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  Abstract 

The Cenozoic depositional history of central Sundaland is well known from subsurface studies 
of the numerous basins that litter the region, which record an Eocene to Miocene rift–
inversion basin evolution. However, as is common with offshore studies, these often lack the 
3D spatial observations and sedimentary provenance data required to link depositional 
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environments, sediment pathways, and tectonic events at scale. The benefits of onshore 
analogue studies for understanding offshore stratigraphy are well recorded and they are of 
particular importance in the largely submerged area of Sundaland. Here we provide new facies 
analysis, sedimentary provenance data, and palaeogeographic histories for Eocene to 
Pleistocene sediments from Natuna Island, off the northwest coast of Borneo. Natuna Island 
sits atop the Natuna Arch, a structural high that straddles the East and West Natuna basins. 
This research records a well-preserved source-to-sink package, including an uplifted granitic 
basement that eroded into conglomerates and quartz-rich sandstones deposited in deltaic 
and paralic environments with intermittent volcanism throughout the Cenozoic. U-Pb zircon 
geochronology, heavy minerals, and light minerals record dominantly local sourcing with 
periodic influx of more diverse sources during the post-rift basin interlinkage phase (e.g., 
Peninsular Malaysia and West Borneo). Uplift of the Natuna Arch during two basin inversion 
events since the Eocene has led to the erosion of the granitic basement into a series of 
sandstones and overlying siltstones that now form the lowlands of the island (the Raharjapura 
and Pengadah formations, respectively). These onshore sediments correlate directly in both 
age and sedimentology with Oligocene to Pliocene successions in the West and East Natuna 
basins that flank the island (e.g., the Gabus, Arang, and Muda formations). These 
comprehensive onshore studies provide insights into larger drainage patterns and sediment 
transport pathways along with the linkage of basins and emergence of land at key intervals. 

Keywords:

Sedimentary provenance; Sundaland; Palaeogeography; onshore-offshore correlation; Basin 
evolution

1. Introduction 

Natuna Island is a small Indonesian island located just northwest of Malaysian Borneo (Fig. 1) 
within the South China Sea. Geologically, the island makes up part of Sundaland and the 
Eurasian Plate. The basement of Sundaland is formed of rifted continental fragments of either 
Gondwanan or Cathaysian origin that accreted to the Eurasian Plate throughout the Late 
Palaeozoic to Mesozoic (Hall et al., 2009; Metcalfe, 2009; Hall, 2012; van de Lagemaat et al., 
2024). The overall geology of the island is known from mapping projects undertaken by 
Indonesian geologists in the 1990’s (e.g., Hakim & Suryono, 1994) alongside more recent 
studies of the basement geology (Kausarian et al., 2019; Webb et al., 2023). However, the age, 
depositional style, and tectonic history of the island’s Cenozoic stratigraphy is poorly studied. 
The importance of understanding the geological history of this island is made clear by its 
proximity to several hydrocarbon-bearing offshore basins (e.g., the West Natuna Basin, East 
Natuna Basin, Malay Basin, Sarawak Basin – Pollock et al., 1984; Ginger et al., 1993; Michael 
& Adrian, 1996; Phillips et al., 1997; Maynard et al., 2002; Morley et al., 2003; Doust & Noble, 
2008). Whilst the geology and structure of these basins have been studied using core and 
seismic analysis, their geology is poorly exposed onshore, restricted to a series of isolated 
islands (including Natuna Island). The Cenozoic deposits found in these offshore basins have 
been tentatively correlated with those onshore Natuna (Franchino & Liechti, 1983; Hakim & 
Suryono, 1994) and may provide a better insight into the geological evolution of the island. 
This study aims to define the depositional environments and routing pathways for the 



Cenozoic sediments of Natuna Island through a multi-proxy provenance study before 
correlating this with regional tectonic and depositional models developed from the offshore 
basins. 

2. Geological background 

Throughout the Mesozoic, subduction of either the Palaeo-Pacific Plate (Hamilton et al., 1979; 
Webb et al., 2023) or the newly proposed Pontus Plate (van de Lagemaat et al., 2024) beneath 
eastern Sundaland formed a wide accretionary complex intruded by Cretaceous granitoids 
(Hamilton, 1979; Hall, 2012; Breitfeld et al., 2017; Batara & Xu, 2022; Webb et al., 2023). These 
granitoids and accretionary complexes form the basement of Sundaland, including the Natuna 
Arch (Hamilton, 1979; Webb et al., 2023). The Natuna Arch is a basement high that separates 
the West and East Natuna basins, underlies Natuna Island, and includes the Jurassic Bunguran 
Formation and Cretaceous Ranai Granite basement of the Island (Webb et al., 2023). This 
extended period of subduction, accretion, and extension, along with the basement structures 
that they created have played a key role in the development and evolution of many of the 
fluvio-deltaic basins that have formed in Sundaland since the late Cretaceous (Pubellier & 
Morley, 2014).  

Central Sundaland (including Natuna Island) appears to have been tectonically inactive 
during the Paleocene and Cenozoic rocks were not previously recorded to have been 
deposited until the Oligocene (Pengadah Formation; Hakim & Suryono, 1994). Whilst few 
studies have focussed on the depositional history of these onshore deposits, extensive work 
on coeval deposits in the hydrocarbon-bearing West and East Natuna basins reveals a series 
of marine transgressions, rifting and basin development events, and periods of uplift and 
inversion throughout the Cenozoic (Tjia, 1998; Burton & Wood, 2010).  

Where observed in the West Natuna Basin, these basin formation events, and the 
sediments deposited within have clearly been impacted by larger plate tectonic movement 
(Longley, 1997). Initial Oligocene rifting of the West and East Natuna basins is thought to have 
occurred due to both slab rollback along the Sunda Arc and the extrusion of crustal material 
along strike-slip faults related to the collision of India and Asia (Ginger et al., 1993; Hall, 1996; 
Tjia & Liew, 1996; Matthews et al., 1997; Morley, 2002). Whilst the products of this rifting 
event (half grabens filled with Oligocene alluvial, lacustrine, and fluvio-deltaic deposits of the 
Gabus Formation) are found throughout the West Natuna Basin (Pollock et al., 1984; Ginger 
et al., 1993; Micheal & Adrian, 1996; Phillips et al., 1997; Maynard et al., 2002; Morley et al., 
2003; Doust & Noble, 2008), they appear to be isolated to just the northern section of the East 
Natuna Basin where there is evidence for less rifting having taken place and thinner Oligocene 
deposits (Wongsosantiko & Wirojudo, 1984). Marine incursions were common to both basins 
in the Miocene, this was driven by the onset of thermal subsidence in the West Natuna Basin 
(Pollock et al., 1984; Tjia & Liew, 1996; Matthews et al., 1997; Phillips et al., 1997; Morley et 
al., 2003; Doust & Noble, 2008) and by continued extension in the East Natuna Basin (Tjia & 
Liew, 1996). The Oligocene to Miocene rifting events in both basins developed a series of NE–
SW and NW–SE faults that are also observed onshore Natuna (Hakim & Suryono, 1994; Ginger 
et al., 1996; Tjia & Liew, 1996). Extension ceased in the West Natuna Basin by the middle 
Miocene following the onset of a period of local compression and inversion triggered by the 
counterclockwise rotation of Borneo (Hall, 1996; Tjia & Liew, 1996; Matthews et al., 1997; 
Morley, 2002). Both basins have been tectonically inactive since the late Miocene to Pliocene 



with subsidence and sedimentation of the fluvio-deltaic Muda Formation ongoing into the 
Pleistocene (Tjia & Liew, 1996). 

The geology of Natuna Island itself consists of a pre-Jurassic accretionary ophiolite 
complex, the Jurassic–Cretaceous metasedimentary Bunguran Formation, the Cretaceous 
Ranai Granite, the Oligo-Miocene siliciclastic Pengadah Formation, and the Pliocene 
siliciclastic Raharjapura Formation (Hakim & Suryono, 1994; Webb et al., 2023; Fig. 1). It is 
these Oligo-Miocene and Pliocene deposits, along with the here newly reported Eocene Senua 
Ignimbrite and Pleistocene Bukit Tekol Formation that are the focus of this study. The 
Pengadah Formation is exposed along the northern coast and central spine of Natuna Island 
(Fig. 1a). The formation consists of a basal conglomerate, sandstone, and siltstone (Hakim & 
Suryono, 1994). This basal conglomerate overlies an angular unconformity with the Bunguran 
Formation. The conglomerate is polymictic and contains clasts of quartz, chert, meta-pelite, 
and subordinate igneous rocks, it forms as channels and is poorly sorted. The sandstone is 
medium to well-sorted, contains organic matter, and is calcareous in places. Documented 
sedimentary structures include ripple marks, cross-bedding, and load casts. The siltstone 
displays parallel lamination and occurs as intercalations within the sandstone. The formation 
was likely deposited in a fluvial environment and is up to 300 m thick (Hakim & Suryono, 1994), 
its true age is unknown, but it has been correlated with Oligocene to Miocene formations in 
the West Natuna Basin (e.g., Gabus and Arang formations; Daines, 1985). The Raharjapura 
Formation is mapped across the central and western parts of Natuna Island (Fig. 1a). The 
formation consists dominantly of alternating sandstone and siltstone (Hakim & Suryono, 
1994). The siltstone is dominant in stratigraphically lower sections of the formation and 
contains rootlets and iron-rich nodules. The sandstone occurs throughout and is fine-grained, 
well sorted and is compositionally dominated by quartz with some lithic fragments (including 
of granite – Haile, 1970) and displays ripple-marks. The formation is fluvial and ~150 m thick. 
Stratigraphically, it unconformably overlies the Pengadah Formation (marked by an erosional 
surface) and locally rests unconformably upon garnet peridotites and gabbros of the pre-
Jurassic Natuna Accretionary Complex (NAC; Hakim & Suryono, 1994; Kausarian et al., 2019; 
Webb et al., 2023). A Pliocene age has previously been proposed for the Raharjapura 
Formation (which we use here), based on correlation with offshore sediments in the West 
Natuna Basin (Hakim & Suryono, 1994). However, a more recent study of the East Natuna 
Basin (Indranadi & Djunaedi, 2022) proposed correlation with the Muda Formation that 
records a Late Miocene to Pleistocene age.

3. Methods 

One field season was undertaken to Natuna Island in January 2020. Field observations and 
sedimentary logs were taken along roadside and coastal sections, with samples collected for 
later U–Pb zircon geochronology, light mineral petrography, and heavy mineral analysis. This 
work was conducted to gain a better understanding of the geological history of Natuna Island, 
and to generate data that could be compared with other regional information and datasets, 
including offshore studies. 

3.1. U-Pb zircon geochronology 

Zircon separation was undertaken following crushing and washing of rocks samples using a 
Wilfley table, Frantz magnetic separator, and density separation techniques at Royal Holloway 



University of London (RHUL). Zircons were then mounted and polished in resin stubs before 
imaging using the Hitachi SU900 scanning electron microscope (SEM) at RHUL to identify their 
internal growth zones under cathodoluminescence (CL; Supp. Data File 1). Isotopic data were 
collected using a custom-designed deep-UV RESOlution M-50 193nm excimer laser-ablation 
system coupled to an Agilent 7500ce/cs quadrupole ICPMS at RHUL (see Supp. Data File 2 and 
Müller et al., 2009 for instrument setup and measurement parameters). 

Two secondary zircon standards were used to correct for mass bias, down-hole 
fractionation, and to assess the age accuracy of the unknown data. These standards were the 
Plešovice standard (337.13 ± 0.37 Ma; Sláma et al., 2008) and the TEMORA 2 standard (416.75 
± 0.24 Ma; Black et al., 2004), each of which were measured twice for every ~8–10 unknown 
analyses. No correction for common Pb was made and analyses with discordance > 10% were 
rejected during initial data cleaning. Ages < 1200 Ma are reported using the 206Pb/238U 
system and those > 1200 Ma use the 207Pb/206Pb system (Spencer et al., 2016; Supp. Data 
File 3). Maximum depositional ages were calculated as weighted mean ages based on the 
three youngest overlapping ages, unless otherwise stated (Spencer et al., 2016). Concordant 
data were plotted on kernel density estimates (KDEs) using IsoplotR software (Vermeesch, 
2018) with 50 Ma bin widths and analytical errors for each data point are reported at the 95% 
confidence level. 

3.2. Heavy and light mineral analysis 

During zircon separation half of each sample was set aside prior to magnetic separation for 
heavy mineral analysis. Heavy mineral fractions were extracted from light mineral fractions 
using lithium heteropolytungstate (LST) Fastfloat density separation and mounted on a glass 
slide set in Araldite Resin before optical counting (following Mange & Maurer, 1992). At least 
200 grains were counted for each sample (Supp. Data File 4). Samples selected for light mineral 
analysis were made into thin sections with feldspar staining (staining solutions were sodium 
cobaltinitrite for K-feldspar and a barium chloride and amaranth solution for plagioclase). The 
thin sections were then point counted with 200-400 counts made per sample (Supp. Data File 
5).  

4. Results 

4.1. Fieldwork and petrography 
4.1.1. Senua Ignimbrites 

The Senua Ignimbrite is a new name (resulting from this study) given to a series of crystalline 
tuffs, welded ignimbrites, and secondary volcaniclastic sandstones found on Pulau Senua just 
off the east coast of Natuna Island (Fig. 1a). They have previously been mapped as part of the 
tuffs described in the Bunguran Formation (Hakim & Suryono, 1994), however, the scale and 
composition of these ignimbrites indicate that they represent a significant period of volcanism 
and should therefore be described as their own formation. 

The Senua Ignimbrites are exposed in a series of low cliffs (up to ~20 m high) on the 
east and west sides of Senua Island (Figs 1 & 2). The deposits of the west side of the island 
consist of bedded and welded ignimbrite flows (beds ~10–50 cm thick; Fig. 2a, b). These flows 
contain clasts and fragments of volcanics (fine-grained and grey), volcanic glass (conchoidally 
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fractured, cuspate, and elongate), and banded tuffs (alternating 1–2 cm thick bands of grey 
crystalline tuff and black volcanic glass; Fig. 2b). The clasts are aligned to a N–S flow direction 
and range in size from ~2–20 cm across (Fig. 2b), the matrix of the flows is crystalline and 
medium-grained (containing abundant feldspar). Outcrops of the east side of the island are 
finer-grained without the abundant volcanics clasts and are dominated by interbedded 
welded tuffs and secondary volcaniclastic sandstones (Fig. 2c-g). These deposits are at least 
20 m thick and display alternating packages of thin crystalline or welded tuff (~10 cm thick) 
and secondary volcaniclastic sandstone (~10-50 cm thick). The tuff packages are uniform in 
thickness and typically fine-grained with erosive contacts (Fig. 2c-e), they display flow aligned 
fiamme, trough cross-lamination and parallel laminations (Fig. 2c-e). The secondary 
volcaniclastic sandstones are medium-grained with a bi-modal grain distribution, they are 
felsic in composition and texturally immature containing dominantly angular volcanic quartz 
and poly-crystalline quartz along with subordinate plagioclase, pyroxene, and amphibole (Fig. 
2f). These sandstones display parallel lamination, contain volcanic bombs (well rounded, 
vesicular, and ~5–15 cm across) and have load and flame casts at their contact with the tuffs 
(Fig. 2c). The interbedded tuffs and secondary volcaniclastic sandstones occur in packages ~1 
m thick that are bounded by ~10 cm thick horizons of volcanic glass (Fig. 2g). 

4.1.2. Pengadah Formation 

The Pengadah Formation was observed along the northeastern coast of Natuna Island (where 
up to 100 m of continuous coastal outcrops can be accessed and logged) and southwest of the 
town of Ranai (Fig. 1a: NT20-043, -044, 047). The facies identified in the outcrops and 
sedimentary logs are provided in Supplementary Data Files 6 and 7. The Pengadah Formation 
consists of a series of basal breccias and conglomerates with coeval mudstones, which 
continue up into interbedded orange sandstone and light brown muddy deposits. The 
mudstones represent the basin centre deposits and include sheared and deformed thinly-
laminated dark grey to black muds (beds c. 20 cm thick) intercalated with layers or lenses of 
fine-grained purple arkosic greywacke sandstone (c. 2 to 10 cm thick). The thinly laminated 
muds also contain angular clasts of the purple sandstone (up to 10 cm) that appear to have 
impacted into the muds, leading to downsagging features (Fig. 3a).  

Lateral equivalents to these muds and sands are the basin bounding breccias and 
conglomerates that exceed 100 m in thickness, although the total thickness is not observed in 
outcrop. These outcrop along the east coast of the island surrounding the town of Ranai and 
the Ranai Mountain (the highest point of the island which is composed entirely of the Ranai 
Granite – Fig. 1a). The breccias and conglomerates are well bedded with thicknesses ranging 
from ~10 cm to 2 m. They are dominantly polymictic (locally monomictic) and clasts include 
granite (likely the Ranai Granite), red and white chert (Bunguran Formation), vein quartz, and 
sandstone (of unknown origin – Fig. 3b). The clasts are more angular at the base and become 
more sub-rounded to rounded up section (Fig. 3c), they are consistently sub-spherical to 
bladed in shape and coarsen upwards from ~0.5–5 cm at the base to ~5–10 cm at the top 
(sections up to 100 m thick). The matrix is reddish, coarse-grained, and the component grains 
are sub-angular. The conglomerates are more matrix dominated at the base and more clast 
dominated further up section. 

Stratigraphically above these conglomerates, the Pengadah Formation is dominated 
by intercalated sandstones and mudstones. The base of these sandy deposits is characterised 



by a green sandstone unit (Fig. 3d-f). These sands are medium- to very coarse-grained, and 
contain quartz, lithic fragments, and mica with sub-angular to rounded grains (Fig. 4). These 
green sands display rare bioturbation (with elongate isolated burrows, Cruziana) and 
elongated flame structures (Fig. 3d). They also display, trough, asymptotic, and planar cross-
laminations (with 0.5 to 1 cm laminations; Fig. 3e). The tops of these cross-sets are exposed, 
displaying asymmetric ripples, and giving a palaeocurrent of ~297 W (directly towards the 
present-day West Natuna Basin; Fig. 3e). Towards the top of the green sandstone unit, cross-
bedding becomes rarer and parallel laminations become more common (Fig. 3f). The contact 
between the green sandstone and overlying orange sandstone was logged at two localities 
(NT20-010 and NT20-014; Figs 1 & 5). NT20-010 shows a very coarse orange sand (containing 
quartz, lithics, mica, and rich in organics) immediately above the contact. There is convoluted 
bedding at the base (draped in, and therefore defined, by organic material) and it transitions 
up into trough cross-bedding within the same unit (Fig. 3g). Following this is a thinly laminated 
grey shale, followed by parallel laminated and planar cross-bedded coarse orange sands (Fig. 
3h).  

The contact at NT20-014 is defined by thick packages of intercalated trough cross-
bedded and parallel laminated coarse-grained orange sands (~8 m thick, the internal 
structures range from ~0.5 to 5 cm; Fig. 3f), before giving way to medium-grained orange 
sands displaying symmetrical ripples, trough cross-beds with defined mud drapes along the 
cross-bedded sets, and planar cross-bedded sands with lenses of parallel laminated muds (~5–
10 cm thick; Figs 3f & 6a). Immediately above the contact at NT20-010, a large hill displays a 
well exposed near complete ~120 m section of continuous medium to coarse-grained quartz 
and mica rich orange sands (NT20-012; Figs 1, 4, 6b-c, & 7). The base is comprised of trough 
cross-bedded medium grained sands before transitioning into thick (~40 m) deposits of first 
parallel bedded (~2–3 cm thick beds) and then parallel laminated (~1 cm laminations) lithic-
bearing sands with a break in section of ~30 m in-between (Fig. 7). Towards the top of the 
parallel laminated sands organics are present, as are a series of iron oxide bearing stockwork 
style veins and fractures (Fig. 7).  

Alternating trough cross-beds and parallel beds then dominate (~1–2 cm beds, both 
displaying mud drapes), before transitioning into planar cross-bedding (with rare mud 
drapes), planar cross-laminations (~0.5 cm thick laminations), and ~2 cm thick parallel bedded 
sands at the top of the section interbedded with discrete ~1 cm mud layers (Fig. 6b, c). Further 
up-section, organic material becomes more abundant. Waypoint NT20-013 (Figs 1 & 5) 
displays fossil root systems (rhizoliths) and fossil wood and plant matter (fossil wood is 
extensive and entire tree trunks are preserved, Fig. 6e, f) within a medium-grained, massive 
sandstone. Overlying these are interbedded, thinly parallel-bedded medium sands (2–5 cm 
beds) and muds, which become more common up section (Fig. 5). The sandstone becomes 
fine-grained where interbedded with the muds (sandstone beds ~3–5 cm thick, muds ~1 cm) 
and can occur as ~1 cm thick lenses in the mud. Lenticular, wavy, and flaser laminations are 
all present as are thicker medium-grained sand deposits (~2 m thick) displaying parallel 
laminations (~10 cm thick), discrete trough cross-bedding, and more organic matter (Fig. 6g). 
Finally, at the top of the Pengadah Formation, close to its contact with the overlying 
Raharjapura Formation (Fig. 1a; waypoint – NT20-007), channelised muds and coarse-grained 
to almost conglomeratic sands cut through parallel bedded medium sandstones. The medium 
sands are quartz and lithic rich with a clayey matrix and sub-angular grains (Fig. 6h). 



4.1.3. Raharjapura Formation 

The Raharjapura Formation was observed along the northern coast of Natuna Island, with 
additional outcrops in the centre of the island (Fig. 1a). These outcrops occur in low-lying road 
cuts (no more than 2 m high) and are dominated by interbedded sandstone and 
siltstone/muds. Outcrops along the northern coast (Fig. 1a) immediately overlie the Oligocene 
to Miocene Pengadah Formation and therefore represent the base of the Raharjapura 
Formation. The facies of the Raharjapura Formation are provided in Supplementary Data Files 
6 and 7. These outcrops are dominated by medium- to coarse-grained sandstone, with 
subordinate fine-grained sandstone and intercalations of silt and mud (Figs 8a-d & 9). The 
sandstone is dominated by sub-angular to sub-rounded poorly sorted quartz grains in a muddy 
to clayey matrix. In places the sandstone is coarser and near conglomeratic (although matrix-
supported), extraformational clasts are ~1–5 cm in size and include granite, sandstone, vein 
quartz, and mafic material (along with additional mica, feldspar, and organics in the matrix – 
Fig. 8b). Immediately above the contact with the Pengadah Formation these outcrops are 
channelized; the channels are bound by and cut into interbedded muds and sands and contain 
trough cross-bedded (with mud drapes) and flaser laminated sandstone (Fig. 8c). These are 
followed by parallel laminated sandstones (~2–5 cm thick) and organic-rich muds, which grade 
up into medium- to coarse-grained trough cross-bedded sands (Fig. 8d). Outcrops of the 
Raharjapura Formation towards the centre of the island are stratigraphically older than those 
on the northern coast (Figs 1a & 9). These outcrops are dominated by interbedded muds and 
fine- to medium-grained sands with rare cross-bedding. Thinly laminated (millimetre-scale) 
layers of mud vary in thickness from ~5 cm to 1 m. They sometimes contain lenses of medium-
grained sandstone that transition into lenticular and wavy laminations. Sandstone beds are 
parallel bedded (sometimes displaying mud drapes) ~5 to 50 cm thick and show flaser 
laminations along with thicker lenses and rip-ups from the underlying muds (Fig. 8e-g). 
Bioturbation is present in some of the interbedded muds and sand layers, it is locally extensive 
and belongs to the Psilonichnus ichnofacies (Fig. 8h). Where present, cross-lamination is 
planar and shows mud drapes between cross-sets. 

4.1.4. Bukit Tekol Formation 

The Bukit Tekol Formation is observed in the southwest of Natuna Island close to the 
eponymous Tekol hill and cave (Fig. 1a; waypoints – NT20-056, -057). This formation had been 
previously mapped as part of the Raharjapura Formation (Hakim & Suryono, 1994), however, 
outcrops at NT20-056 and -057 display significantly different lithologies and depositional 
settings than the Raharjapura Formation, this along with a unique U-Pb detrital zircon spectra 
led us to redefine these as the Pleistocene Bukit Tekol Formation. The facies of the Bukit Tekol 
Formation are provided in Supplementary Data Files 6 and 7. The formation is dominated by 
horizontally bedded monomict conglomerates and breccias (Fig. 10). The breccia is well-
lithified and occurs at the base of jagged cliffs composed of the Bunguran Formation cherts 
and is likely still in its original depositional setting relative to the cliffs (Fig. 10a). The breccia is 
monomict and clast-supported consisting only of angular to sub-rounded white chert clasts 
ranging in size from ~5 to 30 cm in size. The outcrop shows a coarsening upwards 
sequence with coarse sandstone at the base, followed by ~15 cm thick beds of gravel-sized 
breccia, then pebble-sized breccia displaying alternating coarsening- and fining-upwards in 
beds ~40 cm thick, before finally coarsening upwards into boulders (Fig. 10e). The 
conglomerate occurs in a channel directly overlying folded white chert of the Bunguran 



Formation (Fig. 10b). The conglomerate contains clasts of both the red and white cherts, the 
ratio of clasts to matrix (coarse sand) is roughly equal. The conglomerate occurs in beds ~1 m 
thick, which fine-upwards from clasts ~3–5 cm in size, to ~1–2 cm, and finally into coarse sand. 
The beds of conglomerate are separated by ~10 cm thick beds of thinly laminated mud (Fig. 
10b-e). 

4.2. U–Pb zircon geochronology 

Nine Cenozoic samples from Natuna Island were analysed for their detrital zircon age data 
(Supp. Data File 3). These include one sample from the Senua Ignimbrite (NTS20-035), four 
from the Pengadah Formation (NTS20-002, -005, -006, & -010), three samples from the 
Raharjapura Formation (NTS20-001, -003, & -004), and one from the Bukit Tekol Formation 
(NTS20-029).  

4.2.1. Senua Ignimbrite 

Sample NTS20-035 is a secondary volcaniclastic sandstone from the previously un-reported 
and un-dated Senua Ignimbrite. This sample yielded fifty-one concordant ages from eighty-
one analysed zircon grains. These zircons record a detrital spectrum with ages spanning the 
Cenozoic, Mesozoic, Palaeozoic, and Proterozoic (Fig. 11a). The largest individual population 
of ages spans the Early Cretaceous with twenty-one analyses from ~104–145 Ma. The 
youngest age population is from the Late Eocene (~38–43 Ma; n = 3) and the oldest population 
is from the Early Palaeoproterozoic (~2–2.3 Ga; n = 3). Other significant populations include 
the Late Cretaceous (n = 3), the Permo-Triassic (n = 7), and the Late Palaeoproterozoic (n = 7). 
The three youngest Late Eocene ages do not overlap to provide a meaningful weighted mean 
age so in this instance the youngest single concordant age has been taken to record the 
maximum depositional age of 38.5 ± 2 Ma. Whilst using the youngest single age to record 
maximum depositional age can produce inaccuracies compared with the true depositional age 
(e.g., Dickinson & Gehrels, 2009; Coutts et al., 2019), the presence of coeval volcanic activity 
and clustering of Late Eocene ages here suggests that a maximum depositional age of ~38 Ma 
is appropriate. 

4.2.2. Pengadah Formation 

The four samples analysed from the Oligo-Miocene Pengadah Formation all yielded acceptable 
numbers of concordant zircon ages (115 from NTS20-002; 95 from NTS20-005; 80 from NTS20-
006; and 94 from NTS20-010), with all samples displaying comparable detrital age spectra (Fig. 
11b-e). Maximum depositional ages (calculated as weighted mean ages based on the three 
youngest overlapping ages) centre around the Late Cretaceous for all samples with ages of 
72.94 ± 0.75 Ma (NTS20-002), 74.79 ± 0.49 Ma (NTS20-005), 81.20 ± 0.76 Ma (NTS20-006), and 
80.73 ± 0.58 Ma (NTS20-010), in addition samples NTS20-002 and NTS20-010 each contain 
two single Palaeocene ages (ranging from 49 to 65 Ma). All samples are dominated by 
Mesozoic ages (with Cretaceous zircons being the most abundant population), with 
subordinate Palaeozoic ages (specifically the Permian to Carboniferous), and a moderate 
population of Proterozoic ages (with comparable numbers of Neo-, Meso-, and Palaeo-
Proterozoic ages), single Archean ages are also found in samples NTS20-002, -006 and -010. 

4.2.3. Raharjapura Formation 



The three samples from the Pliocene Raharjapura Formation also yielded good numbers of 
concordant zircon ages (104 from NTS20-001; 103 from NTS20-003; and 109 from NTS20-004), 
with broadly similar detrital age spectra to those of the Pengadah Formation (Fig. 11f-h). 
Maximum depositional ages again fall within the Late Cretaceous for these samples with ages 
of 76.33 ± 1.07 Ma (NTS20-001), 76.52 ± 1.06 Ma (NTS20-003), and 86.89 ± 0.51 Ma (NTS20-
004), in addition all samples contain single youngest Palaeocene ages ranging from 46 – 54 
Ma. All samples are again dominated by Mesozoic ages (specifically Cretaceous), subordinate 
Palaeozoic ages, and moderate populations of Proterozoic ages, rare Archean ages are also 
found in samples NTS20-003, and -004. 

4.2.4. Bukit Tekol Formation 

One sample from the Pleistocene Bukit Tekol Formation was analysed for its U-Pb zircon 
spectra, yielding 52 concordant analyses (NTS20-029). The youngest maximum depositional 
age that can be calculated from three overlapping analyses is Pliocene (4.04 ± 0.18 Ma). 
However, four Pleistocene ages (1.13 Ma, 1.37 Ma, 1.70 Ma, and 2.20Ma; Supp. Data File 3) 
are present that whilst not overlapping (due to small errors) do indicate input of younger 
zircons into the sediment and a likely Early to Middle Pleistocene depositional age for the Bukit 
Tekol Formation. This young age is supported by its unconsolidated nature and the fact that 
the formation is still found in its original depositional setting. Overall, the sample is dominated 
by Pliocene ages (4 – 5.2 Ma) with subordinate Miocene, Eocene, Paleocene, Cretaceous, and 
Triassic ages (Fig. 11i). 

4.3. Heavy and light mineral analysis  

Nine sandstone samples from Natuna Island were optically analysed for their heavy mineral 
contents, one from the Eocene Senua Ignimbrite (NTS20-035), four from the Oligo-Miocene 
Pengadah Formation (NTS20-002, -005, -006, -010), three from the Pliocene Raharjapura 
Formation (NTS20-004, -003, -001), and one from the Pleistocene Bukit Tekol Formation 
(NTS20-029; Fig. 12). The Senua Ignimbrite (sample NTS20-035) displays a rather uniform 
heavy mineral assemblage with abundant amphibole, pyroxene, and tourmaline, with 
subordinate zircon, rutile, and spinel. The scarcity of zircon and rutile, and the absence of 
apatite, is reflected in the low ZTR and ATi indices, along with moderate RZi and AmpTi indices 
(Fig. 12). Most samples within the Pengadah and Raharjapura formations contain broadly 
similar heavy minerals with variations in abundance marking differences between the 
formations and samples. Dominant heavy minerals include the ultrastable ZTR minerals 
(zircon, tourmaline, rutile – rutile being the least abundant in most cases), apatite, and 
pyroxene, along with subordinate epidote, titanite, amphibole, and carbonates (Fig. 12). One 
sample from the Pengadah Formation (NTS20-006) contains additional metamorphic heavy 
minerals not observed in the other samples, these include garnet, monazite, andalusite, and 
spinel. NTS20-006 also displays noticeably more rutile and amphibole and noticeably less 
pyroxene and apatite than the remaining samples, this is displayed by marked increases in the 
RZi and AmpTi and decrease in the ATi indices (Fig. 12). The stratigraphically oldest samples of 
the Pengadah Formation (NTS20-005, -006, & -002) contain high proportions of ZTR minerals 
(up to 70%), these minerals decrease in abundance towards the Pengadah to Raharjapura 
Formation boundary (samples NTS20-010 & -004) before increasing again moving up section 
into the Raharjapura Formation (NTS20-003 & -001). This decrease in ZTR minerals is 
accompanied by an increase in the abundance of amphibole and pyroxene and is reflected by 



the ZTR and AmpTi indices (Fig. 12). The abundance of apatite remains consistently high 
throughout most samples (indicated by the ATi; Fig. 12). The Bukit Tekol Formation (sample 
NTS20-029) contained low numbers of heavy minerals such that the 200 grains counted here 
represented almost the entire separate. Despite this the sample shows variety in its heavy 
mineral signature with low abundance of ZTR minerals, high garnet and amphibole, and 
subordinate apatite, monazite, kyanite and carbonate minerals (Fig. 12). The largest 
population in shown as ‘other’ in this instance this represents lithic fragments or clusters of 
Fe-rich chert that have become incorporated into the heavy mineral separate. The scarcity of 
ZTR minerals and abundance of amphibole is reflected in the ZTR and AmpTi indices, 
respectively (Fig. 12).  

Ten sandstone samples from Natuna Island were analysed for light minerals, one from 
the Senua Ignimbrite (NTS20-035) five from the Pengadah Formation (NTS20-002, -005, -006, 
-010, -011), three from the Raharjapura Formation (NTS20-001, -003, -004), and one from the 
Bukit Tekol Formation (NTS20-029). Based on the QFL ternary plot (Dickinson, 1985; Fig. 13) 
all samples plot within the Recycled Orogenic field with varying abundances of quartz, 
feldspar, and lithic fragments (mostly driven by abundant chert clasts in NTS20-029 specifically 
– Supp. Data File 5). The QmFLt ternary plot (Dickinson, 1985; Fig. 13) displays greater 
complexity. Most samples from the Senua Ignimbrite and Pengadah Formation plot within the 
Mixed to Arc Dissected fields (except for NTS20-011 that plots as Recycled Quartzose; Fig. 13). 
In contrast, samples from the younger Raharjapura Formation plot within the Recycled 
Quartzose to Transitional Recycled fields, whilst the youngest Bukit Tekol Formation plots 
within the Lithic Recycled field (again driven by its high lithic chert content; Fig. 13).   

5. Discussion 

5.1. Depositional Environments of Natuna Island

While the data available for the Eocene Senua Ignimbrites prohibit a comprehensive facies 
analysis, what is preserved suggests deposition as contemporaneous welded ignimbrite flows 
and proximal secondary volcaniclastic deposits reworked in a paralic environment (based on 
the nomenclature of Di Capua et al., 2023). This paralic depositional environment is based on 
bi-modal grain size distribution in the quartz-rich sandstone units, cross-laminations in the 
reworked volcaniclastics, and the presence of subaerial to subaqueous volcanic deposits with 
repeated packages of crystalline tuff (subaerial) and volcanic glass, which instantaneously 
formed upon interaction with sea water (Fig. 2). The Pengadah Formation comprises ten 
distinct facies associations (Supp. Data Files 6 & 7), strongly suggesting the primary 
sedimentary deposition is in a terrestrial fluvial setting. Proximal deposits, denoted by facies 
association BC (type locality NT20-007) and the basal breccia and conglomerates (type 
localities NT20-043 & NT20-018, respectively), were deposited within an alluvial to fluvial 
braid plain that incised into a muddy floodplain (type locality NT20-047). Distally, the facies 
transition into basal shallow marine deposits (e.g., NT20-010 & NT20-014), where 
sedimentary logs reveal evidence of an Oligocene marine transgression, with marginal marine 
environments gaining prominence. Here, paralic deposits, including coastal dunes (f.a. PD; 
type locality NT20-012) and tidal flats (f.a. TF; NT20-017), coexist with shallow marine 
deposits comprising shelfal dunes (f.a. SM; type locality NT20-012), and proximal (f.a. DTp; 
type locality NT20-008) to distal (f.a. DTd; type locality NT20-014) delta top channels. This is 
overlain by more mature meandering fluvial systems associated with Early Miocene inversion, 



encompassing the main channel trunk (f.a. MC; type locality NT20-014), longitudinal (f.a. PBl; 
type locality NT20-010) and transverse (f.a. PBt; type locality NT20-017) point bars, and 
floodplain deposits with intermittent sheetfloods (f.a. SF; type locality NT20-013). Following 
the overlying notable, and widespread, Mid-Miocene Unconformity, these marginal marine 
environments persist dominantly throughout the Pliocene Raharjapura Formation (outlined 
with 9 identified facies associations in Supp. Data Files 6 & 7), with occasional fluvial deposits, 
such as braided fluvial channels (f.a. CH; type locality NT20-004) and associated crevasse 
splays and floodplain deposits (f.a. CS; type locality NT20-032). Coeval with this, deltaic 
deposits prevail, including both proximal (f.a. DPp; type locality NT20-002) and distal (f.a. DPd; 
type locality NT20-005) delta plain environments, alongside channelized delta top deposits 
(f.a. DTc; type locality NT20-002) and delta front deposits (f.a. DFc; type locality NT20-005) 
with discernible tidal influence. Overlying this deltaic system, shallow marine deposits further 
exhibit tidally influenced foreshore (f.a. FS; type locality NT20-045) and shoreface (f.a. SF; 
type locality NT20-045) facies, likely associated with an Early Pliocene maximum transgressive 
event that developed following a global sea-level rise and is recorded throughout the offshore 
Middle Muda Formation (Indranadi & Djunaedi, 2022). Following this transgressive event, a 
pronounced Pleistocene regression is apparent, attributed to widespread sea-level drop and 
global glaciation (Ehlers et al., 2018), coupled with localised uplift of the Natuna Arch and 
associated volcanism (this study). Post-uplift, the scant exposure (delineated with only 2 
identified facies associations in Supp. Data Files 6 & 7) of the Bukit Tekol Formation records 
this regression and suggests deposition within highly immature proximal alluvial fans, directly 
shedding from the uplifted basement (evidenced by the presence of extraformational clasts, 
such as vein quartz), alongside local sediment reworking as rip-up clasts. These deposits 
manifest as talus cones (f.a. TC; type locality NT20-056) and alluvial sheetfloods (f.a. AC; type 
locality NT20-057), signifying an extension into the piedmont zone.

5.2. Provenance and palaeo-drainage pathways 
5.2.1. Senua Ignimbrite 

The Senua Ignimbrite was deposited during active volcanism in the Late Eocene (~38.5 Ma) 
either along or outboard of the Natuna Accretionary Complex and extended Lupar Line (Webb 
et al., 2023) in a mixed secondary volcaniclastic-paralic system with regular pulses of 
intermediate volcanism (likely equivalent to the 41 Ma Muller Volcanics of the Kuching Zone, 
the 42.3 Ma Bukit Piring Granite, the 43.3 Ma Arip Volcanic Rhyolite, or tuffaceous sandstone 
of the Bawang Member – Unit 4; Bladon et al., 1989; Hening-Breitfeld et al., 2019). This is 
evident in its detrital zircon signature, which includes peaks in the Paleocene to Eocene, 
Cretaceous, Permo-Triassic, and Palaeoproterozoic (~1.8–2 Ga; Fig. 14e). The Paleocene to 
Eocene ages are also found scattered through samples of the Pengadah and Raharjapura 
formations and likely represent isolated periods of volcanism that occurred throughout the 
Kuching and Miri zones of West Borneo (Bladon et al., 1989; Hening-Breitfeld et al., 2019) and 
provided the ignimbritic material to the Senua Ignimbrites. Cretaceous and Jurassic zircons are 
likely derived proximally from the Ranai Granite and Natuna Accretionary Complex (NAC) on 
Natuna Island to the west (Webb et al., 2023; Fig. 14g), other potential sources of Cretaceous 
zircons are the Schwarner Mountains (Breitfeld et al., 2020b; Fig. 14h) but uplift of the NAC 
following accretionary orogenesis in the Late Cretaceous would act as a barrier to any material 
derived from SW Borneo (Webb et al., 2023). Permo-Triassic zircon ages may be derived from 
either the Mesozoic granitoids of the Malay Peninsula (Sevastjanova et al., 2011; Gillespie et 
al., 2019; Liu et al., 2020) or West Borneo (Breitfeld et al., 2017; Gan et al., 2022; Wang et al., 



2022; Zhang et al., 2022; Fig. 14f), again however, uplift of the NAC would have likely blocked 
delivery of any material from the Malay Peninsula in the West, whilst sediments from West 
Borneo could have travelled along the outboard section of this accretionary orogen in a series 
of fluvio-deltaic systems. Delivery of Permo-Triassic zircons from West Borneo is further 
supported by the presence of a Palaeoproterozoic age peak (1.8–2 Ga) that is regionally 
derived from Cathaysian crust underlying West and North Borneo (Fig. 14f; Breitfeld et al., 
2017). Light mineral analysis further supports this with the Senua Ignimbrite plotting within 
the Mixed Field on the QmFLt supporting its sourcing from both recycled sediments and crust 
of the Kuching Zone in West Borneo and primary igneous sources from the Ranai Granite, NAC, 
and contemporary Paleocene to Eocene volcanism (Fig. 13). Contemporary intermediate 
volcanism is further supported by the abundance of amphibole and pyroxene within the heavy 
mineral signature (Fig. 12), the relatively scarcity in ZTR minerals likely mimics the sources of 
detrital zircon ages and further supporting a mixed secondary volcaniclastic-paralic system 
with input from the Ranai Granite and Kuching Zone, whilst the rare spinel supports minor 
input from ultramafic rocks within the NAC. The Senua Ignimbrites correlate in age (mid to 
late Eocene) with the upper formation of the Ketungau Group (Tutoop Sandstone and Bako-
Mintu Sandstone within the larger Kuching Supergroup of the Kuching Zone; Breitfeld & Hall, 
2018) and Unit 4 of the Rajang Group (Sibu Zone). The Rajang Group are deepwater turbidites 
sourced from the Schwarner Mountains and West Borneo basement with Unit 4 comprising 
more proximal shallow marine deposits intercalated with the Arip Volcanics (Galin et al., 2017; 
Hennig-Breitfeld et al., 2019), that likely represent offshore equivalents of the Senua 
Ignimbrites. Whilst the Ketungau Group sediments were deposited in dominantly fluvial 
settings with some volcaniclastic components (Ngili Sandstone; Breitfeld et al., 2018) and likely 
represent lateral equivalents of the Senua Ignimbrites. The detrital zircon ages from the Senua 
Ignimbrite most clearly resembles age spectra from both the Kuching Supergroup and the 
Rajang Group (Fig. 14d), including the age equivalent Tutoop Sandstone and Rajang Unit 3 
(Breitfeld et al., 2018) with dominant Cretaceous ages and subordinate age peaks in the 
Permo-Triassic and at ~1.8 Ga. The Senua Ignimbrite displays a more dominant Cretaceous age 
peak and reduced Precambrian ages compared with the West Borneo basement, which is likely 
a result of its relative proximity to the Cretaceous Ranai Granite (Webb et al., 2023) and 
distance from the underlying Cathaysian crust of West Borneo (Fig. 14e, f).   

5.2.2. Pengadah and Raharjapura Formations 

The detrital zircon spectra for the entire Pengadah Formation are dominated by Early 
Cretaceous ages along with subordinate peaks in Late Cretaceous, Jurassic, and Permo-Triassic 
ages that outnumber scattered Palaeozoic, Proterozoic, and Archean ages (Fig. 14c). The 
abundant Early Cretaceous ages indicate sourcing of sediment directly from the Early 
Cretaceous granitoids and metamorphics of the Schwarner Mountains in SW Borneo (Breitfeld 
et al., 2020b; Fig. 14h) or the recycling of Early Cretaceous zircons through Eocene sedimentary 
units such as the Senua Ignimbrite or Rajang Group that also contain abundant Early 
Cretaceous ages (Galin et al., 2017; Fig. 14d, e). Late Cretaceous zircons are almost certainly 
derived from the Ranai Granite of Natuna Island (Webb et al., 2023) based on the abundance 
of large granite clasts within the basal conglomerate of the Pengadah Formation (Fig. 14g), but 
additional sediment sources could include Cretaceous granitoids from West Borneo (Breitfeld 
et al., 2017; Gan et al., 2022; Wang et al., 2022; Zhang et al., 2022; Fig. 14f). Jurassic zircon 
sources are relatively enigmatic in Sundaland, but in this instance are likely derived from 
Jurassic I-type granitoids from West Borneo (Breitfeld et al., 2020b; Fig. 14f). Permo-Triassic 



zircons are the second largest age population after the Early Cretaceous peak and are 
regionally sourced from either the Malay Peninsula (Sevastjanova et al., 2011; Gillespie et al., 
2019; Liu et al., 2020) or granitoids and basement rocks in West Borneo (Breitfeld et al., 2017; 
Gan et al., 2022; Wang et al., 2022; Zhang et al., 2022; Fig. 14f). Proterozoic zircons display a 
scattered range of ages and smaller peaks indicating mixed sourcing from Gondwanan and 
Australian crust with age peaks of ~500–700 Ma, ~750–950 Ma, and ~1000–1200 Ma 
consistent with detrital zircon spectra from Sibumasu (Gondwanan crust) and SW Borneo / W 
Java (Australian crust – Hall & Sevastjanova, 2012). Noticeably absent is an ~1800–2000 Ma 
age peak common to the West Borneo Basement, Kuching-Rajang Group, and the Senua 
Ignimbrite suggesting no direct sourcing from Cathaysian crust beneath north and west 
Borneo (Breitfeld et al., 2017; Fig. 14f). Individual samples from the Pengadah Formation show 
pulsed input of zircon from specific sources relative to changes in the depositional setting and 
tectonic regime (Figs. 11b-e & 15). Increases in Permo-Triassic and Neo- to Meso-Proterozoic 
(700-1200 Ma) zircons from the Malay Peninsula granite belt and Sibumasu, respectively, are 
found within samples deposited in shallow marine to deltaic settings during and immediately 
following the post-rift interlinkage phase (NTS20-006, -005, & -002; Figs. 11b-d & 15). In 
contrast, sample NTS20-010, which was deposited in a fluvio-deltaic setting during the syn-
inversion phase, shows a marked decrease in Permo-Triassic and Proterozoic zircons coupled 
with a significant increase in Cretaceous age zircons. These pulses of zircon ages indicate that 
during the syn- and post-rift phases palaeo-drainage pathways were likely opened up between 
the abundant lacustrine mini-basins allowing for delivering of sediment across Sundaland from 
the Malay Peninsula in the west (e.g., the Sunda River; Breitfeld et al., 2020a), but during the 
syn-inversion phase uplift of local highs and their constituent Cretaceous granites (e.g., Natuna 
Arch, Kuching-Rajang Range; Hennig-Breitfeld et al., 2019; Webb et al., 2023) cut off sediment 
supply from the west and facilitated a switch to proximal sediment sources. This is supported 
by the heavy mineral signature of NTS20-006 (deposited during the post-rift stage), which 
indicates a clear provenance switch (supported by changes in the RZi, ATi, and AmpTi indices; 
Fig. 12). This sample contains a higher variety of heavy minerals including garnet, monazite, 
andalusite, and spinel, suggesting that during the post-rift linkage phase a greater variety of 
sources were available, including zircons transported from Sibumasu and mafic metamorphic 
and igneous rocks associated with Palaeo-Pacific Plate accretion and distributed across 
Sundaland (including the NAC) that contributed to increases in the RZi and AmpTi (Knox et al., 
2007; Webb et al., 2023). In contrast, the more uniform heavy mineral signatures of other 
Pengadah samples support the switch to more proximal granitic sources, during syn-inversion 
(this is indicated by decreased RZi values that distinguish granitic vs metamorphic sources, 
along with increased apatite and amphibole from the Ranai Granite and pyroxene from either 
the NAC or recycled through the Senua Ignimbrite; Fig. 11). 

Zircons from the Raharjapura Formation display similar age peaks to those of the 
Pengadah Formation (Cretaceous, Jurassic, Permo-Triassic, and scattered Proterozic ages) 
with a dominance again of Early Cretaceous ages (Fig. 14a). This indicates similar mixed local 
sourcing as most of the Pengadah Formation (e.g., Rajang Group, Schwarner Mountains, Rani 
Granite, West Borneo granites; Fig. 14) along with detrital zircons from the Malay Peninsula. 
The presence of zircons of this age is due to either the re-establishment of palaeo-drainage 
from the west during the post-inversion phase within a fluvio-deltaic to shallow marine setting 
that prevailed across the Sundaland basins in the Pliocene (Collins et al., 2018), or it is the 
result of immediate recycling from the Pengadah Formation deposits that share this detrital 



age signature. Whilst light mineral analysis should be treated with caution in the tropics (due 
to abundant feldspar breakdown; Garzanti et al., 2021) the clear difference in light mineral 
counts between the Pengadah and Raharjapura formations allows for some interpretation. 
Samples from the Pengadah Formation plot within the mixed to arc dissected fields on the 
QmFLt plot (Fig. 13) indicative of their derivation from a range of primary igneous sources 
(e.g., the Malay, Schwarner, and Ranai granites) and moderately recycled material (e.g., the 
Rajang Group and West Borneo basement). In contrast, samples from the Raharjapura 
Formation plot within the recycled quartzose to transitional recycled fields (Fig. 13) suggesting 
they have been through multiple phases of recycling through arc- and orogenic-derived 
sandstones (e.g., the Pengadah Formation and Rajang Group). This indicates that a recycled 
Pengadah source for the Raharjapura Formation fits this multi-proxy data better than re-
establishment of palaeo-drainage from the Malay Peninsula. The comparable heavy mineral 
signatures between the youngest Pengadah Formation samples and the oldest Raharjapura 
Formation samples (with abundant ZTR, apatite, and pyroxene, and subordinate amphibole; 
Fig. 12) further support the recycled sourcing from the Pengadah Formation. However, 
additional proximal sourcing from the NAC and Ranai Granite is likely necessary to explain the 
presence of less-stable amphiboles and pyroxenes. Sample NTS20-001 displays anonymously 
high ZTR minerals comparable to sample NTS20-005 of the Pengadah Formation (Fig. 12). This 
high ZTR indicates that either both samples were sourced from dominantly distal sources 
creating a mineralogically mature heavy mineral signature or that the shoreface to beach 
depositional setting for both samples triggered secondary separation of minerals as the 
heaviest and most stable ZTR grains were prevented from being transported further offshore 
(Figs. 12 & 15; Supp. Data Files 6 & 7). In this instance the latter option of secondary sorting is 
preferred as the detrital zircon signatures from these samples do not support dominantly 
distal sourcing (Fig. 11b, h). 

A multi-dimensional scaling plot (MDS – Fig. 16) corroborates the detrital zircon ages, 
light mineral, and heavy mineral analyses by providing similarity scaling of the detrital zircon 
ages for different samples analysed in this study and their and potential sources (after 
Vermeesch, 2013). This plot (Fig. 16) shows that the Pengadah and Raharjapura formations 
share similar detrital zircon populations, and both share close similarities with the Eocene 
Rajang Group (Sibu Zone) and Senua Ignimbrites (Kuching Zone), and the Early to Middle 
Miocene Kakus Unit (Miri Zone) from NW Borneo (indicating either direct sourcing from these 
formations or a shared source). The Kakus Unit was deposited in a brackish-deltaic 
environment with detrital zircons sourced from the uplifting Rajang Group (Breitfeld et al., 
2020a; Fig. 14b). The similar age, depositional setting, and detrital zircon signature suggest 
that the Kakus Unit and Pengadah Formation are lateral equivalents with the Senua Ignimbrite 
(onshore equivalent to the Rajang Group) here representing a proximal sediment source for 
the Pengadah Formation alongside pulsed input from the Malay Peninsula (NTS20-006), the 
Mesozoic granitoids (Ranai Granite, Schwarner Mountains, West Borneo), and additional 
metamorphic and mafic igneous sources detailed above (e.g., the NAC). The high similarity 
shown between the Pengadah and Raharjapura formations further supports recycling of the 
Oligo-Miocene Pengadah Formation as a dominant sediment source to the Pliocene 
Raharjapura Formation (Figs. 14a, c & 16) with additional input from the local Natuna 
basement in the form of granitic, mafic, and chert clasts of the Ranai Granite, NAC, and 
Bunguran Formation, respectively. 

5.2.3. Bukit Tekol Formation 



The Bukit Tekol Formation records evidence for a series of elusive Miocene to Pleistocene 
magmatic events that appear in detrital zircon spectra from sediments across western Borneo, 
central Borneo, and Natuna Island (Breitfeld, 2021). This Neogene magmatism is observed in 
the detrital zircon spectra of the Bukit Tekol Formation with a dominant population of Pliocene 
ages (4–5 Ma, weighted mean age recorded as 4.31 ± 0.13 Ma), along with subordinate 
Miocene (7–9 Ma) and Pleistocene ages (1–2 Ma; Fig. 11i). Breitfeld (2021) describes in detail 
the occurrence of three phases of Neogene mafic magmatism from across western and central 
Borneo at 6–8 Ma, 5 Ma, and 4 Ma, based on detrital zircons from the Petra Jaya Sandstone 
of the Kuching Zone. However, that study recognises that detrital zircons of this age must be 
recording felsic rocks related to this Neogene mafic magmatism that have since eroded away. 
Neogene zircons in the Bukit Tekol Formation reflect all three phases of this elusive felsic 
magmatism along with a fourth Pleistocene phase (Fig. 11i; Supp. Data File 3). Neogene 
magmatic rocks from western and central Borneo that may reflect the mafic equivalent of 
these felsic magmatic events include early and late stages of the Metulang Volcanics of the 
Kutei Basin (5–8 Ma and 1–2 Ma, respectively, Harahap, 1987; Bladon et al., 1989) and the 
Niut Volcanics of West Sarawak (1–2 Ma; Bladon et al., 1989). In addition, given that the Bukit 
Tekol Formation was deposited proximally to its source as talus cones and alluvial sheetfloods 
it is likely that Neogene felsic magmatism may have been active on or nearby Natuna Island 
and has since been eroded away or exists beneath the Sunda Sea. Additional zircons within 
the Bukit Tekol Formation include Paleocene–Eocene, Cretaceous, and Triassic ages (Fig. 11i). 
Whilst primary igneous sources for zircons of this age are described above, it is likely that these 
zircons represent recycling of older stratigraphy or basement directly on Natuna Island due to 
the short transport distances involved in deposition of the alluvial Bukit Tekol Formation. 
These may include the Senua Ignimbrite (providing Paleocene–Eocene zircons), the Ranai 
Granite (providing Cretaceous zircons). Light and heavy minerals from the Bukit Tekol 
Formation (NTS20-029; Figs. 12 & 13) support the proximal sourcing of sediment from Natuna 
Island but also indicate that the most dominant sediment source is in fact the Jurassic to 
Cretaceous Bunguran Formation upon which the Bukit Tekol Formation is unconformably 
deposited (Fig. 1a). This is indicated by abundant chert fragments, lithic grains, and a scarcity 
of ultrastable ZTR minerals (Figs. 12 & 13). In addition, moderate RZi values, high AmpTi values, 
and the presence of apatite, pyroxene, and amphibole support sourcing from the Ranai 
Granite, along with metamorphic and mafic igneous rocks within the NAC (Fig. 12). The 
presence of metamorphic minerals such as garnet, monazite, and kyanite (Fig. 12) remains 
unexplained. These may have been sourced from recycling of metamorphic mineral bearing 
sediments within the Pengadah Formation (e.g., NTS20-006) or from since eroded 
metamorphic rocks of Natuna Island that formed during Cretaceous subduction and accretion 
(a single outcrop of cordierite-schist has been reported from Natuna Island – Webb et al., 
2023). 

5.3. Implications for regional basin evolution 

The Cenozoic sedimentary rocks of Natuna Island record an Eocene to Pleistocene history of 
volcanism, rifting, and subsequent inversion along a basin-bounding high (the Natuna Arch; 
Fig. 17). In particular, the Oligocene to Pliocene sediments deposited at the basin edge (the 
Pengadah and Raharjapura formations) effectively mirror the syn-rift, post-rift, syn-inversion, 
and post-inversion deposits of coeval age recorded in the West and East Natuna basins (e.g., 
the Gabus, Arang, and Muda formations; Burton & Wood, 2010; Surjono et al., 2023; Fig. 18). 



The Late Eocene Senua Ignimbrites represent the earliest evidence for Cenozoic 
sedimentation and associated volcanism recorded from Natuna Island. This followed a 
Paleocene to Eocene break in deposition that is recorded across eastern Sundaland (Pubellier 
& Morley, 2014) and is associated with the cessation of Palaeo-Pacific Plate subduction 
(recorded on Natuna Island by formation of the NAC and production of S-type granites during 
crustal thickening at 71–75 Ma; Webb et al., 2023). The cause of this subduction cessation and 
break in sedimentation has been variably proposed as being the result of collision of the 
Luconia Block with Sundaland (Moss, 1998; Fyhn et al., 2010; Hall, 2012), the collision of the 
Argo Block with SW Borneo (Hall, 2012; Breitfeld et al., 2017; Zhao et al., 2021; Wang et al., 
2022), and most recently the presence of an oceanic plateau within the newly proposed 
Pontus Plate (van de Lagemaat et al., 2024). Regardless of its cause, this crustal thickening 
produced an elevated high along eastern Sundaland (including the Natuna Arch; Fig. 17a), 
from which thick sequences of fluvial to turbiditic Eocene sediments were eroded (e.g., the 
Senua Ignimbrite, Ketungau Group, and Rajang Group; Galin et al., 2017; Breitfeld & Hall, 
2018; Fig. 17a). The onset of deposition of these sediments coincides with widespread Eocene 
extension across Sundaland (Yuan et al., 2008; Pubellier & Morley, 2014), this was particularly 
prevalent along eastern Sundaland, where spreading in the South China Sea occurred in 
response to reactivation of large detachment faults associated with Late Cretaceous 
subduction shutdown (Meresse et al., 2012; Madon et al., 2013). This extension may be the 
cause for volcanism recorded by the Senua Ignimbrites and other Middle to Late Eocene 
volcanics in West Borneo at ~38–43 Ma (e.g., Bladon et al., 1989; Hutchison, 2005; Hening-
Breitfeld et al., 2019) or, alternatively it may be associated with the onset of Proto-South 
China Sea subduction below Borneo and Palawan (Hall & Breitfeld, 2017; van de Lagemaat et 
al., 2024). Regardless of the cause of this volcanism, the deposition of secondary volcaniclastic 
sediments within the Senua Ignimbrites, along with volcaniclastic deposits on Borneo, record 
the onset of widespread extension and rifting across Sundaland in the Eocene at ~38–43 Ma ( 
Figs. 17a & 18). 

Following this initial extension, a full syn-rift to post-inversion basin evolution cycle 
developed in the Oligocene to Pleistocene sediments of Natuna Island (Figs. 15 & 17). Initial 
syn-rift activity is widespread throughout Sundaland in the Oligocene resulting from a 
combination of Sunda Arc rollback and crustal extrusion following India-Asia collision (Ginger 
et al., 1993; Hall, 1996; Tjia & Liew, 1996; Matthews et al., 1997; Morley, 2002), this resulted 
in the development of numerous basins (e.g., East and West Natuna basins) surrounded by 
metamorphic and granitic basement highs (e.g., the Natuna Arch; Fig. 17b). Some of the most 
proximal of these syn-rift deposits are exposed on Natuna Island with the Oligocene 
conglomerates from the Pengadah Formation (Figs. 3, 15, & 17b). These contain abundant 
clasts of the proximal Ranai Granite (Natuna Arch) as well as material derived the Bunguran 
Formation and were likely deposited as a series of alluvial sheetfloods and fluvial braid plains 
shedding off the actively uplifting and eroding basement during initial rifting in the Eocene to 
Oligocene (Pubellier & Morley, 2014; Figs. 15 & 17a, b). These conglomerates correlate well 
with early syn-rift alluvial sequences documented from the West Natuna Basin (Lama 
Formation; Burton & Wood, 2010; Surjono et al., 2023; Fig. 18). The Pengadah Formation 
conglomerates are intercalated with laminated muds in places that likely correlate with the 
Oligocene lacustrine deposits of the Benua and Belut Formations in the West Natuna Basin 
(Sihombing et al., 2019; Surjono et al., 2023; Fig. 18). Given the high percentage of granitic 
clasts in these and the correlation with coeval deposits in the West Natuna Basin, it becomes 



apparent that uplift and erosion of the Ranai Granite (and indeed the Natuna Arch as a whole) 
was likely still a source of initial sedimentation into the West Natuna Basin during Oligocene 
rifting (Fig. 17b). Post-rift shallow marine sandstones in the Pengadah Formation can be 
correlated with the post-rift marine deposits of the Barat Formation from the West Natuna 
Basin or Gabus Formation in the East Natuna Basin (Morley et al., 2003; Doust & Noble, 2008; 
Burton & Wood, 2010; Fig. 18) that developed during thermal subsidence. These post-rift 
sandstones display more diverse sourcing, including from the proximal Natuna Arch (that 
likely remained exposed during the post-rift phase), and from Peninsular Malaysia and 
Sibumasu (Figs. 15 & 17c). This westerly sourcing from Sibumasu suggests the presence of a 
larger drainage system and indicates that rifting had reached the interlinkage phase with 
fluvial systems likely routing through the West Natuna Basin towards the Natuna Arch (Figs. 
15 & 17c).  Following cessation of rifting, basin inversion and crustal shortening occurred 
across Sundaland due to the counterclockwise rotation of Borneo and the collision of 
Australian-derived continental blocks with the Sunda Arc in the Early Miocene (Hall et al., 
2008; Pubellier & Morley 2014; Advokaat et al., 2018). During this time, the deposition of Early 
to Middle Miocene fluvial-deltaic sandstones of the Pengadah Formation can be correlated 
with Middle Miocene syn-inversion fluvio-deltaic sediments of the Arang Formation in the 
West Natuna Basin (Figs. 15, 17c, & 18; Burton & Wood, 2010; Surjono et al., 2023). These 
Miocene deposits are derived from several local basement highs including the Natuna Arch, 
the Kuching-Rajang Range, and the Schwarner Mountains, further supporting their deposition 
during a period of inversion, uplift, and erosion of the underlying basement and indeed the 
continued exposure of the Natuna Arch (Fig. 17c).  

Following inversion, many of the Sundaland basins entered a period of renewed 
subsidence resulting from the continued rollback of the Sunda Arc Slab (Pubellier & Morley, 
2014). The Pliocene Raharjapura Formation of Natuna Island records this progressive 
subsidence with the deposition of poorly consolidated tidally to fluvially-dominated deltaic 
sands and muds that transition into shallow marine to sandy shoreface facies (Figs. 15 & 17c; 
Supp. Data Files 6 & 7). The sourcing of Raharjapura sediments from recycling of the Pengadah 
Formation along with subordinate input from the Natuna Arch (Ranai Granite and NAC) 
indicates that whilst the majority of uplifted basement has been eroded and redeposited into 
the surrounding basins during Oligocene inversion (e.g., the Pengadah, Gabus, and Arang 
formations), isolated pockets of the Natuna Arch remained as highs (much like the present 
day; Fig. 17d). The age and depositional style of the Raharjapura Formation correlates well 
with the tidally-dominated deltaic to shallow marine deposits of the Late Miocene to 
Pleistocene Muda Formation (Indranadi & Djunaedi, 2022; Fig. 18). The Muda Formation is 
found within both the East and West Natuna basins and represents the final stage of 
significant sedimentation prior to tectonic quiescence during Pleistocene to recent glacial-
interglacial cycles (Gingers et al., 1993; Morley et al., 2003; Burton & Wood, 2010; Indranadi 
& Djunaedi, 2022; Suryono et al., 2023; Figs. 17d & 18). 

Finally, Pleistocene conglomerates and breccias of the Bukit Tekol Formation are not 
recorded in the offshore post-inversion deposits of the  
East and West Natuna basins (e.g., the deltaic to shallow marine Muda Formation; Indranadi 
& Djunaedi, 2022; Fig. 18). This isolation indicates that these deposits formed during local 
uplift and erosion restricted to the southwest of Natuna Island, possibly triggered by Plio-
Pleistocene volcanism of unknown cause observed across Borneo (e.g., Breitfeld, 2021; Fig. 
17d). This shows that whilst much of Sundaland consisted of lowland river systems and 



savannah corridors during the Pleistocene to last glacial maximum (Bird et al., 2005; Morley 
et al., 2016), Natuna Island maintained its moderate elevation (up to 1000m a.s.l at Present 
Day) as a regional high throughout this time.  

6. Conclusions 

The depositional setting, sedimentary provenance, and transport pathways of siliciclastic 
sediments from Natuna Island vary with regional tectonic events throughout the Cenozoic. 
The Cenozoic depositional record of Natuna Island beings with initial rifting along eastern 
Sundaland that was accompanied by felsic and mafic volcanism of unknown source at ~38–43 
Ma. This led to the deposition of the Senua Ignimbrites in a mixed secondary volcaniclastic-
paralic system that shed off the Natuna Arch into actively opening basins along the edge of 
Sundaland. The Senua Ignimbrites represent a transitional equivalent of the deepwater Rajang 
Group of the Sibu Zone on Borneo, sharing similar sourcing from the Natuna Arch, West 
Borneo, and the Schwarner Mountains.

Continued rifting into the Oligocene is recorded by deposition of the Oligo-Miocene 
Pengadah Formation. This began as alluvial and braid plain conglomerates with associated 
muddy floodplain deposits during the early syn-rift phase before transitioning into marginal 
marine and paralic deposits during the late syn- to post-rift phases, and finally into coastal 
dunes and delta top channels during the syn-inversion phase. The sourcing of these sediments 
reflects changes in basin evolution and regional tectonics with proximal sourcing dominant 
during the early syn-rift and syn-inversion phases where conglomerates and coastal to deltaic 
sandstones are derived from local basement highs (including the Natuna Arch and West 
Borneo). During the late syn-rift interlinkage phase, this switched to more distal sources 
where mature meandering fluvial systems, such as the Sunda River, were available to 
transport sediment from the Malay Peninsula and Sibumasu towards the marginal marine 
environments at the edge of Sundaland (e.g., Natuna Island). This syn-rift, post-rift, and syn-
inversion cycle observed within the Pengadah Formation can be correlated well across the 
East and West Natuna Basins with the Lama, Gabus, and Arang formations, respectively, 
indicating that sediment sources and transport pathways identified for the onshore may 
extend into the offshore basins.

Following this, in the post-inversion phase a period of tectonic quiescence prevailed in 
central and eastern Sundaland with regional sea level variations driving changes in the 
depositional style of the Pliocene Raharjapura Formation, which can be correlated with the 
regionally extensive and coeval Muda Formation. Here, marginal marine and tidally 
dominated fluvio-deltaic systems prevailed with a clear dominance of proximal sourcing from 
both the granitic basement of the Natuna Arch, which remained a regional high, and recycling 
through the underlying Pengadah Formation. 

Finally, isolated uplift and enigmatic volcanism during the late Pliocene to Pleistocene 
is recorded by highly immature proximal alluvial fans of the Pleistocene Bukit Tekol Formation 
that appear dominantly sourced from the Jurassic Bunguran Formation of Natuna Island, but 
also record evidence for sporadic volcanic activity between ~5-1 Ma. The cause of this 
volcanism is currently unknown but can be correlated with coeval volcanism and other 
Pleistocene alluvial to fluvial deposits recorded across Borneo (e.g., the Petra Jaya Sandstone). 
The sourcing of this proximal material from the basement geology of Natuna Island has 



continued since the Eocene and suggests that the Natuna Arch has remained as a regional 
high throughout the rifting cycle, despite repeated submergence and re-emergence of 
Sundaland. This sets the Natuna Arch aside from other regional basement highs (e.g., the 
Khorat Swell) that are no longer exposed, providing an analogue for how the basement 
geology of these highs have contributed to basin formation and sediment fill to the Cenozoic 
basins across Sundaland. 

Overall, the well exposed Cenozoic sedimentary deposits of Natuna Island appear to 
be very well correlated with coeval deposits offshore in the West and East Natuna basins and 
other regional deposits in terms of their timing and style of deposition. These correlations 
make Natuna Island a fantastic analogue for studying the timing and style of offshore basin 
evolution in the region and the addition of exposed basement geology is vital to improving 
our understanding of the overall tectonic development of central Sundaland. 

Acknowledgements 

We would like to thank past consortium members of the Southeast Asia Research Group who 
funded this research. Thanks also go to Christina Manning and Neil Holloway at Royal Holloway 
University of London for assistance during LA-ICP-MS analysis and thin section preparation, 
respectively. The fieldwork element of this work would not have been possible without the 
fantastic local knowledge and help of our driver on Natuna Island, Pak Roni. Finally, we would 
like to thank the Associate Editor Andrea Festa and two anonymous reviewers for their 
handling of the manuscript and helpful feedback.

References 

Advokaat, E. L., Marshall, N. T., Li, S., Spakman, W., Krijgsman, W., & van Hinsbergen, D. J. J. 
(2018). Cenozoic Rotation History of Borneo and Sundaland, SE Asia Revealed by 
Paleomagnetism, Seismic Tomography, and Kinematic Reconstruction. Tectonics, 37(8), Article 
8. https://doi.org/10.1029/2018TC005010

Batara, B., & Xu, C. (2022). Evolved magmatic arcs of South Borneo: Insights into Cretaceous 
slab subduction. Gondwana Res, 111, 142-164.

Bird, M. I., Taylor, D., & Hunt, C. (2005). Palaeoenvironments of insular Southeast Asia during 
the Last Glacial Period: A savanna corridor in Sundaland? Quaternary Sci Rev, 24(20), 2228–
2242. https://doi.org/10.1016/j.quascirev.2005.04.004

Black, L. P., Kamo, S. L., Allen, C. M., Davis, D. W., Aleinikoff, J. N., Valley, J. W., Mundil, R., 
Campbell, I. H., Korsch, R. J., Williams, I. S., & Foudoulis, C. (2004). Improved 206Pb/238U 
microprobe geochronology by the monitoring of a trace-element-related matrix effect; 
SHRIMP, ID–TIMS, ELA–ICP–MS and oxygen isotope documentation for a series of zircon 
standards. Chem Geol, 205(1–2), Article 1–2. 
https://doi.org/10.1016/J.CHEMGEO.2004.01.003

https://doi.org/10.1029/2018TC005010
https://doi.org/10.1016/j.quascirev.2005.04.004
https://doi.org/10.1016/J.CHEMGEO.2004.01.003


Bladon, G. M., Pieters, P. E., Supriatna, S. (1989). Preliminary Report. Catalogue of isotopic 
ages commissioned by the Indonesia-Australia Geological Mapping Project for igneous and 
metamorphic rocks in Kalimantan. Geological Research and Development Centre. Bandung, 
Indonesia.

Breitfeld, H. T. (2021). Provenance of Pleistocene Sediments in West Sarawak and Evidence 
for Pliocene Acid Magmatism in Central Borneo. Berita Sedimentologi, 47(1), Article 1. 
https://doi.org/10.51835/bsed.2021.47.1.51

Breitfeld, H. T., & Hall, R. (2018). The eastern Sundaland margin in the latest Cretaceous to 
Late Eocene: Sediment provenance and depositional setting of the Kuching and Sibu Zones of 
Borneo. Gondwana Res, 63, 34–64. https://doi.org/10.1016/j.gr.2018.06.001

Breitfeld, H. T., Hall, R., Galin, T., Forster, M. A., & BouDagher-Fadel, M. K. (2017). A Triassic to 
Cretaceous Sundaland–Pacific subduction margin in West Sarawak, Borneo. Tectonophysics, 
694, 35–56. https://doi.org/10.1016/j.tecto.2016.11.034

Breitfeld, H. T., Hall, R., Galin, T., & BouDagher-Fadel, M. K. (2018). Unravelling the stratigraphy 
and sedimentation history of the uppermost Cretaceous to Eocene sediments of the Kuching 
Zone in West Sarawak (Malaysia), Borneo. J Asian Earth Sci, 160, 200–223. 
https://doi.org/10.1016/j.jseaes.2018.04.029

Breitfeld, H. T., Hennig-Breitfeld, J., BouDagher-Fadel, M. K., Hall, R., & Galin, T. (2020a). 
Oligocene-Miocene drainage evolution of NW Borneo: Stratigraphy, sedimentology and 
provenance of Tatau-Nyalau province sediments. J Asian Earth Sci, 195, 104331. 
https://doi.org/10.1016/j.jseaes.2020.104331

Breitfeld, H. T., Davies, L., Hall, R., Armstrong, R., Forster, M., Lister, G., Thirlwall, M., 
Grassineau, N., Hennig-Breitfeld, J., & van Hattum, M. W. A. (2020b). Mesozoic Paleo-Pacific 
Subduction Beneath SW Borneo: U-Pb Geochronology of the Schwaner Granitoids and the 
Pinoh Metamorphic Group. Front Earth Sci, 8. https://doi.org/10.3389/feart.2020.568715 

Burton, D., & Wood, L. J. (2010). Seismic geomorphology and tectonostratigraphic fill of half 
grabens, West Natuna Basin, Indonesia. AAPG Bull, 94(11), Article 11. 
https://doi.org/10.1306/06301010003

Collins, D. S., Avdis, A., Allison, P. A., Johnson, H. D., Hill, J., & Piggott, M. D. (2018). Controls 
on tidal sedimentation and preservation: Insights from numerical tidal modelling in the Late 
Oligocene–Miocene South China Sea, Southeast Asia. Sedimentology, 65(7), 2468–2505. 
https://doi.org/10.1111/sed.12474

Coutts, D. S., Matthews, W. A., & Hubbard, S. M. (2019). Assessment of widely used methods 
to derive depositional ages from detrital zircon populations. Geosci Front, 10(4), 1421–1435. 
https://doi.org/10.1016/j.gsf.2018.11.002

https://doi.org/10.51835/bsed.2021.47.1.51
https://doi.org/10.1016/j.gr.2018.06.001
https://doi.org/10.1016/j.tecto.2016.11.034
https://doi.org/10.1016/j.jseaes.2018.04.029
https://doi.org/10.1016/j.jseaes.2020.104331
https://doi.org/10.3389/feart.2020.568715
https://doi.org/10.1306/06301010003
https://doi.org/10.1111/sed.12474
https://doi.org/10.1016/j.gsf.2018.11.002


Daines, S. R. (1985). Structural History of the W Natuna Basin and the Tectonic Evolution of 
the Sunda Region. Indonesian Petroleum Association 14th Annual Convention Proceedings 
(Volume 1), 39–61.

Darman, H. (2017). Seismic expression of key geological features in the East Natuna Basin. 
Berita Sedimentologi, 38(1), 50-61. https://doi.org/10.51835/bsed.2017.38.1.90 

Dickinson, W. R. (1985). Interpreting Provenance Relations from Detrital Modes of 
Sandstones. In G. G. Zuffa (Ed.), Provenance of Arenites (pp. 333–361). Springer Netherlands. 
https://doi.org/10.1007/978-94-017-2809-6_15

Dickinson, W. R., & Gehrels, G. E. (2009). Use of U–Pb ages of detrital zircons to infer maximum 
depositional ages of strata: A test against a Colorado Plateau Mesozoic database. Earth Planet 
Sci Lett, 288(1), 115–125. https://doi.org/10.1016/j.epsl.2009.09.013

Di Capua, A., De Rosa, R., Kereszturi, G., Le Pera, E., Rosi, M., & Watt, S. F. (2023). Volcanically-
derived deposits and sequences: a unified terminological scheme for application in modern 
and ancient environments. Geol Soc Spec Pub, 520(1), 11-27. https://doi.org/10.1144/SP520-
2021-20

Doust, H., & Noble, R. A. (2008). Petroleum systems of Indonesia. Marine and Petroleum 
Geology, 25(2), Article 2. https://doi.org/10.1016/j.marpetgeo.2007.05.007

Ehlers, J., Gibbard, P. L., & Hughes, P. D. (2018). Quaternary glaciations and chronology. In Past 
glacial environments (pp. 77-101). https://doi.org/10.1016/B978-0-08-100524-8.00003-8

Franchino, A., & Liechti, P. (1983). Geological notes on the stratigraphy of the Island of Natuna-
Indonesia. Memorie Degli Istituti Di Geologia e Mineralogia Dell’Universita Di Padova, 36, 171–
193.

Fyhn, M. B. W., Pedersen, S. A. S., Boldreel, L. O., Nielsen, L. H., Green, P. F., Dien, P. T., Huyen, 
L. T., & Frei, D. (2010). Palaeocene–early Eocene inversion of the Phuquoc–Kampot Som Basin: 
SE Asian deformation associated with the suturing of Luconia. J Geol Soc London, 167(2), 281–
295. https://doi.org/10.1144/0016-76492009-039

Galin, T., Breitfeld, H. T., Hall, R., & Sevastjanova, I. (2017). Provenance of the Cretaceous–
Eocene Rajang Group submarine fan, Sarawak, Malaysia from light and heavy mineral 
assemblages and U-Pb zircon geochronology. Gondwana Res, 51, 209–233. 
https://doi.org/10.1016/j.gr.2017.07.016

Gan, C., Qian, X., Wang, Y., Feng, Q., Zhang, Y., & Asis, J. B. (2022). Late Cretaceous Granitoids 
along the Northern Kuching Zone: Implications for the Paleo-Pacific Subduction in Borneo. 
Lithosphere, 2022(1), Article 1. https://doi.org/10.2113/2022/3310613

Garzanti, E., He, J., Barbarano, M., Resentini, A., Li, C., Yang, L., Yang, S., & Wang, H. (2021). 
Provenance versus weathering control on sediment composition in tropical monsoonal 
climate (South China)—2. Sand petrology and heavy minerals. Chem Geol, 564, 119997. 
https://doi.org/10.1016/j.chemgeo.2020.119997

https://doi.org/10.51835/bsed.2017.38.1.90
https://doi.org/10.1007/978-94-017-2809-6_15
https://doi.org/10.1016/j.epsl.2009.09.013
https://doi.org/10.1144/SP520-2021-201
https://doi.org/10.1144/SP520-2021-201
https://doi.org/10.1016/j.marpetgeo.2007.05.007
https://doi.org/10.1016/B978-0-08-100524-8.00003-8
https://doi.org/10.1144/0016-76492009-039
https://doi.org/10.1016/j.gr.2017.07.016
https://doi.org/10.2113/2022/3310613
https://doi.org/10.1016/j.chemgeo.2020.119997


Gillespie, M. R., Kendall, R. S., Leslie, A. G., Millar, I. L., Dodd, T. J. H., Kearsey, T. I., Bide, T. P., 
Goodenough, K. M., Dobbs, M. R., Lee, M. K. W., & Chiam, K. (2019). The igneous rocks of 
Singapore: New insights to Palaeozoic and Mesozoic assembly of the Sukhothai Arc. J Asian 
Earth Sci, 183, 103940. https://doi.org/10.1016/j.jseaes.2019.103940

Ginger, D. C., Ardjakusumah, W. O., Hedley, R. J., & Pothecary, J. (1993). Inversion History of 
the West Natuna Basin: Examples from the Cumi-Cumi PSC. Indonesian Petroleum Association 
22nd Annual Convention Proceedings, 635–658. 
http://archives.datapages.com/data/ipa/data/022/022001/635_ipa022a0635.htm

Hakim, A.S., & Suryono, N. (1994). Peta Geologi Lembar Teluk Buntun & Ranai, Sumatera. 
Geological Research and Development Centre (GRDC). Bandung, Indonesia.

Haile, N. S. (1970). Notes on the geology of the Tambelan, Anambas, and Natuna islands, 
Sunda Shelf, Indonesia. United Nations ECAFE-CCOP Tech. Bulletin, 3, 55–75.Hall, R. (1996). 
Reconstructing Cenozoic SE Asia. Geol Soc Spec Pub, 106(1), Article 1. 
https://doi.org/10.1144/GSL.SP.1996.106.01.11

Hall, R. (2012). Late Jurassic-Cenozoic reconstructions of the Indonesian region and the Indian 
Ocean. Tectonophysics, 570–571, 1–41. https://doi.org/10.1016/j.tecto.2012.04.021

Hall, R. (2013). The palaeogeography of Sundaland and Wallacea since the Late Jurassic. J 
Limnol, 72. https://doi.org/10.4081/jlimnol.2013.s2.e1

Hall, R., & Breitfeld, T. (2017). Nature and demise of the Proto-South China Sea. Geol Soc 
Malaysia Bull, 63, 61–76. https://doi.org/10.7186/bgsm63201703

Hall, R., Clements, B., & Smyth, H. R. (2009). Sundaland: Basement Character, Structure and 
Plate Tectonic Development. Proceedings, Indonesian Petroleum Association, Thirty-Third 
Annual Convention & Exhibition. Jakarta, Indonesia.

Hall, R., & Sevastjanova, I. (2012). Australian crust in Indonesia. Aust J Earth Sci, 59(6), Article 
6. https://doi.org/10.1080/08120099.2012.692335

Hall, R., van Hattum, M. W. A., & Spakman, W. (2008). Impact of India–Asia collision on SE Asia: 
The record in Borneo. Tectonophysics, 451(1), 366–389. 
https://doi.org/10.1016/j.tecto.2007.11.058

Hamilton, W. (1979). Tectonics of the Indonesian Region. Geol Soc Malaysia, Bull, 6, 3–10. 
https://doi.org/10.1016/0003-6870(73)90259-7

Harahap, B. H. (1987). The petrology of some young subvolcanic and volcanic rocks from West 
Kalimantan, Indonesia. PhD Thesis, University of Tasmania.

Hennig-Breitfeld, J., Breitfeld, H. T., Hall, R., BouDagher-Fadel, M., & Thirlwall, M. (2019). A 
new upper Paleogene to Neogene stratigraphy for Sarawak and Labuan in northwestern 
Borneo: Paleogeography of the eastern Sundaland margin. Earth-Sci Rev, 190, 1–32. 
https://doi.org/10.1016/j.earscirev.2018.12.006

https://doi.org/10.1016/j.jseaes.2019.103940
http://archives.datapages.com/data/ipa/data/022/022001/635_ipa022a0635.htm
https://doi.org/10.1144/GSL.SP.1996.106.01.11
https://doi.org/10.1016/j.tecto.2012.04.021
https://doi.org/10.4081/jlimnol.2013.s2.e1
https://doi.org/10.7186/bgsm63201703
https://doi.org/10.1080/08120099.2012.692335
https://doi.org/10.1016/j.tecto.2007.11.058
https://doi.org/10.1016/0003-6870(73)90259-7
https://doi.org/10.1016/j.earscirev.2018.12.006


Hutchison, C. S. (2005). Geology of North-West Borneo: Sarawak, Brunei and Sabah. Elsevier. 

Indranadi, V. B., & Djunaedi, D. (2022). Depositional Model of Muda Formation, East Natuna 
Basin. Proceedings, Indonesian Petroleum Association, Forty-Sixth Annual Convention & 
Exhibition. Jakarta, Indonesia.

Kausarian, H., Lei, S., Lai, G. T., Cui, Y., & Suryadi, A. (2019). A New Geological Map of Formation 
Distribution on Southern Part of South China Sea: Natuna Island. IOP Conf. Ser.: Mater. Sci. 
Eng. 532 012020 https://doi.org/10.1088/1757-899X/532/1/012020

Knox, R. W. O., Franks, S. G., & Cocker, J. D. (2007). Stratigraphic evolution of heavy-mineral 
provenance signatures in the sandstones of the Wajid Group (Cambrian to Permian), 
southwestern Saudi Arabia. GeoArabia, 12(4), 65–96. 
https://doi.org/10.2113/geoarabia120465

Liu, L., Hu, R.-Z., Zhong, H., Yang, J.-H., Kang, L.-F., Zhang, X.-C., Fu, Y.-Z., Mao, W., & Tang, Y.-
W. (2020). Petrogenesis of multistage S-type granites from the Malay Peninsula in the 
Southeast Asian tin belt and their relationship to Tethyan evolution. Gondwana Res, 84, 20–
37. https://doi.org/10.1016/j.gr.2020.02.013

Longley, I. M. (1997). The tectonostratigraphic evolution of SE Asia. Geol Soc  Spec Pub, 126(1), 
311–339. https://doi.org/10.1144/GSL.SP.1997.126.01.19

Madon, M., Kim, C. L., & Wong, R. (2013). The structure and stratigraphy of deepwater 
Sarawak, Malaysia: Implications for tectonic evolution. J Asian Earth Sci, 76, 312–333. 
https://doi.org/10.1016/j.jseaes.2013.04.040

Mange, M. A., & Maurer, H. (1992). Heavy minerals in colour. Springer Science & Business 
Media. 

Matthews, S. J., Fraser, A. J., Lowe, S., Todd, S. P., & Peel, F. J. (1997). Structure, stratigraphy 
and petroleum geology of the SE Nam Con Son Basin, offshore Vietnam. Geol Soc Spec Pub, 
126(1), Article 1. https://doi.org/10.1144/GSL.SP.1997.126.01.07

Maynard, K., Siregar, P., & Andria, L. (2002). Seismic Stratigraphic Interpretation of a Major 
3D, The Gabus Sub-Basin, Blocks B and Tobong, West Natuna Sea, Indonesia: Getting the 
Geology Back into Seismic. Indonesian Petroleum Association, 28th Annual Convention 
Proceedings (Volume 1), 87–104.

Meresse, F., Savva, D., Wong, P., Pubellier, M., Chamot-Rooke, N., Steuer, S., Franke, D., Sapin, 
F., & Auxietre, J. (2012). Structural heritage as a key factor controlling the South China Sea 
opening.  In AGU Fall Meeting Abstracts (Vol. 2012, pp. T42A-06).

Metcalfe, I. (2009). Late Palaeozoic and Mesozoic tectonic and palaeogeographical evolution 
of SE Asia. Geol Soc Spec Pub, 315(1), Article 1. https://doi.org/10.1144/SP315.2

Michael, E., Adrian, H. (1996). The Petroleum Systems of West Block ‘B’ PSC, South Natuna 
Sea, Indonesia. Indonesian Petroleum Association, 25th Annual Conference Proceedings 
(Volume 1), 465–479. 

https://doi.org/10.1088/1757-899X/532/1/012020
https://doi.org/10.2113/geoarabia120465
https://doi.org/10.1016/j.gr.2020.02.013
https://doi.org/10.1144/GSL.SP.1997.126.01.19
https://doi.org/10.1016/j.jseaes.2013.04.040
https://doi.org/10.1144/GSL.SP.1997.126.01.07
https://doi.org/10.1144/SP315.2


Morley, C. K. (2002). A tectonic model for the Tertiary evolution of strike-slip faults and rift 
basins in SE Asia. Tectonophysics, 347(4), Article 4. https://doi.org/10.1016/S0040-
1951(02)00061-6

Morley, R. J., Morley, H. P., & Restrepo-Pace, P. (2003). Unravelling the Tectonically Controlled 
Stratigraphy of the West Natuna Basin by Means of Palaeo-Derived Mid Tertiary Climate 
Changes. Indonesian Petroleum Association, 29th Annual Convention Proceedings (Volume 1), 
1–24. 

Morley, R. J., Morley, H. P., & Swiecicki, T. (2016). Mio-Pliocene Palaeogeography, Uplands 
And River Systems of the Sunda Region Based on Mapping Within a Framework of Vim 
Depositional Cycles. Proceedings, Indonesian Petroleum Association, Fortieth Annual 
Convention & Exhibition. Jakarta, Indonesia.

Moss, S. J. (1998). Embaluh Group turbidites in Kalimantan: Evolution of a remnant oceanic 
basin in Borneo during the Late Cretaceous to Palaeogene. J Geol Soc London, 155(3), 509–
524. https://doi.org/10.1144/gsjgs.155.3.0509

Müller, W., Shelley, M., Miller, P., & Broude, S. (2009). Initial performance metrics of a new 
custom-designed ArF excimer LA-ICPMS system coupled to a two-volume laser-ablation cell. 
J. Anal. At. Spectrom, 24, 209–214. https://doi.org/10.1039/b805995k

Phillips, S., Little, L., Michael, E., Odell, V. (1997). Sequence stratigraphy of Tertiary petroleum 
systems in the West Natuna basin, Indonesia. In: Howes, J.V.C., Noble, R.A. (Eds.), Indonesian 
Petroleum Association, Proceedings of the Petroleum Systems of SE Asia and Australasia 
Conference, May 1997, Jakarta, pp. 381–390.

Pollock, R. E., Hayes, J. B., Williams, K. P., & Young, R. A. (1984). The Petroleum Geology of the 
KH Field, Kakap Indonesia. Indonesian Petroleum Association, 13th Annual Convention 
Proceedings, 407–423.

Pubellier, M., & Morley, C. K. (2014). The basins of Sundaland (SE Asia): Evolution and 
boundary conditions. Mar Petrol Geol, 58, Part B. 
https://doi.org/10.1016/J.MARPETGEO.2013.11.019

Ryan, W. B. F., Carbotte, S. M., Coplan, J. O., O’Hara, S., Melkonian, A., Arko, R., Weissel, R. A., 
Ferrini, V., Goodwillie, A., Nitsche, F., Bonczkowski, J., & Zemsky, R. (2009). Global Multi-
Resolution Topography synthesis. Geochem Geophy Geosy, 10(3), Article 3. 
https://doi.org/10.1029/2008GC002332

Sevastjanova, I., Clements, B., Hall, R., Belousova, E. A., Griffin, W. L., & Pearson, N. (2011). 
Granitic magmatism, basement ages, and provenance indicators in the Malay Peninsula: 
Insights from detrital zircon U–Pb and Hf-isotope data. Gondwana Res, 19(4), 1024–1039. 
https://doi.org/10.1016/j.gr.2010.10.010

Sihombing, E. H., Indra, Y., Waworuntu, R. D., & Priwastono, D. (2019). The Stratigraphy of a 
Lacustrine Associated Reservoir in the Belut Formation, Block B, West Natuna Basin. 
Proceedings, Indonesian Petroleum Association, Forty-Third Annual Convention & Exhibition. 
Jakarta, Indonesia.

https://doi.org/10.1016/S0040-1951(02)00061-6
https://doi.org/10.1016/S0040-1951(02)00061-6
https://doi.org/10.1144/gsjgs.155.3.0509
https://doi.org/10.1039/b805995k
https://doi.org/10.1016/J.MARPETGEO.2013.11.019
https://doi.org/10.1029/2008GC002332
https://doi.org/10.1016/j.gr.2010.10.010


Sláma, J., Košler, J., Condon, D. J., Crowley, J. L., Gerdes, A., Hanchar, J. M., Horstwood, M. S. 
A., Morris, G. A., Nasdala, L., Norberg, N., Schaltegger, U., Schoene, B., Tubrett, M. N., & 
Whitehouse, M. J. (2008). Plešovice zircon—A new natural reference material for U–Pb and Hf 
isotopic microanalysis. Chem Geol, 249(1–2), Article 1–2. 
https://doi.org/10.1016/J.CHEMGEO.2007.11.005

Spencer, C. J., Kirkland, C. L., & Taylor, R. J. M. (2016). Strategies towards statistically robust 
interpretations of in situ U–Pb zircon geochronology. Geosci Front, 7(4), Article 4. 
https://doi.org/10.1016/J.GSF.2015.11.006

Surjono, S. S., Arifianto, I., Mitasari, A. A., & Mahendra, F. H. M. (2023). Sedimentology and 
reservoir characteristics of syn-rift to syn-inversion succession in Anoa half-graben, West 
Natuna basin, Indonesia. Mar Petrol Geol, 152, 106258. 
https://doi.org/10.1016/j.marpetgeo.2023.106258 

Tjia, H. D. (1998). Origin and Tectonic Development of Malay-Penyu-West Natuna Basins. Geol 
Soc Malaysia Bull, 42, 147–160.

Tjia, H. D., & Liew, K. K. (1996). Changes in tectonic stress field in northern Sunda Shelf basins. 
Geol Soc Spec Pub, 106(1), Article 1. https://doi.org/10.1144/GSL.SP.1996.106.01.19

van de Lagemaat, S. H. A., Cao, L., Asis, J., Advokaat, E. L., Mason, P. R. D., Dekkers, M. J., & 
van Hinsbergen, D. J. J. (2024). Causes of Cretaceous subduction termination below South 
China and Borneo: Was the Proto-South China Sea underlain by an oceanic plateau? Geosci 
Front, 15(2), 101752. https://doi.org/10.1016/j.gsf.2023.101752

Vermeesch, P. (2013). Multi-sample comparison of detrital age distributions. Chemical 
Geology, 341, 140–146. https://doi.org/10.1016/j.chemgeo.2013.01.010

Vermeesch, P. (2018). IsoplotR: A free and open toolbox for geochronology. Geosci Front, 9(5), 
Article 5. https://doi.org/10.1016/J.GSF.2018.04.001

Wang, Y., Wu, S., Qian, X., Cawood, P. A., Lu, X., Gan, C., Asis, J. B., & Zhang, P. (2022). Early 
Cretaceous subduction in NW Kalimantan: Geochronological and geochemical constraints 
from the Raya and Mensibau igneous rocks. Gondwana Res, 101, 243–256. 
https://doi.org/10.1016/J.GR.2021.08.006

Webb, M., Endinanda, F., & Gough, A. (2023). Mesozoic magmatism of Natuna Island, 
Indonesia: Implications for the subduction history of eastern Sundaland. Gondwana Res, 119, 
45–67. https://doi.org/10.1016/j.gr.2023.02.022

Wongsosantiko, A., & Wirojudo, G. K. (1984). Tertiary tectonic evolution and related 
hydrocarbon potential in the Natuna area. Indonesian Petroleum Association, 13th Annual 
Convention Proceedings (Volume 1), 1984. Pages 161-183.

Yuan, Y. S., Yang, S. C., Hu, S. B., & He, L. J.  (2008). Tectonic Subsidence of Qiongdongnan Basin 
and Its Main Control Factors. Chinese J Geophys, 51(2), 248–255. 
https://doi.org/10.1002/cjg2.1216

https://doi.org/10.1016/J.CHEMGEO.2007.11.005
https://doi.org/10.1016/J.GSF.2015.11.006
https://doi.org/10.1016/j.marpetgeo.2023.106258
https://doi.org/10.1144/GSL.SP.1996.106.01.19
https://doi.org/10.1016/j.gsf.2023.101752
https://doi.org/10.1016/j.chemgeo.2013.01.010
https://doi.org/10.1016/J.GSF.2018.04.001
https://doi.org/10.1016/J.GR.2021.08.006
https://doi.org/10.1016/j.gr.2023.02.022
https://doi.org/10.1002/cjg2.1216


Zhang, A., Bin Asis, J., Fang, X., Li, H., Omang, S. A. K., Chen, M., Fang, Q., Li, D., & Peng, T. 
(2022). Late Cretaceous fore–arc spreading in the northern Kuching Zone of West Borneo, SE 
Asia: Constraints from the Pakong Mafic Complex. J Asian Earth Sci, 230, 105189. 
https://doi.org/10.1016/J.JSEAES.2022.105189

Zhao, Q., Yan, Y., Zhu, Z., Carter, A., Clift, P. D., Amir Hassan, M. H., Yao, D., & Aziz, J. H. A. 
(2021). Provenance study of the Lubok Antu Mélange from the Lupar valley, West Sarawak, 
Borneo: Implications for the closure of eastern Meso-Tethys? Chem Geol, 581, 120415. 
https://doi.org/10.1016/j.chemgeo.2021.120415

Figure Captions 

Figure 1 

Geological and location maps for Natuna Island. A) Geological map, stratigraphy, and regional 
cross-section of Natuna Island. The geological map shows GPS tracks along with waypoints 
visited and samples analysed during this study, locality/log locations indicate those used for 
facies analysis. The map, stratigraphic column, and cross-section were modified during this 
study from Hakim and Suryono, 1994, Kausarian et al., 2019, and Webb et al., 2023. B) GMRT 
map showing the geographic location of Natuna Island in relation to Borneo along with major 
structural and tectono-stratigraphic lineaments. GMRT map data is taken from Ryan et al., 
2009 and tectono-stratigraphic lineaments are from Breitfeld et al. (2020b). 

Figure 2 

Field photographs, thin section images, and sedimentary log from the Senua Ignimbrites, 
locality numbers are provided for each photograph. A) Bedded vesicular ignimbrites on the 
western side of Senua Island. B) Close-up image of the same outcrops showing the inclusion 
of fiamme and larger fragments of volcanic material (interbedded volcanic glass and welded 
tuff). C) Inter-bedded felsic tuffs and secondary volcaniclastic sandstones found on the eastern 
side of Senua Island, here volcanic bombs are found within the secondary volcaniclastic 
sandstone along with load and flame structures at its upper contact with a felsic tuff layer. D) 
Cm-scale interbedding of secondary volcaniclastic sandstone and felsic tuff, here the tuff 
includes fiamme (welded tuff). E) Trough cross-bedding found within a felsic tuff layer. F) Thin 
section image of the secondary volcaniclastic sandstone (sample NTS20-035) displaying its bi-
model grain distribution, angular to sub-angular grain texture, abundant quartz, and 
subordinate clinopyroxene (Cpx). G) Sedimentary log of the Senua Ignimbrites showing 
interbedded felsic tuffs and secondary volcaniclastic sandstones at locality NT20-073 along 
with showing the sampling location of NTS20-035. Log location is shown on the map provided 
in Figure 1 and is referenced during facies analysis (Supp. Data Files 6 & 7). 

Figure 3 

Field photographs from the lower sections of the Pengadah Formation observed across central 
and northern Natuna Island, locality numbers are provided for each photograph. A) Purple to 
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dark grey laminated mudstone containing angular blocks of sandstone. B) Polymict 
conglomerate displaying a northerly palaeocurrent based on the imbrication of clasts. C) 
Monomict conglomerate containing abundant chert clasts. D) First occurrence of shallow 
marine sandstones within the Pengadah Formation displaying Cruziana ichnofacies and 
elongated flame structures. E) Shallow marine sandstones displaying trough cross-laminations 
with asymmetric top-sets and a westerly palaeocurrent. F) Contact between shallow marine 
and fluvio-deltaic sandstones within the Pengadah Formation displaying parallel-bedded 
green sandstone transitioning up into trough cross-bedded orange sandstones with mud 
drapes. G) Contact between shallow marine and fluvio-deltaic sandstones displaying abundant 
organic matter along the transitional contact. H) Thinly laminated grey shale observed 
between trough cross-bedded and parallel bedded sandstones. 

Figure 4 

Thin section images of sandstones from the Pengadah Formation. These images are from 
samples that have been analysed using their U-Pb zircon ages, heavy mineral contents, and 
light mineral contents with sample numbers included. The images display the abundance of 
quartz within sandstones of the Pengadah Formation, along with their sub-angular to sub-
rounded grain shapes and occasional bi-modal grain distribution. Mineral abbreviations – Kfsp 
(K-feldspar), Zr (zircon), Cpx (clino-pyroxene). 

Figure 5 

Sedimentary logs taken from the Pengadah Formation displaying both shallow marine and 
fluvio-deltaic sandstones and mudstones. Log locations are shown on the map provided in 
Figure 1 and are referenced during facies analysis (Supp. Data Files 6 & 7).

Figure 6 

Field photographs taken from the upper sections of the Pengadah Formation observed across 
central and northern Natuna Island, locality numbers are provided for each photograph. A) 
Parallel laminated sandstone. B) Channelised unit displaying massive medium-grained 
sandstone at the base with coarse sandstone and muds within the channel itself. C) Isolated 
planar cross-laminations within an otherwise parallel bedded sandstone. D) Mud drapes found 
between cross-laminations. E) Symmetrical ripples within medium-grained sandstones. F) 
Interbedded flaser laminated sandstones and wavy laminated muds containing abundant 
carbonised organics. G) Abundant fossilised tree trunks within massive sandstone unit. H) 
Abundant rhizoliths from the same massive sandstone unit. 

Figure 7 

Sedimentary logs taken from locality NT20-012 within the Pengadah Formation displaying 
fluvio-deltaic sandstones. Log location is shown on the map provided in Figure 1 and is 
referenced during facies analysis (Supp. Data Files 6 & 7).

Figure 8 

Field photographs taken from the Raharjapura Formation observed across central and 
northern Natuna Island, locality numbers are provided for each photograph. A) Trough-cross 



bedding within white sandstones. B) Abundant mafic, granitic, and chert clasts from within the 
same white sandstone. C) Channelised sandstone unit with trough cross-bedded sandstones 
at the base, conglomerates within the channel defining an erosional base, and planar cross-
bedded sands overlying the channel. D) Interbedded sandstones and laminated muds with 
overlying parallel-bedded sandstone. E) Thick package (at least 2m) of laminated mudstone 
with overly parallel-bedded sandstone. F) Zoomed in image from Figure 8E displaying isolated 
lenticular bedding within the laminated mudstones. G) Zoomed in image from Figure 8E 
displaying flaser bedding along the mudstone to sandstone contact. H) Interbedded fine-
grained sands and muds. The muds represent the dominant and thicker layers whilst the sands 
are heavily bioturbated.  

Figure 9 

Sedimentary logs taken from within the Raharjapura Formation displaying both fluvio-deltaic 
and shallow marine sandstones and mudstones. Log locations are shown on the map provided 
in Figure 1 and are referenced during facies analysis (Supp. Data Files 6 & 7)

Figure 10 

Field photographs, thin section images, and sedimentary log from the Bukit Tekol Formation 
observed in southern Natuna Island, locality numbers are provided for each photograph. A) 
Reverse-graded monomict breccia containing abundant chert clasts. B) Outcrop displaying 
normal-graded monomict chert breccia of the Bukit Tekol Formation overlying folded cherts 
of the Mesozoic Bunguran Formation. The breccia occurs with interbedded muds and defines 
an alluvial sheetflood with outcrop geometry defining a broadly N to S palaeocurrent or 
depositional channel. C) Zoomed in image of monomict chert breccia from the same outcrop. 
D) Thin section image from sample NTS20-029 taken from the same outcrop, here the image 
shows a hematite cement and abundant microcrystalline and heavily fractured chert. E) 
Sedimentary logs for the chert-rich breccias from the Bukit Tekol Formation displaying their 
normal- and reverse-graded nature. Log locations are shown on the map provided in Figure 1 
and are referenced during facies analysis (Supp. Data Files 6 & 7).

Figure 11 

Detrital zircon age spectra from samples analysed during this study including from the Senua 
Ignimbrite, Pengadah Formation, Raharjapura Formation, and Bukit Tekol Formation. Samples 
are displayed on kernel-density estimates (KDEs) with all concordant age data. Histograms bin 
widths are set at 50 Ma for most samples aside from the inset of NTS20-029 where the bin 
width is set to 2 Ma (Figure 11G). Coloured bins represent key peaks in age spectra and their 
relevant age. A) Sample NTS20-035 from the Senua Ignimbrite. B) Sample NTS20-005 from the 
Pengadah Formation. C) Sample NTS20-006 from the Pengadah Formation. D) Sample NTS20-
002 from the Pengadah Formation. E) Sample NTS20-010 from the Pengadah Formation. F) 
Sample NTS20-0004 from the Raharjapura Formation. G) Sample NTS20-003 from the 
Raharjapura Formation. H) Sample NTS20-001 from the Raharjapura Formation. I) Sample 
NTS20-029 from the Bukit Tekol Formation, included here is an inset KDE capped at 0-10 Ma 
to display the abundant Miocene to Pleistocene zircon ages from within this sample. 

Figure 12 



Heavy mineral contents from samples of the Senua Ignimbrite, Pengadah Formation, 
Raharjapura Formation, and Bukit Tekol Formation. Heavy mineral counts are displayed using 
a horizontal bar chart where counts have been converted to percentages and provided in 
Supplementary Data File 4. Below this are relevant heavy mineral indices that define switches 
in provenance: ZTR = Zircon, Tourmaline, Rutile index, RZi = Rutile/Zircon index, ATi = 
Apatite/Tourmaline index, AmpTi = Amphibole/Tourmaline index. 

Figure 13 

Light mineral contents from samples of the Senua Ignimbrite, Pengadah Formation, 
Raharjapura Formation, and Bukit Tekol Formation. Light mineral counts are displayed on 
standard QFL and QmFLt plots (Dickinson, 1985) and provided in Supplementary Data File 5.

Figure 14 

Comparison KDEs displaying detrital zircon age spectra from samples analysed during this 
study and those of potential sediment sources and coeval deposits from Borneo. Histogram 
bin widths are set at 50 Ma and coloured bins represent key peaks in age spectra and their 
relevant age for correlation between spectra. A) Combined detrital zircon age spectra from all 
samples analysed during this study from the Raharjapura Formation. B) Detrital zircon age 
spectra for the Miocene Kakus Formation found within the Miri Zone of Borneo (Breitfeld et 
al., 2020a). C) Combined detrital zircon age spectra from all samples analysed during this study 
from the Pengadah Formation. D) Detrital zircon age spectra for the Eocene Rajang Group 
found within the Sibu Zone of Borneo (Galin et al., 2017). E) Detrital zircon age spectra from 
the Senua Ignimbrite analysed during this study. F) Detrital zircon age spectra from 
metamorphic and igneous rocks of the West Borneo Basement (Breitfeld et al., 2017; Gan et 
al., 2022; Wang et al., 2022; Zhang et al., 2022). G) Detrital zircon age spectra for the Mesozoic 
basement rocks of Natuna Island (Webb et al., 2023). H) Detrital zircon age spectra for the 
Mesozoic granitoid basement of SW Borneo (Breitfeld et al., 2020b). 

Figure 15

Generalised sections for the Oligo-Miocene Pengadah Formation and the Pliocene 
Raharjapura Formation based on facies analysis and field observations during this study. Also 
shown are the relative stratigraphic location and type of samples analysed, inferred 
depositional environments, and basin evolution events. The basin evolution events combine 
the field observations, depositional environments, and sedimentary provenance analysis, with 
regional tectonics throughout the late Cenozoic to correlate the onshore sediments on Natuna 
Island with those in the surrounding basins.

Figure 16 

Multi-dimensional scaling (MDS) plot providing similarity scaling of the detrital zircon ages for 
different samples analysed in this study and their potential sources (after Vermeesch, 2013). 
This plot was produced using IsoplotR (Vermeesch, 2018) and uses a classical MDS approach 
and the Kolmogorov-Smirnov dissimilarity measure. Nearest neighbour lines are included here 
with a solid line representing the closest neighbour and a dashed line representing the second-
closest neighbour. Sources of detrital age data include the following: Pengadah Formation, 
Raharjapura Formation, Senua Ignimbrites (this study); Natuna Basement (Webb et al., 2023); 



Malay-Singapore Basement (Sevastjanova et al., 2011; Gillespie et al., 2019; Liu et al., 2020); 
West Borneo Basement (Breitfeld et al., 2017; Gan et al., 2022; Wang et al., 2022; Zhang et al., 
2022); Schwarner Mountains (Breitfeld et al., 2020b); Rajang Group (Galin et al., 2017); Kakus 
Unit, Merit-Pila Formation, and Nyalau Formation (Breitfeld et al., 2020a). 

Figure 17

Palaeogeographic reconstructions and depositional environments for the Natuna Arch and 
wider Sundaland region from the Eocene to Pleistocene. A) The Late Eocene at ~38 Ma displays 
the initial stages of extension along the eastern margin of Sundaland with uplift and volcanism 
in the Natuna Arch (Senua Ignimbrites), with coeval volcanism on Borneo (the Arip Volcanics 
interbedded with Unit 4 of the Rajang Group). Deposition of the Rajang Fan continued with 
material shedding off the W Borneo Basement and Schwarner Mountains along with 
development of a Proto-Sarawak River delivering material from the Malay Peninsula, the 
Rajang Group represents an offshore equivalent of the Senua Ignimbrites. B) The Late 
Oligocene at ~30 Ma displays the initial syn-rift phase across the Sundaland basins with the 
Natuna Arch representing a regional high from which alluvial to fluvial braid plain sediments 
are shed off into the West Natuna Basin (WNB). Here the onshore Pengadah Formation is a 
lateral equivalent of the Lama and Benua formations in the WNB and development of Proto-
Kuapas River delivers sediment from the West Borneo Basement and Schwaner Mountains 
regional highs towards the Natuna region. C) The Oligo-Miocene at ~23 Ma displays the post-
rift interlinkage phase within the Sundaland basins. Here the Sunda River is delivering 
sediment from the Malay Peninsula towards the Natuna region, which then mixes with 
additional sources from the Natuna Arch and West Borneo Basement. During this time the 
Pengadah Formation is deposited in a deltaic to shallow marine setting and represents a lateral 
equivalent to the Barat Formation of the WNB and the Gabus Formation of the East Natuna 
Basement (ENB). D) The Early to Middle Miocene (~15 Ma) represents the syn-inversion phase 
with uplift of the Natuna Arch providing sediments to meandering fluvial deposits of the 
Pengadah Formation. During this time the Kuapas River is also delivering sediment from the 
uplifting Kuching-Rajang Range into the Natuna region, with the Arang Formation of the WNB 
and Kakus Formation of the Miri Zone representing lateral equivalents to the Pengadah. E) The 
Pliocene at ~5 Ma represents the post-inversion phase with deposition largely controlled by 
changing sea-level, here the Raharjapura Formation is being recycled from the underlying 
Pengadah Formation and deposited in a deltaic to shallow marine setting. Coeval to this was 
deposition of the shallow marine Muda Formation in the WNB and ENB, along with ongoing 
Neogene mafic volcanism across Sarawak. F) The Pleistocene at ~2 Ma displays the impacts of 
the Quaternary Glaciation Event with relative seal-level fall and emergence of land across 
Sundaland. Here, the Bukit Tekol Formation alluvial fan deposits are shed off the Natuna Arch, 
which has remained a regional high since at least the Eocene. Coeval to this is deposition of 
Petra Jaya sediments in Sarawak along with inferred Plio-Pleistocene volcanism across West 
Borneo and the Natuna Arch (based on detrital zircon ages). During this time the Muda 
Formation was being deposited in a fluvio-deltaic setting across the WNB and ENB fed by 
several trans-Sundaland river networks, including the Molengraff River. Tectonic 
reconstructions, palaeogeographies, and sediment delivery networks are derived from this 
study (for the Natuna region) and further modified from Burton and Wood (2010), Hall (2013), 
Morley et al. (2016), Breitfeld and Hall (2018), Breitfeld et al. (2018), Henning-Breitfeld et al. 
(2019), Breitfeld et al. (2020), Breitfeld (2021), Indranadi and Djunaedi (2022), and Surjono et 
al. (2023).   



Figure 18

Stratigraphy of Natuna Island, the West Natuna Basin, and the East Natuna Basin showing the 
correlation of Cenozoic formations between the onshore and offshore sections, along with 
basin evolution cycles. The stratigraphy of Natuna Island was developed during this study and 
based upon Hakim and Suryono (1994). The stratigraphy of the West and East Natuna Basins 
are modified from Burton and Wood (2010), Darman (2017), Indranadi and Djunaedi (2022), 
and Surjono (2023).
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Highlights:

• New provenance analysis for Oligocene to Pleistocene sediments on Natuna Island.
• Reveals a full onshore syn-rift to post-inversion cycle with inter-basin linkage. 
• Implications for sediment source and delivery to the East and West Natuna basins.








































