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Abstract. The Spermonde Archipelago, off the coast of
southwest Sulawesi, consists of more than 100 small islands
and hundreds of shallow-water reef areas. Most of the is-
lands are bordered by coral reefs that grew in the past in re-
sponse to paleo relative sea-level changes. Remnants of these
reefs are preserved today in the form of fossil microatolls. In
this study, we report the elevation, age, and paleo relative
sea-level estimates derived from fossil microatolls surveyed
in five islands of the Spermonde Archipelago. We describe
24 new sea-level index points, and we compare our dataset
with both previously published proxies and with relative sea-
level predictions from a set of 54 glacial isostatic adjustment
(GIA) models, using different assumptions on both ice melt-
ing histories and mantle structure and viscosity. We use our
new data and models to discuss Late Holocene (0—6 ka) rela-
tive sea-level changes in our study area and their implications
in terms of modern relative sea-level estimates in the broader
South and Southeast Asia region.

1 Introduction

After the Last Glacial Maximum, sea level rose as a result of
increasing temperatures and ice loss in polar regions. Rates
of sea-level rise due to ice melting and thermal expansion
(i.e., eustatic) progressively decreased between 8 to 2.5ka
(Lambeck et al., 2014), remaining constant thereafter (un-

til the post-industrial sea-level rise). In areas far from polar
regions (i.e., far-field; Khan et al., 2015) the rapid eustatic
sea-level rise after the Last Glacial Maximum was followed
by a local (i.e., relative) sea-level highstand between ~ 6 and
~ 3ka, and a subsequent sea-level fall towards present-day
sea level. It has long been shown that the higher-than-present
relative sea level (RSL) in the Middle Holocene (e.g., Gross-
man et al., 1998; Mann et al., 2016) is not eustatic in origin
but was caused by the combined effects of glacial isostatic
adjustment (GIA) (Milne and Mitrovica, 2008), which in-
cludes ocean siphoning (Milne and Mitrovica, 2008; Mitro-
vica and Milne, 2002; Mitrovica and Peltier, 1991) and re-
distribution of water masses due to changes in gravitational
attraction and Earth rotation following ice mass loss (Kopp
et al., 2015).

Due to the spatiotemporal variability of the processes
causing it, the Late Holocene highstand differs regionally
in both time and elevation. The occurrence and elevation of
RSL indicators deposited during the highstand are dependent
not only on the processes mentioned above but also on the
magnitude of Holocene land-level changes due to geolog-
ical processes, such as subsidence resulting from sediment
compaction or tectonics (e.g., Tjia et al., 1972; Zachariasen,
1998). Combining the use of precisely measured and dated
RSL indicators with GIA models in areas where the high-
stand occurs, it is possible to improve our knowledge on
long-term rates of land-level changes, which need to be con-
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sidered in conjunction with local patterns and rates of current
eustatic sea-level rise (e.g., Dangendorf et al., 2017) to gauge
the sensitivity of different areas to future coastal inundation.

In this study, we present new Late Holocene sea-level data
and GIA models from the Spermonde Archipelago (Cen-
tral Indonesia, SW Sulawesi). In this region, a recent re-
view (Mann et al., 2019a, b) indicated discrepancies between
the RSL data reported by different studies. To reconstruct
the local paleo RSL we surveyed microatolls, i.e., particu-
lar coral morphologies forming in close connection with sea-
level datums (e.g., Scoffin and Stoddart, 1978; Woodroffe et
al., 2012, 2014). For reconstructing paleo RSL, we first stud-
ied living coral microatolls to calculate the range of depth
where corals live at different islands. We then applied the re-
sults of the living microatoll (LMA) survey to fossil ones that
we surveyed and dated using radiocarbon.

In total, we surveyed 24 fossil microatolls (FMAs), with
ages clustered around ~ 155 and ~ 5000 years before present
(BP). We present this new dataset in conjunction with data
provided by previous studies in the same region (Mann et
al., 2016; Tjia et al., 1972; De Klerk, 1982) and new GIA
models with varying ice histories and mantle properties. We
use our data and models to discuss possible local subsidence
mechanisms at the only heavily populated island (Barrang
Lompo) among those we investigated, vertical land move-
ments in the broader Spermonde Archipelago, and implica-
tions of the different ice and earth models for modern relative
sea-level change estimates.

2 Regional setting

The Spermonde Archipelago, located between 4°00" to
6°00’ S and 119°00’ to 119°30’ E, hosts several low-lying is-
lands, with average elevations of 2 to 3 m above mean sea
level (JanBen et al., 2017; Kench and Mann, 2017). All these
islands consist of table, platform, and patch reefs crowned
by coral cays (Sawall et al., 2011) and some are densely pop-
ulated (Schwerdtner Maiiez et al., 2012). Their low eleva-
tion above mean sea level (MSL) and the fact that they are
composed mostly of calcareous sediments makes them vul-
nerable to sea-level rise, inundation by waves, and deficits in
sediment supply (Kench and Mann, 2017). In the Spermonde
Archipelago, the tidal cycle is mixed semi-diurnal with a
maximum tidal range of 1.5m (data from Badan Informasi
Geospasial, Indonesia).

In this study, we focused on five islands in the Spermonde
Archipelago. Here, we surveyed fossil microatolls that are
complementary to those previously surveyed at two other is-
lands in the same archipelago, reported in Mann et al. (2016)
(Fig. 1a, b). Panambungan (RSL data in Mann et al., 2016)
(Fig. 1g) is a small and uninhabited island, located 18 km
northwest of Makassar City. Barrang Lompo (RSL data in
Mann et al., 2016) (Fig. 1i) is located 11.2km northwest
of Makassar and 11 km southwest of Panambungan, and is
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densely populated. Bone Batang (Fig. 1h) is a narrow, un-
inhabited sandbank located south of the island of Panam-
bungan and north of the island of Barrang Lompo. South
of Barrang Lompo and 13km southwest from the city of
Makassar, we surveyed Kodingareng Keke (Fig. 1c), another
uninhabited island. The island of Sanrobengi (Fig. 1d) lies
25 km south of Kodingareng Keke, and is a small, sparsely
inhabited (less than 15 houses) reef island located close to
the mainland of southern Sulawesi at the coast of Galesong,
21km south of Makassar city. Sanrobengi is located south
of the previous islands, which are close to each other off
the coast of Makassar, towards the center of the archipelago.
The fourth and fifth study islands are located northwest of
Makassar, bordering the edge of the Spermonde Archipelago.
These two outer islands are Suranti (Fig. 1f) and Tam-
bakulu (Fig. 1e) and both are uninhabited and located 58 km
(Suranti) and 56 km (Tambakulu) from the City of Makas-
sar. Another island already reported and studied by Mann
et al. (2016) (Sanane) is included in this study only for
the analysis of living microatolls, as fossil microatolls were
not found on this island. Its location is 2.7 km northwest of
Panambungan, and it is densely populated.

3 Methods

3.1 Coral microatolls

In most tropical areas, Holocene RSL changes can be re-
constructed using several types of RSL indicators (Khan
et al., 2015), among which are fossil coral microatolls
(e.g., Scoffin and Stoddart, 1978; Woodroffe et al., 2012;
Woodroffe and Webster, 2014). Fossil microatolls are partic-
ular growth forms adopted by massive corals (e.g., Porites)
when they reach the upper bounds of their living range, close
to sea level. Coral colonies generally grow upwards until they
reach the lower part of the tidal range. At this point, they keep
growing horizontally forming “atoll-like” structures (Fig. 1
in Scoffin and Stoddart, 1978, and Fig. 8.1 in Meltzner and
Woodroffe, 2015) that can widen up to several meters.

In the most standard definition, microatolls typically form
at mean lower low water (MLLW), but their living range can
span from mean low water (MLW) down to the lowest as-
tronomical tide (LAT) (Mann et al., 2019a). If sea level falls
below LAT, the coral polyps desiccate and die, retaining their
carbonate calcium skeleton and their morphology (Meltzner
and Woodroffe, 2015). Since they can survive within a nar-
row range related to tidal datums, fossil microatolls are of-
ten considered as an excellent RSL indicator (when found in
good preservation state) as they constrain paleo RSL within
a narrow range (Meltzner and Woodroffe, 2015).

While the relationship of coral microatolls with the tidal
datums described above is often maintained, several authors
(e.g., Mann et al., 2016; Smithers and Woodroffe, 2001;
Woodroffe et al., 2012) have pointed out that deviations from
microatoll living range and tidal datums may occur due to
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Figure 1. Overview map of the islands investigated in this study and the two islands studied by Mann et al. (2016) (Panambungan and
Barrang Lompo). The star in (a) indicates the location of the Spermonde Archipelago, off the coast of southwestern Sulawesi; (b) indicates
the position of each island, and the dot labeled “S” indicates the position of Sanane, where only living microatolls were surveyed. Insets (c—i)
show each island. The yellow dots in these panels indicate the location of sampled fossil microatolls, while the yellow asterisks indicate the
position of the tide pressure sensor. Imagery sources for panels (a, b): Global Self-consistent Hierarchical High-resolution Shorelines from
Wessel and Smith (1996); for (c—i): Esri, DigitalGlobe, GeoEye, Earthstar Geographics, CNES/Airbus DS, USDA, USGS, AeroGRID, IGN,
and the GIS User Community. The background maps in Fig. 1 were created using ArcGIS® software by Esri. ArcGIS® and ArcMap™ are
the intellectual property of Esri and are used herein under license. Copyright© Esri. All rights reserved. For more information about Esri®

software, please visit https://www.esri.com/en-us/home (last access: 11 May 2020).

site-dependent characteristics, such as wave intensity and
broader reef morphology (Meltzner and Woodroffe, 2015).
It is also worth highlighting that a tide gauge with a long
enough time series might not be available at remote locations
where microatolls are often found. Therefore, it is often con-
sidered more practical and more accurate to reconstruct paleo
RSL at the time of microatoll life starting from the height of
living coral microatolls (HLC; see Meltzner and Woodroffe,
2015, for details). Under the assumption that tide, wave, and
reef morphology did not change significantly in time, this
allows determining the paleo RSL associated with fossil mi-
croatolls that were living in the same geographical setting as
modern ones (i.e., the same island or group of islands). For
this reason, in this study, we surveyed both fossil and liv-
ing microatolls elevations, and we determined the indicative

www.clim-past.net/16/1/2020/

meaning (i.e., the correlation with sea level) of the fossil mi-
croatolls from the HLC rather than tidal datums.

As fossil microatolls are composed of calcium carbonate,
they can be assigned an age, either with '*C (Woodroffe et
al., 2012) or U-series dating (e.g., Azmy et al., 2010). Recent
studies have shown that the accurate measurement, dating,
and standardized interpretation of coral microatolls have the
further potential to detail patterns and cyclicities related to
short-term (e.g., decadal to centennial) sea-level fluctuations
(Meltzner et al., 2017; Smithers and Woodroffe, 2001; Kench
et al., 2019).

3.2 Elevation measurements

FMA and LMA heights were surveyed on Sanrobengi,
Kodingareng Keke, Bone Batang, Suranti and Tambakulu

Clim. Past, 16, 1-19, 2020
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(Fig. 1c—i) with an automatic level. FMA and LMA heights
were always surveyed on the top microatoll surface. Ele-
vations were initially referenced to locally deployed water
level sensors (Seametrics PT2X) acting as temporary bench-
marks. Locations of water level loggers are shown in Fig. 1c—
i (stars), and logged water levels are reported in the PAN-
GAEA dataset associated with this paper. The sensors were
fixed to either jetties or living corals close to the survey sites
and logged the tide levels at 30 s intervals. Tidal level differ-
10 ences between the sensors on the study islands were refer-
enced to the tidal height of the water level sensor on Panam-
bungan, for which we have the longest tide record of 8d
and 18 h. The Panambungan tidal readings were compared to
readings at the national tide gauge at Makassar harbor (1 Jan-
15 uary 2011-19 December 2019; data courtesy of Badan Infor-
masi Geospasial, Indonesia) to establish the reference of our
sample sites to MSL. As a result of annual sea-level vari-
ability, the mean tidal level at Makassar during our surveys
was slightly above (+0.014 m) the long-term MSL (1 Jan-
2o uary 2011 to 19 December 2019). Our elevation measure-
ments were corrected accordingly.

FMA and LMA measurement errors were propagated us-
ing the root mean square of the sum of squares of the follow-
ing values (see the PANGAEA dataset associated with this

25 paper for calculations and details):

o

- automatic level survey error=0.02m, as in Mann et
al. (2016). If the automatic level had to be moved due
to excessive distance from the benchmark to the mea-
sured point, this error is added twice.

s - error referencing island logger to Panambungan MSL.
This error has been calculated comparing water lev-
els measured at each island against those measured at
Panambungan and varies from 0.01 to 0.07m (see the
PANGAEA dataset associated with this paper for de-

35 tails).

- error referencing Panambungan to Makassar MSL =
0.04 m, as in Mann et al. (2016).

- error in calculating Makassar MSL from a limited time

(8.9 years, 1 January 2011 to 19 December 2019) and

40 not for an entire tidal cycle (18.6 years). We estimated
this error to be 0.05 m.

3.3 Paleo RSL calculation

After relating all microatoll elevations to MSL, we used

FMA and LMA elevation measurements to calculate paleo
s RSL. We then applied the concept of indicative meaning (see

Shennan, 1986, for definition and applications) to coral mi-

croatolls. The indicative meaning allows quantifying the rela-

tionship between the RSL indicator and the associated paleo

sea level. To reconstruct paleo RSL from measured data we
so use the following formula:

RSL = E —HLC +Er,

Clim. Past, 16, 1-19, 2020

Figure 2. Examples of (a) non-eroded and (b) eroded fossil mi-
croatoll at Sanrobengi.

where E is the surveyed elevation of the fossil microatoll;
HLC is the average height of living coral microatolls, and Er
is the estimated portion that was eroded from the upper fossil
microatoll surface.

To calculate RSL, we measured HLC at each island in-
dividually or at the closest neighboring island where living
microatolls could be found.

Concerning HLC, we surveyed living microatolls on
Tambakulu (samples n = 51) and Sanrobengi (n =24). On
Suranti, Kodingareng Keke, and Bone Batang, living microa-
tolls were either restricted in number and with a partly re-
worked appearance or completely absent. Therefore, to cal-
culate RSL at these islands, we used HLC elevations from
Tambakulu (n = 51) for Suranti, from Panambungan (from
Mann et al., 2016; n = 20) for Bone Batang, and from Bar-
rang Lompo (from Mann et al., 2016; n = 23) for Kodin-
gareng Keke.

The Er value was included in our calculation only in the
presence of visibly eroded microatolls (see Table 2 for de-
tails, comparison with non-eroded microatolls in Fig. 2a, b)
to account for the lowering of the top microatoll surface
due to erosion. In Fig. 3a and b, these microatolls are in-
dicated with surrounding light gray shading. Measurements
on modern microatolls at Barrang Lompo, Panambungan,
and Sanane (Fig. 4a) by Mann et al. (2016) showed that
the average thickness of living microatolls in the Spermonde
Archipelago is 0.48 £ 0.19 m. Thus, to reconstruct the origi-
nal fossil microatoll elevation for eroded FMAs, we added
the missing centimeters to each eroded FMA thickness to
reach 0.48 m. We remark that this approach does not take
into account the fact that modern microatolls may be thicker
than fossil ones because of the current rapidly rising sea level
(which is forcing them to catch up, growing faster upwards).
In contrast, under Late Holocene falling or stable sea-level
changes, they were presumably getting wider but not thicker.
Hence, in our calculations, the added Er might be overesti-
mated. In the absence of better constraints, we maintain this
approach.

Final paleo RSL uncertainties were calculated using the
root mean square of the sum of squares of the following val-
ues (see the PANGAEA dataset associated with this paper for
calculations and details):
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— elevation errors of both FMA and LMA, calculated as
described above

— half of the indicative range, represented by the standard
deviation of the measured heights of living corals

s — uncertainty in estimating erosion=0.19m, derived
from Mann et al. (2016) and discussed above.

3.4 Sampling and dating

The highest point of each FMA was sampled by hammer
and chisel or with a hand drill. Subsamples from all samples
10 taken in the field were analyzed via XRD at the Central Lab-
oratory for Crystallography and Applied Material Sciences
(ZEKAM), University of Bremen, Germany, to detect possi-
ble diagenetic alterations of the aragonite coral skeleton.
After the XRD screening, we performed one radiocarbon
15 dating per sampled microatoll. AMS radiocarbon dating and
age calibration to calendar years before present (years BP)
were done at Beta Analytic Laboratory. We used the Marine
13 calibration curve (Reimer et al., 2013) and a R value
(the reservoir age of the ocean) of 0 = 0 as recommended for
20 Indonesia in Southon et al. (2002). To compare the new ages
to the results from Mann et al. (2016), we recalculated their
ages with the same S R value.
The reason behind choosing a different 6R value than
Mann et al. (2016) resides in the fact that the value they
25 adopted (§R = 89 £ 70) was measured in southern Borneo
(Southon et al., 2002) more than 900 km away from our study
site. Their choice was based on the fact that there is no §R
value available between Sulawesi and southern Borneo that
can be used for a radiocarbon age reservoir correction. Due
a0 to the long distance between Borneo and our study area and
the presence of the Indonesian Throughflow between these
two regions (Fieux et al., 1996), here we propose that there
is no basis to assume a similar § R value between southern
Borneo and the Spermonde Archipelago. Therefore we fol-
35 low the recommendation of Southon et al. (2002) to use a
zero 6 R, reported to be derived from unpublished data for
the Makassar Strait.
All our samples were registered in the SESAR, the System
for Earth Sample Registration, and assigned an International
10 Geo-Sample Number (IGSN).

3.5 Glacial isostatic adjustment

To compare observations with RSL caused by isostatic ad-
justment since the Last Glacial Maximum, we calculated
RSL as predicted by geophysical models of GIA. These
ss are based on the solution of the sea-level equation (Clark
and Farrell, 1976; Spada and Stocchi, 2007). We calculate
GIA predictions using a suite of combinations of ice sheets
and solid Earth models. The latter are self-gravitating, ro-
tating, radially stratified, deformable, and characterized by
so a Maxwell viscoelastic rheology. We discretize the Earth’s

Clim. Past, 16, 1-19, 2020

Table 1. Upper and lower mantle viscosities for the different Earth
models.

Model name  Upper mantle Lower mantle

(Pas ><1021) (Pas ><1021)
VM1 0.25 2.5
VM2 0.25 5.0
VM3 0.25 10
VM4 0.5 2.5
VM5 0.5 5
VM6 0.5 10

mantle into two layers: upper and lower mantle (respectively,
UM and LM). Each mantle viscosity profile is combined with
a perfectly elastic lithosphere whose thickness is set to 60,
90, or 120 km. We use six mantle viscosities for each litho-
spheric thickness, as shown in Table 1. We combine the Earth
models with three different models: ICESg, ICE6g (Peltier et
al., 2015; Peltier, 2009), and ANICE (de Boer et al., 2015,
2017). In total, we ran 54 different ice—Earth model com-
binations (three ice sheet models x three lithospheric thick-
nesses X six mantle viscosity profiles).

4 Results

4.1 Living and fossil microatolls

Our dataset consists of a total of 25 FMAs surveyed in five
islands of the Spermonde Archipelago (Table 2; see also the
PANGAEA dataset associated with this paper). Sixteen mi-
croatolls yield ages (calendar years) ranging from 5970 to
3615 years BP (Fig. 3a), while nine yield ages varying from
237 to 37 years BP (Fig. 3b). These are added to the 20 fossil
microatolls and one modern microatoll from Barrang Lompo
and Panambungan previously reported by Mann et al. (2016)
(Fig. 3a, c; see also the PANGAEA dataset associated with
this paper) and the data from De Klerk (1982) and Tjia et
al. (1972) (Fig. 3c and Table 4, see also the PANGAEA
dataset associated with this paper). The microatoll PS_FMA
4 showed evidence of reworking; i.e., it was not fixed to the
sea bottom, and thus it was subsequently rejected. Therefore,
it is not shown in the results or discussed further. Among the
44 microatolls surveyed and dated in this study (n = 24) and
Mann et al. (2016) (n = 20), 18 were eroded, and the ero-
sion correction has been applied as reported in Sect. 3.3 (gray
bands in Fig. 3a). The fact that these corrected data seem to
plot consistently above the non-eroded microatolls might be
indicative of the fact that our erosion correction may be over-
estimated. In the absence of more precise data on the original
thickness of fossil microatolls, we retain these indicators in
our analyses.

Concerning LMAs, our surveys included 51 individuals
measured at the island of Tambakulu and 24 living microa-
tolls measured at Sanrobengi (Fig. 4b). The living microa-
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tolls in this survey complement those measured by Mann et
al. (2016) at Panambungan (n = 20), Barrang Lompo (n =
23) and Sanane islands (n = 17).

To reference the measured elevations of both LMA and
FMA to MSL as described in Sect. 3.3, we measured wa-
ter levels at Barrang Lompo, Panambungan, Suranti, Tam-
bakulu, Kodingareng Keke, Bone Batang, and Sanrobengi
for a total of 688 h, over the period 6 to 15 October 2017
(see water levels in the PANGAEA dataset associated with
this paper). An example of measured water levels is shown
in Fig. 4b.

As far as XRD analyses are concerned (see the PAN-
GAEA dataset associated with this paper for details), 17 of
24 samples show an average value of aragonite at 98.7 +
1.1 %. Among the other samples, one (SB_FMA26) con-
tains 7 % calcite, which might affect its age. Other po-
tential sources of secondary carbon might be present in
PT_FMA9 and BB_FMA13, where Kutnohorite was de-
tected (CaMn>"(CO3)?, respectively 3 % and 6 %). All the
remaining samples show relatively low aragonitic content,
but the other minerals contained in them do not contain car-
bon that could potentially affect the ages reported in this
study.

The fossil microatolls of Suranti show age ranges from
237+97 to 114+ 114 years BP. These samples indicate paleo
RSL positions of —0.53£0.25 and —0.11£0.25 m. On Tam-
bakulu, ages range between 114 4114 and 37 412 years BP.
In this time span, the elevations of the fossil microatolls at
this island indicate RSL positions between —0.24 +0.13 and
0.11 £0.23m. The samples from Bone Batang cover ages
from 5196 £ 118 to 3693 £ 108 years BP and provide pa-
leo RSL positions of 0.13£0.22 to 0.20+0.22m. Sam-
ples from fossil microatoll ages from Kodingareng Keke
vary from 5869 £ 99 to 5343 + 88 years BP, indicating pa-
leo RSL positions between —0.02 £0.12 and 0.10 £0.12 m.
Fossil microatoll samples from Sanrobengi range in age from
5970489 to 3615 £99 years BP, with RSL from 0.14+0.12
t0 0.54 £ 0.23 m.

4.2 GIA models

As described in Sect. 3.5, we use different Earth and ice mod-
els to produce 54 different RSL predictions, from 16 ka to
the present (Fig. 5b). The models are available in the form
of NetCDF files including longitudes between 55.3 to 168.9°
and latitudes between —28.6 and 38.6°. We provide the mod-
els in NetCDF format, with a Jupyter notebook to extract data
at a single location and plot GIA maps (files can be retrieved
from Rovere et al., 2020).

An extract of the modeling results is shown in Figs. 5
and 6. While all models predict an RSL highstand in the
Spermonde Arc