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Abstract

This research investigates ten sediment cores extracted from Holocene deposits in Labu, northern
Temburong District, Brunei Darussalam to provide an initial inventory of the encountered peat-
forming environments. Proximate, ultimate, and geochemical analyses were performed, along with
mineralogical characterisations, and C radiocarbon dating, as well as preliminary palaeontological
and palynological examinations of the peat and the underlying substrate layers. Localised organic
deposits, termed “peat pockets”, were identified, with the oldest found to have begun accumulating
under topogenous-mire conditions during the Middle Holocene. This coincides with the Mid-
Holocene sea-level rise, which is thought to have peaked at 6,000-4,500 years BP. However, our data
suggest that sea level may have continued rising until approximately 2,500 years BP, peaking
between 2,500 and 1,700 years BP, followed by delta progradation in Temburong. These “peat
pockets” gradually coalesced into larger topogenous mires associated with estuarine environments.
Over time, they became less influenced by marine conditions and increasingly shaped by a freshwater
regime, resembling an upper delta system, similar to the present-day landscape observed in
Temburong. It is proposed that these mires transitioned from a topogenous to an ombrogenous phase
approximately 250 to 320 years BP, as inferred through forward age extrapolation based on a constant
accumulation rate. The findings support the hypothesis of inland coastline migration during the
Middle Holocene, followed by retraction due to deltaic progradation in the Late Holocene. These
fluctuations align with well-established sea level changes driven by climatic variability.

Keywords: tropical peatland; upper delta; lower delta; sea-level changes; Temburong; Borneo;
Southeast Asia

1. Introduction

Peatlands, covering approximately 3% of the global land area and hosting about 10% of the
freshwater [1], are vital carbon sinks, sequestering nearly half of the atmospheric carbon dioxide [2].
Beyond carbon sequestration, they provide numerous ecosystem services, including water
regulation, biodiversity habitats, and resources such as fruits and timber [3,4]. In Southeast Asia
(SEA), peatlands span over 26 Mha, accounting for 69% of the world’s tropical peatland area [5]. This
extensive coverage is primarily located in Sundaland, a tectonically stable region that emerged
during the Pleistocene. Following the Last Glacial Period (LGP) and the subsequent rapid sea-level
rise from the Early Holocene onwards, peatlands in SEA predominantly formed in marine-influenced
to deltaic or fluviolacustrine systems associated with flooded coastlines [6,7]. These developments
underscore the dynamic interplay between geological processes and climatic conditions in shaping
peatland environments.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Given their capacity to store vast amounts of carbon and their role in regulating local climates,
understanding peatland dynamics is essential for addressing global climate challenges. Protecting
these ecosystems not only contributes to carbon sequestration but also supports biodiversity and
sustainable resource management. Beyond their ecological significance, peatlands serve as crucial
palaeoenvironmental archives, including palaeobotanic and palaeoclimatic records, that enhance our
understanding of past climates and environments, thereby assisting in predicting future
environmental trends [8].

Brunei Darussalam represents a critical area with underexplored peatlands (including Labu)
that hold significant potential for advancing our understanding of tropical peatland dynamics in this
vital region [9]. While studies have explored the ecological aspects and carbon storage capacity of
Brunei’s peatlands (e.g., [10-14]), their geological characteristics remain understudied, creating a
knowledge gap regarding their unique dynamics, as only a few stratigraphic details and geological
information exist from Ulu Mendaram [9,15]. The Labu Peatland represents a critical piece of the
puzzle in understanding peatland evolution within SEA, contributing to a broader regional
understanding of these vital ecosystems.

Peatlands face threats from global climate change, which worsens droughts and leads to
declining water tables. Additionally, wildfires and human activities, such as construction,
agricultural conversion, livestock grazing, and illegal wood logging, further compound these
challenges [2,16,17]. Despite global pressures, Brunei Darussalam actively preserves significant
pristine peatlands covering a total area of 576.5 kha, which constitutes approximately 19% of the
country’s land area [12,18], predominantly located in the western region and along coastal lowlands,
extending inland alongside rivers in the Tutong, Belait, and Temburong Districts [8]. Therefore, an
inventory of the geological context of these ecosystems, including the lithological successions and the
peat attributes, can serve as a baseline study for monitoring environmental and climatic impact on
peatlands in the region, as well as for planning restoration activities of disturbed peatlands, thereby
underscoring the need for their preservation [8].

To our knowledge, this is the first study of the Labu peatland, as no previous research has ever
been conducted on its ecological, hydrological, or geological aspects. This study specifically aims to
interpret the evolution of peat-forming environments in Temburong District. By integrating existing
research on Brunei’s peatlands with current studies on SEA’s palaeoenvironmental evolution, this
research seeks to provide insights into the palaeoclimatic and palaeoenvironmental conditions of
northern Borneo during the Middle to Late Holocene. The studied peatland is relatively pristine,
located on the coastal lowlands, and acts as a valuable archive of the regional environmental changes.
The findings aim to contribute to filling existing research gaps and to provide valuable information
for conservation strategies and the enhancement of our understanding of tropical peatland
ecosystems within SEA, one of the most significant regions for biodiversity and carbon storage
globally.

2. Study Area

Brunei Darussalam, located on the northwest coast of Borneo (Figure 1), experiences two distinct
climatic seasons: dry and wet. Temperatures range from 23.2 to 31.0 °C, with annual rainfall
averaging approximately 3,000 mm [19]. Its geological setting is dominated by three deltaic systems:
the Meligan Delta, which includes the Meligan Formation (Middle Oligocene to Early Miocene), the
Champion Delta, comprising the Setap Shale, as well as the Belait, Lambir, Miri, and Seria Formations
(spanning from Middle to Late Miocene or Pliocene), and the Baram Delta, active since the Late
Miocene and possibly as early as the Middle Miocene [20,21]. In the region of Temburong, the oldest
Meligan Formation is unconformably overlain by the Setap Shale (Oligocene to Middle Miocene) and
Belait Formations (Early to Late Miocene). The Belait Formation exhibits lateral transitions to the
Setap Shale. The Lambir, Miri and Seria Formations do not outcrop in the study area. The
sedimentary sequences produced by these deltaic systems frequently exhibit facies variations
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characterised by alternations of sandstone and claystone [22-24]. Quaternary alluvial sediments
unconformably overlie the older formations.

The Labu Peatland is situated in the coastal lowlands of Temburong District, in the vicinity of
the Sultan Haji Omar ‘Ali Saifuddien (SOAS) Bridge and is underlain by Holocene sediments (Figure
1). Itis bounded and presumably influenced by the modern Limbang, Temburong and Trusan Rivers,
which together with the Padas River supply the Brunei Bay with sediments (Figure 1A). The Brunei
Bay has been tectonically shaped by the eponymous strike slip fault [25].
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Figure 1. (A) Map of the coastal areas of Brunei Bay, which are shaped by the modern Limbang, Temburong,
Trusan, and Padas Rivers; the frame indicates the area depicted in panel B; (B) Simplified geological map of
north Temburong District, the eastern exclave of Brunei Darussalam (modified after [26]), indicating the
positions of drilled sites TB1 to TB10; the dashed line indicates the position of SOAS Bridge shown on panel C;
(C) surface lithology of the area at the SOAS Bridge from borehole data kindly provided by China State
Construction Engineering Corporation Ltd. The surface peat domains, interpreted as peat pockets are locally
interrupted by clay sediments. The inset shows the location of Brunei Darussalam on Borneo Island. Borehole

data are not available from the grey areas.

3. Material and Methods
3.1. Sample Collection

Ten boreholes were drilled in the Temburong lowland area using an Eijkelkamp hand-driven
(Russian-type) peat sampler, reaching a maximum depth of 550 cm under the surface in order to
obtain an initial lithological logging (Figure 1B, Table 1; see also Supplementary Appendix). The cores
were logged at the site based on their macroscopic features, and the peat humification degree (hg)
following the Von Post squeeze technique [27]. A total of 37 samples (11 peat, 17 organic-rich, and 9
inorganic) from five cores, were collected; the selection of sampling cores was based to cover the
overall identified lithological successions (Table 1). Two samples were also collected (TB5 123-133 cm
and TB10 69-78 cm) for dating purposes. These samples (10 and 9 cm thick, respectively) were sliced
directly from the core and subsequently stored at the Mineralogy, Petrology, and Geochemistry
(MPG) Laboratory at the Faculty of Science, Universiti Brunei Darussalam (UBD).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Table 1. Details and data from the boreholes in the Labu peatland.
Ash
Site/ | Depth . Total moisture ) EC Eh
Lithology  hg yield pH
Core (cm) (wt. %) (uS/em)  (mV)
(wt. %)
0-5 Peat 6 81.88 20.33 3.76 149.9 332.9
Peaty mud/
5-14 7 44.16 89.49 4.38 29.5 365.5
Clayey mud
Peaty mud/
14-60 7 54.32 83.09 4.34 35.4 387.1
Clayey mud
Peaty mud/
60-80 7 44.50 86.94 3.42 288.6 383.3
Clayey mud
TB2 Peaty mud/
80-100 7 40.29 87.59 3.39 343.4 416.6
Clayey mud
Peaty mud/
100-127 7 45.22 81.53 2.96 1577.6 416
Clayey mud
Peaty mud/
127-159 41.68 85.64 2.95 1163.7  441.1
Clayey mud
159-178 Clay 35.99 93.07 3.16 1134 402.3
178-195 Clay 31.28 93.67 5.28 7772 216.3
10-30 Clay 51.70 90.69 4.39 94.8 241.8
TB4 30-70 Clay 39.56 92.93 5.18 51.8 276.3
80-100 Clay 37.43 92.35 3.48 388.4 3414
0-25 Peat 7 85.17 572 3.84 92.9 451.8
25-50 Peat 7 87.67 18.00 3.70 134.1 390.1
50-75 Peat 7 85.07 25.59 3.30 333.0 420.2
75-100 Peat 7 84.30 31.23 2.48 1883.0 409.5
100-133 Peat 7 82.92 45.68 2.34 2630.0 426.3
TBS 133-150  clayey mud 64.99 74.27 3.23 1080.9 414.9
150-175  Alternations 55.93 77.96 3.28 1024.9 421.6
175-200 of clayey 55.03 78.60 3.23 1285.0 429.9
200-225 mud and 55.13 79.02 3.32 11241 416.0
fine detrital
225-250 54.20 79.51 2.79 1693.0 405.1
mud
300-320 Clay 57.84 90.45 3.82 575.2 370.0
8-30 Peat 6 83.06 26.28 4.32 57.8 378.4
30-50 Peat 6 82.65 40.25 4.07 97.7 388.7
50-75 Peat 6 77.24 50.00 3.13 498.9 418.8
TB6 75-100 Peat 6 76.58 54.46 2.73 1270.6 421.4
105-130  Clayey mud 65.61 71.91 2.74 2019.2 425.4
130-150  Clayey mud 64.29 69.05 2.97 1267 427
230-250 Clay 34.64 92.13 3.27 1116.6 405.7
490-520 Clay 35.42 93.03 6.48 341.5 294.7
TB10 0-25 Peat 6 81.82 35.71 3.78 723 346.3
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25-50 Mud 7 62.98 80.40 3.67 45.3 444.8
50-78 Mud 7 64.71 73.48 3.15 212.0 426.2
78-91 Mud 64.38 79.41 2.45 1766.0  454.8
91-102  clayey mud 54.17 82.98 2.88 1530.2 431.2
120-140 Clay 46.22 87.17 2.99 1054.3 4143

3.2. Proximate and Ultimate Analyses

All the collected peat samples were air-dried, and the initial moisture was determined by
weighing until a constant weight was achieved. The hygroscopic moisture was determined by
weighing 1 g of the air-dried sample before and after oven-drying at 105 °C for 24 hours until a stable
weight was reached (ASTM D3173/D3173M-17a [28]).

Ash yield was determined on the dry samples using a Carbolite AAF 12/18 ashing furnace at 550
+ 3 °C for four hours (ASTM D2974-20E1 [29]). Ash yield is primarily used to define and classify
lithologies, although no global consensus exists on the precise limits (e.g., [30]). In this paper, peat is
defined as having less than 50 wt.% ash yield on a dry basis (db), following the ECE-UN (Economic
Commission for Europe - United Nations) international classification of in-seam coals
(Energy/1998/19, Geneva). However, ash yields up to 55 wt.% can also be considered peat, according
to the comprehensive study of Wiist et al. [31], who investigated tropical peatlands. Ash yield values
between 55 and 65 wt.% (db) indicate peaty mud, whereas sediments with ash yield between 65%
and 80% (db) are classified as clayey mud. Sediments with ash yield values above 80% (db) are
considered inorganic.

The carbon (C), hydrogen (H), nitrogen (N), and sulphur (S) contents of 12 organic-matter-rich
samples from boreholes TB5, TB6 and TB10, containing the thickest organic sediment layers, were
analysed at the Chemistry Laboratory, Faculty of Science, UBD. A mass of 10 + 0.5 mg of vanadium
pentoxide was added to 3 + 0.5 mg of dry samples and analysed using the FLASH 2000 CHNS-O
Analyzer (ASTM D5373-21 [32]). Results are reported on a dry ash-free basis (wt.%, daf), with oxygen
(O) calculated by subtracting the sum of C, H, N, and S from 100%.

3.3. Physical-Chemical Properties

The determination of pH and redox potential (Eh) values was conducted at the MPG Laboratory
using a Mettler Toledo multimeter (SevenExcellence 5470) in accordance with ISO 10390:2021 [33]
and ISO 11271:2022 [34]. Following this, the solutions were filtered using G2 filter paper, and their
electrical conductivity (EC) was measured.

3.4. Geochemical Analysis

Geochemical analysis was performed on selected oven-dried samples at Activation Laboratories
(Actlabs) in Ontario, Canada. The samples underwent Aqua Regia digestion and were analysed using
a Perkin Elmer Sciex ELAN 6000 inductively coupled plasma-mass spectrometer (ICP-MS).
Calibration was conducted using natural and synthetic international standards, with an error margin
of less than 10-20%.

3.5. Mineralogical Determination

The mineralogical composition of the inorganic samples was determined using X-ray diffraction
with a Shimadzu MAXima-X XRD-7000 diffractometer, employing Ni-filtered CuKa radiation at 40
kV and 30 mA, at the Centre for Advanced Material and Energy Studies (CAMES), UBD. The samples
were scanned over a 2-70 ° 26 interval, with a scanning rate of 5 °/min and an angle step size of 0.02
°. Interpretation of the diffractograms and identification of minerals were performed using Match! V.
4x software.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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3.6. Radiocarbon Dating

Humic acids and plant remains in the samples were separated at the Laboratory of
Archaeometry, Institute of Nanoscience and Nanotechnology, NSR ‘Demokritos’, Greece, for “C
radiocarbon dating analysis, using the radiometric Gas Proportional Counting technique. This
method involves converting the sample into COz and measuring the radioactivity in cylindrical gas
proportional counters, which detect beta particles emitted during the decay of “C atoms. Calibrated
dates were determined with the program OxCal v.4.4.4 [35], and the IntCal2020 calibration curve [36].

3.7. Micropalaeontological and Palynological Examinations

Micropalaeontological analysis specifically on foraminifera examination was carried out on
inorganic substrates from the TB6 core (490-520 cm depth) in the Palaeontology Laboratory at
Geosciences, UBD. At the laboratory, samples were wet sieved through a 425 pum mesh size and
residues were transferred onto a metal tray for examination under a Raxvision microscope at 2x to 4x
magnifications [37].

In addition, a preliminary palynological assessment was performed on one profile to confirm
the general palaeoenvironment of the Labu Basin. For this analysis, 10 g of sample from the inorganic
substrate of TB4 core (40-70 cm depth) was processed for palynomorph extraction. The sample was
initially treated with 40% diluted hydrofluoric acid and soaked for three days to dissolve silicate
minerals. The sample was then boiled in 37% diluted hydrochloric acid for five minutes to remove
carbonates and other soluble components, followed by chlorination to eliminate residual organic
matter. Acetolysis was subsequently applied to further clean the sample by breaking down residual
cellulosic material, thereby facilitating the identification work [38]. After these treatments, the sample
was mounted and examined under a ZEISS Axiolab 5 light microscope at 40x magnification.

4. Results
4.1. Lithological Features

Ten boreholes were drilled along a roughly west-east trending transect near the coastal area of
Temburong of low altitudes up to +4 m (Figure 2). TB6 and TB5, located on the western end of the
transect, are the two deepest boreholes, reaching depths of 550 and 350 cm, respectively. Our
boreholes along with an extensive network of over 1,000 predrills and more than 100 additional
boreholes conducted in the Temburong District during the construction of the SOAS Bridge (Figure
1C) suggest sporadic occurrences of peat and other carbonaceous sediments (peaty mud, clayey mud)
interbedded with inorganic sediment deposits and intercepted by clays (Table 1 and Figure 3).
Logging data from these boreholes reveal that the Labu Peatland exhibits variable peat thickness,
typically ranging from a few centimeters to 2-4 m, with some localities reaching up to 8 m.

wsw ENE
TB5

3 2454 * 30 years BP
TB6

TB10 B9 B8 87 82 83
2 1807 * 30 years BP

0 -
B

Altitude / m

. - Peat - Clayey mud Sandy silt W Pantremains  we Woodytissues
- Peaty mud - Clay Sand 'ﬁ Modern roots * Mollusc shells
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Figure 2. Stratigraphic profiles of the boreholes in Labu Peatland (refer to Figure 1B for their positions). Arrows
indicate the sampling depths for radiometric “C dating, along with the corresponding ages. Note that the
horizontal distance is not to scale.

Figure 3. Schematic section of the Labu basin as it is interpreted by the boreholes TB1 to TB10.

The analysed samples revealed peat deposits of varying thicknesses, with a maximum drilled
thickness of 133 cm and an overall maximum thickness of organic sediments (including peaty mud,
clayey mud) reaching 280 cm in core TB5. The peat shows moderate to high humification degrees
ranging from 6 to 7 (Table 1; for detailed loggings see Supplementary Appendix). Peat thickness
generally attenuates towards the east, measuring only 7-10 cm in cores TB2 and TB3. Extensive light
to dark grey inorganic sedimentary substrates including alternations of clay, sandy silt and local sand
with lateral transitions, dominated by white quartz, underlie the drilled organic sediments. Plant
remains, mollusc shells, modern roots, and woody tissues are frequently included throughout all
beds of the Labu Basin (Figure 2). The occurrence of Shorea albida predominates in the central and
eastern parts of the transect, while the areas to the north of it are also largely dominated by Shorea
albida but remain mostly inaccessible. In contrast, the western region (TB5, TB6) is characterised by
the presence of Cyperaceae, primarily Cyperus platystylis and other Cyperus species.

4.2. Physical-Chemical Properties and Proximate Analyses

Moisture and ash yield are clear indicators of organic sediment characteristics and the relevant
properties of the analysed samples are listed in Table 1. The peat moisture ranges from 76.6 to 87. 7
wt.%, decreasing in the carbonaceous sediments (40.7-65.6 wt.%) and reaching minimum values in
the inorganic substrates (31.3-57.8 wt.%; Figure 4). Ash yield of the peat (< 50 wt.%, db) generally
decreases upwards, with its lowest values recorded at the top of cores TB6, TB5 and TB2 cores (26.3,
5.7 and 20.3 wt.%, respectively) indicating an upward increase of organic matter within the Labu peat
deposits (Figure 4). The pH values are acidic with slight variations (TB6: 2.7-6.5; TB5: 2.3-3.8; TB4: 3.5-
5.3; TB10: 2.5-3.8; TB2: 3.0-5.3), consistent with typical tropical peatland pH values in SEA (3-4; [39]).
All cores show their most acidic values roughly between 50 and 150 cm depth, with slightly higher
values towards the surface of the cores (Figure 4).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 4. Stratigraphic profiles of the Labu cores with their respective total moisture, ash yield, pH, electrical
conductivity, and redox potential. Lithologies are the same as in Figure 2.

Electrical conductivity varies notably across boreholes. In TB6, EC values rise from 342 uS/cm at

the substrate to 1267 puS/cm at a depth of 140 cm, peaking at 2019 pS/cm at a depth of 118 cm. It then
decreases significantly in the overlying peat layer, from 499 pS/cm at 63 cm to 58 uS/cm at the surface
(Figure 4A, Table 1). A similar trend is observed in TB5, where EC rises from 575 pS/cm at the
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inorganic substrate to 1693 uS/cm at 238 cm, peaking at 2630 uS/cm at 117 cm depth, followed by a
gradual decline toward the surface (Figure 4B). In TB10, EC increases to 1530.2 uS/cm at 97 cm, peaks
at 1766.0 uS/cm at 85 cm, and then drops to 72.3 uS/cm in the uppermost peat layer (Figure 4D).
Similarly, TB2 shows a peak EC of 1577.6 uS/cm at 114 cm, decreasing to 149.9 uS/cm in the overlying
peat layer (Figure 4E). These EC peaks coincide with the lowest pH values in all cores. Redox
potential varies minimally (216.3-454.8 mV), indicating mildly reducing to mildly oxidising
conditions throughout the profiles.

4.3. Geochemical Results

Determination of C, H, N, S contents was conducted on the thickest peat layers of cores TB5 and
TB6 (Figure 5, Table 2). In TB6, carbon and hydrogen range from 41.2 to 51.8 wt.% and from 4.4 to 5.3
wt.%, respectively (dry, ash-free basis). Core TB5 shows similar ranges: 51.0-61.2 wt.% C and 4.5-6.7
wt.% H (dry, ash-free basis). Nitrogen and sulphur contents show comparable trends in both cores:
N increases from 0.7 to 1.3 wt.% in TB6 and from 0.5 to 2.5 wt.% in TB5, while S decreases towards
the surface (from 6.0 wt.% to 0.3 wt.% in TB6 and from 6.4 wt.% to 0.4 wt.% in TB5). Higher S
concentrations are associated with elevated EC values (compare Figures 4 and 5), suggesting a link
to pyrite formation. The H/C and O/C ratios of the peat samples from four cores, plotted on a Van
Krevelen diagram [40], indicate consistency with peat characteristics and suggest a transition towards
more recalcitrant organic matter (Figure 6).

Table 2. CHNSO data from the samples of the Labu peatland (daf: dry-ash free basis; -: below detection limit).

C H N S (0] H/C o/C C/N
Site/ | Depth
Lithology (wt.% (wt.% (wt.% wt.% (wt.% atomic atomic atomic
Core | (cm)
daf) daf) daf) daf) daf) ratio ratio ratio
0-5 Peat 49.86 5.68 3.13 0.31 41.02 1.37 0.62 18.57
Peaty mud/
5-14 36.30 4.28 4.08 34.24 21.10 1.42 0.44 10.38
Clayey mud
Peaty mud/
14-60 36.68 443 2.83 27.37 28.69 1.45 0.59 15.14
Clayey mud
Peaty mud/
60-80
Clayey mud
TB2 Peaty mud/
80-100
Clayey mud
Peaty mud/
100-127
Clayey mud
Peaty mud/
127-159
Clayey mud
159-178 Clay
178-195 Clay
0-25 Peat 56.98 6.72 2.48 0.39 3343 1.42 0.44 26.81
25-50 Peat 61.24 6.08 0.95 1.40 30.33 1.19 0.37 75.21
50-75 Peat 51.99 451 0.77 2.44 40.29 1.04 0.58 78.61
TB5 | 75-100 Peat 56.46 5.50 0.47 4.60 3297 1.17 0.44 140.15
100-133 Peat 51.00 5.23 0.58 6.37 36.82 1.23 0.54 102.59
133-150  clayey mud
150-175
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175-200 Alternations
200-225 of clayey mud
and fine
225-250
detrital mud
300-320 Clay
8-30 Peat 51.77 5.29 1.30 0.26 41.38 1.23 0.60 46.54
30-50 Peat 49.81 4.69 0.95 0.99 43.56 1.13 0.66 60.96
50-75 Peat 46.40 4.56 0.78 3.23 45.03 1.18 0.73 69.41
75-100  Peaty mud 41.17 4.39 0.72 5.96 47.76 1.28 0.87 66.70
oo 105-130 Clayey mud
130-150 Clayey mud
230-250 Clay
490-520 Clay
0-25 Peat 59.69 5.92 2.20 1.76 30.42 1.19 0.38 31.61
25-50 Mud 88.28 - 1.45 1.38 8.88 - 0.08 70.81
50-78 Mud 63.47 - 0.95 1.86 33.72 - 0.40 78.02
TB10
78-91 Mud 60.13 - - 7.48 32.39 - 0.40 -
91-102  clayey mud
120-140 Clay
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Figure 5. The C, H, N, S contents along the TB6 and TB5 peat cores (o:value below detection limit). Lithologies

are the same as in Figure 2.
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Figure 6. Van Krevelen [40] diagram plotting atomic H/C ratio against atomic O/C ratio for the Labu peat
samples.

Trace element bulk geochemical analyses were conducted on peat samples from the 100-133 cm
interval of core TB5 (highest EC = 2630.0 uS/cm) and the surface sample (0-25 cm; EC = 92.9 uS/cm)
for comparison. The surface sample contains lower amounts of As, B, Cd, Co, Cr, Cu, Mg, Mo, Na,
Ni, Pb, Sb, U, V, Y, and Zn than the deeper sample (Table 3). The Post-Archean Australian Shale
(PAAS)-normalised rare earth element (REE) pattern of the 100-133 cm sample is richer in total REE
compared to the 0-25 cm sample. Both specimens demonstrate bell-shaped normalised patterns with
middle REE (MREE) enrichments (Figure 7). Such patterns are typically observed in peaty or organic-
rich sediments [41-43] or phosphate-rich deposits [44,45]. X-ray diffractograms reveal no evidence of
phosphatic minerals, indicating that the REE signatures in both the 0-25 cm and 100-133 cm
specimens are primarily governed by their organic matter, which stronger complexes MREE and
forms highly stable organic complexes [41-43].
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Figure 7. PAAS-normalised REE profiles for two sediment samples from core TB5, collected at depths of 0-25
cm and 100-133 cm (? are values below detection limits). The deeper sample (100-133 cm) exhibits higher total
REE contents. Both profiles display concave-down patterns, indicative of REE influence by organic matter.

Table 3. Trace element contents (on dry basis) of peat samples obtained from 0-25 cm and 100-133 cm depths
from core TB5 (-: below detection limit). The average composition of the upper continental crust is provided after
McLennan [46] and Wedepohl [47]. Ceanom: PAAS-normalised logio[3Cen/(2Lan + Ndn)].

Eleme Detectio 0-25 100-123 McLenna Wedepo Un Detectio 0-25 100-123 McLenn Wedepo
Unit Element
nt n limit cm cm n (2001) hl (1995) it nlimit com cm  an (2001) hl (1995)
0.00 0.31 PP 0.
Ti  wt. % - - 041 Mo 0.01 5.7 15 14
1 17 m 17
0.3 0.8 7.74 pp
Al wt. % 0.01 8.04 Nb 0.1 - - 12 26
1 1 40 m
0.3 1.4 3.08 pp 0. 17
Fe wt % 0.01 3.50 Nd 0.02 26 25.9
2 6 90 m 77 1
0.0 0.1 1.35 pp 3 12.
Mg wt. % 0.01 1.33 Ni 0.1 44 18.6
5 1 10 m 2 8
0.0 2.94 pp 2.
Ca wt% 0.01 0.2 3.00 Pb 0.1 8.5 17 17
7 50 m 2
0.00 0.0 0.0 2.56 PP 0.
Na wt. % 2.89 Pr 0.1 0.3 7.1 6.3
1 16 3 70 m 1
0.0 0.0 2.86 PP 0.
K wt% 0.01 2.80 Rb 0.1 7.9 112 110
1 9 50 m 6
0.00 0.0 0.0 0.06 pp 0.00 0.0 0.00
P wt% 0.07 Re -
1 47 07 65 m 1 04 04
0.09 pp 0.1
S wt% 1 - 3 Sb 0.02 - 0.2 0.31
53 m 5
0.00 0.0 0.0 0.05 pp
Ag  ppm 0.05 Sc 0.1 - 1.8 13.6 7
2 21 28 5 m
pp 0. 0.08
As  ppm 0.1 0.7 3.1 15 2 Se 0.1 0.2 50
m 2 3
PP 0.
B ppm 1 2 5 15 17  Sm 0.1 0.6 4.5 47
m 2
pp 0. 0.2
Ba ppm 0.5 8.3 8.5 550 668 Sn 0.05 5.5 2.5
m 07 9
PP 21 13.
Be ppm 0.1 0.1 0.2 3 3.1 Sr 0.5 350 316
m 9 3
0.1 0.12 pp
Bi  ppm 0.02 - 0.127 Ta 0.05 - - 1 15
5 3 m
0.0 0.0 0.10 pp
Cd ppm 0.01 0.098 Tb 0.1 - 0.1 0.64 0.5
2 5 2 m
1.2 2.4 pp 0.0
Ce ppm 0.01 64 65.7 Te 0.02 -
1 1 m 4
PP
Co ppm 0.1 0.8 5.6 17 11.6 Th 0.1 - 1.3 10.7 10.3
m
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pp 0.0
Cr ppm 1 3 9 83 35 Tl 0.02 - 0.75 0.75
m 8
0.0 1.1 PP
Cs  ppm 0.02 4.6 58/ Tm 0.1 - - 0.33
9 5 m
24. PP 0.
Cu  ppm 0.2 3.9 25 14.3 u 0.1 4.9 2.8 2.5
6 m 8
PP
Dy ppm 0.1 0.2 0.5 35 2.9 \% 1 4 14 107 53
m
PP
Er ppm 0.1 - 0.2 2.3 W 0.1 - - 2 1.4
m
pp 0. 1.9
Eu ppm 0.1 - 0.2 0.88 0.95 Y 0.01 22 20.7
m 64 1
0.3 2.3 pp
Ga ppm 0.02 17 14 Yb 0.1 - 0.1 22 15
3 6 m
PP 14 21.
Gd ppm 0.1 04 0.7 3.8 2.8 Zn 0.1 71 52
m 7 5
pp 0.
Ge ppm 0.1 - - 1.6 1.4 Zx 0.1 0.4 190 237
m 2
PP 3.
Hf ppm 0.1 - - 5.8 58/ Au 0.5 6.2 1.8
b 3
PP 33
Ho ppm 0.1 - - 0.8 0.62 Hg 10 50
b 0
0.06 0.2
In ppm 0.02 - - 0.05 Th/U -
1 7
2 15
La ppm 0.5 0.7 0.9 30 32.3| Sr/Ba
64 6
Li  ppm 0.1 0.3 7.5 20 22| Ceanom -0.11  -0.03
(Cu+Mo)/
Lu  ppm 0.1 - - 0.32 0.27 0.28 1.41
Zn
Authigeni
Mn  ppm 1 17 22 600 527 0.78 4.47
cU

4.4. Mineralogical Composition

Mineralogical determinations were performed on six substrate samples from various depths in
cores TB5, TB4, and TB2 (Table 4). Quartz is the dominant mineral phase, with subordinate muscovite
and illite present in all carbonaceous and substrate sediments of the Labu Basin. Pyrite was identified
in the clayey mud from TB5 and TB2, particularly in samples with elevated EC values. Mineral phases
are consistent across cores and ages, indicating stability from past to present.

Table 4. Summary of the mineral phases obtained from XRD analysis from the samples of the Labu cores.

Core Depth (cm) Lithology Minerals
TBS 225-250 Clayey mud/Clay quartz, muscovite/illite, pyrite
300-320 Clay quartz, muscovite/illite, pyrite
TB4 10-30 Clay quartz, muscovite/illite
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30-70 Clay quartz, muscovite/illite
TB2 100-127 Clayey mud quartz, muscovite/illite, pyrite
127-159 Clayey mud quartz, muscovite/illite, pyrite

4.5. Radiocarbon Dating

Radiometric results from two samples, one from TB5 (123-133 cm) and one from TB10 (69-78
cm), are detailed in Table 5. The TB5 sample, from the lowest peat layer, yielded an age of 2,534 + 170
years cal BP (20), whereas the TB10 peaty mud sample yielded 1,715 + 103 years cal BP (20). These
results suggest that organic clayey mud and clay sediments at TB5 began accumulating well before
2,500-2,600 years BP, consistent with Middle Holocene deposition. In contrast, the thinner organic
layer beneath the dated layer at TB10 indicates later sediment accumulation, likely well into the Late
Holocene.

4.6. Palaeontological and Palynological Observations

A few tens of foraminiferal taxon Elphidium craticulatum were recovered from core TB6,
including several well-preserved individuals and others with poorly preserved, abraded shell
surfaces (Figure 8).

Figure 8. Foraminifera species Elphidium craticulatum from the peat substrate of TB6; scale bar is 1 mm.

A preliminary palynological study was conducted to support palaeonvironmental
interpretations. Pollen analysis from TB4 core yielded a total 12 identifiable taxa. The assemblage
comprised both pollen and spores with preservation ranging from well-preserved specimens to
poorly-preserved forms containing pyrite infills (Figure 9). Among the well-preserved taxa,
Rhizophora-type pollen was the most common (6 specimens), followed by Palaquium (4 specimens),
Durio (2 specimens), and Pandanus (2 specimens). Rare occurrences (fewer than one specimen each)
included pollen from Chenopodiaceae, Leguminosae, Elaeocarpus, Phyllanthus and Salix. Spores were
consistently present throughout the samples, represented by Spore indet. 1, Spore indet. 2, and
Lygodium spores.
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Figure 9. Documentation of pollen under light microscope extracted from the sandy silt layer of TB4 core: 1-
Rhizophora sp., 2- Palaquium sp., 3- Durio sp., 4 - Pandanus sp., 5a- Leguminosae, 5b- Salix sp., 6- Phyllanthus sp.,
7- Elaeocarpus sp., 8- gen. indet. within Chenopodiaceae, 9a- Spore indet. 1, 9b- Spore indet. 2, and 10- Lygodium

spore. The scale bars are 10 pm.

Table 4. Trace element contents (on dry basis) of peat samples obtained from 0-25 cm and 100-133 cm depths

from core TB5.

Model Model

Depth Radiocarbon
Sample Dated . orC date date
Core . interval date
type material (%0) (1o cal (20 cal
(cm) (years BP)
BP) BP)
Plant 2,698 — 2,704 —
TB5 Peat ] 123-133  -29.16 2,454 + 30
remains 2,373 2,363
Peaty Plant 1,736 — 1,818 -
TB10 ] 69 — 78 -29.69 1,807 + 30
mud remains 1,631 1,612

5. Discussion
5.1. Peatland Type in Labu

Peat often begins accumulating in a topogenous mire (fen), thus being characterised by relatively
higher ash yield compared to ombrogenous (bog) peat [8,48]. In humid climates, an ombrogenous
mire (bog) may subsequently develop over the fen peatland. As the bog is supplied solely by meteoric
precipitation, its ash yield is lower and thus, the organic matter content (and in turn, its carbon
content), and moisture are higher compared to those in the fen peat. Globally, the transition from fen
to bog peat is gradual, i.e., intermediate depositional conditions prevail between the topogenous and
the ombrogenous stages, resulting in the accumulation of peat with transitional features (transitional
mire).

Peat and other carbonaceous sediments in the coastal Labu Basin are sporadic, forming
discontinuous isolated pockets within the surrounding Holocene inorganic sediments (Figures 1C
and 3). This interpretation aligns with our field observations and drilling data from the SOAS Bridge
construction, which, despite some data gaps due to core losses, reveal peat layers intercalated with
inorganic sediments, particularly along the bridge’s southern edge (Figure 1C). In all drilled peat
pockets, organic matter deposition begins with clayey mud, occasionally followed by peaty mud, and
ultimately overlain by peat layers. The lower peat layers of TB6 and TB5, the thickest drilled sites,
exhibit relatively high ash yields (31.2-50.0 wt.%), indicating substantial inorganic material influx;
only the top 30 cm (in TB6) and 25 cm (in TB5) of the cores show a drastic decrease in ash yield (Figure
3). Higher sulphur contents in the lower levels of the peat are associated with the presence of pyrite
(Table 4). The combination of high ash yield and elevated electrical conductivity (Table 1) supports
the minerotrophic character of the mires, which developed on the clayey substrate dominated by fine-
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grained quartz, suggesting that the Labu peat pockets accumulated in several small, isolated
topogenous mires. Organic sediment accumulation began at different times across the peat pockets,
as evidenced by the varying initiation dates in TB5 and TB10, which are thought to represent distinct
depositional sites. The general upward increase in carbon content, accompanied by a rapid decrease
in ash yield and the sulphur depletion are consistent with limited nutrient supply from minerals in
TB5 and TB6 cores, the two thickest peat sections of the studied transect (Figure 5). This, along with
a slight increase of pH in the topmost layers (Figure 4), support the interpretation that a local
transition to ombrogenous peatlands occurred only within the last 250-300 years BP. The observed
upward increase in nitrogen is likely linked to biological fixation and atmospheric accumulation near
the surface (Figure 4).

5.2. Holocene Dynamics

The Brunei Bay area receives substantial sediment input from the combined discharge of the
modern Limbang, Temburong (including its tributary Labu) and Trusan Rivers, which along with
the Padas River, transport sediments into the Champion Delta in the bay [20]. The interplay of these
river systems contributes to the dynamic sedimentary environment of Brunei Bay, shaping both
coastal geomorphology and sediment distribution patterns. Organic sediment deposition was largely
facilitated by the region’s gentle relief and minimal elevation variations in the Temburong area. The
aquifer of the broader region is exposed in ephemeral ponds and rivers and the region is frequently
flooded by rainwater leading to groundwater upwelling. Telmatic conditions and peat formation
were apparently favoured in depressions where stagnant water persisted, forming the observed peat
pockets.

Peatland formation in Labu began in various pockets between the Middle Holocene (TB5 at a
depth of 280 cm) and the Late Holocene (TB10 at a depth of 100 cm). This timing aligns with the onset
of most SEA peatlands between 3,500 and 6,000 years BP, following sea level stabilisation [6,45,49].
Assuming nearly constant accumulation rates up to the surface, radiocarbon data (Table 5) allowed
us to calculate consistent average accumulation rates of 0.51 mmy/a for TB5, and 0.43 mm/a for TB10.
These slow accumulation rates in the Labu Peatland are comparable to those reported from nearby
synchronous topogenous peatlands in SEA, including Ulu Mendaram (2,776 years BP; average
accumulation rate 0.67 mm/a) in western Brunei Darussalam [9], Bacho Swamp (2,400 years BP;
average accumulation rate 0.83 mm/a) in Thailand [50], and Barambai Peatland (2,350 years BP;
average accumulation rate 0.43 mm/year) in South Kalimantan [51]. Several studies report a declining
trend in peat accumulation rates across SEA from the Mid- to Late Holocene, attributed to increased
El Nifio-Southern Oscillation activity and a relatively drier climate [7,52].

Electrical conductivity values vary along the core depths in Labu, reflecting environmental
shifts. EC values up to 400 puS/cm typically indicate freshwater sediments, while ranges between 400
to 1,200 uS/cm and 1,300 to 3,000 puS/cm indicate brackish-water and marine sediments, respectively
[53]. Core profiles show consistent trends, starting with low values at the base and increasing
upward. The occurrence of foraminifera Elphidium craticulatum further supports the interpretation of
a brackish palaeoenvironment, specifically within estuarine settings. Bottom environments of
estuaries, lagoons and bays are typically organic-rich and oxygen-depleted, conditions that are often
reflected in the composition of their foraminiferal assemblages. In many estuaries, high primary
productivity coupled with stratification between freshwater and saline waters enhances organic
enrichment of sediments and contains oxygen depletion in bottom waters, creating habitats
favourable to tolerant benthic taxa [54]. The genus Elphidium (family Elphidiidae) is particularly
characteristic of such environments and is associated with brackish to hypersaline conditions where
organic accumulation and low-oxygen conditions prevail [55]. In the TB6 core, the occurrence of
abraded specimens of Elphidium craticulatum suggests transport or reworking in a high-energy
environment, in particular associated with interconnected tidal channels or estuarine margins. Their
presence beneath the peat horizon therefore marks an earlier phase when the Labu Basin was still
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subject to marine influence, preceding the progressive infilling and hydrological shift that facilitated
the transition to freshwater peatland development during the Middle Holocene.

However, the low EC values likely suggest that this environment was dominated by terrestrial
sediment infill and hydrological isolation due to erosion. The onset of carbonaceous sedimentation
in TB5 at 280 cm depth during the Middle Holocene coincides with a marked EC increase to 1,693
uS/cm, indicating the emergence of a brackish environment. This is consistent with documented
Middle Holocene Sea level rise [56-59]. Maximum EC values (up to 2,630 uS/cm) occur consistently
at 80-130 cm depth in the cores (Figure 4), suggesting the persistence of this regime and the probable
development of coastal peatland. These depths correspond to a calculated age of approximately
2,400-2,600 years BP, based on radiocarbon dates and calculated accumulation rates (Table 5).
Subsequently, EC declines again upwards, reaching low levels in the top 50-60 c¢cm, which
corresponds to an age of approximately 1000-1300 years BP, consistent with the present-day river-
dominated environment.

The diverse pollen assemblage supports a coastal or estuarine mangrove palaeoenvironment,
adjacent to lowland tropical rainforest and possibly wetlands. Rhizophora sp. pollen in sandy silt
sediments indicates a coastal mangrove setting [60-62], while Durio sp. and Palaquium sp. are
associated with mire forests [60,62], suggesting proximity to a coastal mangrove region [60].
Additionally, Pandanus sp. indicates freshwater influence, further supporting this interpretation.
Minor contributions from Dipterocarp pollen such as Salix sp., Phyllanthus sp., and Elaeocarpus sp.,
imply influence from distant Dipterocarp forests, consistent with fossil records from Miocene
deposits in the area [38]. The low pollen frequency and widespread abrasion marks, further support
this interpretation, as river transport causes pollen abrasion.

5.3. Geochemical Signatures and Indices

Geochemical analyses were conducted on peat specimens from two depth intervals of core TB5:
0-25 cm (EC = 92.9 puS/cm) and 100-133 cm (EC = 2630.0 puS/cm). Both samples exhibit trace element
values significantly lower than the average upper continental crust (Table 3). This is attributed to the
low mineral matter in these organic sediments, which typically accommodate trace element
abundances. In addition, the predominance of quartz in the ash yield significantly dilutes trace
element concentrations. Trace elements are commonly used as indicators of environmental
conditions in organic sediments. Elements such as As, B, Cd, Co, Cr, Cu, Mg, Mo, Na, Ni, Pb, Sb, U,
V, Y, and Zn are particularly indicative of marine-influenced environments [63-66]. It has been
proposed that Rb, Cs, Ga, Cr, Sc, Th, and possibly Nb are primarily controlled by detrital minerals.
In contrast, V, Cu, U, Sn, Y, and Li generally exhibit concentrations above detrital levels and are thus
influenced more by organic matter, making them more reliable indicators of the depositional
conditions [65]. In our study, the 100-133 cm sample displays 2-30 times higher concentrations of all
aforementioned index elements than the 0-25 cm sample (Table 3). However, interpretations based
solely on individual trace element variations can be ambiguous due to their differential behaviour in
brackish-water settings, and the effects of sediment reworking and post-depositional processes, such
as leaching and enrichment [67]. Moreover, the higher mineral matter in the 100-133 cm interval likely
contributes to its elevated trace element concentrations. Therefore, we propose that element ratios
may offer more reliable insights into the palaeoenvironment of Labu peatland.

Several immobile elements under low temperatures, such as Th and Ga, are typically associated
with terrestrial sediments and are easily enriched in clay minerals and/or organic matter. In contrast,
U is highly mobile under near surface conditions and can be readily oxidised and leached. All these
elements are depleted in the near-surface peat sample (Th below detection limit, Ga =0.33 ppm, U =
0.8 ppm) compared to the 100-133 cm peat sample (Th =1.3 ppm, Ga=2.36 ppm, U=4.9 ppm). Under
low pH conditions, Th becomes highly mobile, either as adsorbed species on organic ligands or as
free Th* ions (predominant at pH < 3) or as hydroxo-complexes (predominant at pH between 3 and
4.5), which explains its depletion in both samples, which have pH values of 3.8 and 2.3, respectively
[68]. At surface conditions, uranium typically exists in its soluble, oxidised U form, accounting for
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its depletion in the 0-25 cm sample. In contrast, the higher U concentration in the 100-133 cm sample
suggests the presence of tetravalent U*, which is relatively insoluble, indicating that reducing
conditions prevailed during deposition.

The “authigenic uranium” (= total U — Th/3) content [69] has been proposed as an index of
bottom-water anoxia in sedimentary sequences. The higher “authigenic uranium” value in the 100-
133 cm sample further supports the establishment of anoxic conditions at that depth, around 2,400-
2,600 years BP. Similarly, the (Cu + Mo)/Zn ratio is used to assess bottom-water oxygenation, with
increasing values reflecting reducing conditions [70,71]. Under anoxic conditions and in the presence
of H2S, Cu precipitates more readily than Zn due to differences in their solubility products of their
sulphides. Molybdenum is included in the numerator due to its abundance in sediments deposited
under H:S-bearing waters. The higher (Cu + Mo)/Zn ratio in the 100-133 cm sample (1.41) compared
to the surface sample (0.28) aligns with the interpretation of anoxic conditions in the deeper level.

Because REEs are largely controlled by organic matter in the two specimens, they serve as
reliable indicators in Labu peat. Fractionation of Ce relative to the rest REE has been documented as
a proxy for environmental conditions and redox states in sedimentary regimes. Negative Ce
anomalies are typically observed in marine and oxidising environments where Ce* is converted to
the less soluble Ce** [72,73]. The calculated Ce anomaly value (Ceanom =1og [3Cen/(2Lan + Ndn)] PAAS-
normalised [72] is more negative in the 0-25 cm sample (-0.11) than in the 100-133 cm sample (-0.03),
reflecting oxidising conditions near the surface and anoxic-reducing conditions at depth (Table 3). Yu
et al. [74] recommended that Ceanom > -0.1 indicates anoxic-reducing environment, whereas Ceanom <
—0.1 reflects Ce loss under oxidised conditions.

The Sr/Ba and Th/U ratios are effective tools for assessing palaeosalinity (e.g., [66,74]). Sr/Ba
ratios < 0.6 indicate terrestrial freshwater deposition, whereas ratios >1 suggest marine brackish water
deposition. The modern Labu Peatland lies essentially on the deltaic plain of the Temburong River
and its tributary, the Labu River (Figure 1), therefore it is subject to regular tidal episodes and
seawater intrusion. This explains the high Sr/Ba ratio (2.64) of the 0-25 cm sample. Likewise, the
deeper 100-133 cm sample shows Sr/Ba = 1.56 also suggesting its brackish water influence. Studies of
detrital shale environments suggest that Th/U ratios >7 indicate terrestrial freshwater deposition,
values between 2 and 7 suggest brackish transitional facies, and Th/U < 2 reflect marine brackish
water depositions [75,76]. The very low Th/U ratios in both samples support the interpretation of a
brackish water influenced environment in Labu. In the 0-25 cm sample, Th is below the detection
limit, however, a maximum Th/U ratio of 0.13 can be inferred by assuming the Th concentration
equals its detection limit (0.1). This inferred ratio is even lower than the Th/U ratio observed in the
100-133 cm sample (Table 3).

5.4. Palaeoenvironmental Considerations

The high EC observed at the anoxic and reducing site of the 100-133 cm sample likely reflects
elevated porewater salinity. The relative enrichments of Th and U in the 100-133 cm sample (Table 3)
are consistent with these higher EC values and increased porewater salinity [77-80], as both elements
are typically enriched in seawater due to their higher ionic strength [81-83]. The more anoxic and
relatively more saline conditions at depth compared to the modern 0-25 cm specimen suggest a
deeper regional environment during the Middle Holocene. In contrast, the shallow modern specimen
reflects present-day conditions, oxidised, well-flushed and characterized by lower dissolved ion
concentrations (very low EC), consistent with aerobic conditions. These interpretations indicate that
the 100-133 cm sample, dated 2,400-2,600 years BP, corresponds to a restricted estuarine regime, likely
stagnant, and enriched in dissolved ions. This may reflect conditions typical of confined lagoonal
settings or oxbow lakes within the lower delta of the river system.

However, boron values in this context are generally low and fall below the typical lower
threshold of 50 ppm for brackish-water sediments [84]. Although B is often considered a reliable
palaeosalinity indicator, similar deficiencies have been observed in other marine sediments,
attributed to dilution by terrigenous materials transported by rivers [64]. The quartz-dominated
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composition of the inorganic mineral matter in the peat clearly indicates a terrestrial source, which
may have diluted the boron signature. An alternative hypothesis suggests that boron typically
adsorbs onto clay minerals. Given the limited presence of such minerals in our samples and the very
low pH measured in Labu peat samples it is plausible that boron was leached out [85].

It is therefore postulated that rising sea levels likely triggered a transition from freshwater to
brackish conditions in the Labu Basin during Middle Holocene (Figure 10). This transition is marked
by the increase of EC from the bottom upwards in several boreholes (TB2, TB5, TB6 and TB10; Figure
4). During the Middle to early Late Holocene, Labu Peatland developed within a continuously
evolving environment. High EC values support the hypothesis that from Middle Holocene to
approximately 1,000 years BP, Labu Peatland was evolving in a brackish-water setting, likely an
estuarine. We propose that a lower delta regime became established between ~2,500 and 1,700 years
BP, aligning with earlier reports of sea-level rise during this period [86]. However, this interpretation
conflicts with studies suggesting continuous sea regression following a maximum level reached ~
4,500-6,000 years BP [56-59]. This discrepancy underscores the urgent need to enhance the resolution
of relative sea level records and palaeoclimatic proxies for the Late Holocene in the region.
Subsequent seawater retreat (~1,300-1,000 years BP) enabled the development of a subaerial
environment, likely representing an upper delta setting dominated by river floodplain processes
around the Labu Peatland (Figure 10). This transition favoured an ombrogenous phase only within
the last 250-320 years BP. The modern anastomosed river system observed today serves as a proxy
for past conditions where local disruptions in peatland formation resulted in the formation of isolated

peat pockets.
T8B! T8B! T8B!
m TBI 'ra
Mid Holocene ~2,500 to 1,700 years BP ~1,300-1,000 years BP to present
Estuarine (Stage 1) Lower Delta (Stage 2) Upper Delta (Stage 3)

Figure 10. A proposed model for the palaeoenvironmental evolution of Labu Peatland: (A) An estuarine
environment established in the Labu Basin during Middle Holocene related to sea-level rise; (B) continuous sea-
level rise established a lower delta setting in the Labu Basin between approximately 2,500 and 1,700 years BP;
(C) despite sustained elevated sea levels, significant delta propagation occurred, resulting in the retraction of

seawater from the region and the establishment of an upper delta system, analogous to present-day regime.

5.5. Global Context and Climatic Influence

Globally, significant climatic fluctuations have influenced coastal environments and peatland
development throughout geological time. The Holocene epoch, beginning approximately 11,700
years BP, was marked by elevated temperatures due to high solar radiation and melting ice sheets,
resulting in higher sea levels than those observed today [59,87]. During the Early to Middle Holocene
(ca. 10,000 to 5,000 years BP), models suggest that maximum sea levels reached 2-5 m above present
levels around 5,000-6,000 years ago [57-59]. These conditions likely facilitated the landward
migration of mangrove mires and the evolution of coastal peatlands in SEA [17,52,60], including Ulu
Mendaram in west Brunei Darussalam [9]. This warm period aligns well with our interpretation of
Labu transitioning into an estuarine environment during the Middle Holocene (Figure 10A). Elevated
temperatures and sea levels persisted during the Middle to Late Holocene, remaining approximately
2.5-3 m above current mean levels (see Figure 4 in [88] and Figure 5 in [8]). This supports our
interpretation of Labu Peatland evolving into a lower delta environment between 2,500 and 1,700
years BP (Figure 10B). As sea levels gradually regressed, the environment transitioned to a
freshwater-dominated, upper delta setting, similar to present-day conditions, around 1,300-1,000
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years BP (Figure 10C). A typical ecological transition in SEA involves the replacement of mangrove
forests by mire forests, exemplified on Borneo Island by the presence of Shorea albida [12,48,89].

As global temperatures declined approximately between 1,800 and 1,600 years BP [90], climatic
downturns led to reduced sea levels. During this period, sea levels fell to approximately 1.5-2 m
above present levels [8,88]. The combination of relatively drier conditions and elevated sea levels
contributed to the establishment of a brackish environment within Labu Peatland. To explain the
retraction of seawater in Temburong and the shift towards a freshwater environment despite high
sea levels, significant delta progradation must be considered. This shift occurred as river influence
intensified and sediment input exceeded available accommodation space, a low accommodation-to-
sediment supply ratio, resulting in rapid infilling and basinward shoreline migration (Figure 10C).
This phenomenon parallels findings in the Baram Delta west of Brunei Darussalam, where high
sediment input rates led to outward delta extension despite relatively high sea levels (1.5 to 2.5 m
higher than present) around 3,000 years BP [91,92], and in the older Kalang River system in Singapore
between 9,500 and 7,200 years BP [93]. Such dynamics underscore the pivotal role of sedimentary
processes in shaping the ecological landscape of Labu.

6. Conclusions

The study of Labu Peatland reveals a complex interplay between sediment dynamics,
hydrological and climatic factors, which affected the depositional environment. Characterised by
deposition in discontinuous pockets, the Labu Peatland exhibits accumulation rates ranging from
0.43 to 0.50 mm/year, consistent with patterns observed in other synchronous Southeast Asian coastal
peatlands. The evolution of Labu Peatland reflects significant environmental shifts from brackish
conditions during Middle Holocene, to a lower delta environment approximately 2,500 and 1,700
years BP. A new transition around 1,300 to 1,000 years BP marks a shift to an upper delta
environment, likely driven by enhanced delta progradation and changing sedimentary processes.
Additionally, evolution indicates a transition from a topogenous to an ombrogenous stage
approximately 250-320 years BP.

Overall, these findings suggest that Labu Peatland has undergone dynamic evolution influenced
by geological processes and climatic variations. The inferred environmental shifts underscore the
critical role of climatic conditions during the Holocene in shaping the peatland’s development.
Consequently, Labu Peatland serves as a valuable palaeoclimatic archive, capturing the impacts of
historical temperature fluctuations and sea-level changes. The insights gained from this study
enhanced the understanding of mire and peatland formation and its responses to environmental
changes, highlighting the importance of such ecosystems within global climate dynamics. As a critical
piece of the geological puzzle in Borneo and Southeast Asia, Labu Peatland contributes to our
understanding of tropical peatland dynamics in the region. This research enriches local knowledge
and provides essential data that can inform regional conservation strategies aimed at preserving
these irreplaceable ecosystems amidst ongoing environmental challenges.
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