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ern Indonesian Archipelago exhibit Late Cenozoic sequences of coral reef ter-
the Tukang Besi and Buton archipelagos, we identified 23 islands bearing such
ing imagery and field mapping combined to U/Th and 14C dating enable to
amework of the reef terrace sequences from Wangi-Wangi, Buton as well as on
r islands of Ular, Siumpu and Kadatua. We identified the terraces from the last
IS 5e) at elevations lower than 20m except on W Kadatua where it is raised at
s yield low to moderate Upper Pleistocene uplift rates (<0.3mmyr�1). On SE
culminates at 650m and includes at least 40 undated strandlines. Next to this
the Sampolawa Peninsula, 18 strandlines culminate at 430m. Dated samples at

ce (<40m) yield mean Middle Pleistocene uplift rates of 0.14± 0.09mmyr�1.
lift rates compared to the geological setting suggests that the sequences of the
ovide a record of sea-level high-stands for the last 3.8± 0.6 Ma. The sequences
refore constitute the best preserved long-lasting geomorphic record of Plio-
nds worldwide.
1. Introduction

Morphologic evidence of late Cenozoic sea-level changes mostly
documents Middle and Upper Pleistocene times (Guilcher, 1969;
Johnson and Libbey, 1997; Siddal et al., 2006; Bowen, 2010; Pedoja
a).
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et al., 2011, 2014; Murray-Wallace and Woodroffe, 2014; Rovere
et al., 2016). In fact, little is known about interglacials older than
Marine Isotopic Stage 11 (MIS 11, 360e420 ka); their timing,
duration and number of high-stands would have remained un-
known if isotope records were not partly alleviating our lack of
knowledge (Emiliani, 1955; Shackleton, 1987; Waelbroeck et al.,
2002; Lisiecki and Raymo, 2005; Bintanja and Van de Wal, 2008;
Zachos et al., 2008; Rohling et al., 2009). Sequences of coral reef
terraces are widespread tropical indicators of ancient sea levels



Fig. 1. A) Location of the Indonesian Archipelago B) Geodynamic setting of SE Sulawesi in the Eastern Indonesian Archipelago. Data compiled from Ali et al. (1996); Hall (2002);
Hinschberger et al. (2005); Pigram and Supandjono (1985). Black star SA: Spermonde Archipelago. C) Tectonic setting of the coastal sequences from the Tukang Besi and Buton
archipelagos, SE Sulawesi. FZ: fault zone. D) Main coastal modern and fossil landforms observed on the Buton and Tukang Besi archipelagos. Red insets refer to Fig. 13. E) Main
coastal modern and fossil landforms observed on Wowoni Manui and Padea islands. (For interpretation of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)
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(e.g., Lyell, 1830; Darwin, 1842; Daly, 1915, 1925; Berry et al., 1966;
Broecker et al., 1968; Hibbert et al., 2016). Classic sites span the last
1 Ma (Sumba Island in Indonesia, Barbados Island) where only
Upper and Middle Pleistocene terraces are dated (Pirazzoli et al.,
1991, 1993; Radtke et al., 1988; Schellmann and Radtke, 2004).
Finally, the famous Huon Peninsula in Papua New Guinea provides
a detailed record of sea-level changes since MIS 5e (see concise site
descriptions in Murray-Wallace andWoodroffe, 2014 and reference
therein).

We describe a unique set of emerged sequences of marine and
coral reef terraces from SE Sulawesi, which is a promising feature
for understanding and reconstructing Lower Pleistocene and Upper
Pliocene sea levels. Late Cenozoic slow to moderate uplift of SE
Sulawesi led to the formation and preservation of spectacular se-
quences of strandlines (Satyana and Purwaningsih, 2011) that re-
cord the uplift of eastern Indonesia, an area that belongs to a larger
region named the Maritime Continent (Molnar and Cronin, 2015).
These sequences have been mentioned and briefly described
(Verbeek, 1908; Fortuin et al., 1990; Tomascik, 1997; Satyana and
Purwaningsih, 2011; Nugraha and Hall, 2018) but no chronologic
framework has been proposed. Based on 13 U-series and 7 14C
dates, we propose age constraints for the sequences located on the
Tukang Besi and Buton archipelagos. We derive uplift rates on
dated terraces, which we extrapolate to estimate the age of the
sequences, and discuss these features within the geological
framework of the area. Finally, we provide a general description of
the late Cenozoic palaeogeographical evolution of the archipelagos
and compare our results to other long-lasting sequences of
emerged reef worldwide.
Fig. 2. The Indonesian Puzzle. Studied and unstudied sequences of marine and coral reef terr
(2013), Pedoja et al. (2011, 2014) combined to direct observations and remote sensing. 1: Don
9: Watubela, 10: Kasiui, 11: Tioor, 12: Kaimeer, 13: Kur, 14: Taam, 15: Utir, 16: Kai Kecil, 17: K
Babar, 25: Moro, 26: Terbang North, 27: Terbang South, 28: Klis, 29: Karompa Lompa, 30: Kala
Halmahera, 41: Kakaban, 42: Tawi-Tawi, 43: Sarangani, 44: Jolo, 45: Muara, 46: Miri, 47e70
Buton, Wowoni, Manui, Padea Besar, Padea Kecil. Tukang Besi Archipelago; Wangi-Wangi, K
Moromaho, (see Fig. 1). Red insert: study zone. See Fig. 14B for more uplift rates. (For interpre
version of this article.)
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2. Settings

2.1. Regional geology

SE Sulawesi is surrounded by the Banda and Flores seas, where
multiple islands cluster in the Buton and Tukang Besi archipelagos
(Fig. 1). The Tukang Besi archipelago rests atop the Lucipara con-
tinental block, and is gradually colliding with the Kolodonale block
that hosts the Buton Archipelago. Both blocks derive from the Bird's
Head, a former fragment of the Australian plate now accreted to NE
Papua (Hall, 2002), from which they detached during the separa-
tion of Gondwana (Pigram and Supandjono, 1985). During Oligo-
cene and Miocene times, the Kolodonale block collided with
Sulawesi, followed by the Lucipara Block (Hinschberger et al.,
2005). Paleomagnetic data (Ali et al., 1996) suggest that collision
took place during Pliocene times (~3 Ma) while more general plate
reconstructions suggest an onset of collision at ~13 Ma
(Hinschberger et al., 2005). This continental collision belongs to a
larger convergent system that incorporates the oceanic Banda Ba-
sin, which is subducting underneath SE Sulawesi along the Tolo
trough (Fig. 1B).

Pre-collisional rocks crop out in the centre of Buton Island, while
the rest of the island is made of syn-collisional formations (Fortuin
et al., 1990). The Tondo Fm. (11-7 Ma) is coarsening-upwards from
silts to coarse bioclastic limestones. The Sampolakosa Fm. (7-3 Ma)
is constituted at its base by chalk marls and at its top by reef
limestone debris (Fortuin et al., 1990). The most recent Wapulaka
Fm. developed as a veneer of reef limestone, formed by sequences
of coral and marine terraces (Fortuin et al., 1990; Satyana and
Purwaningsih, 2011; Nugraha and Hall, 2018). The Wapulaka
aces. The data is derived from Verbeek (1908), Tomascik (1997), Bird (2010), Major et al.
galla, 2: Sanana, 3: Boano, 4: Saparua, 5: Haruku, 6: Panjang, 7: Gorong, 8: Manawoka,
ai Besar, 18: Molu, 19: Daweloor, 20: Dawera, 21: Dai, 22: Babar, 23: Wetan, 24: South
otoa, 31: Bonerate, 32: Patoegoe, 33: Takabonerate, 34e39: Selayar and islands 40: East
: Buton Archipelago; Telega-Kecil, Telaga-Besar, Batuata, Muna, Siumpu, Kadatua, Ular,
ambode, Komponaone, Kaledupa, Hoga, Lintea, Tiwolu, Tomea, Runduma, Binongko,
tation of the references to colour in this figure legend, the reader is referred to the Web



formation is proposed to have formed within the planktonic fora-
minifera zones N21-N22/23 (Fortuin et al., 1990; Satyana and
Purwaningsih, 2011). The zone N21 ranges from ~4.4 Ma to ~1 Ma
(Hilgen et al., 2012) whereas zones N22/23 span the last 1 Ma
(Pillans et al., 2012).

The Tukang Besi archipelago (Fig. 1B and C) exhibits awide array
of reef morphologies, from platform and table reefs to fringing and
barrier reefs (Satyana and Purwaningsih, 2011). All the islands are
either totally (e.g., Wangi-Wangi, Binongko) or partially (e.g. Kale-
dupa) covered by sequences of coral and marine terraces and
associated notches.

2.2. Coastal sequences of Indonesia

Sequences of marine and coral reef terraces are described on the
eastern islands of the Indonesian Archipelago, north of the area
where the Australian continent is colliding with the Banda Arc
(Hantoro, 1992; Merritts et al.,1998; Major et al., 2013; Pedoja et al.,
2014; Molnar and Cronin, 2015). Dated terraces are described
within coastal sequences on the islands of Sumba (Hantoro, 1992;
Pirazzoli et al., 1991,1993), Alor (Hantoro et al., 1994), Sabu and Rot�e
(Roosmawati and Harris, 2009), Atauro and Timor (Chappell and
Veeh, 1978; Jouannic et al., 1988) and Kisar (Major et al., 2013)
(Fig. 2). On Gunung Dirun (W Timor) a coastal sequence reaches
Fig. 3. Coastal erosion processes within the formation of coral reef terraces. A) Three dimen
Transects across the coral reef terraces. Terraces, emerged or submerged, are defined as su
2e20m high, generally strike parallel to the coast, and define a fossil cape and a fossil em
platform reef. The number and geometries of successive CRT vary alongshore: for instance,
ancient reef limestone unit, what result in the formation of a terrace including variou
constructional and erosional landforms of the Holocene-modern shoreline are diachronic by
the reef flat and on the upper tidal area. Locally the Holocene reef is overlaid by younger H
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1293m in elevation (Tomascik, 1997; Cabioch, 2011), which con-
stitutes, to our knowledge, the highest elevation for such landform
worldwide. In Eastern Indonesia, Upper Pleistocene (MIS 5e)
strandlines are uplifted from 158± 7m (Alor Island; Merritts et al.,
1998; Hantoro et al., 1994) to 27.5± 2.5m (Sabu Island, Hantoro,
1992) which yields apparent coastal uplift rates from
1.29± 0.08mmyr�1 to 0.22± 0.02mmyr�1 respectively (Fig. 2).
North of the Australia - Banda Arc collision, uplift decreases (even if
the elevation of MIS 5e is notwell established at Luwuk, E Sulawesi)
(Sumosusastro et al., 1989, Fig. 2). Following Verbeek (1908), Bird
(2010) and Major et al. (2013), we identified at least 70 islands in
Indonesia, where poorly studied coastal sequences could poten-
tially complement our investigations. Most of them are located in
the eastern part of the archipelago (Fig. 2).

In SE Sulawesi, Verbeek (1908) first sketched the staircase
coastal landscapes of Wangi-Wangi Island and of the Sampolawa
Peninsula (SE Buton). Kuenen (1933) analyzed the bathymetry of
the Tukang Besi archipelago. Tjia et al. (1974) mentioned a
sequence of 14 terraces on Tomea Island (Tukang Besi Archipelago)
and focused on the lowest terrace (see below). Fortuin et al. (1990)
described 14 terraces on the Sampolawa Peninsula (SE Buton). In
SW Buton, a coral sample collected from a terrace at 92m in
elevation yielded a U/Th age of 182± 27 ka (Fortuin et al., 1990).
Finally, Satyana and Purwaningsih (2011) provided a distribution of
sional schematic view of a sequence of coral reef terraces (CRT) from a bay to a cape B)
b-planar, shallowly seawardedipping surfaces between marine cliffs. Marine cliffs are
bayment. All the CRT are fossil fringing reefs except CRT 3 which is a fossil table or a
CRT 2 is replaced by a notch on transect II. Basically, erosion at sea level truncates an
s reef limestone units (RLU). Because of global isostatic adjustment, depositional,
a few thousand years: CRT 0 includes modern coral on the reef crest, Holocene coral on
olocene deposits from the wave-built terrace (HWBT).



Fig. 4. The Holocene coastal record. A) Holocene reef, W Siumpu. B) Shore platform,
notch and sea-stack, W Kadatua. See also Fig. 8D where the same sea-stack is shown
on an air picture. C) and D) Fossil microatoll, Ular. E) and F) Modern - Holocene notch,
west Bahari village. Location on Fig. 11A. Numbers correspond to the elevations (in
metres) above the mean sea level.
the uplifted coasts of Sulawesi that includes brief morphological
descriptions of Wangi-Wangi and SE Buton.

Regional variability of sea-level changes since the Last Glacial
Maximum (~20 ka BP) results from the combination of glacio-
isostatic adjustment (GIA), tectonics and other local processes
(Shennan and Horton, 2002; Milne et al., 2005; Lambeck et al.,
2012, 2014). Variable regional timings of the mid-Holocene high-
stand in Tropical Pacific sea level are reflected by frequent dis-
crepancies in calibrated radiocarbon ages for emergent mid-
Holocene fossil reefs (Dickinson, 2001; Woodroffe and Horton,
2005), that can readily be attributed to GIA (Mitrovica and Milne,
2003). On Tomea (Tukang Besi Archipelago, Fig. 1B), Tjia et al.
(1972, 1974) radiocarbon dated a mollusc shell from a terrace
whose shoreline now stands at 10m. The shells, that yielded an age
of 1120± 90 yr, were collected in crevices of the coral reef terrace.
The authors correlated the wide, low-lying terrace to the Holocene
and calculated an uplift rate of 8.4mmyr�1 (Tjia et al., 1972). At
various sites from the Spermonde archipelago (Fig. 1A), off the
Southwest Sulawesi Peninsula, 320 km westward of Buton, the
amplitude of the GIA was more recently re-evaluated to be less
than þ1 m instead of the þ5 m previously estimated (see Mann
et al., 2016 and reference therein).

3. Emerged sequences of tropical strandlines and estimates of
tectonics uplift

Marine and coral reef terraces, emerged in sequences, are
stacked fingerprints of the course of sea-level changes on rising
coasts (e.g., Lajoie, 1986). These fingerprints are associated to
interglacial sea-level high-stands (associated to odd-numbered
MIS), and well recognized throughout the Quaternary (Murray-
Wallace and Woodroffe, 2014). When a terrace is dated, its shore-
line angle provides a good approximation to the location and
elevation of a former strandline and, hence, a marker for relative
sea level (Lajoie, 1986; Speed and Cheng, 2004). Sometimes, only
the altitude of the fossil reef or the fossil shore platform can be
determined and be used as a sea-level indicator (as in Mangaia
Island, Cook islands, Ward et al., 1971).

3.1. Marine terraces and coral reef terrace revisited

Most geomorphic definitions formally distinguish marine ter-
races from coral reef terraces (van de Plassche, 1986; Pirazzoli,
1994; Pedoja et al., 2011; Murray-Wallace and Woodroffe, 2014).
Marine terraces result from the effects of marine erosion (also
called wave-cut terraces or fossil shore platforms) and accumula-
tion of sediments at shallow depths (wave-built terraces) (Pirazzoli,
2005a; b). The shoreline angle of a terrace corresponds to the
intersection of the platform with the sea cliff (Fig. 3; Lajoie, 1986).
Notches are horizontal incisions in cliffs (Fig. 3) with widths and
excavation depths that reach up to a fewmetres. Notch types reflect
a continuum from wave notches that form under quiet conditions
at sea level to surf notches that form as much as 2m above sea level
(Pirazzoli, 1994). In inter-tropical regions, coral reefs are present
and fossilized as coral reef terraces (Chappell, 1974) sometimes also
called emerged reef, reef terraces (Hopley, 2005; Cabioch, 2011), or
elevated reefs (Darwin, 1842). A coral reef terrace (CRT on Fig. 3)
results from the combination of bioconstruction, erosion at sea
level and subsequent accumulation of the eroded sediments
(Pirazzoli, 2005a; b; Cabioch, 2011). It corresponds to a reef flat, or a
reef platform. i.e., a stony expanse of reef rock with a flat surface
(Pirazzoli, 2005a; b). Most generally, this surface is limited seaward
by a frontal crest and a fore reef, and landward by a break in slope
and a shoreline angle, sometimes underlined by a notch (Cabioch,
2011), and a fossil shore platform (i.e. a marine terrace, this study).
5

Besides some exceptions (Bloom et al., 1974; Stoddart and
Spencer, 1987; Pirazzoli et al., 1993; Blanchon and Eisenhauer,
2000; Speed and Cheng, 2004; Montaggioni and Braithwaite,
2009; Cabioch, 2011), coastal erosion which results in the forma-
tion of rocky-shore platforms, notches, and visors (the modern
equivalent of a marine terrace), during the formation of coral reef
terraces, is largely underestimated. De facto, since the seminal
works on the Huon Peninsula (Papua New Guinea; Bloom et al.,
1974; Chappell, 1974) many studies simply postulate that a coral
reef terrace corresponds to a single reef limestone unit (RLU on
Fig. 3). It is regarded as a single, most generally fringing reef, built
during a transgression until the eustatic peak associated to a sea-
level high-stand, and ignores the erosive counterpart. Such postu-
late allows to use the reef crest of a fossil fringing reef as a tectonic
benchmark (e.g. Lecolle et al., 1990) compared to the shoreline
angle of the terrace as used in this study.

The various interplays between construction, deposition and
erosion that we observed alongshore many islands of the Indone-
sian archipelago (SE and SW Sulawesi, Spermonde, Belitung,
Sumba, Bali, Lembogan, Lombok …) are synthesized on Fig. 3. Reef
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crests and reef flats are not always present alongshore. Some
stretches are carved into notches and shore platforms, others
include beaches, estuaries, mangroves … When present, the fossil
record exhibits the same alongshore variations of erosional land-
forms, deposits and construction whose gradual demise becomes
more obvious as coastal landforms age (section 4.1).

During a given sea-level high-stand, the reef limestone unit is
discontinuous alongshore. Moreover, such units are prone to
erosion after their deposition, specifically at sea level, and many
tropical rocky shores are carved into more ancient reef limestone.
In SE Sulawesi, the surface of coral reef terraces are eroded, as
highlighted by the truncation of underlying strata (Fig. 4) and the
occurrence of fossil sea stacks, as described elsewhere (Speed and
Cheng, 2004). In other words, within a sequence of coral reef ter-
races, the subsurface distribution and thickness of the various reef
limestone units are not accessible directly on field. This lack of
knowledge has strong implications for age determinations: a
terrace can be associated to more than one reefal limestone unit
thus host samples of multiple ages (see Fig. 3 for more details).

3.2. Mapping method

We mapped the studied coastal sequences based on field ob-
servations complemented by satellite imagery (Landsat, Spot,
SRTM). We measured the elevations of fossil shoreline angles with
barometric altimeters and/or differential GPS (dGPS, Trimble XT).
Barometric altimeters were used mostly for the low-lying terraces
that we surveyed repeatedly (3e5 measurements). We tied the
elevations tomodern sea level, as defined by the retreat point of the
modern notch or by the last high-tide mark. Beside instrumental
errors, we assigned a margin of error to all field measurements. The
natural rugosity of the landforms is the main source of error; far
beyond instrumental errors. The roughness of the landforms in-
creases with elevation and age. For low standing landforms, the
margin of error is set to ±2m whereas for upper strandlines it
reaches ±10m because of increased erosion and karstification with
altitude.

3.3. U/Th and 14C dating

Fossil coral colonies (Merulinidae fm.; Favites sp., Dipsastraea sp.,
Platygyra sp.), found in life-position on the terrace of the studied
sequences were sampled with a portable core drill device. Thin
sections of the selected corals were first inspected with a micro-
scope to discard recrystallized portions. Thirteen selected samples
were crushed into chips of 0.5e1 cm andmechanically cleaned. The
coral samples were rinsed in milliQ water multiple times and
leached in 0.1 N bi-distilled HCL for 15e20min in an ultrasonic
bath. The cleaned samples were crushed into powder and X-rayed
at the ISTerre facility (Grenoble, France) to quantify the extent of
calcite recrystallization if any. Sample powders were weighed
Table 2
14C AMS ages from bivalve shells and corals recovered from coral reef and marine terrac

Sample code Field Name Location Terrace n� elevation (m) Long� Lat�

SacA47852 Lakeba 1 Lakeba Beach HT 0 122.562667 �5.4901
SacA47853 Lakeba 2A Lakeba Beach HT 0 122.562917 �5.4888
SacA47854 Lakeba 2B Lakeba Beach HT 0 122.562917 �5.4888
SacA47855 GSL16_44 Ular Island T0 �0.5 122.513567 �5.5895
SacA47856 GSL16_59 Ular Island T0 �0.5 122.507567 �5.5928
SacA47857 GSL16_50 Ular Island T0 �0.5 122.508217 �5.5988
SacA47858 GSL16_53 Ular Island T0 �0.5 122.507950 �5.5927

HT: Holocene terrace.
T0: modern shore platform.
pMC: percent modern carbon.
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500mg and spiked with a mixture of 229Th, 233U and 236U prior to
dissolution in 6N HCl at 100 �C. The fractions of Th and U were
separated using the simplified UTEVA column chemistry method
from Douville et al. (2010). The required 238U, 232Th concentrations
and U-Th isotopic compositions for U-series disequilibrium dating
were measured on the ICP-MS quadrupole mass spectrometer
Thermo Fisher Scientific X series II at the Laboratory for Climate and
Environment Sciences (LSCE, Gif-sur-Yvette, France) as described in
Douville et al. (2010). Table 1 presents the analytical results. All
coral samples display 238U concentrations between 2 and 2.5 ppm.
The low 232Th contents together with high (230Th/232Th) activities
ratios argue for the absence of significant detritical contamination.
Most of the samples display initial d234U values that agree within
errors with modern ocean water values of d234U¼ 148± 10 (Chen
et al., 1986; Cheng et al., 2000), which indicates isotopic Th-U
evolution in a closed system.

Seven 14C dating of Tridacnidae shells and corals from the
lowermost terraces (Table 2) were performed at the Laboratoire de
Mesure du Carbone 14 (LMC14). After removing any surface
contamination by sand blasting the outer surface of shells and
corals, the samples were cleaned with distilled water in an ultra-
sonic bath. The carbon isotopes were measured with the Artemis
AMS facility of the LMC14. This facility is based on a 9SDH-2 Pel-
letron tandem from National Electrostatic Corporation. The pro-
cedure is extensively described in Dumoulin et al. (2017).

3.4. Sea level curves and uplift rates

Based on U/Th and 14C dating, we propose the morpho-
stratigraphy and ranges of uplift rates deduced from the elevation
of the marine terraces allocated to upper and middle Pleistocene
interglacials (MIS 5e and MIS 9). Eustasy-corrected uplift rates are
given by dividing the difference between the present elevation of
the shoreline angle and the eustatic sea level at its formation time
by the age of the terrace (Lajoie, 1986). We compute, for reference,
apparent uplift rates (Table 3) that neglect any a priori eustatic
correction (as in Pedoja et al., 2011, 2014; Yildirim et al., 2013;
Authemayou et al., 2016).

Several sea-level curves have been derived from the oxygen
isotopic records (Shackleton, 1987; Waelbroeck et al., 2002; Lisiecki
and Raymo, 2005; Bintanja and Van de Wal, 2008; Zachos et al.,
2008; Rohling et al., 2009), but also from -or combined to-the
geomorphologic record (Siddal et al., 2006; Murray-Wallace and
Woodroffe, 2014). These sea-level curves often present discrep-
ancies in the ages and magnitudes of the MIS (Table 3; see also
Caputo, 2007; Murray-Wallace andWoodroffe, 2014), but there is a
relative consensus on the succession of the most recent high-
stands. The most common high-stand in the geomorphological
record is the last interglacial period, MIS 5 (Stirling et al., 1998;
Pedoja et al., 2011; Murray-Wallace and Woodroffe, 2014), that
includes three relative high-stands, MIS 5a (85± 5 ka), MIS 5c
es in SE Sulawesi.

Nature mg C d C13 pMC Ages BP (yr) ± (yr)

67 Coral: Merulinadae, Favites ? 1.36 0.4 67.998 ± 0.195 3100 30
83 Veneridae shells 0.74 1.8 69.399 ± 0.23 2935 30
83 Tridacna hipopus 1.05 0 69.451± 0.224 2930 30
67 Tridacnidae 1.46 0.4 91.128± 0.212 745 30
00 Tridacnidae 1.18 �5.2 0.215± 0.092 > 49300 3400
17 undetermined coral 0.54 �0.3 0.211± 0.095 > 49500 3600
00 undetermined coral 1.52 �2.1 pMC <0.343 > 45600 e



Table 3
Apparent and eustasy-corrected uplift rates of SE Sulawesi. All the rates and associated errors are in mm.yr�1 or m.ka�1. The estimates vary in function of the eustatic range
yielded by various methods. Es elevation strandline. Age MIS: age of the marine isotopic stage. e: eustatic correction. Umax:maximal uplift rate. Umin:minimal uplift rate. U
mean:mean uplift rate.

Location Terrace Chrono-

stratigraphy

Elevation

Strandline

Age MIS This study Murray-Wallace and Woodroffe, 2014 Waelbroeck et al., (2002) a

Apparent uplift rates Eustatic

correction

Corrected uplift rate Eustatic

correction

Corrected uplift rate

Es (m) ± (m) age

(ka)

MoE

(ka)

U max

(mm/yr)

U min

(mm/yr)

U mean

(mm/yr)

±

(mm/yr)

e (m) ± (m) U max

(mm/yr)

U min

(mm/yr)

U mean

(mm/yr)

±

(mm/yr)

e (m) ± (m) U max

(mm/yr)

U min

(mm/yr)

U mean

(mm/yr)

±

(mm/yr)

Wangi Wangi T1 MIS 5e 17 2 122 6 0.16 0.12 0.14 0.02 6 4 0.15 0.04 0.09 0.05 6 13 0.22 -0.03 0.10 0.13

Kadatua T3 MIS 5e 35 4 122 6 0.34 0.24 0.29 0.05 6 4 0.32 0.16 0.24 0.08 6 13 0.40 0.09 0.25 0.15

Nirwana T2 MIS 5e 19 1 122 6 0.17 0.14 0.16 0.02 6 4 0.16 0.06 0.11 0.05 6 13 0.23 -0.01 0.11 0.12

Bahari T1 MIS 5e 15 2 122 6 0.15 0.10 0.12 0.02 6 4 0.13 0.02 0.08 0.05 6 13 0.21 -0.05 0.08 0.13

Siumpu T3 MIS 7 54 2 218 27.5 0.29 0.21 0.25 0.04 -8 12 0.40 0.20 0.30 0.10 -4 13 0.38 0.18 0.28 0.10

Lakeba T2 MIS 7 33 2 218 27.5 0.18 0.13 0.16 0.03 -8 12 0.29 0.11 0.20 0.09 -4 13 0.27 0.09 0.18 0.09

Tira T3 MIS 9 38 4 325 18.5 0.14 0.10 0.12 0.02 3 2 0.13 0.08 0.11 0.02 5 13 0.16 0.05 0.11 0.06

a Waelbroeck et al., (2002) built a composite relative sea level curve, over the last four climatic cycles, from long benthic isotopic records retrieved at one North Atlantic
and one Equatorial Pacific site.

b Bintanja and Van der Wal, (2008) used an ice-sheet model and a simple ocean-temperature model to extract three-million-year mutually consistent records of surface
air temperature, ice volume and sea level from marine benthic oxygen isotopes.

c Grant et al. (2014) proposed a chronology derived from a U/Th-dated speleothem d 18 0 record, for a continuous, high-resolution record of Red Sea relative sea level over
five complete glacial cycles (500 kyr).

d Shakun et al., (2015) through a global compilation of 49 paired sea surface temperature-planktonic d 18 0 records extracted the mean d 18 0 of surface ocean seawater
and eustatic curve over the past 800 kyr.

e Spratt and Lisiecki (2016) performed principal component analysis (PCA) on seven records from 0 to 430 ka and five records from 0 to 798 ka.
(105± 5 ka) andMIS 5e (128 ka to 116 ka). MIS 7 ranges from 190 to
245 ka (Thompson and Goldstein, 2005), and includes sub-stages
7a (190e200 ka), 7c (206e217 ka) and 7e (231e248 ka) (Dutton
et al., 2009). In Henderson Island, South Pacific, two sea-level
high-stands have been observed during MIS 9: sub-stages 9a and
9c extending from 306 ± 3 ka to 334± 4 ka respectively
(324.5± 18.5 ka) (Stirling et al., 2001). MIS 11 lasted from 420 ka to
360 ka (Murray Wallace and Woodroffe, 2014). Earlier interglacial
periods are MIS 13 (480e530 ka), MIS 15 (560e620 ka) and MIS 17
(650e720 ka) (Thompson et al., 2003; Andersen et al., 2008;
Murray-Wallace and Woodroffe, 2014).

In order to account for the variability of sea-level curves, we
analyzed the sequences of SE Sulawesi in the framework of the
latest compilation of geomorphic indicators (Murray-Wallace and
Woodroffe, 2014) but also with five eustatic curves (Table 3,
Waelbroeck et al., 2002; Bintanja and Van de Wal, 2008; Grant
et al., 2014; Shakun et al., 2015; Spratt and Lisiecki, 2016).
Murray-Wallace and Woodroffe (2014) consider that MIS 5e, MIS 7,
MIS 9, and MIS 11 high-stands were respectively at
6± 4m, �8± 12m, 3± 2m, and 9.5± 3.5m with respect to
present-day sea level (Table 3). The five sea-level curves were
selected to encompass five different reconstruction methods, cover
the time-range of interest (at least up to 420 ka) and have quanti-
fied uncertainties (see Table 3 for more details) (Waelbroeck et al.,
2002; Bintanja and Van de Wal, 2008; Grant et al., 2014; Shakun
et al., 2015; Spratt and Lisiecki, 2016). These different estimates of
past sea levels translate into different estimates of uplift rates
(Table 3) that are discussed section 5.2.
4. The coastal sequences of SE Sulawesi

Sequences of strandlines are present on at least 23 islands off SE
Sulawesi, with the exception of Kabaena (Figs. 1C and 2). They
either cover entire islands (Wangi-Wangi, Kadatua, Muna) or
coastal stretches (Buton, Kaledupa or Wowoni) (Fig. 1C). The se-
quences often correspond to elevated reef platforms and table reefs
bordered by staircase marine and coral reef terraces, which
constitute elevated limestone islands (as defined in Schwartz,
2005).
8

4.1. Holocene record

At coastal sites of SE Sulawesi, we observed, at elevations from
~0.5 to 5m, an array of landforms and deposits, including notches,
fossil coral reefs and coastal deposits (“wave-built deposits”). Low
landforms are better preserved than their higher, older counter-
parts (Fig. 4A-D). Low-lying terraces are a few metres or a few tens
of metres wide when higher terraces are reaching hundreds of
metres wide. Coastal deposits such as coral rubble (HWBT in Fig. 3)
are absent from high terraces that exhibit only eroded coral reef
limestone. Finally, low-lying landforms form a morphological
continuum toward the modern coast. For example, at the eastern
and western tips of the Bahari embayment, the modern notch (the
one reached by high tides) is morphologically continuous with a
fossil notch, (buried with sand) (Fig. 4E and F) that reaches an
elevation of 2± 0.5m to the west of the bay (see photogrammetric
model at https://goo.gl/Ds4vWX).

To the SW of Buton Island (Figs. 5 and 6), at Lakeba, a low-lying
sedimentary terrace, up to 40m wide, backs up the modern beach.
Sedimentary deposits are composed of poorly consolidated, shelly
rudstones including coral rubbles. The terrace is bounded inland by
a ~3m high cliff, sometimes associated to a 1.5e2m high notch
carved in an older reef limestone. Within the intertidal zone, below
the rudstones, we observed in situ fossil corals that we interpreted
as remnants of an emergent low-lying fossil reef which distal part is
now located between spring and neap high tide marks (Fig. 6B). We
sampled coral samples for U/Th and 14C dating. A fossil coral taken
in the fossil reef exposed on the upper part of the sandy tidal flat of
Lakeba, less than 20 cm below high-tide mark (Table 1, GSL-2012-
47) was U/Th dated. Tridacnidae and coral samples from the
coastal deposits (Lakeba 1, 2A and B) (Table 2) were 14C dated. GSL-
2012-47 yielded a U/Th age of 7.2± 0.2 ka whereas 14C-dated
samples Lakeba 1, 2A and 2B yielded ages of 3100± 30 yr,
2935± 30 yr, 2930± 30 yr BP, respectively (Table 2). We relate the
fossil, emergent, reef and the posterior deposits of the wave built
terrace to Holocene GIA within the area.

Offshore SW Buton Island (Fig. 5), Ular is a small (1.5� 0.5 km),
inhabited island. It is surrounded by a fringing reef that is backed-
up by a rocky-shore platform and associated notch along some part



Bintanja and Van der Wal, (2008) b Grant et al. (2014) c Shakun et al., (2015) d Spratt and Lisiecki (2016) e

Eustatic

correction

Corrected uplift rate Eustatic

correction

Corrected uplift rate Eustatic

correction

Corrected uplift rate Eustatic

correction

Corrected uplift rate

e (m) ± (m) U max

(mm/yr)

U min

(mm/yr)

U mean

(mm/yr)

±

(mm/yr)

e (m) þ - U max

(mm/yr)

U min

(mm/yr)

U mean

(mm/yr)

±

(mm/yr)

e (m) ± (m) U max

(mm/yr)

U min

(mm/yr)

U mean

(mm/yr)

±

(mm/yr)

e (m) þ - U max

(mm/yr)

U min

(mm/yr)

U mean

(mm/yr)

±

(mm/yr)

0 8 0.23 0.05 0.14 0.09 5 14 14 0.24 -0.03 0.11 0.14 -10 10 0.34 0.07 0.20 0.13 3 12 20 0.31 0.00 0.16 0.16

0 8 0.41 0.18 0.29 0.11 5 14 14 0.41 0.09 0.25 0.16 -10 10 0.51 0.22 0.37 0.14 3 12 20 0.48 0.13 0.30 0.18

0 8 0.24 0.08 0.16 0.08 5 14 14 0.25 -0.01 0.12 0.13 -10 10 0.34 0.08 0.21 0.13 3 12 20 0.32 0.02 0.17 0.15

0 8 0.22 0.04 0.13 0.09 5 14 14 0.22 -0.05 0.09 0.14 -10 10 0.32 0.05 0.19 0.13 3 12 20 0.29 -0.02 0.14 0.15

## 8 0.43 0.25 0.34 0.09 -12 21 28 0.51 0.18 0.34 0.16 -16 16 0.46 0.16 0.31 0.15 -7 18 24 0.46 0.17 0.31 0.15

## 8 0.32 0.17 0.24 0.08 -12 21 28 0.39 0.09 0.24 0.15 -16 16 0.35 0.08 0.21 0.14 -7 18 24 0.35 0.08 0.21 0.13

0 8 0.16 0.08 0.12 0.04 -10 10 15 0.22 0.10 0.16 0.06 -27 18 0.28 0.07 0.18 0.11 3 15 30 0.23 0.05 0.14 0.09
of the island coastal stretch (Fig. 6C and D). The island includes two
terraces and a reef platform raised at ~50m (Fig. 6C and D). The
lowermost terrace, to the east of the island, is mainly composed of
wave-built coral rubbles up to 5± 1m. This terrace is backed by a
fossil notch. To the north of the island, there is a continuum be-
tween the fossil to the modern notch (see section 4.1). On the
modern rocky shore platform, we sampled fossil corals and Tri-
dacnidae for U/Th (GSL 2014-13) or 14C dating (GSL 2016-44, GSL
2016-50, GSL 2016-53, GSL 2016-59; Table 2). GSL 2014-13 yielded a
Fig. 5. A) Sequences of marine and coral reef terraces, active faults and landslides on Muna
Siumpu islands. For mapping facilities, we distinguish 1st order and 2nd order strandlines
always reflect the field (cloud, for example). C) Simplified transect and dating at Lakeba, SW
correspond to the elevations (in metres) above mean sea level.
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U/Th age of 184.7± 8.9 ka. GSL 2016-44 (Tridacnidae) yielded a14C
age of 0.745± 0.030 ka while GSL 2016 50, 53 and 59 yielded ages
that we interpret as minimum because at the limit of the method.
Finally, we allocated the eroded reef unit and surrounding terrace
to MIS 7 (Table 1). The carving of the platform is, of course, pos-
terior, ranging fromHolocene to modern time. Locally, the platform
includes Tridacnidae shells or micro atolls developed on older reef
units.

Our dating confirms the global observation (van de Plassche,
and S Buton islands B) Sequences of coral reef terraces on SW Buton, Kadatua, Ular and
. The code is based on the observation of the terrace on satellite images and does not

Buton D) Transect and dating at Nirwana, SW Buton. On both transect, the numbers



Fig. 6. Dated Holocene coastal landforms A) Landsat image of Lakeba area, SW Buton. B) Sampled outcrop at Lakeba; C) Landsat image of Ular Island, off SW Buton. D) Interpreted
aerial picture of the northern shore of Ular Island. CRT: coral reef terrace, RPF: reef platform, FS: fault scarp, FR: fringing reef, SP: rocky shore platform,WBT: wave-built terrace. The
numbers correspond to the elevations (in metres) above the mean sea level.
1986; Pirazzoli, 1994; Pedoja et al., 2014; Murray-Wallace and
Woodroffe, 2014) that the geomorphic characteristics of the low
landforms (limited widths, reduced karstification, occurrence of
soft sediments) are indicative of their young age (Holocene). At
each studied site in SE Sulawesi, we therefore postulate that low-
lying landforms (TH< 5m) relate to the mid-Holocene high-stand
(~9e3 ka), while the rest of the sequence is Pleistocene or older in
age.
4.2. Wangi-Wangi

Wangi-Wangi, to the North of the Tukang Besi Archipelago
(Figs. 1C and 7), has a ~50-km-long coastal stretch for a total area of
~200 km2 (Fig. 7B). On the island, the distribution of coral reef
terraces (Fig. 7B, C, D) reveals the uplift and coalescence of two
main reef platforms. The largest reef platform, that we named
Tindoi (Fig. 7B) is 12-km-long, up to 3.5-km-wide and trends NW-
SE. In the central part of the platform, there is a reduced reefal
limestone hill at 240± 10m. The second fossil reef platform, that
we named Numana (Fig. 7B), is smaller, 4-km long and up to 3-km-
wide, more circular in shape (Fig. 7B) and reaches a maximum
elevation of 60± 10m. The sequence around the Tindoi reef plat-
form (180± 20m) includes at least five terraces with some distinct
shoreline angles at 68± 5m and 98 ± 7m. The southern fossil reef
platform at 60± 10m is surrounded by, at least, two terraces
(Fig. 7B).

On the NE shore of Wangi-Wangi, the Patuno Resort is built on a
10
narrow wave-built terrace associated to a notch (1.5± 0.5m) that
we correlate to the Holocene (see 4.2, Fig. 7B and E). The ~10m high
fossil sea cliff exhibits two other notches at elevations of 4± 1m
and 7± 2m. Terrace T1 is ~800m wide and its shoreline angle is
raised at 17± 2m (Fig. 7C). We sampled corals in T1 limestone
(Fig. 7C) at the summit (þ4m) of the double notch off Patuno resort
(GSL 2013-50), and at the distal edge (~11m) of T1 terrace (GSL
2013-54). Samples GSL 2013-50 and GSL 2013-54 yielded U/Th ages
of 133± 4 ka and 131± 4 ka respectively (Table 1). We allocate the
limestone unit and terrace T1 to the last interglacial maximum (MIS
5e).
4.3. SW Buton and islands

The city of Bau Bau (SW Buton) is built on a sequence of coral
reef terraces (Fig. 5A). This sequence forms a fossil cape conform to
its modern counterpart (Fig. 5B) and when observed from the sea,
appears as a gentle anticline whose maximum elevation reaches
~280mwestward of Lakeba (Fig. 5A). In Bau Bau area, we identified
at least 11 successive terraces up to ~180m. Samples were collected
from Lakeba and Nirwana areas, to the South of the city (Fig. 5B).

At Lakeba, we focused on the Holocene strandline (section 4.1,
Fig. 6 A, B). Above the sedimentary TH terrace, there is a reduced T1
terrace (Fig. 6A. To the North of Lakeba, T1 terrace width is ~4e10m
and its shoreline is raised at 7± 2m. In the centre of the bay, T1
shoreline is associated to a notch at 8± 1m (Fig. 6A). Above T1,
there is a wide coral reef terrace, T2, whose shoreline is present at



Fig. 7. A) Sequences of marine and coral reef terraces on the north Tukang Besi archipelago (location on Fig. 1). B) Strandlines on Wangi-Wangi Island C) Elevation transect and
dating (location on panel B, grey line) D) Landsat image of NWangi-Wangi Island showing the coral reef and marine terraces distribution and the upper Tindoi platform (see text for
more details). E) The double notch at Patuno resort, NE Wangi Wangi, where we sampled GSL 13e50. F) and G) Interpreted aerial pictures of the modern shoreline and the T1 coral
reef terrace next to Patuno resort.

11



33± 2m where the city airport stands (Fig. 6A). To the North, T1 is
discordant on Sampolakosa Fm. We extracted coral samples in the
fossil sea cliff associated to CRT 1 (sample GSL 2013 -04) at an
elevation of 18e20m. Sample GSL 2013-04 yielded a U/Th age of
217.5± 16.1 ka (Table 1). We tentatively allocated the upper T2
terrace to MIS 7.

To the south of Nirwana bay, wemeasured the elevation of eight
successive strandlines up to 103± 5m (Fig. 5D). We sampled GSL
2012 -15 to the north of the bay at the elevation of T2 (~20m), but
in an area where the terrace morphology is not obvious due to
faulting and urban development. GSL 2012 -15 yielded a U/Th age of
135.3± 3.5 ka, which leads us to correlate T2 to MIS 5e high-stand
(Table 1).

Kadatua Island is 8 km long and 4.5 km wide. It reaches eleva-
tions of ~100± 10m (Fig. 5B). On its western side, from the sea to
one of the widest terraces of the sequence (T4 on Fig. 8A), we
identified 3 successive strandlines (Fig. 8A, B, C, D), T1, T2 and T3 up
to 35± 4m. T2 is a compound terrace (T20 and T2” on Fig. 8C). We
sampled corals from T2” (GSL 2012-13 and duplicate) and T3 (GSL
2013-69 and GSL 2013-70) (Fig. 8B and C). Corals samples drilled in
T2” yielded U/Th ages of 189.3± 2.8 ka (GSL 2012-13) and
194.3± 10.9 ka (GSL 2012-13 and duplicate) (Table 1, Fig. 8C).
Samples drilled in T3 yielded U/Th ages of 127.5± 2.8 ka (GSL 2013-
69) and 128.17± 2.7 ka (GSL 2013-70) (Table 1, Fig. 8C). The
straightforward morpho-stratigraphic interpretationwould consist
in allocating T2” to MIS 7a and the T3 terrace to MIS 5e. We discard
this hypothesis because coastal erosion truncates underlying strata.
Consequently, we allocate T3 to MIS 5e high-stand and suggest that
carving of T2” occurred later (MIS 5c, 5a?), into a reef limestone unit
Fig. 8. Sequence of marine and coral reef terraces on Kadatua and Siumpu islands. A) Inte
marine terraces. B) Location of the coral sampled and elevation measurements onW Kadatua
Kadatua showing the coral reef and marine terraces T1 and T2 as well as the landforms a
distribution of coral reef and marine terraces F) Location of the samples and elevation mea
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related to MIS 7.
Siumpu Island is 10 km long and 5 km wide (Fig. 5A and B). As

Wangi-Wangi, it is composed of two coalescent uplifted reef plat-
forms bordered by extensive sequences of coral reef terraces
(Fig. 5B). The largest reef platform, in the NE of Siumpu, is raised at
~250mwhereas the smallest one is raised at ~80m (Fig. 5B). In NE
Siumpu, the sequence includes a minimum of 15 successive
strandlines. We studied its lower part and recognized nine suc-
cessive terraces, up to ~160m (Fig. 8E, F, G). The shoreline angle of
T3 wasmeasured at 54± 1m (Fig. 8G). GSL 2012-33was sampled in
the limestone constituting the distal edge of the terrace (Fig. 8F and
G) and yielded a U/Th age of 245.6± 13.1 that we correlate toMIS 7e
(Table 1).

4.4. SE Buton

West of the Sampolawa fault (Fortuin et al., 1990), SE Buton Is-
land consists in a ~12� 7 km, fossil reef platform, heavily karstified
and bordered by extensive sequences of marine and coral reef
terraces to the north and south (Figs. 9e12). On its SE side, the fossil
reef platform does not display any terrace (Fig. 10A). In the Gulf of
Pasarwajo, we identified a minimum of 40 successive terraces on
satellite images (Fig. 10B) reaching a maximum elevation of
650± 10m to the NE (Fig. 10A and B). Field data and SRTM satellite
images and DEM (Fig. 10C-F) reveal that the terraces are clearly
tilted, warped and faulted. Their large-scale deformation outlines
the underlying anticline (Fig. 10A, E). In the Gerak Makmur area, at
least 30 successive terraces up to 550± 10m in elevation circum-
scribe two embayments that coalesced to form the modern Nalandi
rpreted landsat image of W Kadatua Island showing the distribution of coral reef and
C) Elevation transect and dating onW Kadatua Island D) Aerial view of the SW shore of

ssociated to the modern shoreline. E) Landsat image of N Siumpu Island showing the
surements on N Siumpu Island. G) Elevation transect and dating on N Siumpu Island.



Fig. 9. A) Sampolawa peninsula, viewed from the western side of the Sampolawa bay. B) Sequence of marine and coral reef terraces south of Tira Village (see Fig. 11A for location).
Dashed subvertical red lines represent minor fault scarps. C) Sequence of coral reef and marine terraces and landslide scar on the SE tip of the Sampolawa peninsula. Sites and
orientation of the pictures on Fig. 5A. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
bay (Fig. 10A). At Laboke point, NE-SW trending faults delimit the
distribution of the staircase sequence that reach ~180m and in-
cludes at least 13 terraces. At all sites, within the reef limestone of
the low standing terraces, the lack of pristine coral samples pre-
cluded U/Th dating.

The 6 km-long and 2-3 km-wide Sampolawa Peninsula is
delimited by the Nalandi Bay (E) and the Sampolawa Fault (W)
(Fig. 10A). It exhibits a notable sequence of fossil reefs (see
13
Figures in Verbeek, 1908; Fortuin et al., 1990; Pedoja et al., 2011),
that culminates at 430± 10m and includes a minimum of 18 suc-
cessive strandlines (terraces, notches). On its SE side, the peninsula
is indented by large landslides (Figs. 9e11). Between Bahari and the
south of Tira (Fig. 11A and B), the shoreline angles of the terraces
and the notches are horizontal and laterally continuous over ~2 km
(Fig. 11A and B), even if they sometimes display lateral geomorphic
changes from fringing reefs to notches, for example. South of Tira



Fig. 10. A) Sequence of coral reef and marine terraces and tectonic structures on SE Buton Island. For mapping facilities, we colour-coded some of the successive terraces and
distinguished 1st order and 2nd order strandlines. The code and distinction are based on the observation of the successive terraces on satellite images and does not always reflect
the field (faulting for example). B) Landsat image showing the sequence of 40 coral reef and marine terraces in the Pasarwajo fossil gulf. C) Interpreted SRTM DEM of the Pasarwajo
fossil gulf D) Projected topographic profiles of the coral reef and marine terraces along the AB cross-section from the SRTM DEM. E) Extrapolation of the deformation path of the
successive shoreline angles along the AB cross-section. F) The sequence of coral reef and marine terraces in the fossil gulf of Pasarwajo. Aerial picture taken at ~430m above mean
sea level. CRT coral reef terrace. FS: fault scarp. Location of the picture on insert B. (For interpretation of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)
village, a system of NE trending vertical faults increasingly offsets
the terraces from a 1e2m at low elevations (T1 and T2) to 15± 5m
for T10 (supplementary data, flight Tira south).

South of the NE trending faults, the lower part of the sequence
includes four well-preserved coral reef terraces reaching, for T4's
shoreline an elevation of 51± 5m (Figs. 11B and 12). The slopes of
the three lowermost terraces (T1 to T3) vary between the inner
(shallow-dipping) and the outer part of the terrace (steeper-dip-
ping). By comparison with the modern shore that we surveyed by
boat and snorkelled, we interpret such variation in slope as the
joint occurrence of a steeper fossil reef and of a shallow-dipping
rocky shore platform carved in the limestone of T1 (see section
3.1). Sample GSL 2013-16 was drilled at 19e20m next to T2 0s
shoreline angle (at 22± 3m). The coral sample yielded a U/Th age of
304± 28 ka (Fig. 12A, Table 1). Within the large margin of error of
our dating, we correlate the reef limestone dated to the nearest,
MIS 9 (324.5 ± 18.5 ka) high-stand. Our observations suggest that
the inner edge of T2 is a rocky-shore platform carved in the reef
limestone of T3. Consequently, we allocated the above terrace (T3)
to MIS 9.

At the southern tip of the Sampolawa Peninsula, we carried out
two dGPS elevation transects (Fig. 11 B, D and E) up to elevations of
430± 10m. Many terraces are morphologically continuous be-
tween both transects (in bold on Fig. 11D and E). To the sides of the
Bahari embayment, the Holocene to modern notch reaches
14
elevations of 2.5± 0.5m (see 4.2). In the middle of the bay,
conversely, wave-built deposits (TH) are found up to ~5m. In this
area, TH and T1 are compound terraces probably because of
reworking, and havemerged into a single landform that culminates
at 15± 2m (Fig. 11D and E). To the centre-east of the Bahari
embayment, we collected GSL 2012-36 within T1 limestone at
12e13m, the shoreline of the terrace being at 15± 2m (Table 1,
Fig. 11B). GSL 2012-36 yielded an age of 112± 4.1 ka (Table 1) which
leads us to allocate T1 to MIS 5e high-stand. We correlate T3 to MIS
9, because of the lateral continuity of the terrace toward the
neighbouring dated site of southern Tira (Sample GSL 2013-16).

5. Discussion

5.1. Palaeogeographical evolution of SE Sulawesi or the elevated
reef-limestone-island factory

The distribution and morphology of reefs and islands in SE
Sulawesi reveal a palaeogeographic evolution that corresponds to
the uplift and occasional coalescence of elevated reef limestone
islands. A synthetic geomorphic scenario is proposed, based on the
morphology of the islands from the Tukang Besi and Buton archi-
pelagos (Fig. 13). The initial stage (Fig. 13A1-B1) is that of a reef
platform or a table reef whose size typically ranges from a few tens
of metres to tens of kilometres with various shapes: e.g., the Kapota



Fig. 11. A) Sequence of coral reef and marine terraces and tectonic structures in the Sampolawa peninsula. For mapping facilities, we distinguish 1st order and 2nd order strandlines.
The code is based on the observation of the terrace on satellite images and does not always reflect the field (cloud, for example). B) Successive marine and coral reef terraces in the
SE Sampolawa peninsula. C) Successive marine and coral reef terraces next to Tira village D) & E) Elevations transects and dating in the SE Sampolawa peninsula. Red bold segment
outline morphologically continuous terraces between transects C and D. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version
of this article.)
and Kaledupa reefs are large, oblong reef platforms (Fig. 7A)
whereas the Koro Maha reef is more circular (Fig. 13C stage 0). The
first stage consists in the uplift of a flat, low-lying coral reef island
bordered by a fringing coral reef (Fig. 13A2, B2). Hoga Island is flat,
~3.5 km long and 2.5 km wide, low-lying (<20m) and totally sur-
rounded by a typically 1-km-wide fringing reef. To the East of Hoga
Island, the modern shoreline is marked by a 1e1.5m sea cliff
associated with a narrow notch carved in the limestone of an
emerged coral reef (Fig. 13 stage 1). The surface of the karstified
fossil reef is at ~4m in elevation (Fig. 13C stage 1). To the North of
the island, limestones are found up to ~20m in elevation but no
clear staircase morphology (terrace) is observed. Emerging islands
further expand by the formation of successive coral reef terraces
that form during separate sea-level high-stands leading to one, two
(stage 2 on Fig. 13) or more stages (stage n on Fig. 13). Eventually,
uplifting reef platforms and/or table reefs may coalesce such as on
Binongko, Wangi-Wangi or Siumpu (Fig. 13C stage 2). Tomea and
Binongko islands (Figs. 1 and 7) or the SE corner of Buton Island
consist in stage n elevated island (Fig. 13B). For example, Tomea
includes at least 14 successive strandlines (Tjia et al., 1974). On SE
Tomea, at the western tip of a ~1 km long embayment, we observed
a sequence of three notches above the modern one in a 25-m-high
sea cliff. We measured the elevation of the notches with the
telemetry system tied to the quadcopter as well as by direct mea-
surement by aiming a distance-meter at the flying quadcopter. The
notches are found at 4± 0.5m, 9± 1m and 17± 3m. For a photo-
grammetric model of the cliff, please see https://goo.gl/ULXY7Q).

Overall, the late Cenozoic progressive uplift of submarine banks
and shoals first led to the formation of platforms and table reefs on
top of morphological highs. Tectonic uplift subsequently allowed
the development of sequences of fringing coral reef terraces to form
~30 elevated reef limestone islands (Fig. 1C). In SE Sulawesi, the
slow to moderate, long lasting uplift (see sections 5.2, 5.3) resulted
in highly elevated sequences, especially on S Buton (see Fig. 5)
15
which could, in theory (Montaggioni and Braithwaite, 2009)
include terraces correlated to low-stands (Fig. 13 A3-4).

5.2. Estimates of Middle and Upper Pleistocene uplift rates

Wederive both apparent and eustasy-corrected uplift rates from
shoreline angle elevations of dated terraces (Table 3). Within the
study area, we identified, at elevations lower than 60m, terraces
allocated to the three last interglacial periods (MIS 5e, 7, 9). At four
sites, we allocated a terrace or a reef limestone unit to MIS 5e, at
four sites to MIS 7 and at one site to MIS 9 (Table 1, for a probability
density plot following the interglacial stages and sub-stages see
Fig. 14A).

On NE Wangi-Wangi, MIS 5e apparent uplift rates are of
0.14± 0.02mmyr�1 and eustasy-corrected uplift rates have a mean
of 0.13± 0.11mmyr�1 (Table 3, Fig. 14B). On W Kadatua, apparent
MIS 5e uplift rates are of 0.29± 0.05mmyr�1 and eustasy-
corrected uplift rates have a mean of 0.28± 0.13mmyr�1 (Table 3,
Fig. 14B). In N Siumpu, apparent MIS 7 uplift rates are of
0.25± 0.04mmyr�1 and eustasy-corrected uplift rates have amean
of 0.32± 0.12mmyr�1. Finally on the SE Sampolawa Peninsula,
both apparent MIS 5e and MIS 9 uplift rates are of
0.12± 0.02mmyr�1 (Table 3, Fig. 14B). Mean eustasy-corrected
uplift rates since MIS 5e are 0.11± 0.11mmyr�1 whereas MIS 9
uplift rates mean to 0. 14± 0.09mmyr�1 (Table 3, Fig. 14B).

Average apparent or eustasy-corrected uplift rates are around
0.1e0.3mmyr�1, which correspond to low to moderate rates
(Classes C and B as in Pedoja et al., 2011). In SE Sulawesi, uplift rates
vary in space and time as evidenced locally, for example, by the
faulting and folding of the upper terraces within the Pasarwajo Gulf
(Fig. 10 C, D, E). At a regional scale, at this stage of study, MIS 5e
uplift rates are higher on the Kolodonale block to the NW (W
Kadatua, apparent uplift rate of 0.29± 0.05mmyr�1) than on the
Lucipara block to the SE (Wangi-Wangi apparent uplift rate of



Fig. 12. Eastern Sampolawa peninsula (see location in Fig. 11). A) Landsat image showing the general distribution of the coral reef and marine terraces. B) Interpreted picture, see
location on panel A. C) Elevation transect and dating.
0.14± 0.02mmyr�1). At a larger scale, we suggest that there is a
northward decrease of coastal deformation intensity in eastern
Indonesia (section 2.2 and Fig. 2).
5.3. Timing for the onset of some sequences from SE Sulawesi

Assuming constant uplift rates, we extrapolate the mean
eustasy-corrected uplift rates to propose a possible age for the
uppermost shorelines of the sequences (as in Lajoie, 1986). These
extrapolations provide an indicative chronological framework that
we discuss with regard to the regional geology.

Extrapolating a mean eustasy-corrected uplift rate of
0.13± 0.11mmyr�1 the summit of Wangi-Wangi (240 ± 10 m)
emerged between 12.5 Ma and 1 Ma with a mean of 1.9 Ma. The
Tindoi fossil reef platform (~180 þ/20 m) emerged between 10 Ma
and 0.6 Ma with a mean at 1.4 Ma. Finally, the Numana fossil reef
platform (~60 ± 10 m) emerged between 3.5 Ma and 0.2 Ma (mean
16
at 0.5 Ma). Siumpu Island (250 ± 10 m) presents a local mean
eustasy-corrected MIS 7e uplift rate of 0.32 ± 0.12 mm yr�1 which
suggest emersion between 1.3 and 0.5 Ma (mean at 0.8 Ma). On
Kadatua (~100± 10m) the mean MIS 5e eustasy-corrected uplift
rate of 0.28± 0.13mmyr�1 suggests that the island could have
emerged between 0.7 Ma and 0.2 Ma (mean at 0.4 Ma).

For the Sampolawa Peninsula (430± 10m), in SE Buton, we
extrapolated a mean eustasy-corrected MIS 9 uplift rate of
0.13± 0.06mmyr�1 (uplift 1) and an uplift rate of
0.11± 0.02mmyr�1 (uplift 2) obtained according to the values of
Murray-Wallace and Woodroffe (2014). According to those uplift
rates the onset of the 430m high sequence on the Sampolawa
Peninsula occurred between 2.2 Ma and 6.2 Ma (uplift 1) or 3.2 and
4.8 Ma (uplift 2).

These extrapolations, even with their large margins of error, are
compatible with earlier estimates in this area. The Sampolawa
sequence of coral reef terraces was proposed to be Plio-Quaternary



Fig. 13. Sequential formation of elevated reef limestone islands in SE Sulawesi. A) Schematic evolution in cross section. A reef table or platform on a bathymetric high develops
during high-stand 0 (hs 0 on A1). During high-stand 1 (hs 1 on A2), a fringing reef is surrounding the fossil reef platform. The following high-stands will form successive coral reef
terraces (CRT on A2). In theory, some terraces related to low-stands (ls on A3) could be preserved and integrated within the sequences (CRT ls on A4). B) Formation of the elevated
reef limestone island of SE Buton. A table platform (B1) uplifted what resulted in its emersion (B2). Then, sequences of coral and marine terraces formed on the emerging slopes (B3)
until modern times (B4). The faults are only represented for the final stage (stage n). For the age proposed on B1 see text for more details. C) Various stages of formation of an
elevated reef island, from stage 0 to stage n from the Tukang Besi archipelago. Islands location on Fig. 1C. Aerial view of Telega-Kecil Island (location Fig. 1B); stage n.
as early as in the beginning of 20th century (Verbeek, 1908).
Chronological constraints on microfossils from the limestones of
the terraces (i.e., the Wapulaka Formation see Settings) led previ-
ous authors (Fortuin et al., 1990; Satyana and Purwaningsih, 2011)
to suggest that the sequence is bracketed between the planktonic
foraminifera zones N21 (4.4 Ma to 1 Ma) and N22/23 (from 1 Ma
onwards, Gradstein et al., 2012). Consequently, we postulate that
the sequences of S Buton cannot be older than 4.4 Ma., and thus, we
consider that the Sampolawa Peninsula most probably emerged
between 4.4 and 3.2 Ma (~3.8± 0.6 Ma). We stress out here that the
sequence includingmore than 40 terraces found up to 650m, to the
North of the Sampolawa Peninsula, next to Pasarwajo, could
constitute an even longer record of Plio-Quaternary sea level.
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5.4. Comparison with other long-lasting emerged sequences of
fossil coral reefs

For their abundant shorelines (>40), the sequences from SE
Buton only compare to the sequence of Chala Bay (Peru), which
includes 27 successive erosional and depositional shorelines (Goy
et al., 1992). Excluding sequences of depositional strandlines
(beach-ridges sequence), at a global scale, only 58 described se-
quences include more than 10 successive marine terraces (Pedoja
et al., 2014). Sequences including numerous terraces are found in
various geodynamical settings. Their formation is not related
directly to uplift rates: they are present in subsiding areas (Hawaii
Island; Szabo and Moore, 1986; Ludwig et al., 1991; Webster et al.,



Fig. 14. Uplift rates in SE Sulawesi. A) Probability density plot of the U/Th ages obtained superimposed to the main sea-level high-stands. Bars under the graph correspond to each
individual sample age. B) Map view of the coastal uplift of SE Sulawesi. MIS 5e: 122± 6 ka, MIS 7: 217.5± 27.5 ka, MIS 9: 324.5± 18.5 ka.

Fig. 15. Long lasting sequences of coral reef terraces (see Pedoja et al., 2014 for detailed bibliography). A) World distribution B) Makatea Island (Montaggioni et al., 1985). C) Mar�e
Island (Guyomard et al., 1996). D) Futuna Island (Neef and McCulloch, 2001). E) Sampolawa Peninsula (this study). The thickness of the reef limestone units is arbitrary. F) Kabola
Peninsula, Alor Island, Indonesia (Hantoro et al., 1994). G) Barbados Island (Radtke et al., 1988; Schellmann and Radtke, 2004). H) Cape Laundi, Sumba Island (Pirazzoli et al., 1991,
1993).
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2009; Puga-Bernab�eu et al., 2016) or on fast uplifting coasts (Huon
Peninsula, Papua New Guinea; Bloom et al., 1974; Chappell, 1974).

Long-lasting Late Cenozoic sequences of elevated reefs repre-
sent valuable sea level records through the construction of suc-
cessive limestone units. Such sequences are described within the
Caribbean (Haiti, Cuba, Barbados) and Indo-Pacific province (Ryu-
kyu, Makatea, Austral, Cook, Sumba or Alor) (Pedoja et al., 2014,
Fig. 15). The coastal sequences from SE Sulawesi constitute an
intermediary step between the relatively young (1 Ma on Sumba or
Barbados), including numerous successive terraces (18 at Cape
Laundi, Sumba), emerged sequences from Sumba, Alor or Barbados
and the older and more degraded record of Mah�e, Futuna, or
Makatea. At the latter sites, only 1 to 6 terraces are present below
the limestone constituting the upper table reef or atoll generally
composed of early Pleistocene or older fossil reefs (Fig. 15). This
intermediary step represents one of the most comprehensive re-
cords of sea level high-stands for the Quaternary and possibly part
of Pliocene times.

5. Conclusions

The Late Cenozoic evolution of SE Sulawesi corresponds to the
uplift of a rough sea floor that resulted in the formation of spec-
tacular coastal sequences present on 23 islands. Based on 13 U/Th
and 7 14C ages, we allocated coral terrace (or reef limestone unit) to
the last interglacial periods (MIS 1, 5e, 7, and 9a). MIS 5e terraces
(122± 6 ka) are found at elevations lower than 20m, except on
Kadatua (34± 5m). On SE Buton, an undated sequence includes
more than 40 successive terraces and reaches 650m in elevation.
On the neighbouring Sampolawa Peninsula, 18 successive terraces
culminate at 430± 10m and include MIS 5e and 9 terraces at ele-
vations below 40m. Extrapolation of eustasy-corrected Middle
Pleistocene low uplift rates (0.14± 0.09mmyr�1) combined with
constraints from local geology suggest that the onset of the
sequence on Sampolawa Peninsula started at 3.8± 0.6 Ma. These
sequences therefore correspond to the longest and most compre-
hensive records of Plio-Quaternary sea level high-stands to date.

Acknowledgments

We thank Johan Andersen for his constant help, assistance and
logistics in the field, as well as many coastal dwellers from the
Tukang Besi and Buton archipelago for sharing with us their
knowledge of their field. We are grateful to Bert Hoeksema for the
identification of fossil corals. We thank ANR program GiSeLE, INSU
programs Sulamer Hopl�e and Artemis (J-P Dumoulin at LMC14
laboratory) for funding. Many thanks to Nathaniel Findling for the
X-ray analysis. SPOT images, used for mapping, were made avail-
able by the ISIS program (CNES, distribution SPOT images S.A.).
Finally, we thanks 2 editors, 5 anonymous reviewer and A. Puga
Bernab�eu for fruitful discussions on former versions of this
manuscript.

References

Ali, J.R., Milsom, J., Finch, E.M., Mubroto, B., 1996. SE Sundaland accretion: palae-
omagnetic evidence of large Plio-Pleistocene thin-skin rotations in Buton.
Geological Soc. Lond. Spec. Publ. 106 (1), 431e443.

Andersen, M.B., Stirling, C.H., Potter, E.-K., Halliday, A.N., Blake, S.G.,
McCulloch, M.T., Ayling, B.F., O'Leary, M., 2008. High-precision U-series mea-
surements of more than 500,000 year old fossil corals. Earth Planet Sci. Lett.
19
265 (1e2), 229e245.
Authemayou, C., Pedoja, K., Heddar, A., Molliex, S., Boudiaf, A., Ghaleb, B.,

Lanoe, B.V.V., Delcaillau, B., Djellit, H., Yelles, K., 2016. Coastal uplift west of
Algiers (Algeria): pre-and post-Messinian sequences of marine terraces and
rasas and their associated drainage pattern. Int. J. Earth Sci. 1e23.

Berry, L., Whiteman, J., Bell, S.V., 1966. Some radiocarbon dates and their geomor-
phological significance, emerged reef complex of the Sudan. Z. Geomorphol. 10,
119e143.

Bintanja, R., Van de Wal, R.S.W., 2008. North American ice-sheet dynamics and the
onset of 100,000-year glacial cycles. Nature 454 (7206), 869e872.

Springer. In: Bird (Ed.), 2010. Encyclopedia of the World's Coastal Landforms.
Springer, Dordrecht Heidelberg London New York.

Blanchon, P., Eisenhauer, A., 2000. Multi-stage reef development on Barbados
during the last interglaciation. Quat. Sci. Rev. 20 (10), 1093e1112.

Bloom, A.L., Broecker, W.S., Chappell, J.M.A., Matthews, R.K., Mesolella, K.J., 1974.
Quaternary sea level fluctuations on a tectonic coast: New 230Th/234U dates
from the Huon Peninsula, New Guinea. Quat. Res. 4 (2), 185e205.

Bowen, D.Q., 2010. Sea level ~ 400 000 years ago (MIS 11) : analogue for present and
future sea-level ? Clim. Past 6, 19e29.

Broecker, W.S., Thurber, D.L., Goddard, J., Ku, T.-l., Matthews, R.K., Mesolella, K.J.,
1968. Milankovitch hypothesis supported by precise dating of coral reefs and
deep-sea sediments. Science 159 (3812), 297e300.

Cabioch, G., 2011. In: Hopley, D. (Ed.), Emerged Reefs. Encyclopedia of Modern Coral
Reefs: Structure, Form and Process. Springer Netherlands, Dordrecht,
pp. 373e380.

Caputo, R., 2007. Sea-level curves: perplexities of an end-user in morphotectonic
applications. Global Planet. Change 57 (3e4), 417e423.

Chappell, J., 1974. Geology of coral terraces, Huon peninsula, New Guinea; a study of
quaternary tectonic movements and sea-Level changes. Geol. Soc. Am. Bull. 85
(4), 553e570.

Chappell, J., Veeh, H.H., 1978. Late quaternary tectonic movements and sea-level
changes at Timor and Atauro Island. Geol. Soc. Am. Bull. 89 (3), 356e367.

Chen, J.H., Wasserburg, G.J., von Damm, K.L., Edmond, J.M., 1986. The U-Th-Pb
systematics in hot springs on the east pacific rise at 21Â�N and guaymas basin.
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