water influence
and is interpreted to have formed during sea-
level rise, possibly marking the initial phase of
the Late Pleistocene transgression.

4 Incised valley formation was primarily
linked to relative sea-level fall in the Late Pleis-
tocene, during the LGM. Other controls include
hinterland uplift during the Pliocene and tec-
tonic movement along the WBL. However, the
Central Luconia — Balingian area was largely tec-
tonically stable.

5 Quaternary valleys can be connected upstream
with their present-day equivalents in onshore
Sarawak to reconstruct palaeo-Tatau drainage area.
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