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A B S T R A C T   

Neogene marine deposits of North Borneo are locally very rich in fossils that provide glimpses into the past 
biodiversity. However, dating these onshore sediments with biostratigraphy is often hampered by the lack and/ 
or the poor preservation state of index fossils. Therefore, the fossiliferous sites were targeted with strontium 
isotope stratigraphy (SIS) to obtain higher precision relative dating. Well-preserved macrofossils were screened 
using a multidisciplinary approach, and 87Sr/86Sr ratios of the most pristine remains were used to date the 
embedding sediments. Most of the measured ages fall in the expected chronostratigraphic framework established 
by large scale studies for the region. The oldest, Burdigalian (early Miocene) ages were measured for the Sibuti 
Formation in Sarawak (17.71 ± 0.2My and 16.7 ± 0.2My) followed by a Serravallian (middle Miocene) age 
within the Belait Fm in Brunei (12.1 + 1.4/-1.2My). Eight localities from the younger units, the Miri and Seria 
formations in Brunei, gave a range in age from 10.5 ± 1 to 7.0 + 0.9/-0.5My (Tortonian-Messinian). Reworked 
fossil assemblages from Tutong beach were also investigated and the SIS ages of Late Miocene support an origin 
from the younger part of the Seria Fm. One locality, in Lumapas where limestone crops out in Brunei, gave an 
unexpected younger age (Tortonian, late Miocene, 10.6 ± 1My) compared to estimates projected for its assumed 
stratigraphic position in the lower Belait Formation (late Burdigalian). These challenging data require more 
research, yet if the young age is accepted, the stratigraphic situation of the limestone needs further revision.   

1. Introduction 

Borneo is the world’s third largest island situated in the center of the 
Indo-Australian Archipelago (IAA), a region with the highest biodiver
sity today (Hoeksema, 2007; Bellwood et al., 2012 and references 
therein) that evolved since the Miocene (Renema et al., 2008). However, 
paleontological research in Borneo and related paleobiodiversity syn
thesis are sparse, mainly due to the lack of available outcrops related to 
dense vegetation of the tropical rainforest, lack of systematic and 
focused sampling, and lack of research on potential fossiliferous sedi
mentary successions. Previous geological investigations in Borneo 
concentrated on mapping for road constructions and for industrial 

resources (ores, oil and gas, etc.) (e.g., Liechti et al., 1960; Wilford, 
1961), and though fossil content of sedimentary rocks were recorded, 
detailed paleontological descriptions (e.g., taxonomy, ecology) were 
rare (Beets, 1947, 1983; Nuttall, 1961, 1965; Stinton, 1962). Over the 
last 10–20 years, however, more information was collected, especially 
from marine deposits of East Kalimantan (e.g., Novak and Renema, 
2015; Di Martino et al., 2015; Kusworo et al., 2015) and North Borneo 
(e.g., Collins et al., 2003; Mihaljević et al., 2014; Simon et al., 2014; 
Harzhauser et al., 2018; Kocsis et al., 2019, 2020, 2021; Roslim et al., 
2019, 2020, 2021). 

In order to constrain detailed, time-related changes in paleo
biodiversity, the age of the fossiliferous deposits must be well assessed. 
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The stratigraphic framework of North Borneo has been recently updated 
using sequence stratigraphy, biostratigraphy, and tectonic analysis 
(Hennig-Breitfeld et al., 2019; Lunt, 2019; Lunt and Madon, 2017, 
Morley et al., 2021). The data of these studies are mainly derived from 
offshore exploration of oil companies (boreholes and seismic profiles). 
In contrast to small onshore outcrops precise correlations are often 
difficult. Moreover, important index microfossils, such as calcareous 
nannoplankton and planktonic foraminifera are either absent due to 
shallow siliciclastic depositional conditions, or badly preserved due to 
their low preservation potential under tropical weathering. However, 
when well-preserved marine carbonate macrofossils are available, they 
can be analyzed for strontium isotope ratios (87Sr/86Sr), and the data can 
be compared with the marine Sr-evolution curve to estimates numerical 
ages (i.e., Strontium Isotope Stratigraphy – SIS, see McArthur et al., 
2001; 2020). Such an approach has been applied to carbonate rocks 
drilled in the South China Sea off the coast of North Borneo (Vahren
kamp, 1998; Grötsch and Mercadier, 1999; Lunt and Madon 2017), to 
Bornean onshore carbonates (Lunt, 2014) and well-preserved calcareous 
fossils (Renema et al., 2015; Kocsis et al., 2018, 2021). 

This study presents SIS ages from fossil-rich outcrops from northern 
Sarawak (Miri region, Malaysia) and Brunei Darussalam with the aim to 
provide better age estimates. This then helps to compare contempora
neous paleofaunas in Southeast Asia and evaluate changes in biodiver
sity through time within the region. The obtained strontium isotope ages 
are compared and correlated to the cycles of the most recent sequence 
biostratigraphic framework of the region presented by Morley et al. 
(2021). 

1.1. Strontium isotope stratigraphy (SIS) 

Aquatic organisms generally record the chemical and isotopic com
positions of the ambient water, and with appropriate chemical and 
isotopic fractionations such compositions are also reflected in their 
mineralized parts (e.g., shells, tests, teeth). However, biological (i.e., 
vital effect) as well as diagenetic processes may override equilibrium 
compositions, which need to be considered for paleoenvironmental and 
paleoclimatic reconstructions. One way to overcome such issues is to use 
the same taxon or similar taxa, hence relative variations within the same 
taxa could be taken to reflect environmental changes. However, even if 
there may be small vital effect in terms of Sr incorporation in the bio
minerals, there is apparently no measurable fractionation during bio
mineralization for the Sr-isotope ratio (87Sr/86Sr) (e.g., Hodell et al., 
1991; Veizer et al., 1997; McArthur et al., 2001). The residence time of 
Sr in seawater (>106 years) is longer than the mixing time of the oceans 
(~103 years), which eventuates a unique 87Sr/86Sr ratio for the ocean 
(Burke et al., 1982; DePaolo and Ingram, 1985; Veizer, 1989; Frank, 
2002) that can be recorded in biominerals of marine organisms. The 
87Sr/86Sr of the dissolved Sr in seawater, however, varied through 
geological time related to proportionally different input of Sr in the 
oceans (i.e., crustal vs. mantle end-members). This time dependent 
variation in 87Sr/86Sr in the open ocean is the basis for Strontium Isotope 
Stratigraphy (SIS) that enables dating marine sedimentary units (e.g., 
Koepnick et al., 1985; Hodell et al., 1991; Veizer et al., 1997; McArthur 
et al., 2001, 2020). 

In order to date marine rocks, pristine and unaltered remains are 
necessary. Diagenesis, can affect original open marine Sr-isotopic ratios 
of the analyzed samples, depending on the degree of post-mortem 
alteration and recrystallization as well as the composition of the 
diagenetic fluid. SIS is best applied to open marine deposits, however 
when it comes to coastal and estuarine shallow water settings the above 
mentioned issues may well be enhanced. In order to assess the quality of 
the samples besides macro-and microscopic observations, the original 
mineralogy (e.g., XRD for aragonite) and cathodoluminescent properties 
or SEM microstructural analyses are often examined. These are 
frequently supplemented by minor and trace element (Mg, Sr, Fe, Mn) 
and/or stable oxygen and carbon isotope analyses (e.g., McArthur et al., 

2001, 2020). 

2. Geological setting and the studied localities 

The geological investigation of North Borneo was initially driven by 
a search for natural resources via detailed mapping of the region (e.g., 
Liechti et al., 1960; Wilford, 1961), but paleontological data were oc
casionally mentioned and discussed as well (e.g., Nuttall, 1961; James, 
1984). This study focuses on fossiliferous units in Sarawak and Brunei. 
The study area is located in the eastern side of the Miri Zone (Haile, 
1974), where we concentrated on onshore Neogene deposits (Fig. 1). 
The sedimentary rocks indicate depositional environments with a gen
eral, time related shift from a deeper, open marine setting towards 
coastal deltaic facies, in some cases with a stronger fluvial influence 
(Roslim et al., 2020). The lower and middle Miocene is represented by 
deep marine sediments consisting of clayey rocks (Setap Shale Forma
tion) sometimes with a higher carbonate content (Sibuti Formation), but 
also by thick reef-related limestone deposits (Niah Mountain i.e., Subis 
Formation). In the middle Miocene the hinterland uplifted exposing 
older rocks (Crocker Range) resulting in a higher amount of siliciclastic 
sediment supplied to adjacent basins via several deltaic systems (Saller 
and Blake, 2003; Lambiase et al., 2003; Lambiase and Cullen, 2013; 
Kessler and Jong, 2015). The Middle and Upper Miocene is character
ized by tidal- and wave-dominated, rather sandy sediments (Belait and 
Lambir formations) adjacent to shallow, coastal marine successions 
(Miri and Seria formations). The latter often consists of several stacked- 
up small-scale sequences with higher clay content at their base (e.g., 
Liechti et al., 1960; Wilford, 1961). Some authors consider all these 
deposits as belonging to one lithostratigraphic unit, the Belait Formation 
(e.g., Back et al., 2001; Morley et al., 2003). The prograding deltas 
gradually filled up the basins, and by the Pliocene more fluvial and 
lagoonal sediments were formed together with occasional thick 
conglomerate beds and lignite bearing horizons (Liang Formation). 
Some of the described sediments were deformed and tilted by 
compressive tectonics during the Mio-Pliocene that resulted in large 
syncline-anticline structures recorded both onshore and offshore (Mor
ley et al., 2003). The sequence stratigraphic frameworks for these de
posits have been proposed by several authors, and on this basis the 
overall depositional ages of the region’s sedimentary cycles were well 
assessed (e.g., Morrison and Wong, 2003; Saller and Blake, 2003; Torres 
et al., 2011; Morley et al., 2021). However, the correlation of onshore 
small-scale outcrops with the established sequences can be challenging 
due to a lack of biostratigraphic markers and/or their poor preservation 
state. 

Several Neogene outcrops have been investigated for their fossil 
contents in the past years in Sarawak (Malaysia) and Brunei Darussalam 
in Northern Borneo (e.g., Wannier et al., 2011; Kocsis et al., 2020, 2021; 
Roslim et al., 2020, 2021). This study targets the most fossiliferous 
sections with Strontium Isotope Stratigraphy (SIS), in order to obtain 
best possible estimates of numerical ages for each site and to correlate 
them with the cycles of the sequence biostratigraphic framework pro
vided by Morley et al. (2021). SIS combined with biostratigraphy was 
used, in the recent years, to date one of the most fossiliferous sites in 
Brunei at the Ambug Hill in the Tutong District (Kocsis et al., 2018), and 
SIS also helped to trace the origin of reworked fossils found on the 
Penanjong beach in Brunei (Kocsis et al., 2021). In the present research 
thirteen new sites are included from three different structural areas 
(Table 1, Fig. 1): 

(1) Two outcrops of the Sibuti Formation in Sarawak Malaysia 
described in Wannier et al. (2011), where marlstone deposits yield rich 
mollusk, crustacean, and coral fauna. 

(2) Seven localities from the Belait syncline (western flank of the 
Jerudong anticline) in Brunei, from which six sites expose shallow ma
rine siliciclastic sediments of the Miri and Seria formations (e.g., Collins 
et al., 2017; Roslim et al., 2020). Based on bedding structure and the dip- 
direction of the beds, the relative ages of the outcrops get younger 
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towards the NW. The seventh site is the Tutong beach from where re
mains of reworked marine vertebrates were recently discovered and 
hence included in this study. 

(3) Four sites from the Berakas syncline in Brunei. Two are clay-rich 
deposits of the Miri Formation at the eastern flank of the Jerudong 
anticline (Fig. 1). One locality belongs to the Belait Formation (Lambiase 
and Cullen, 2013), which crops out towards the South and East with 
dominantly sandy facies poor in body fossils. Nevertheless, a fossil-rich 
claystone with oyster mounds was discovered within this formation at 
Subok (Kocsis et al., 2020; Roslim, 2021). This latter was sampled for 
SIS. The fourth site is from Lumapas where Brunei’s only limestone 
occurrence can be found. These calcareous beds were reported to be 
intercalated within the older series of the Belait Formation (Wilford, 
1961). 

3. Materials and methods 

From the studied outcrops well-preserved macrofossils were 
collected and prepared for geochemical analyses. Mollusks that 
commonly occur and originally have calcite shells such as Pectenidae 
(scallops) and Osteridae (oysters) were first targeted. The former ones 
were preferred as they are stenohaline marine organisms, in contrast to 
certain oyster species that can also inhabit brackish environments. 
Moreover, the coarsely layered shells of the oysters can entrap sediment 
particles, as they frequently grow in more wave-agitated environments. 
If these two taxa were absent, other bivalves, sea urchin spines, or 
originally aragonite biominerals such as fish otolith or gastropod oper
culum, or in some cases vertebrate remains (teeth and bones, i.e., bio
apatite) were included (Table 2). 

Fig. 1. Geographic position of the studied localities and their time related distribution within the corresponding lithostratigraphic units. The color code in the maps 
(b-c) corresponds to rock units indicated in Fig. 1d. Abbreviations of the outcrops (see also Table 1): Bek – Bekenu road; Ten – Tengah; Lum – Lumapas limestone; Sub 
– Subok; Dad – Dadap; Tag – Tagap; LK – Lion King; JT1 – Tanjong Nangka site; IB – Ikas Bandung; Mar – Maraburong; Ker- Keriam village; JPB – Jalan Pak Bidang; 
TB – Tutong beach reworked fauna. In addition, two previously studied localities with Sr-isotope are shown: AH – Ambug Hill (Kocsis et al., 2018); PB – Penanjong 
beach reworked assemblage (Kocsis et al., 2021). Note that the older position of the Lumapas limestone (Lum) is based on preliminary biostratigraphic data (BS) 
(Briguglio et al., 2017), however this is challenged here by the SIS data showing the alternativ younger age in Fig. 1d. 
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The samples were washed in an ultrasonic bath to remove any 
adherent sediment particles, and then were optically examined using a 
microscope. Suitable, unaltered areas were drilled with a Dremel 
diamond-bit hand-drill. Some of the calcareous samples were examined 
with X-ray diffraction (XRD) to assess their mineralogical composition 
(i.e., testing for original aragonite compositions, Fig. 2a) at the Uni
versiti Brunei Darussalam, with a Shimadzu XRD-7000 diffractometer. 
Thick sections of part of an oyster shell from Subok (Sub-3) and a 
fragment of the Lumapas limestone (Lum-5) (Fig. 2b-i) were made at the 
Institute of Earth Sciences at University of Lausanne in Switzerland, and 
analyzed with the following optical methods: (1) Cathodoluminescence 
with an OPEA equipment model 8200 MkII, which allowed specific 
sampling of unaltered areas; (2) Raman spectroscopy to detect the 
mineralogy of the specimens. The subsampling was performed with an 
Olympus SZ61- NewWave MicroMill device. Prior to strontium isotope 
analyses, most of the calcareous samples were analyzed for minor and 
trace element (Sr, Mg, Mn, Fe), and stable oxygen and carbon isotope 
compositions to get further information about the habitat of the given 
taxa and/or the preservation state of the fossils. From some sites, sam
ples with different preservation state were also analyzed in parallel in 
order to assess diagenetic pathways (e.g., recrystallized vs. pristine 
samples). 

3.1. Strontium isotope analyses (87Sr/86Sr) 

The sample powders were analyzed in two different laboratories, but 
with the same analytical method. A standard cation exchange resin 
(Eichrom Sr spec) was used to separate strontium with in columns 
washed with 3 N HNO3. Sr was subsequently eluted with MilliQ® water. 
The 87Sr/86Sr ratios were either analyzed on a Finnigan MAT 262 
thermal-ionization mass spectrometer at the Institute for Geology, 
Mineralogy and Geophysics of the Ruhr-University (Bochum, Germany), 
or by using a double focusing MC-ICPMS with a forward Nier–Johnson 
geometry (Thermo Fisher Scientific, Neptune TM) housed at the Centro 
Interdipartimentale Grandi Strumenti of Modena and Reggio Emilia 
(UNIMORE). For further details on sample preparation and analyzes see 
Li et al. (2011), Vescogni et al. (2014), and Lugli et al. (2017). 

All the data were adjusted to a 86Sr/88Sr value of 0.1194 to correct 
for the instrumental fractionation. In the UNIMORE lab several NIST 
SRM 987 standards (between 6 and 13) were analyzed together with the 
samples and their 2 standard deviation were used to correct for instru
mental bias to a value of 0.710248 (McArthur et al., 2001). Repeated 
analyses of the NIST SRM 987 had an external reproducibility (2sd) of 9 

to 21 ppm, with higher variation relating to small standards analyzed 
with the micromill-sampled specimens (<1 mg). In the Bochum labo
ratory, USGS EN-1 and NIST SRM 987 were analyzed together with the 
samples. In our previous work, the long term value of USGS EN-1 were 
used for further normalization (see Kocsis et al., 2018: 0.709161 ±
0.000002; 2 s.e., n = 314), however to be consistent with the UNIMORE 
data, the long-term NIST SRM 987 of the Bochum laboratory (0.710240 
± 0.000002; 2 s.e., n = 423) were used to correct the 87Sr/86Sr ratios of 
the samples to the excepted value of 0.710248 (McArthur et al., 2001). 
This normalization results from 5 to 8 × 10-6 lower 87Sr/86Sr ratios when 
compared to the EN-1 corrected data. For most of the cases such dif
ferences are within the error of the standard deviation of multiple an
alyses from the same sites. 

The measured 87Sr/86Sr ratios were compared to the look-up tables 
of McArthur et al. (2020), which is tied to the Geological Time Scale 
2020 (Gradstein et al., 2020), and were used to derive numerical ages 
from the studied samples. Minimum and maximum ages were obtained 
by combining the statistical uncertainty (2 s.e.) of the mean values of the 
Sr-isotope ratios of the samples with the uncertainty of the seawater 
curve (Table 2). 

3.2. Trace and minor element analyses 

Prior to the Sr-separation, subset solutions from the larger calcareous 
samples were taken for measurements of Mg, Sr, Mn, and Fe concen
trations. The elemental concentrations were determined on a Thermo 
Fisher Scientific iCAP6500 Dual View ICP-OES at the Bochum 
geochemical facilities, while a Perkin Elmer Optima 4200 DV ICP-OES 
was used at the University of Modena. The supernatant was diluted to 
4 % w/w HNO3 for the analyses, while an aliquot of the sample was 
further diluted to measure Ca concentration as well. The ICP-OES were 
externally calibrated with multi-element calibration standards in the 
concentration range from 1 ppb to 10 ppm for all the elements. Pre
cisions were typically better than 5 % RSD (relative standard deviation) 
for Ca, Mg, Sr and Fe and better than 20 % for Mn. The data are 
expressed in ratios relative to Ca in mmol/mol (Fig. 4, Supplementary 
Table 1). 

3.3. Stable isotope analyzes (δ18O and δ13C) 

A Gasbench II coupled to a Finnigan MAT Delta Plus XL mass spec
trometer was used to analyze the carbonates for carbon and oxygen 
isotope compositions in the Stable Isotope Laboratory of University of 

Table 1 
List of the studied sites with age ranges reported in literature.    

Latitude (N◦) Longitude (E◦) Lithostratigraphy Lithology Age range Geological References 

Sarawak, Malaysia        
Bekenu-Niah Road Bek  4.016369  113.803871 Sibuti Fm. marlstone Early-Midddle Miocene Wannier et al., 2011 
Kh. Tengah Ten  4.056760  113.809338 Sibuti Fm. marlstone with coral banks Early-Midddle Miocene Wannier et al., 2011 
Belait syncline        
Lion King outcrop LK  4.893287  114.833090 Miri Fm. claystone Late Miocene Back et al., 2005 
Tanjong Nangka JT1  4.872805  114.820647 Miri Fm. claystone Late Miocene Back et al., 2005; Collins et al., 2017 
Ikas Bandung IB  4.866543  114.795070 Miri Fm. claystone Late Miocene Roslim et al., 2020 
Maraburong Mar  4.824283  114.758736 Miri Fm. claystone Late Miocene Roslim et al., 2020 
Keriam Ker  4.816958  114.702387 Seria Fm. claystone Late Miocene Roslim et al., 2020 
Ambug Hill* AH  4.808439  114.673204 Seria Fm. claystone Late Miocene Kocsis et al., 2018 
Penanjong Beach* PB  4.840554  114.676480 reworked  Late Miocene Kocsis et al., 2021 
Tutong beach TB  4.807001  114.659907 reworked    
Jalan Pak Bidang JPB  4.674966  114.637201 Seria Fm. claystone Late Miocene Roslim et al., 2020 
Berakas syncline        
Lumapas reef Lum  4.817994  114.922256 ?Belait Fm. limestone ? Early Miocene Wilford, 1961 
Jalan Subok Sub  4.911256  114.988254 Belait Fm. oyster banks in claystone Middle Miocene Lambiase and Cullen, 2013 
Dadap Dad  4.870174  114.863787 Miri Fm. claystone Mid-Late Miocene Lambiase and Cullen, 2013 
Tagap Tag  4.909600  114.854634 Miri Fm. claystone Mid-Late Miocene Lambiase and Cullen, 2013 

Note that for the Lumapas limestone a younger age is proposed here based on SIS (see also Fig. 1). 
*already published Sr-isotope data. 
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Table 2 
Strontium isotope ratios of the studied materials and related SIS ages based on McArthur et al. (2020). Note that data with italics were not included in the final SIS age 
calculations (see text for details).  

Samples and their 
origin     

87Sr/86Sr 2SE Age (My) 87Sr/86Sr 2SE Age (My)        

individual Averages  min mean max 

Belait syncline             
Lion King outcrop LK cc Osteridae - bivalve G  0.708877  0.000005  10.4  0.708877  0.000010  9.9  10.4  10.9              

Tanjong Nangka JT1-L2- 
1 

cc Osteridae - bivalve G  0.708879  0.000005  10.3       

JT1-L2- 
2 

cc Osteridae - bivalve G  0.708887  0.000005  10.0       

JT1-L2- 
3 

ar Sciaenidae - fish otolith G  0.708882  0.000005  10.2       

JT1-L1- 
1 

cc Osteridae - bivalve G  0.708879  0.000005  10.3       

JT1-L1- 
2 

cc Osteridae - bivalve G  0.708833  0.000005 12.3       

JT1-L1- 
3 

cc Osteridae - bivalve G  0.708873  0.000005  10.5  0.708880  0.000016  9.5  10.3  11.0              

Ikas Bandung IB-1 cc Pectenidae - bivalve IT  0.708907  0.000007  9.3  0.708907  0.000012  8.5  9.3  9.8              

Maraburong MAR cc Osteridae - bivalve G  0.708917  0.000006  8.9  0.708917  0.000010  8.0  8.9  9.4              

Keriam Ker cc Osteridae - bivalve IT  0.708933  0.000004  7.9  0.708933  0.000009  7.2  7.9  8.7              

Jalan Pak Bidang JPB-1 cc Osteridae - bivalve IT  0.708946  0.000003  7.2       
JPB-2 ap Hemipristis serra - shark tooth IT  0.708956  0.000005  6.8  0.708951  0.000012  6.5  7.0  7.9                           

Tutong beach TB-1 ap Otodus megalodon - shark tooth IT  0.708972  0.000005  6.4      
(reworked) TB-2 ap Hemipristis serra - shark tooth IT  0.708974  0.000005  6.3       

TB-3 ap cf. Glyphys - shark tooth IT  0.708963  0.000005  6.6       
TB-4 ap Chelonid turtle bone IT  0.708989  0.000006  6.1       
TB-5 ar Haemulidae - Pomadasys - fish 

otolith 
IT  0.708941  0.000004  7.4  0.708968  0.000018  6.0  6.5  7.2              

Berakas syncline             
Lumapas reef Lum-1 cc Turbo - gastropod operculum - 

recryst 
G  0.708822  0.000005  12.9       

Lum-2 cc sea urchin spine - recryst G  0.708828  0.000005 12.6  0.708825  0.000010     
Lum-3 cc Pectenidae - bivalve IT  0.708875  0.000004  10.4       
Lum-4 ar Turbo - gastropod operculum IT  0.708865  0.000005  10.8       
Lum-5a carb micro-sampled shells tested with 

CL 
IT  0.708870  0.000005  10.6       

Lum-5b carb micro-sampled shells tested with 
CL 

IT  0.708865  0.000005  10.8       

Lum-5c carb micro-sampled shells tested with 
CL 

IT  0.708880  0.000005  10.3  0.708871  0.000021  9.7  10.6  11.6              

Jalan Subok Sub-1 cc Osteridae - bivalve G  0.708813  0.000004 13.5       
Sub-2 cc Osteridae - bivalve G  0.708820  0.000005 13.0       
Sub-3  Osteridae - Crassostrea - bivalve           
Sub-3a cc sub-sample with CL IT  0.708808  0.000004 13.9  0.708814  0.000021     
Sub-3b cc sub-sample with CL IT  0.708833  0.000005  12.3       
Sub-3c cc sub-sample with CL IT  0.708842  0.000006  11.8  0.708837  0.000021  10.9  12.1  13.5              

Dadap Dad-1 cc Osteridae - bivalve IT  0.708877  0.000005  10.4       
Dad-2 cc Pectenidae - bivalve IT  0.708870  0.000006  10.6  0.708874  0.000009  10.0  10.5  11.0              

Tagap Tag-1 cc Osteridae - bivalve IT  0.708879  0.000005  10.3       
Tag-2 cc Pectenidae - bivalve IT  0.708879  0.000005  10.3  0.708879  0.000009  9.8  10.3  10.8              

Sarawak, Malaysia             
Bekenu-Niah Road Bek-1 cc Pectenidae - bivalve IT  0.708616  0.000006  17.7       

Bek-2 cc Pectenidae - bivalve IT  0.708616  0.000007  17.7  0.708616  0.000012  17.5  17.7  17.9              

Kg. Tengah Ten-1 cc Osteridae - bivalve G  0.708696  0.000005  16.7    16.5  16.7  16.9  
Ten-2 cc bivalve G  0.708662  0.000006 17.1       
Ten-3 cc Osteridae - bivalve IT  0.708663  0.000005 17.1  0.708679  0.000023    

Abbreviations: cc– calcite; ar – aragonite; ap – apatite; G – data from the German laboratory; IT – data from the Italian laboratory. 
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Fig. 2. (a) Selected X-ray diffraction patterns of originally aragonitic fossils. Modern operculum, fossil operculum (Lum-4); recrystallized operculum (Lum-1), and 
fish otolith (TB-5). (b-e) Crassostrea sp. from Subok (Sub-3): (c) Transmitted light (TL) image of a polished thick section of the shell. Note the thin, light colored, 
transparent, finely laminated layers, indicating well-preserved biomineral. The thick variable dark grey to opaque layers are micritic. Red rectangle marks close-up 
images with (d) cathololuminescence (CL) and (e) TL showing detailed shell structure. Shell layers transparent in TL, show a dark, dusky orange to mauve color 
banding under CL reflecting variable uptake of Mn2+ traces during growth, suggesting potential preservation for original trace element compositions and Sr-isotope 
ratios. The dark grey to brownish color in TL, show a mottled, variably orange to bright mauve CL activation, with irregular seams of small cements (e.g. bottom left). 
These parts of the shell are recrystallized and probably have a low preservation potential for in-vivo Sr-ratios. (f-i) Lumapas limestone (Lum-5): (f) TL-thin section 
scan and (g-i) close-up images of a small (3 mm long) bivalve fragment screened for SIS. (g, i) TL show well-preserved laminated biomineral texture for the shell. (h) 
CL of the shell yields a dark violet-mauve CL, resulting from the optical combination of the dark blue (λ = 410–430 nm) intrinsic luminescence of pure calcite and the 
yellow-orange CL (λ = 600–650 nm) of a low (≪20 ppm) Mn2+ content. Very slight differences in the shade of violet are visible displaying the laminar biomineral 
texture. The remaining of the rock is composed of various bioclasts with a bright orange CL (>200 ppm Mn2+), suggesting uptake of Mn2+ during diagenetic 
alteration in a reducing environment. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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Lausanne (UNIL), Switzerland (Fig. 3, Supplementary Table 1), 
following a method adapted after Spötl and Vennemann (2003). Beside 
the specimens for the Sr-isotope analyses, some modern and fossil 
foraminifera were also analyzed (Supplementary Table 2). The analyt
ical precision for this method was better than ± 0.1 ‰ standard devia
tion as determined from multiple analyses of the in-house standard. The 
δ18O and δ13C values are expressed in the δ-notation relative to VPDB 
(Vienna Pee Dee Belemnite international reference standard). 

4. Results 

4.1. X-ray diffraction, cathodoluminescence (CL) and Raman 
spectroscopy 

Two fish otoliths (JT1-L2-3 and TB-5) and two gastropod opercula 
(Lum-1 and Lum-4) originally composed of aragonite, were analyzed 
with XRD (Fig. 2a). Macro- and microscopic observation indicate that 
original structure for three of the specimens is preserved, whereas one of 
the opercula is clearly recrystallized (Lum-1). The three well-preserved 
specimens retained their original mineralogical composition, however 
with very minor amount of Mg-calcite in the operculum (Lum-4). In 
contrast, the second, recrystallized operculum is entirely composed of 
Mg-calcite (Lum-1). 

One oyster shell from Subok (Sub-3) and a small calcite shell (Lum-5) 
within a limestone block from Lumapas were examined in CL (Fig. 2 d, 
h). The oyster shell is made of a layered structure with two distinct, often 
inter-fingered layers: (1) Finely laminated layers, transparent in TL 
(transmitted light), composed of fibres or lamellae of approximately 15 
µm size that are well organized in shingles, which are oriented obliquely 
to the growth lines of the shell. Under CL they show a low, dusky orange 
to mauve color banding, reflecting variable uptake of Mn2+ traces dur
ing growth, hence, they could potentially have preserved original trace 
element compositions and Sr-isotope ratios. (2) Variable mottled dark 
grey to brownish areas in TL, with areas showing faint phantoms of a 

“prismatic” structure, replaced by fine micrite, irregularly stained by Fe- 
hydroxides that gives the rusty tint to the shell (Fig. 2 c,e). In CL these 
layers reveal a mottled, variably orange to bright mauve luminescence 
(Fig. 2 d), showing irregular seams of small cements. The mottling is also 
seen on the TL images where the original biogenic structure is partly 
destroyed (Fig. 2 e). This part of the shell is diagenetically altered and 
may have exchanged with Sr and other trace element with the pore 
water during diagenesis. 

The small Lumapas specimen (Lum-5, length: 3 mm 5 by 0.5 mm, 
Fig. 2 f-g) is most possibly a bivalve shell whose cross section shows a 
laminated texture reminiscent of a laminar calcite biomineral (detected 
by Raman spectroscopy). It is transparent in TL because of its fibrous 
texture. The CL of the shell is dark violet-mauve (Fig. 3h) resulting from 
the optical combination of the dark blue (λ = 410–430 nm) intrinsic 
luminescence of pure calcite, and yellow-orange (λ = 600–650 nm) of a 
low (≪20 ppm) Mn2+ content (Sommer, 1972; Baumgartner-Mora and 
Baumgartner, 1994). Very slight differences in the shade of violet are 
visible displaying the laminar biomineral texture. The remaining of the 
rock is composed of various bioclasts with a bright orange CL (>200 
ppm Mn2+), suggesting uptake of Mn2+ during diagenetic alteration in a 
reducing environment (Cazenave, 2003). 

4.2. Stable isotope compositions 

Twenty-seven calcareous samples were analyzed for stable carbon 
and oxygen isotopic compositions. The δ18O values have a range be
tween − 7.6 and − 2.7 ‰, with an average of − 4.7 ± 1.2 ‰, while the 
δ13C values have a range from − 3.7 to 2.2 ‰ with an average of − 0.3 ±
1.7 ‰. Taxonomy and the range of values for each locality are illustrated 
in Fig. 3a-b. Modern large benthic foraminifera in the Brunei region had 
an average δ13C and δ18O of − 2.6 ± 0.4 ‰ and − 0.3 ± 0.7 ‰ (n = 30), 
respectively (Supplementary Table 2). Some fossil foraminifera were 
also analyzed from Ambug Hill and the respective mean values are − 2.9 
± 0.3 ‰ and − 0.8 ± 0.7 ‰ (n = 4) (Supplementary Table 2). 

Fig. 3. (a-b) Oxygen versus carbon isotopic compositions of the studied calcareous remains according to the type of material (e.g., taxa) and to lithostratigraphy/ 
lithology. Bruneian data from Ambug Hill (Kocsis et al., 2018) and Penanjong beach (Kocsis et al., 2021) are also included in these compilations. Modern (grey dots) 
and fossil (red dots) foraminifera data from Brunei (this study) and Miocene marine (grey square) and brackish (white square) gastropods from southeast Borneo 
(Reich et al., 2015) are displayed for comparisons. The grey rectangle covers geochemical range that considered reflecting local marine conditions and/or diage
netically less affected material (see text for discussion). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.) 
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4.3. Trace and minor element compositions 

Of the 33 carbonates, 30 were analyzed for their trace elemental 
compositions, only the very small Lumapas carbonate samples were 
excluded. The data are plotted in terms of taxa and locality in Fig. 4a-d. 
The Mg/Ca ratios have a range between 0.9 and 76 with the majority of 
the samples below 25, and only three samples gave values higher than 
50 mmol/mol. The Sr/Ca ratios are from 0.4 to 4.1 mmol/mol with the 
highest frequencies around 1 and 1.2 mmol/mol. The Fe/Ca ratios vary 
between 0.03 and 36.4 mmol/mol, with more than two-thirds of the 
samples below 4 mmol/mol. The Mn/Ca ratios have a range from 0.01 to 
3.5 mmol/mol among the samples, with most of them are below 1–1.5 
mmol/mol. 

4.4. Strontium isotope ratios and related ages 

Thirty-eight 87Sr/86Sr analyses are provided here from thirteen lo
calities (Table 2). Generally, one to three samples per locality were 
analyzed except for the three sites Tanjong Nankga (JT1), Subok (Sub), 
and Lumapas (Lum), where more samples and subsamples were 
measured. In addition, several samples were measured from the 
reworked Tutong beach site (TB). 24 analyses were done on thick calcite 
shells of oysters and scallops among which three are subsamples with a 
different CL response of the Sub-3 sample. In addition, three micro- 
sampled carbonate shells (subsampled based on CL appearance, Lum- 
5a-c) and two clearly recrystallized calcite specimens (sea urchin 
spine: Lum-2 and a gastropod operculum: Lum-1) were analyzed from 
the Lumapas limestone. The rest are one unidentified bivalve from 
Tengah (Ten-2), 3 XRD-tested aragonite samples (otoliths: JT1-L2-3 and 

Fig. 4. (a-b) Mg/Ca vs Sr/Ca, and (c-d) Fe/Ca vs Mn/Ca ratios of the studied calcareous remains according to the type of material (e.g., taxa) and to lithos
tratigraphy/lithology. The grey rectangles cover geochemical range that considered reflecting local marine conditions and/or diagenetically less affected material 
(see text for discussion). Note the outlier Lumapas samples (Lum-1 and 2) that are clearly recrystallized (see also Fig. 2a and Fig. 3). 
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TB-5, and an operculum from Lumapas: Lum-4), and 5 bioapatite (teeth: 
TB-1–3 and bone TB-4). The overall data have a range from 0.708616 to 
0.708989 that can be translated to a mean age range of 17.7 to 6.1 
million years, when compared to the open ocean Sr-isotope evolution 
curve (McArthur et al., 2020). The averages for each locality without 
outliers and obviously altered data are also shown in Table 2 and plotted 
in Fig. 5 with compound errors accounting for the spread of the data, for 
sub-set measurements, and their fits to the Sr-isotope curve. 

5. Discussion 

5.1. Preservation of the fossils 

Stable oxygen and carbon isotope compositions of seawater vary in 
much narrower ranges than freshwater, where δ18O is usually lower 
relating to oxygen isotopic fractionation during evaporation/conden
sation processes, while δ13C of dissolved inorganic carbon (DIC) is also 
lower due to the influence of terrestrial derived organic matter (e.g., 
Lohmann, 1988). In terms of trace element chemistry, seawater gener
ally has higher Sr and Mg, and lower Mn and Fe concentrations than 
brackish and freshwater (White, 1998; Bruland and Lohan, 2003; Gail
lardet et al., 2003). All these parameters can help assessing environ
mental conditions in coastal shallow marine and estuarine settings, such 
as we investigated here. These parameters could also cause difficulties to 
define cut-off values for unaltered samples before Sr-isotope analyses. 
During diagenesis the fossils interact with pore fluids in the sediment 
and depending on the conditions, lower δ18O and/or δ13C, while loss of 
Sr and Mg, and addition of Fe and Mn might be expected in calcareous 
remains (e.g., Brand and Veizer, 1980). At surface conditions aragonite 
is thermodynamically less stable than calcite (e.g., Plummer and 
Busenberg, 1982; Bischoff et al., 1987), hence originally aragonitic 
fossils (otolith, gastropod remains) were always tested here with XRD. In 
case of bioapatite, rapid incorporation of rare earth elements (REE) and 
U from the early burial environment is well-known (e.g., Trueman and 
Tuross, 2002), which process might also modify slightly the Sr content 
and hence the Sr-isotope ratio. For this reason, well-crystallized hard 
biominerals, such as tooth enamel/enameloid, were used in our study, in 
which material the chance of diagenetic overprint is much reduced (e.g., 
Zazzo et al., 2004). 

Few samples from two Bruneian sites, the Lumapas limestone and the 
Subok oyster mounds, were screened here with CL, while from the rest of 
the localities all the calcareous remains were analyzed for stable oxygen 
and carbon isotope, and trace and minor element compositions. These 
geochemical data are plotted following taxonomy and lithostratigraphy 
in Figs. 3-4, together with earlier published data from Brunei (Kocsis 
et al., 2018, 2021). Bioapatite samples were analyzed only for 87Sr/86Sr 
ratio (JPB and TB, see Table 2). 

5.1.1. Stable isotope composition of carbonates 
The data show a relatively large spread for both isotope systems. 

However, the scallops (Pectenidae) have a more restricted range, while 
the oysters (Osteridae) have a larger range, especially in δ13C (Fig. 3a). 
Most of the δ18O values plot in a relatively narrow range though, be
tween about − 5 and − 3 ‰ with clear outliers such as one of the Tengah 
bivalves (Ten-2) and the recrystallized remains from the Lumapas 
limestone (Lum-1 and Lum-2) (Fig. 3a). In terms of δ13C, most of the 
data vary between − 1 and 2 ‰, with notable exceptions being the fish 
otoliths and some oysters. The low δ13C values in the fish otoliths are 
best explained by vital effect (e.g., Kalish, 1991; Thorrold et al., 1997). 
In contrast, the larger variation in the oyster data is linked to the habitat 
conditions as they can live in intertidal environments and in estuaries 
where brackish conditions and larger contribution of terrestrially 
derived DIC is expected (e.g., Surge et al., 2001; Mouchi et al., 2020). As 
their δ18O is rather similar to the majority of the samples, the low δ13C 
may reflect a close position to mangrove habitats that are/were common 
in coastal regions in Borneo. 

Modern large benthic foraminifera from Brunei’s shallow marine 
sites have similar δ13C values and 2–3 ‰ higher δ18O values (Fig. 3a, see 
Supplementary Material Table 2). Miocene marine and brackish water 
gastropods from southeast Borneo (-3.6 to − 1.9 ‰, Reich et al., 2015) 
have a wider δ13C range and slightly higher δ18O values. These differ
ences can be linked to different vital effects among these organisms (i.e., 
biomineralization) and/or to different environmental and climatic 
conditions (e.g., higher ambient temperature). Interestingly, both oys
ters and scallops have relatively higher δ18O values in the younger Seria 
Formation than in the Miri Formations (Fig. 3b). This may link to 
globally recognized trends in the Late Miocene that reflect decreasing 
ambient temperature and/or the related accumulation of ice in the polar 
regions (e.g., Zachos et al., 2001). 

In summary, the clear outliers need to be considered with care when 
SIS is applied, while the obviously recrystallized samples may still be 
useful in the sense of being indicators of the direction of diagenesis, and 
hence possible offsets from the Sr-evolution curve. 

5.1.2. Trace and minor element compositions of the calcareous remains 
These data show large variation among the samples. The Mg/Ca and 

Sr/Ca ratios are largely in the reported ranges for oysters (Surge and 
Lohmann, 2008; Ullmann et al., 2013) and scallops (Freitas et al., 2006, 
2012), however some specimens show relatively higher Mg and lower Sr 
concentrations (Fig. 4a), which may indicate either strong local influ
ence (e.g., Mouchi et al., 2018) or alteration. The diagenetic overprint is 
evident for the two recrystallized fossils of the Lumapas limestone 
(Lum-1 and Lum-2), but partial exchange might be expected for other 
specimens with outlier values such as Mg/Ca > 30 and Sr/Ca > 2 
(Fig. 4a-b). 

In terms of the Fe/Ca and Mn/Ca, some samples have extremely high 
values that are a clear indication of a post-mortem, diagenetic incor
poration of Fe and Mn (Fig. 4c-d). Wide range of cut-off Fe and Mn 
values were suggested to consider a calcareous sample suitable for SIS 
(see Schneider et al., 2009 and references therein). In the case of our 
Bornean samples, some of them were sampled from coquina beds that 
are often cemented by siderite (Abdul Hadi and Astin, 1995; Kocsis 
et al., 2018), while some of the bivalve shells also contained pyrite in
clusions in their shell. Moreover, when these beds and fossils are 
exposed to tropical weathering the reduced Fe-minerals oxidize to form 
iron oxide/hydroxides that can precipitate within the cracks of the 
shells. The fossils were always carefully examined before being sampled, 
and altered parts with secondary minerals were avoided. Nevertheless, 
the observed minerals indicating suboxic-anoxic early burial conditions 
and Fe and Mn could have been incorporated in the shells’ microstruc
ture during early exchange. However, these elements could have been 
also available in somewhat higher concentration in the coastal envi
ronment and higher in-vivo values could not be directly rejected. 
Whether and to which extent the early diagenetic incorporation of these 
elements affect the Sr-isotope ratios is difficult to assess (e.g., Schneider 
et al., 2009). Mn/Sr ratio < 2 was suggested as another indicator for 
pristine 87Sr/86Sr ratios (e.g., Jacobsen and Kaufman, 1999), which 
would be valid for most of our samples as well (Supplementary Table 1). 
To sum up, in the view of the data range, samples with Fe/Ca > 5 and 
Mn/Ca > 1 have to be interpreted with caution when it comes to SIS. 
Finally, a low concentration of Fe and Mn is also not a definite evidence 
for unaltered samples (e.g., Jones et al., 1994; McArthur et al., 1994; 
Wierzbowski and Joachimski 2007; Frijia et al., 2015). 

5.1.3. Strontium isotope ratios 
The range of Sr-isotopic ratios among multiple Sr-isotope analyses 

from the same bed or rock units can give further insight about the 
preservation state or the origin of the fossils (e.g., McArthur et al., 
2020). For the localities where only one analysis was carried out we 
relied on other screening methods and/or the sites’ stratigraphic posi
tion relatively to other sites with age estimates derived from literature. 
In the sites where two specimens were analyzed, the average 87Sr/86Sr 
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ratios were always within the analytical error (JBP, Dad, Tag, and Bek), 
hence these data could be used more confidently for SIS, even if some 
samples have somewhat lower Sr/Ca (e.g., Tag-1) or higher Mg/Ca (e.g., 
JPB-1) ratios. 

Three mollusk shells were analyzed from the Tengah site (Sibuti 
Formation) and their average 87Sr/86Sr value varies within a relatively 
narrow range (0.708674 ± 0.000019). However, one of the specimens 
(unidentified bivalve: Ten-2) has an extremely low δ18O values (Fig. 3a) 
and relatively high Fe and Mn contents. Meanwhile, the other two fossils 
have higher Mg/Ca ratios. Hence, even if, one of the samples appears 
likely to have been altered, it seems that this did not affect much the 
87Sr/86Sr. Nevertheless, the shift to lower 87Sr/86Sr ratio is obvious, 
hence the sample with the highest value are those used for SIS, (Figs. 3- 
4, Supplementary Table 1). 

From the Subok site (Belait Formation) three oysters were analyzed, 
one with three subsamples with different CL response (Sub-3a-c). 
Although the spread of 87Sr/86Sr is fairly narrow (0.708823 ±

0.000014), the sample with high luminescence (Sub-3b-c) also have the 
lowest Sr-isotope ratio followed by two bulk shell samples (Sub-1–2), 
then the ones with low luminescence have the highest Sr-isotope ratios 
(Sub-3a). Regarding trace element concentrations in the micro-sampled 
shell, the CL observation is confirmed (Supplementary Table 1). Stable 
isotope compositions analyzed from the bulk samples (Sub-1–2) are also 
slightly different compared to the majority of the samples (Fig. 3a-b). 
Therefore, the better preserved two samples with the lowest lumines
cence and highest 87Sr/86Sr ratios are suggested here to be used for SIS. 

From the Tanjong Nangka locality (Miri Formation) four oyster shells 
and one fish otolith have quite consistent 87Sr/86Sr ratios with an 
average value of 0.708880 (±0.000005), however a fifth oyster yielded 
much lower value (0.708833). The trace element and stable isotope 
compositions of these samples do not actually help to screen out this 
specimen. Two of the other oysters however, yielded lower δ13C (-3.4 
and − 3.7‰), but it appears that once again this did not affect their Sr- 
isotopic ratios. The locality is probably best represented by the 
average of the five specimens, while the outlier sample is either an 
altered or reworked specimen. 

From the Lumapas limestone, five fossils were tested, one with three 
subsamples where CL analyses indicated good preservation (n = 7). Two 

samples are clearly recrystallized based on microscopic observation, and 
they also have very low δ18O values (Fig. 3a-b) and high Mg/Ca and Fe/ 
Ca ratios. These samples have an average 87Sr/86Sr ratio of 0.708825 
(±0.000004). In contrast, the two other macro-samples display original 
shell structure, and the aragonite specimen retained most of its miner
alogical composition (Fig. 2a). Their stable isotope and trace element 
compositions also support good preservation (Figs. 3-4). In relation to 
Sr-isotope analyses, they have an average 87Sr/86Sr of 0.708870 
(±0.000007), which is higher than those of the recrystallized specimens. 
The three micro-samples tested only by CL yielded very similar 87Sr/86Sr 
ratios (0.708872 ± 0.000006) to the well-preserved specimens. There
fore, the average of the five concurring analyses is used for SIS. 

To sum up, it must be pointed out, that whenever we observe a major 
or minor shift with respect to a presumably unaltered 87Sr/86Sr ratio 
among our investigated samples, it is always going towards lower Sr- 
isotopic ratios. The evolution of the open marine Sr-isotope ratios dis
plays an increasing trend since the Oligocene which is interpreted as an 
increasing proportion of crustal (radiogenic) 87Sr input (e.g., McArthur 
et al., 2020). The observed shifts towards less radiogenic ratios in our 
samples (suggesting older ages) could relate to exchange with burial 
fluids which are either (1) affected by dissolution of older calcareous 
remains in the sedimentary successions, or (2) alteration of mantle- 
derived detrital minerals. 

5.2. SIS dating 

The Sr-isotope data of unaltered fossils were used here to obtain 
numerical ages via comparison with the global open marine Sr-evolution 
curve (McArthur et al., 2020) (Fig. 5, Table 2). The largest error is al
ways applied to calculate the age that could be related to analytical 
uncertainties (sample or multiple standards) or standard deviation for 
site averages, and to the 95% confidence limits of the Sr-evolution curve 
itself. The data are mainly discussed following lithostratigraphic units. 

The obtained ages can be further compared to the recently intro
duced South East Asian (SEA) transgressive–regressive cycles based on 
the sequence biostratigraphic framework introduced by Morley et al. 
(2021). Quantitative biostratigraphic data from over 100 petroleum 
wells were reviewed in northern Borneo within a chronostratigraphic 

Fig. 5. 87Sr/86Sr ratios plotted on the open marine 
Sr-isotope evolution curve (McArthur et al. 2020). 
The curve displayed with its 95% confidence in
tervals (grey band). Red and orange diamonds reflect 
data from well-preserved material, which were 
directly placed on the Sr-isotope curve, while the 
grey diamonds with diagenetically altered Sr-ratios 
that are below the curve at their respective site 
(JT1, Sub, Ten). The same goes for the Lumapas 
limestone data (Lum), but they are marked with 
white diamonds as these data indicate younger age 
than expected from previous studies (Fig. 1d). 
Reworked material marked with green (Tutong 
beach – this study) and blue (Penanjong beach – 
Kocsis et al., 2021). Note that for these samples all 
individual analyses are plotted and most of them 
were probably originated within the younger cycles 
of the Seria Fm.. Along the x-axis the South East 
Asian (SEA) transgressive–regressive cycles are also 
shown after Morley et al. (2021). (For interpretation 
of the references to color in this figure legend, the 
reader is referred to the web version of this article.)   
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framework considering global glacio-eustatic sea level and stable 
isotope variations. Recognizing these SEA cycles in onshore small-scale 
outcrops, where biostratigraphic data are sparse is usually difficult, 
however the SIS data can give further insight. 

Sibuti Formation – This is a succession of clay-shales with siltstone, 
marlstone, and limestone intercalations that are often rich in fossils. The 
rocks can be studied in the region of Bekenu town, from where Wannier 
et al. (2011) reported fossiliferous beds along road cuts towards the Niah 
caves and near Kampong Tengaha site west of Bekenu. These outcrops 
were targeted here with SIS, and one of the Bekenu road outcrops has an 
age of 17.7 ± 0.2 My, while the Tengah site is 16.7 ± 0.2 My old. These 
ages would correlate with the SEA 46 and 52A cycles, respectively 
(Morley et al., 2021). The Burdigalian ages fit in the overall range of 
Early Miocene to early Middle Miocene given for the Sibuti Fm (Liechti 
et al., 1960). Further northeast from the investigated sites, near Kpg. 
Opak, a limestone series crops out and the biostratigraphy indicates a 
rather younger age of Middle Miocene for the top part of the Sibuti Fm 
(Simon et al., 2014). The actual relation of this site to our investigated 
localities is difficult to assess as the region is affected by many faults and 
the layers are tilted. The Tengah and Bekenu road outcrops dip towards 
south – southeast, while the Opak Limestone to northwest. Nevertheless, 
the Opak Limestone most probably represents a younger cycle within 
this formation. 

Belait Formation – The rocks are dominantly sandy and silty with 
occasional clay intercalations. The sediments often display ripple 
marked sand they frequently contain rich trace fossil assemblages (e.g., 
James, 1984; Fiah and Lambiase, 2014). Some authors consider a strong 
fluvial influence in this sedimentary succession (e.g., Tate, 1974; Sandal, 
1996), while others interpreted variation between wave- and tide- 
dominated deltaic environment (e.g., Lambiase et al., 2003; Lambiase 
and Cullen, 2013). In these sediments the preservation potential of any 
calcareous remains is very low. Extensive exposure of the sediments can 
be studied along sandy ridges in the southern part of the Berakas syn
cline, but these rocks are also exposed along the coastline (e.g., Mer
agang beach). Recently due to housing development a ~ 6-meter-thick, 
fossiliferous (mollusks, crustaceans, amber) clay succession was 
discovered in Subok (Fig. 1; Kocsis et al., 2020; Roslim, 2021), which 
opened the opportunity to obtain numerical age for this site with SIS. 
The Sr-isotope ratios correspond to an age of 12.1 + 1.4/-1.2 My (Ser
ravallian). This age can be correlated with the ~ SEA 59B-C depositional 
cycles of Morley et al., 2021 (Fig. 5). 

The sediments of the Belait Fm were deposited from late Early 
Miocene till the latest Miocene (Liechti et al., 1960; Wilford, 1961) and 
the layers in the Subok area are considered to be of Middle Miocene age 
(e.g., Lambiase and Cullen, 2013). Therefore, the SIS age concur with 
previous suggestions, but also provides a more precise numerical age for 
this fossiliferous site. The discovered fauna at Subok clearly indicate 
stronger marine influence within the Belait Fm, but the frequent pres
ence of lignite beds (e.g., about 15 m up section) indicates nearby 
estuarine, brackish conditions. Compared to other fossil-rich marine 
sites in Brunei, here bivalves, generally with marine habitat dominate. 
However large oysters (Crassostrea) can also live under brackish condi
tions. Marine gastropods are present (e.g., Conidae) but much rarer, 
while fish remains are also very sporadic (few teeth) compared to other 
localities. These may link to somewhat special habitat conditions (e.g., 
higher variability in salinity), nevertheless the obtained SIS age fit the 
general age range of this region. 

Lumapas Limestone – The only carbonate rocks that occur in Brunei 
were mapped and described by Wilford (1961), who considered these 
sediments as embedded within the Belait Formation. The limestone 
represents a shallow marine environment with many large scleractinian 
corals, with occasional mollusks and echinoderms. Briguglio et al. 
(2017) reported the presence of miogypsinid foraminifera that may 
indicate a late Early Miocene age. This age concurs with the age 
assumption of the siliciclastic rocks of the Belait Fm cropping out 
nearby, based on their lower position in the sedimentary succession. Our 

Sr-isotope data, however, yielded a younger age of 10.6 ± 1 My (Tor
tonian) (Fig. 5) contrasting with the previous data. Both the surrounding 
sandy-silty rocks of the Belait Fm and the limestone are tilted towards 
NW, however it seems that the limestone dips with a somewhat lower 
angle (40-48◦) than the Belait rocks (50-52◦). Unfortunately, the contact 
between the limestone and the Belait Fm is not exposed, but the slight 
differences in the dip angles may reflect either an unconformity or can 
be the genuine contact of the reefal body. In the view of the SIS age, the 
coral reef could have grown on the already lithified and tilted Belait 
rocks. Such situation can be also observed today in the modern envi
ronment few kilometers off the coast of Brunei at the Pelong Rock, where 
the modern reef builds on tilted Middle-Upper Miocene successions 
(Goeting et al., 2018). Considering the possible presence of miogypsinid 
forams in the limestone (Briguglio et al., 2017) would disagree with our 
SIS age as this taxon is known to be existed only till the late Serravallian 
(early N13 Planktonic Zone, > ~12 Ma, BouDagher-Fadel and Price, 
2013). Therefore, either (1) the preliminary reported large benthic 
foraminifera need further taxonomic clarification; or if they are indeed 
miogypsinids then (2) they are either reworked from older rocks; or (3) 
the taxon in fact may have survived until the early Late Miocene as a sort 
of refugium. An alternative solution would be the complete rejection of 
the SIS ages with reasoning as strong alteration. However, based on the 
Sr-isotope data of the clearly recrystallized and altered specimens, the 
diagenetic trend would suggest an opposite trend (i.e., the younger the 
samples the less altered they are). Therefore, here we accept the age of 
10.6 ± 1 My (Tortonian) for the Lumapas limestone, which would 
indicate deposition during the SEA 62–63 cycles (Morley et al., 2021). 

Miri and Seria formations – The rocks of the older Miri Formation crop 
out in both sides of the Jerudong anticline (Fig. 1). In the eastern side a 
rather narrow range of clay-rich succession occurs that can be locally 
fossiliferous. Laterally (S-SE) and up section more sandstone beds are 
found and the rocks grades into the deposits of the Belait Fm. The two 
investigated localities are approximately on the same strike and 
accordingly they yielded very similar SIS ages, 10.5 ± 1 My (Dad) and 
10.3 ± 0.5 My (Tag), corresponding to early-middle Tortonian (Fig. 5). 
In the eastern side, the succession starts with almost vertical sandstone 
horizons (Lion King – LK outcrop), with few clayey layers, one of those 
full of mollusk molds, with occasional preservation of thin oyster shells. 
Moving away from the core of the anticline the inclination of the beds 
decreases and more distinct parasequences appear with fossiliferous 
claystone base and coarsening up section with erosional top. The series 
gets younger towards NE, and with increased proportion of sand the 
Seria Fm follows with even lower dip angles. The Miri Fm localities near 
the core of the Jerudong anticline yielded SIS ages of 10.4 ± 0.5 My (LK) 
and 10.3 + 0.7/-0.8 My (JT-1) that are comparable with the eastern side. 
However, based on the relative distance of the two sites older age might 
have been expected for the Lion King site (LK). The area is tectonically 
active and several small faults have been detected next to the Jerudong 
anticline (Back et al., 2005) that may explain exposure of older strati
graphic intervals. Towards NW the other sites show the expected 
younging trend with SIS ages of 9.3 + 0.5/-0.8 My (IB) and 8.9 + 0.5/- 
0.9 My (Mar), where the trend continues in the Seria Fm where ages of 
7.9 + 0.8/-0.7 My (Ker) and 7.0 + 0.9/-0.5 My (JPB) are found. The 
latter date is similar to the nearby Ambug Hill locality (7.2 + 1.2/-0.6 
My; Kocsis et al., 2018). 

The SIS analyses confirmed the general Late Miocene ages of these 
formations in Brunei (Wilford, 1961; James, 1984), however indication 
of absolute ages or detailed biostratigraphic data are rare in the litera
ture. Age isolines can be found in the map of Back et al. (2005: Fig. 3) 
west of the Jerudong anticline with ~ 12 Ma and ~ 10.6 Ma. These ages 
are derived from palynology without further explanation in the text. Our 
Tanjong Nangka site (JT-1) is situated just between these isolines, and 
the related SIS data (10.3 ± 0.8 Ma) overlap with the younger isoline 
age of Back et al. (2005). Other biostratigraphic data come from the 
younger part of the Seria Fm, where calcareous nannoplankton data 
(NN11) were reported from the Ambug Hill (Kocsis et al., 2018), that 
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also concur with the SIS ages. In terms of the sequence biostratigraphic 
framework, the ages of the Miri Fm sites can be linked to ~ SEA 62–67, 
while the Seria Fm sites to the SEA 74–77 cycles of Morley et al., (2021). 

Reworked samples at Tutong beach – Vertebrate remains, mainly shark 
teeth and turtle shell fragments, are often washed up near Tutong along 
a 2–3 km stretch of the shoreline. A similar situation could have existed 
at Penanjong beach (0.5–1 km northeast) before the construction of the 
coastal protection line (Kocsis et al., 2021). Even if the fauna is mixed 
and reworked, a fairly consistent and a relatively narrow age range was 
obtained (6.1–7.4 My, Messinian – late Tortonian). These ages match 
with that of the nearby localities of the Seria Formation (Ambug Hill – 
Kocsis et al. 2018; JPB – this study) and indicate origin from these types 
of hinterland rocks. These outcrops also yielded many in-situ shark teeth, 
otoliths, and also occasional turtle remains (Kocsis et al., 2019, 2021; 
Roslim et al., 2020). It may be worth mentioning that the bioapatite data 
also gave a somewhat younger age than the single otolith (TB-5) mea
surement, which may be taken assign of a diagenetic offset, especially in 
the case of the turtle bone sample (TB-4) (i.e., tooth enameloid data are 
more robust). However due to the mixed nature of these samples it is 
difficult to cross-check such a shift. Nevertheless, to sum up, the older 
ages fit well with the SIS ages obtained here from the younger beds of the 
Seria Formation supporting the stratigraphic origin of these fossils. 

6. Conclusions 

Thirteen fossil-rich coastal shallow marine sites in Brunei and Sar
awak (Malayisa) were dated with strontium isotope stratigraphy (SIS). 
The selected calcareous samples were screened with different methods 
in order to help detect altered specimens, but also shed light on 
ecological habitats for the unaltered samples. For example, oysters 
(Osteridae) yielded higher variation in δ18O than scallops (Pectenidae), 
probably indicating more various habitats from coastal to estuarine 
environment. Interestingly, these taxa together show time related shift 
with overall higher δ18O values in the younger samples (Miri vs. Seria 
Fm) that may reflect global cooling trend and related ice-volume effect. 

The well-preserved samples were used for SIS and the following ages 
were obtained for the studied fossil-rich sites: 17.7 ± 0.2 My and 16.7 ±
0.2 My (Burdigalian) in the Sibuti Formation in Sarawak, 12.1 + 1.4/- 
1.2 My (Seravallian) in the Belait Fm in Brunei, from 10.5 ± 1 My to 8.9 
+ 0.5/-0.9 My (Tortonian) in Miri Fm sites in Brunei, and 7.9 + 0.8/-0.7 
My and 7.0 + 0.9/-0.5 My (Tortonian-Messinian) from the Seria Fm. The 
age range (6.1 – 7.4 My) obtained from reworked vertebrate remains 
near Tutong indicate an origin from the deposits of the Seria Fm. The 
obtained numerical ages fit with the large stratigraphic framework re
ported for the region in the literature but help to precisely date for the 
first time such important sites. The Lumapas limestone in Brunei is the 
only exception, as the obtained SIS age (Tortonian, 10.6 ± ~1 My) 
contradicts with ages assumed from stratigraphic position (~late Bur
digalian) and confirmed presence of miogypsinid foraminifers which 
should be already extinct during the Tortonian. The clearly altered 
samples from this site with lower 87Sr/86Sr ratio would point to older SIS 
age, hence such diagenetic trend would support the younger age sce
nario. In this case, the reported occurrence of miogypsinids either (1) 
need taxonomical revision, or (2) their presence is due to reworking, or 
(3) alternatively one may propose longer time span for this taxon as 
known so far. The young age would also point to unconformity between 
the Belait rocks and the limestone, however better exposure is needed to 
confirm this. 

CRediT authorship contribution statement 
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age estimate of Neogene shallow marine fossiliferous deposits in Brunei Darussalam 
(Ambug Hill, Tutong district). Journal of Asian Earth Sciences 158, 200–209. 
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