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ABSTRACT

The study of geological sea-level proxies formed during previous interglacials is a common approach to
assess how global sea level will evolve under warmer climate conditions. Over the last decades, technical
advancements in both survey and geochronology have allowed improving our knowledge of past sea-
level highstands. This is of prime importance to refine our understanding of processes contributing to
sea-level changes, and ultimately to improve both local and global sea-level projections. Last Interglacial
sea-level proxies in the Western Indian Ocean (and more specifically the island nation of Madagascar),
have been less investigated than in other intertropical oceans over the last decades. As a result, paleo sea-
level data in this region are less abundant and less precise than elsewhere. Here, we report the results of
two field campaigns aimed at studying the site of Lembetabe, southwest Madagascar, where a fossil reef
was first described by the researcher René Battistini more than 50 years ago. We estimate paleo relative
sea level history in space and time from 15 new U-series ages from a fossil reef platform mapped with
differential GNSS and drone photogrammetry. Our data suggest that, between 129 ka and 115 ka, paleo
relative sea level at this location was about 3.4 + 1.4 m above modern. Once corrected for glacial isostatic
adjustment, we find that paleo global mean sea level did not exceed 3 m above modern. Only slight
crustal subsidence would reconcile the peak Last Interglacial sea level measured at Lembetabe with the 5
—10 m range reported in the literature.

© 2023 Published by Elsevier Ltd.

1. Introduction

rise in the future. For this reason, geological sea-level proxies (or
sea-level indicators, i.e., geological features deposited or formed by

Global mean sea level (GMSL) has been rising for the last 150
years (Church et al., 2013), and will continue to rise as global
temperatures increase unabated (Portner et al., 2019). Until
recently, the main contributor to GMSL was mainly due to the
thermosteric expansion of seawater (e.g. Church et al., 2013). In the
last decade, melting of polar ice caps started to dominate the sea-
level signal (e.g. Shepherd et al., 2012). In this context, under-
standing the potential upper bounds of polar ice melting in warmer
climates is essential to gauge how much and how fast sea level may
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past sea levels) are used to constrain past sea-level changes and, in
turn, assess ice melting in past warm periods (Chappell, 1974;
Shackleton and et Matthews, 1977; Bard et al., 1990; Blanchon et al.,
2009; O'Leary et al., 2013). Any paleo sea-level proxy requires that
certain conditions on survey, geological interpretation, and dating
are met (Shennan et al., 2015). First, elevation of the stratigraphic
elements closely related to paleo sea level must be measured as
accurately as possible and referenced to a known datum. This is
becoming simpler with the decrease in price and increase in the
usability of differential Global Navigation Satellite System (dGNSS)
devices. Then, geomorphological, sedimentological and/or tax-
onomical properties must be understood in detail, and related to a
modern analog to understand the position of the paleo sea level
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with respect to the elevation of the sea-level indicator (Rovere et al.,
2016a; Hibbert et al., 2016). A sea-level proxy must also be attrib-
uted to an absolute age with radiometric dating methods. For fossil
reefs, the development of U-series dating (e.g. Ivanovich et Har-
mon, 1992) has allowed the dating of Pleistocene fossil reefs glob-
ally (e.g. Veeh, 1966). Successive improvements (e.g. Edwards et al.,
1987; Edwards, 1988; Cheng et al., 2013; Chiang et al.,, 2019),
namely the use of thermal ionization mass spectrometer (TIMS)
and (more recently) of multi-collector inductively-coupled plasma
mass spectrometer (MC-ICPMS) allow to measure fossil reef ages
with error bars of 0.5—2 kyr (2¢) (e.g. Kerans et al., 2019).

The second factor that needs to be accounted for when using any
sea-level indicator to reconstruct past GMSL changes is that, over
time, the Earth's crust has been subject to vertical motions, that
must be either added or subtracted from the current elevation of
the indicator before paleo GMSL is calculated. Vertical land motions
may be due to tectonics (e.g., in areas close to active tectonic
margins such as New Guinea, Chappell, 1974) or subsidence related
to sediment loading (Simms et al., 2013) or sediment compaction.
Austermann et al. (2017) also pointed out that, even at passive
margins, mantle dynamic topography can cause vertical land
movements of several meters since the LIG. Furthermore, as water
mass shifts between ice and ocean reservoirs over glacial-
interglacial cycles, the loading and unloading of mass causes
deformation of the Earth's surface. This deformation generates a
disequilibrium that is then compensated by glacial isostatic
adjustment (GIA) due to the viscous behavior of the mantle (e.g.
Lambeck and et Chappell, 2001) in response to ice sheet melting
and regrowth. Until the elevation of a sea-level indicator (e.g., a
fossil reef) is corrected for these post-depositional vertical move-
ments, it is commonly referred to as a relative sea level (RSL), as
opposed to GMSL, or “eustatic” (Rovere et al., 2016b), that is the
sum of barystatic and thermosteric sea-level changes (sensu
Gregory et al., 2019).

One time period that is widely studied to understand the
sensitivity of polar ice to slightly warmer climatic conditions is the
Last Interglacial (LIG, Marine Isotopic Stage 5e, 115—129 ka). During
the LIG, global atmospheric temperatures were estimated
0.5—1.5 °C warmer than in 1850—1900 (Fox-Kemper et al., 2021)
and GMSL a few meters above pre-industrial (Dutton et al., 2015a;
Gulev et al., 2021; Dyer et al., 2021).

To gauge the maximum level attained by GMSL during the LIG,
several studies surveyed and dated LIG fossil sea-level indicators,
then correct for post-depositional vertical land motions using
geodynamic models or estimates of tectonic uplift or subsidence
using from independent constraints. There has been a convergence
of results suggesting that the maximum elevation attained by GMSL
during the LIG was 5—10 m above the pre-industrial (Gulev et al.,
2021). However, recent estimates from sea-level indicators in the
Bahamas seem to imply a lower estimate, ranging between 1.2 and
5.3 m (Dyer et al., 2021).

Among the key issues preventing the convergence of LIG sea-
level estimates is that, despite thousands of sites globally that
have preserved LIG sea-level indicators, only few have been
measured and dated with state-of-the-art techniques, enabling
more precise paleo RSL reconstructions (Rovere et al., 2022). Higher
accuracy in defining the distribution in space and time of RSL in-
dicators is of prime importance to evaluate the possibility of meter-
scale sea-level fluctuations within the LIG highstand, that would
imply periods of melting and regrowth of ice caps (e.g. Blanchon
et al., 2009; Kopp et al., 2013; Barlow et al., 2018; Polyak et al.,
2018; Rohling et al., 2019).

In this general context, there is a comparatively greater abun-
dance of studies focused on LIG fossil reefs in the Pacific and
Atlantic oceans (as evidenced by global compilations by Hibbert
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et al., 2016; Rovere et al., 2022) when compared to the Western
Indian Ocean (for which a recent compilation from Boyden et al.,
2021). More specifically, in Madagascar the study of Pleistocene
sea-level changes was pioneered in the north of the island by
Lemoine (1906). This work was followed, nearly 50 years later, by a
first detailed study on coastal geomorphology from Diego Suarez to
Analalava (Guilcher, 1954). The French geoscientist René Battisini
led several works throughout the mid-60's to late 70's on past sea-
level indicators in several areas of Madagascar, as well as at a few
sites in Tanzania, Kenya, Seychelles archipelago and Eparses islands
(Battistini, 1965a,b, 1966, 1969; Battistini et al., 1970; Battistini,
1970a,b, 1972; Battistini et Cremers, 1972; Battistini et al., 1976;
Battistini, 1977; Battistini et Jouannic, 1979). Since these early
pioneering works, the only study conducted on Malagasy Pleisto-
cene sea-level indicators was recently published by Stephenson
et al. (2019) on the northern tip of the island.

At the time of pioneering Malagasian works mentioned above,
elevations were measured at best with an optical level, and the
referencing to the tidal level was often not implemented rigorously.
Concerning age determination, alpha-counting techniques were
used to measure U—Th disequilibrium for samples older than 50
kyr. Added to technical limitations (long analysis duration, large
sample size), the 20 accuracy in age was about 10 kyr for an age
ranging between 70 ka and 150 ka (e.g. Edwards et al., 2003). Today,
we are able to reach centimetric accuracy with dGPS surveys
(Rovere et al., 2016a), and data can be better referenced to mean sea
level (MSL) thanks to the wide availability of local geoids, bench-
marks from tide gauges, or easily deployable water level loggers.
Further, with the development of mass spectrometry and the
emergence of MC-ICPMS, we can now routinely reach uncertainties
of only 0.5 kyr (2¢) for a sample of about 100 kyr old (e.g. Kerans
et al,, 2019).

Recently, Boyden et al. (2022) revisited a site on the southwest
coast of Madagascar, close to a town called Lembetabe. The site is
characterized by an emerged reef of Last Interglacial age, that was
first reported by Battistini (1965a) (Fig. S1 in Supplementary Ma-
terial), and initially dated to 85 + 4—5 ka with the U-Th alpha-
counting method (Battistini et al., 1976; Battistini, 1977). Based on
coastal stratigraphy analysis, Boyden et al. (2022) show that the
fossil reef at Lembetabe is representative of a shallow-water
regressive sequence, spanning in age from the beginning of MIS
5e to the end of it. The entire MIS 5e reef complex sits on top of an
older reef, likely of MIS 11 age.

Here, we present 16 new U-series ages on corals sampled from
the Lembetabe section, each measured with dGNSS. This mostly
new data set, added to the ages already presented by Boyden et al.
(2022), make this fossil reef section one of the best dated globally.
We then use the descriptions of the reef facies by our companion
paper (Boyden et al., 2022) and a new satellite-derived bathymetry
of the modern lagoon in front of the village of Lembetabe to
quantify the indicative meaning of the fossil reef, and ultimately
calculate a paleo RSL curve for this area. We then correct our data
with a suite of 576 GIA models with varying ice and earth models
and discuss possible vertical land motions, in search for a best-
matching Last Interglacial GMSL scenario.

2. Methodology
2.1. Site description

The Lembetabe site is located south of Toliara and about 11 km
south of the town of Itampolo (Fig. 1 a-b). It belongs to the Mahafaly
region (southwest of Madagascar) whose major tectonic feature is
the NNW-SSE trending Toliara fault that separates the coastal plain
from the eastward Mahafaly Plateau (Fig. 1 a-b). In this area, we
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Fig. 1. Investigated area. a) Map of Madagascar with topography and bathymetry data (1 arc-minute global relief model) from ETOPO1 (https://www.ngdc.noaa.gov/mgg/global/glo
bal.html). White dots: main cities and location of the village of Lembetabe south of Toliara. Red line: assumed trace of the Toliara Fault (TF). b) Google Earth screenshot of the area
investigated with location of the Toliara Fault (dashed red line) that might lower the SW coast located on the hanging wall of the normal fault. White rectangle: investigated area.
LBT: Lembetabe, IT: Itampolo, RD: Raindrano. c) Field pictures of the marine terrace with the paleo abraded platform, the modern one (d), and the reef section (e) where fossil corals
were measured and collected. Pictures of collected samples are given in Supplementary (Figs. S2 and S3). Additional field pictures of the paleo abraded platform and the modern one

are given in Fig. 6.

studied an emerged fossil reef located close to the entrance of the
Vezo fisherman village (24°47'15.52"S, 43°57'12.25"E, Fig. 1). The
fossil reef extends over about 200 m from the village towards the
south, and it is about 10 m wide across shore (Fig. 2). The fossil reef
lies upon a broader terrace, of possible marine origin, stretching
southward over about 12 km along the coast (Fig. 1 ¢). Acccording to
tide predictions from the SHOM (Hydrographic and Oceanographic
Department of the French Navy) for the Toliara tide gauge station,
the tidal range is ranging between 1.5 and 2 m in average with more
than 3 m of amplitude during equinox tides.

Within the emerged fossil reef, we observed numerous corals in
growth position, with size (diameter) ranging between several tens
of centimeters to about 2 m (Fig. 1 d and S2 and S3). The abundance
of corals in a limited area, their upright position, and size for the
larger ones suggest that most of these corals are in situ. As well,
articulated bivalves, as in situ indicator were also noted on the reef
section (Fig. S4). North of the reef section, there is no evidence of a
former reef. To the south, we could not identify any more corals in
growth position, but only fragments or other marine fossil organ-
isms (marine mollusc shells and coral rubble), and terrestrial debris
(terrestrial mollusc shells and pieces of ostrich eggshell). The fossil
reef section is adjacent to the modern reef flat, whose width
dramatically decreases southward from a maximal width of about

650 m in front of the fossil reef to a stable width of about 100 m
towards the south (Fig. 1 b). On the modern reef flat, we identified
massive Porites colonies, that have developed a microatoll
morphology with their upward growth limited by annual lowest
tide (e.g. Scoffin et al., 1978) (Fig. S5). At several locations we noted
a relic flat surface of marine origin with paleo-furrows, that we
interpret as a paleo shore platform (Fig. 1 c), similar to those
observable within the modern intertidal area (Fig. 1 d). For a more
comprehensive description of the coastal Pleistocene deposits in
Lembetabe, the reader is referred to Boyden et al. (2022).

2.2. Field survey

To collect field data we used dGNSS, pressure transducers, single
beam bathymetric sonars, and Unoccupied Aerial Vehicles (UAVs).
Details on the data collection workflow are summarized hereafter,
and described in full by Boyden et al. (2022).

A pair of Emlid REACH RS + single-band GNSS receivers in a
Base-Rover configuration were used in order to obtain the most
accurate vertical position of survey points along the paleo reef
investigated in this study. Because of the remote nature of Lem-
betabe, the use of Real-Time Kinematic (RTK) corrections were not
available and instead GNSS data was processed using a Precise Point
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Fig. 2. Results of the drone survey (orthophoto and hillshade) of the fossil reef at Lembetabe, with elevations of samples reported in Table 2 and sample names given. a) entire
scene; b) and c) detailed views. Background image from Worldview-2 (pansharpened), ©DigitalGlobe inc.

Positioning (PPP) workflow. This entails first processing the Base
data online via the Canadian Spatial Reference System (CSRS) PPP
tool provided by Natural Resources Canada (NRCan) then correcting
the Rover data within the RTKLIB (v. 2.4.3) environment to the post-
processed Base. Final elevations following this step are reported in
ellipsoid height.

In order to correct the ellipsoid elevation (output of the dGNSS)
to a known datum (e.g., MSL), chart datums or tidal benchmarks are
often used. Again, because of the remote nature of the Lembetabe
site, no chart datum exists and therefore a new datum needs to be
established. To accomplish a reference to mean sea level, two INW
PT2X Seametrics pressure transducers were deployed in tandem
(onshore, to measure air pressure, and offshore to measure water
levels) during the entirety of the field work (about 10 days). The
position of each sensor was subsequently measured using the
standard GNSS workflow (outlined above) and the resulting pres-
sure data was then processed using Aqua4Plus. MSL was inferred
from the resulting tidal stage and compared to the predicted tidal
curve for Androka and Toliara to correct for any weather influence
(see Boyden et al., 2022, for workflow details).

Commonly referred to as photogrammetry, the application of
Structure from Motion/Multi-View Stereo (SfM/MVS) to reconstruct
various geological settings is well established (e.g., Bistacchi et al.,
2015; Casella et al., 2017; Bilmes et al., 2019). Utilizing the GNSS
workflow outlined earlier, ground control points were distributed

evenly along the paleo reef. Then, a DJI Mavic Pro UAV was flown at
approximately 30 m altitude in a regular grid over the emergent
reef at Lembetabe (see Boyden et al., 2022, for details). A total of
1111 photos were captured by the UAV with approximately 90%
overlap. The captured photo sets were then processed using the
commercial software Agisoft Metashape (v. 1.7.2 build 12070) to
produce a final 3D orthomosaic and DEM of the reef sequence (see
Boyden et al., 2022, for details).

In order to calculate the paleo waterdepth of the fossil reef at
Lembetabe (and therefore derive a paleo RSL estimate at this
location), we analyzed the mean depth distribution of the modern
backreef directly offshore Lembetabe (considered as a modern
analog of the fossil reef following the methodology of Rovere et al.,
2016a). To do this, WorldView 2 (v. 28.4, May 2020) satellite im-
agery for the Lembetabe reef was processed using the SPEAR
Relative Water Depth toolset within ENVI ® (https://www.13harri
sgeospatial.com/Software-Technology/ENVI) to generate a bathy-
metric DEM. This bathymetry was calibrated using single beam
sonar soundings obtained with a Deeper Smart Sonar Pro ™ (www.
deepersonar.com), a consumer-grade fishfinder. Each measured
depth was corrected for the tidal variations and then converted to
the MSL datum calculated by Boyden et al. (2022). The backreef/
lagoon area was masked within QGIS (www.qgis.org) and the
resulting bathymetry was extracted.
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2.3. Coral sampling and U—Th dating with MC-ICPMS

We sampled 25 corals found in situ in growth position from the
fossil reef at Lembetabe. The samples were chosen using the usual
visual and audible criteria to distinguish between altered or pre-
served aragonite (e.g. Edwards et al., 2003).

Mineralogical analyses and U—Th dating were carried out at
CEREGE. After visual examination with binocular microscope and
prior to U—Th analysis, X-ray diffraction analyses were performed
on all samples to identify any postmortem diagenetic alteration of
their aragonite skeletons. Calcite content was estimated with the
calibration equation obtained on the X'PERT PRO machine by
Sepulcre et al. (2009). Only samples with less than 1% calcite were
considered for U-Th dating. U-Th analyses were performed using
a double 236U—233U—22%Th spike calibrated against an aliquot of the
Harwell HU-1 uraninite standard originating from GEOTOP (see
Deschamps et al., 2012, for details). U-Th ages were calculated
using the half-lives provided by Cheng et al. (2013) for 23°Th
(75,584 yr) and 234U (245,620 yr). Details of the chemical procedure
and analyses conducted on an MC-ICPMS NEPTUNE (following the
procedure of Chiang et al., 2019) are given in Appendix.

2.4. Glacial isostatic adjustment models

To calculate the contribution of GIA to the modern elevation of
LIG sea-level indicators, we use the same suite of models employed
by Dyer et al. (2021). The models are based on the sea-level equa-
tion solved by Kendall et al. (2005), which accounts for the
migration of shorelines and feedbacks into Earth's rotation axis. For
sedimentary basins that compose the western third of Madagascar
(where Lembetabe is located) and where the crustal thickness is
about 30 + 5 km (Andriampenomanana et al., 2017), we used the
density and elastic structure from PREM (Dziewonski et Anderson,
1981), and three parameters are varied for the viscosity structure:
upper-mantle viscosity (3—5 x 10%° Pa.s), lower-mantle viscosity
(3—40 x 10%! Pas), and elastic thickness of the lithosphere
(71—96 km). As ice model, the ICE-6G reconstruction (Peltier et al.,
2015) is used for the last deglaciation and scaled to the foraminifera
isotope-based eustatic curve by Waelbroeck et al. (2002) prior to
the LGM, modified as in Dyer et al. (2021). To explore the uncer-
tainty associated with this deglacial timing, GIA simulations are run
with two eustatic sea-level curves. For one curve, we set the MIS 6
maximum at 136.5 ka, while we assumed it occurred at 143 ka for
the second curve. Further, the absolute and relative sizes of MIS 6
ice sheets are uncertain, which affects LIG sea level (Dendy et al.,
2017; Rohling et al., 2017). We therefore vary the size of the Fen-
noscandian and Laurentide ice sheets during MIS 6 ranging from a
large Laurentide and small Fennoscandian ice sheet (as in ICE-6G)
to a small Laurentide and large Fennoscandian ice sheet (as in
Colleoni et al., 2016) with four intermediate configurations
inbetween. Lastly, in order to investigate deviations relative to
present day sea level, we set the excess eustatic sea level during the
LIG (assumed to last from 129 to 118 ka) to O m. Varying both Earth
and ice history leads to 576 different GIA predictions. To calculate
the probabilistic distribution in time and space of the RSL corrected
for GIA, we implemented a Monte-Carlo approach (1 million per-
mutations), as described in Rovere (2022) (https://doi.org/10.5281/
zenodo.7231482).

3. Results
3.1. Dating and elevation

Among the 25 in situ samples collected on the Lembetabe reef
section (Figs. 2), 16 were 100% aragonite or contained less than 1%
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calcite and were suitable for dating with the uranium-thorium
disequilibrium method. The resulting ages fall between
115.0 + 0.4 ka and 139.0 + 0.5 ka (Table 1). The back-calculated
initial 6234U; range falls between 138.0 + 0.5%o and 161.2 + 0.6%o
(Table 1, Fig. 3). The sample IT-19-56 has an initial §234U; of
161.2 + 0.6 (Fig. 3), which is higher than the value reported by
Andersen et al. (2010) for the modern, open ocean seawater (i.e.
1449 + 0.4% when corrected for analytical biases, see
Chutcharavan et al., 2018) and the value for modern coral
(145.0 + 1.5%o, Chutcharavan et al., 2018). Although no calcite was
measured with X-ray diffraction, such shift from the modern ma-
rine value indicates diagenetic alteration and that ages obtained are
unreliable. Higher initial ratio [>3*U/?38U] than the seawater value
indicates diagenetic processes that might imply addition of 234U
that would produce an older age (we obtained ages of 139 + 0.5 ka,
significantly older than the age range of all others samples).
Excluding this sample, the U-series ages on the Lembetabe section
fall between 115.0 + 0.4 ka and 129.5 + 0.5 ka and the initial 62>4U;
range is reduced, with an average of 145.9 + 9.1%o (2SD) (Table 1).
The initial 6>>U of this smaller dataset appears homogeneous and
in good agreement with marine value (Andersen et al., 2010;
Chutcharavan et al., 2018).

Most of the samples have high 23°Th/?3?Th activity ratios
implying low 23?Th concentrations (Table 1) and hence little evi-
dence of any inherited 23°Th. However, a few other samples have
higher concentrations of 232Th than typical concentrations for
surface corals (Shen et al., 2008). Nevertheless, there is no need to
correct for detrital thorium since such correction is negligible
compared to the analytical error for corals of several thousand
years (e.g. Edwards et al., 2003).

As the 15 remaining samples are pristine according to the most
rigorous mineralogical criteria and have mutually agreeing initial
uranium ratios, this likely precludes any open-system behavior.
Therefore, we conclude that our U-Th age results are accurate, and
indicate that the development of the fossil reef of Lembetabe is
associated with the LIG and that it falls in the 115—129 ka range of
the LIG stage (Stirling et al., 1998).

Within the fossil reef, in situ corals dated to the LIG were found
at elevations ranging between 1.46 + 0.24 m and 2.20 + 0.24 m
above mean sea level (amsl) (Table 2, see Fig. 2 for location). On
average, the fossil reef stands at an elevation of 1.86 + 0.56 m amsl
(Table 2). Regarding the relic shore platform, GPS measurements
indicate that the paleo-shoreline (i.e limit between the paleo-beach
and the paleo-platform) stands at 2.68 + 0.10 m amsl (Fig. 6). All the
elevations measured with dGNSS in Lembetabe are available in
Boyden et Rovere (2021) (https://doi.org/10.5281/zenodo.5727117).

3.2. Paleo RSL

Fossil specimens of corals growing within narrow environ-
mental ranges, such as Acropora Palmata were initially considered
as relatively accurate sea-level indicators (due to its shallow 1-5 m
range of waterdepth, e.g. Lighty et al, 1982; Toscano and et
Macintyre, 2003). However, several studies have demonstrated
that Acropora Palmata can live at greater depth than 5 m (Hubbard,
2009; Zimmer et al., 2006; Bard et al., 2016) and today we know
that most coral species are “depth-generalists”, and can thus be
found over a wide vertical range (Veron, 1995; Carpenter et al.,
2008).

As the paleo ecology of a single coral genus does not provide
precise sea level information (Hibbert et al., 2016), we aimed to
estimate the probable depth range of the fossil reef by analyzing the
water depth range of the fossil coral assemblage we discovered. We
used global databases from Hibbert et al. (2016) (based on dated
fossil corals and depth distribution compiled by the International
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Table 1

Quaternary Science Reviews 313 (2023) 108197

U-Th ages of corals from Lembetabe. Values in parentheses are +2¢ absolute uncertainties. Square brackets denote activity ratios. Decay constants are 9.1705 x 10~ yr~! for
230Th, 2.8221 x 108 yr~! for 234U Cheng et al. (2013), and 1.55125 x 1010 yr~! for?38U Jaffey et al. (1971). Ages are reported relative to the year of analysis, 2019 (for IT-19-23
and IT-19-24) and 2021 (for all others samples), and do not include uncertainties associated with decay constants.

Sample ID 238U 232a-l-h 230Th [234U/238U] [23l}l-h /238U] [2301-hl232rl-h] Age 6234Ui
(ppb) (ppt) (ppt) (ka) %o

IT-19-23 3025.8 (5.9) 60.6 (0.3) 384 (0.1) 1.103 (0.002) 0.777 (0.002) 118515 (665) 129.0 (0.7) 147.8 (0.4)
IT-19-24 3160.3 (6.0) 3154.1 (7.0) 39.2 (0.1) 1.103 (0.002) 0.758 (0.002) 2322 (7) 123.4 (0.6) 1462 (0.3)
IT-19-53 32042 (9.3) 305 (0.1) 396 (0.1) 1.097 (0.003) 0.757 (0.003) 244219 (1065) 1242 (0.5) 138.0 (0.5)
IT-19-54 2499.9 (7.0) 258.2 (0.5) 30.0 (0.1) 1.110 (0.003) 0.734 (0.002) 21827 (55) 115.0 (0.4) 152.2 (0.6)
IT-19-56° 3959.1 (11.2) 125.5 (0.3) 52.6 (0.1) 1.109 (0.003) 0.813 (0.003) 78332 (215) 139.0 (0.5) 161.2 (0.6)
IT-19-57 3033.3 (8.2) 1720.7 (3.1) 38.4 (0.1) 1.100 (0.003) 0.774 (0.002) 4181 (10) 128.7 (0.5) 143.8 (0.5)
IT-19-58 2637.7 (7.6) 739.5 (1.4) 326 (0.1) 1.099 (0.003) 0.757 (0.003) 8280 (21) 123.9 (0.4) 141.0 (0.5)
IT-19-60 27193 (8.2) 304.4 (0.6) 32.8(0.1) 1.101 (0.003) 0.738 (0.003) 20209 (50) 118.0 (0.4) 141.0 (0.6)
IT-19-61 2657.3 (7.4) 746 (0.2) 33.8(0.1) 1.104 (0.003) 0.778 (0.002) 85030 (244) 129.2 (0.5) 149.2 (0.6)
IT-19-62 2685.5 (7.7) 1256.9 (2.4) 33.8(0.1) 1.104 (0.003) 0.770 (0.003) 5039 (13) 126.7 (0.5) 148.1 (0.6)
IT-19-63 2728.1 (7.4) 76.9 (0.2) 34.0 (0.1) 1.100 (0.003) 0.762 (0.002) 82948 (225) 125.3 (0.5) 143.0 (0.5)
IT-19-64 40714 (10.8) 486.0 (0.9) 52.0 (0.1) 1.107 (0.003) 0.781 (0.002) 20063 (49) 129.5 (0.5) 153.8 (0.5)
IT-19-65 3217.3 (9.0) 3381.6 (6.1) 40.1 (0.1) 1.099 (0.003) 0.763 (0.002) 2225 (5) 125.9 (0.4) 140.9 (0.5)
IT-19-68" 2803.7 (8.3) 256.1 (0.5) 354 (0.1) 1.102 (0.003) 0.771 (0.003) 25814 (66) 127.5 (0.5) 146.9 (0.6)
IT-19-70 2635.9 (8.0) 21.7 (0.1) 33.1(0.1) 1.102 (0.003) 0.768 (0.003) 285236 (1434) 1264 (0.5) 145.9 (0.6)
IT-19-71 2921.9 (8.1) 393 (0.1) 36.7 (0.1) 1.105 (0.003) 0.769 (0.002) 174716 (646) 125.9 (0.4) 150.4 (0.5)

2 Sample with §>>*U; indicating open-system behavior.

b Sample for which data have been recently published in companion paper (Boyden et al., 2022).
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Fig. 3. Distribution of the activity ratios 234U/?**U and 2*°Th/?*U measured (on MC-
ICPMS NEPTUNE PLUS) for the 16 corals dated from the reef section (using Isoplot-R,
option U-Series/evolution and KDE, Vermeesch, 2018). Red arrow: sample IT-19-56
for which initial 62*U; is higher than the sea water value (Andersen et al., 2010;
Chutcharavan et al., 2018) which yields to an erroneously old age.

Union for the Conservation of Nature - IUCN) and from the Ocean
Biodiversity Information System (OBIS) to determine the living
depth range of each coral genera/species dated (Table 2). We were
able to reduce the probable depth range of the fossil reef to
10—15 m thanks to a few genera/species which are most commonly
found living within this depth range (i.e Acropora, Dipsastraea gr.
pallida, Favites, and Platygyra, Table 2). Using the median depth, the
paleo-depth is even reduced to less than 5 m (Table 2). As well, a
shallow environnement is suggested from the OBIS database with a
few genera/species particularly abundant between 0 and 10 m (i.e
Plesiastrea, Dipsastraea, and Favites, Table 2). Finally, the Pocillopora
sample IT-19-68 exhibits sturdy branches that appear to be

flattened, further supporting the hypothesis of a shallow environ-
ment well exposed to swells and waves. Hence, despite remaining
uncertainties on coral identification at the species level, we
conclude that there is a high probability that the fossil coral
assemblage is consistent with a shallow environment, likely less
than 5 m deep.

As described in our companion paper (Boyden et al., 2022), we
interpret the emerged fossil reef as a coral-dominated shallow-
water reef sequence, similar to that found in the modern reef flat.
To quantify the paleo RSL associated with the fossil reef, we turn to
modern analogs for the paleo facies observed in the field, calcu-
lating their indicative meaning. The concept of indicative meaning,
in paleo sea-level research, indicates the quantification of paleo RSL
via a known relationship between a sea-level indicator and a tidal
level, such as mean sea level (Van de Plassche, 1982; Shennan et al.,
2015). To quantify the indicative meaning, we turn to the modern
shallow reef flat facing the fossil one. By using satellite-derived
bathymetry (Fig. 4 a, b), we calculate the depth distribution of the
backreef. Despite an asymmetrical distribution of the depth fre-
quency (see inset in Fig. 4 c¢), we calculated a weighted-mean depth
of —1.55 m with a variance of 1.31 m. These are used, respectively,
as reference water level (RWL) and half of the indicative range (IR),
that are then employed in paleo RSL calculations.

We subtracted the RWL from the elevation of the paleo reef
(average elevation of all corals that is 1.86 + 0.56 m amsl, Table 2)
and calculate that the paleo RSL associated with this reef is
3.4 + 1.4 m amsl (Table 2 and Fig. 5). This result is consistent with
the paleo RSL obtained with the second indicator surveyed in the
area of Lembetabe, i.e., the fossil shore platform. Indeed, the
elevation of the paleo-shoreline at 2.68 + 0.10 m amsl corresponds
to the difference in elevation between the paleo-erosional surface
and its modern analog (the modern shore platform) (Fig. 6). The
agreement between the two independent paleo RSL estimates
strengthens our assumption of a shallow environment for the paleo
reef we studied. Of note, the discrepancy with the lower paleo RSL
inferred from the paleo platform (2.68 + 0.10 m amsl, in contrast to
the higher paleo RSL of 3.4 + 1.4 m amsl inferred from the fossil
reef) suggests a regression in sea level during the late MIS5,
following the highstand recorded by the fossil reef. This regression
provided the opportunity to form the paleo beach.
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Table 2
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Elevations for RSL index points, i.e LIG corals. For each coral sample taken from the fossil reef (FR) flat at Lembetabe, we show the calculated paleo-RSL (PRSL). Coral genus (and
species whenever possible) was determined using the taxonomic classification of Veron (2000) with modifications by Huang et al. (2014b,a, 2016). When available, depth range
and median depth for each coral genus encountered within the fossil reef are indicated. These are taken from the summary of empirically-derived global depth distributions in
the fossil coral database from Hibbert et al. (2016). Coral abundance (in percentage) between 0 and 10 m of depth extracted from OBIS database https://obis.org/(Fig. S6). Such
values are not used to calculate paleo RSL in this study, and are shown here only as reference. The reference water level (RWL) corresponds to the weighted-mean of the
modern reef flat depth. Values in parentheses are +1¢ values corresponding to half of the indicative range (associated to RWL) and paleo RSL uncertainty (associated to PRSL).

Sample ID Elevation  Coral genus/species Depth range Median Depth Coral abundance RWL PRSL (m)
(m) 95% confidence (m) 95% confidence (m) between 0—10 m (m) (m)

IT-19-23 2.13(0.27) Plesiastrea versipora” -2to-437 -5 79%

IT-19-24 2.17 (0.27) Astreopora listeri or myriophthalma® 0 to - 46 -34 71% - 25%

IT-19-53 2.10 (0.24) Hydnophora microconos 0to-46.2 -2 44%

IT-19-54 1.81 (0.24) Dipsastraea gr. pallida“ 70% - 18% - 87%

IT-19-56 1.46 (0.24) Acropora Oto-18 -24 71%

IT-19-57 1.99 (0.24) Pocillopora 0to-49 0 55%

IT-19-58 2.20 (0.24) Favites gr. abdita® Oto-17.6 -4 93% - 94%

IT-19-60 1.94 (0.24) Goniastrea favulus?” 0to - 46 -5 93%

IT-19-61 1.69 (0.24) Favites or Acanthastrea 93% or 59%

IT-19-62 1.77 (0.24) Pocillopora eydouxi®or verrucosa 0to-49 0 55% - 36%

IT-19-63 1.75 (0.24) Favites Oto-17.6 -4 93%

IT-19-64 1.27 (0.24) Acropora Oto-18 -24 71%

IT-19-65 2.12 (0.24) Pocillopora Oto-64 0 43%

IT-19-68 2.06 (0.24) Pocillopora eydouxi?® Oto-49 0 —

IT-19-70 1.49 (0.24) Platygyra daedalea or lamellina” 0to-10.1 -45 71% - 75%

IT-19-71 1.73 (0.24) Acanthastrea 59%

Mean FR elevation 1.86 (0.56) —1.5541 (1.3068) 3.41(1.43)

Dipastraea gr. pallida includes D. pallida, D. matthai, and D. speciosa.
Favites gr. abdita includes F. abdita and F. halicora.

Modern reef flat
depth distribution

Frequency —

Panel b

2 Kilometers
e e |

Fig. 4. Modern reef satellite derived bathymetry (see the methods section for details),
shown here as hillshadeover a Worldview-2 pansharpened image, ©DigitalGlobe inc.
a) entire scene, b) detail close to Lembetabe, with the location of drone-derived data
shown in Fig. 2 c) histogram and KDE plot of fringing reef flat depth distribution. Solid
blue line represents the median and the dotted blue line represents the mean of the
distribution. The shaded area represents the 2¢ range around the mean depth (dotted
bue line).

3.3. Glacial isostatic adjustment

GIA driven sea-level peaks early in the deglaciation and

Corals genera for which there is no information at the species level in Hibbert et al., 2016 or OBIS.
For the genus Platygyra, information are given for the species lamellina as no information are available for the species daedalea (Hibbert et al., 2016).

subsequently decreases due to continental levering and ocean
syphoning (Fig. 7 b). GIA models with a fast deglaciation (those
with an MIS 6 maximum at 136.5 ka) generally lead to a higher sea
level than those with a slower deglaciation. Note that the modeled
interglacial ends at 118 ka, which drives the steep drop-off of sea
level after this time. We therefore used the GIA correction at 118 ka
for data younger than 118 ka.

This prediction does not include excess (i.e. more than present)
ice melt. Accounting for the gravitational and deformational effects
leads to a GIA or fingerprint signal associated with this excess melt
(Hay et al., 2014). For 1 m of sudden ice melt from the West Ant-
arctic Ice Sheet, RSL in Lembetabe would be expected to rise by
1.24 m. Similarly, 1 m of sudden melting from the Greenland Ice
Sheet would be recorded as 1.14 m of local sea-level change. Note
that these estimates are reduced if melting occurs over a longer
time.

4. Discussion

Previous studies dated the fossil reef of Lembetabe to 85 + 5 kyr
BP (Battistini et al., 1976), which corresponds to MIS 5a (Fig. S7). The
range of new U—Th ages presented in this study (excluding the
oldest sample IT-19-56 with too high initial 6?34U;, Table 1), be-
tween 115.0 + 0.4 ka and 129.5 + 0.5 ka, falls in the usual LIG
timeframe (Stirling et al., 1998) and most of the ages (about 65%,
Table 1) belong to the major period of reef building between 121
kyr and 128 kyr highlighted by several studies (e.g. Stirling et al.,
1998).

One reason to explain why René Battistini obtained a younger
age is that the alpha-counting technique used to measure U—Th
disequilibrium is less accurate than modern spectrometry (e.g.
Edwards et al., 2003). Another reason might be a lack of a rigorous
mineralogical analysis of the collected samples in the laboratory
(that could have revealed postmortem diagenetic alteration).
Finally, according to sea-level reconstructions, GMSL was about
10 m—20 m below the modern sea level during MIS 5a (Waelbroeck
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Fig. 5. Paleo RSL calculation from the fossil reef used as a sea-level proxy in Lembetabe (following the methodology of Rovere et al., 2016a). Schematic illustration of our calculation
using the fossil reef (FR) and modern reef (MR). MSL: mean sea level. RWL: reference water level.
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Fig. 6. Paleo RSL calculation in Lembetabe (following the methodology of Rovere et al., 2016a, 2016b) using the paleo shore platform as a second paleo-RSL indicator. a) Digital
elevation model (DEM) and b) Orthomosaic image of the relic shore (obtained by photogrammetry and dGNSS ground control points). Dashed black line: limit between the paleo

beach and the paleo abraded platform. From the DEM, elevation of the paleo shoreline is inferred at 2.68 + 0.10 m amsl. c) d) and e) Field pictures of the relic shore and modern
shore with decimeter scale furrows. Dashed black and white lines: paleo and modern shorelines.

et al., 2002; Shakun et al., 2015) and direct observations of former
sea levels of that vintage are generally restricted to uplifting
coastlines. A paleo sea level dated to MIS 5a at about 2 m amsl at
Lembetabe would imply substantial uplift, which is inconsistent
with the long-term topography of the low coastal area overhanged
by the Mahalafy plateau.

Of note is that the interplay between GIA and GMSL changes
resulted in a quasi-stable RSL at Lembetabe (Fig. 7 a), as highlighted

by field data. The thinness of the fossil reef (about 2 m) and the
presence of corals of different ages around the same elevation
suggests a prograding reef growing below a stable sea level. These
observations are inconsistent with the significant meter-scale sea-
level fluctuations proposed during the LIG, which have been esti-
mated to range from 4 m to 15 m according to Kopp et al. (2013) and
Rohling et al. (2019). While it is possible to consider occasional
drops in sea level within the thickness of the reef (as indicated by



J. Weil-Accardo, P. Boyden, A. Rovere et al.

RSL index points

Quaternary Science Reviews 313 (2023) 108197

Background GIA correction

a) b)
64
ad
S
-
(03]
o
24
o4
- 1i4 liﬁ liS 1ﬁo 1é2 154 156 1§s 1§0 1i4 1i6 1is 1ﬁo 152 1é4 156 lis 130
Age (ka) Age (ka)

Fig. 7. RSL data (fossil reef) and GIA signal at Lembetabe. a) Sea-level index points and associated ages, as reported in Tables 1 and 2. b) Background GIA signal for Lembetabe
(calculated from 576 models), which we consider here to be the amount of sea level change during the interglacial that is purely driven by GIA (i.e. global mean sea level during the
last interglacial is set to zero in these calculations). In other words, any difference between the data in a) and the predictions of interglacial sea level in b) must be driven by global

mean sea level change.

episodic reef growth patterns observed in the Seychelles,
Vyverberg et al., 2018), the presence of paleo-furrows along the
terrace, which we associate with the LIG, suggests a prolonged
period of stable sea level. These furrows, developed in strongly
lithified calcarenite, indicate a sea level that remained constant
long enough to form decimeter-scale features (Boyden et al., 2022).
Additionally, the flatness of both the paleo and present platforms
provides further evidence of a relatively stable sea level, at least
since the mid-Holocene highstand for the present platform.

As shown in Fig. 7, RSL proxies and GIA models show, respec-
tively, a linear and a decreasing pattern throughout the LIG. To
reconcile such pattern, we show in Fig. 8 the probabilistic distri-
bution in time and space of the RSL corrected for GIA, i.e., sub-
tracting the background GIA from the paleo RSL obtained from
dated corals. This provides a first approximation of GMSL, in
absence of other significant post-depositional movements and
prior to accounting for the fingerprint of ice sheet melting. Our data
show that peak LIG RSL in Lembetabe was reached between ca. 118
ka and 115 ka, and was 3.2 m above present (value bounded by 25th
and 75th percentiles of, respectively, 2.2 and 4.2 m, Fig. 8).

However, even after correcting our data for GIA, there are
several processes that might affect the sea-level estimate from
Lembetabe. Some of these remain difficult to quantify, due to lack of
independent data or large uncertainties in modeling, as discussed
in the sections below.

4.1. Post-depositional erosion

The first potential bias on our calculated RSL may be that the
indicators we measured do not represent the original reef surface:
part of the fossil reef platform might have been eroded down by
karst dissolution. According to available literature, erosion rates on
reef limestones range from 0.011 m/kyr to 0.75 m/kyr (e.g. Trudgill,
1979; Viles and et Trudgill, 1984; Opdyke et al., 1984; Spencer, 1985;
Paulay and et McEdward, 1990). These rates would imply a removal
from 1.5 m to 90 m of reef since the LIG. However, most of these
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Fig. 8. Kernel density estimate showing the probability density distribution in time
and space of RSL at Lembetabe, corrected for GIA. The colorscale is related to the
probability density, with a lower probability for darker areas and a higher probability
for yellow areas. Graph above the main plot: distribution of ages within the datapoints,
including age uncertainties (scale is in ka). Graph on the right side: probability dis-
tribution of the RSL through time (scale is in meters). The values show the 25th, 50th
and 75th percentiles of the KDE distribution for peak GIA-corrected RSL data.

rates were calculated for areas subject to equatorial to subtropical
climate, with important rainfall regimes. Contrary to these loca-
tions, the southwestern part of Madagascar is subject to a sahelian
to semi-desert climate (Jenkins, 1987).

By using monthly rainfall data from the Global Historical
Climatology Network, Dewar et Richard (2007) calculated that the
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mean annual rainfall for Toliara (about 160 km north of Lembetabe,
along the same coast) is 386 mm/yr. This value is small compared to
the mean annual rainfall in intertropical areas, which varies in
average between about 1000 mm/yr and 4000 mm/yr (Xie and et
Arkin, 1997; Purdy et Winterer, 2001).

Although rainfall is not the only parameter that controls erosion
rates on limestones, less rainfall implies lower subaerial erosion
rates. This is highlighted by the difference in annual rainfall be-
tween the northern and southern Marshall Islands (average rate of
0.33 m/kyr for the Majuro Atoll subject to about 3500 mm/yr of
annual rainfall, against 0.12 m/kyr for Enewetak Atoll where rainfall
rate is about 1500 mm/yr; Anthony et al.,, 1989; Purdy and et
Winterer, 2001). Also, since the entire reef section at Lembetabe
has likely been covered by eolianites following the LIG (Boyden
et al., 2022), the now-outcropping small section of fossil reef
studied here was protected from erosion until the eolianites were
eroded, after the Last Glacial Maximum. Based on the above
reasoning, we surmise that the amount of removed reef due to
subaerial erosion is negligible. As well, the decimeter scale furrows
(about 10—20 cm deep) within the modern platform have almost
disappeared within the paleo platform, which suggests that sub-
aerial erosion undergone by the paleo platform is small and
negligible compared to the error on our GMSL estimate.

4.2. Tectonics and dynamic topography

Most of Madagascar is considered tectonically stable since the
Late Tertiary (e.g. Besairie et al., 1973; Arthaud et al., 1990). Despite
this, there is evidence of Quaternary tectonic activity. Through fault
mapping and microtectonic analysis, several authors highlighted
the presence of active normal faulting in Madagascar (e.g. Arthaud
et al., 1990). In Central Madagascar, Kusky et al. (2010) gathered
geomorphological and sedimentary evidence of active extensive
tectonics. Rindraharisaona et al. (2013) surmised that the moderate
seismicity of Madagascar is related to already known active faults
that accommodate an E-W extension. In northern Madagascar,
Battistini (1965b) discussed active regional tectonics to explain
elevations and tilting of a flight of Quaternary emerged marine
terraces. The tilting was later attributed to mantle dynamic
topography (Stephenson et al., 2019). However, due to the lack of
data and the small number of seismic stations, active faults are not
well identified outside the center of the island (Rindraharisaona
et al,, 2013).

Concerning the southwest Malagasian coast, where our study
area is situated, it is positioned on the hanging wall of the north-
south trending Toliara normal fault, which tends to lower the
coastal area and to uplift the inland Mahafaly Plateau region. The
deformation related to motion along such crustal fault is limited
within a radius similar to the fault depth (at most tens of kilome-
ters) (King et al., 1988), which includes the whole coastal plain since
the fault crosses that area with a maximum distance of 15 km from
the shoreline. André et al. (2005) investigated the neotectonic
deformation of the southern part of Madagascar by analysing fac-
turation of the Eocene limestone of the Mahalafy Plateau to better
understand karst genesis and its regional evolution. They
concluded that the fracturing at multiple spatial scales is controlled
by major regional crustal faults including the Toliara fault, which is
the major tectonic feature in the area. Thus the activity of the
Toliara fault, although no major earthquake has been reported in
the last century, might have had some influence on the present
landscape.

Coastal subsidence at a rate of 0.16 mm/yr was suggested to
explain two LIG corals found at 13 m below modern SL in drill cores
of the Toliara modern barrier reef (Camoin et al., 2004). However,
the lack of geomorphologic context for these corals within a
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broader reef structure, along with the presence of Holocene sam-
ples below the two LIG samples, suggest that the LIG corals are not
in situ. Furthermore, applied to our dataset, this subsidence rate
would imply an LIG peak sea level of 24 m, which is inconsistent
with ice constraints and the higher end of LIG GMSL estimates
(Dutton et al., 2015a, 2015b). To remain within the “classic” LIG
GMSL estimate (i.e., 5—10 m above present; Gulev et al., 2021), our
location (LIG peak sea level = 3.2 m) would have to be subsiding
(since 125 ka) at a much lower rate, between -0.014
and —0.05 mm/yr. Taking into account, instead, the GMSL estimate
of Dyer et al. (2021) (i.e 1.2—5.3 m above present), the tectonic
vertical land motions would entail uplift (0.016 mm/yr) or slight
subsidence (—0.017 mm/yr). However, we remark that these rates
are (obviously) not independent from the LIG sea-level record and
should be then used with caution.

As the rates mentioned above are based on the modern eleva-
tion of the LIG sea-level indicators, they might also include the
effects of mantle dynamic topography (DT), which is the vertical
crustal motion driven by mantle flow. In the northern tip of
Madagascar, Stephenson et al. (2019) studied a set of emerged
Pleistocene terraces (including the LIG terrace), standing at various
elevations over a distance of at most 80 km. By using geophysical
data including a seismic tomography model, they suggested an
asthenospheric anomaly (about 125 km deep) for the origin of the
spatial gradient of uplift observed. The models of Stephenson et al.
(2019) show DT-driven uplift also for the SW part of Madagascar.
DT simulations by Austermann et al. (2017) predict 1.96 + 1.4 m (10)
of uplift since the LIG at Lembetabe.

One independent constraint on net vertical land motion
(including tectonics and DT) at Lembetabe may be derived from the
MIS 11 coral rubble unit described by Boyden et al. (2022). In this
calcarenite unit that outcrops beneath the MIS 5e units, reaching up
to 2.8 m amsl, several coral clasts with a sub-angular shape were
discovered. U-Th dating conducted on the samples indicate that
these samples likely formed during or after MIS 11 (Boyden et al.,
2022). While the preservation of this unit does not allow a
detailed facies determination such as the one done for the MIS 5e
reef, we might assume that it represents a shallow-water unit,
hence we can apply the same indicative meaning to this coral
rubble unit, obtaining a first-order estimate of MIS 11 paleo RSL of
4.3 m above present. Using the MIS 11 GMSL estimate of 6—13 m by
Raymo and et Mitrovica, 2012 and considering a time interval of
400 ka, this would indicate long-term subsidence rates of —0.004
to —0.02 mm/yr. We remark that these rates must be considered
with caution since i) they do not include a quantification of MIS 11
GIA, ii) vertical land motions might not have been constant through
time, and iii) the indicative meaning of the MIS 11 coral rubble is
tentative and would need more detailed investigation.

5. Conclusion

In this work, we measured and dated a set of sea-level indicators
from Lembetabe, in Western Madagascar. We confirmed that the
reef developed under higher sea-level conditions during the Last
Interglacial, revising its original age attribution to MIS 5e from MIS
5a (Battistini, 1965a)

Coupling a recently published facies description (Boyden et al.,
2022) and new satellite-derived bathymetry of the modern reef,
we found that the peak paleo RSL at Lembetabe was 3.4 + 1.4 m
above modern sea level. Then, taking into account GIA as calculated
by a suite of 576 models with varying mantle viscosity profiles and
ice histories, we calculate that GIA-corrected peak LIG sea level in
our study area was reached between 118 ka and 115 ka at 3.2 m
above present (25th and 75th percentiles of, respectively, 2.2 and
4.2 m). While correcting for vertical land motions carries several
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uncertainties and unknowns, independent MIS 11 data seem to
indicate a slight subsidence, possibly between —0.004
and —0.02 mm/yr. Applying these rates to our peak sea-level esti-
mate (2.2—4.2 m, reported above), we would obtain a peak LIG sea
level between 2.7 and 6.7 m. Overall, this value is in broad agree-
ment with the upper end of the peak LIG sea-level range calculated
by Dyer et al. (2021) (1.2—5.3 m) and slightly lower than the one
obtained from the Seychelles (7.6 + 1.7 m, Dutton et al., 2015b).
Note, however, that peak sea level in these studies is reported to
occur at the beginning of the LIG rather than the end, which is
suggested by our data. Our results fall on the low end of the often-
cited LIG range (e.g. Dutton et al., 2015a; Gulev et al., 2021, about
5—10 m).

Removing from our peak GMSL estimate the contributions of
thermal expansion (0.4 + 0.1 m, Turney et al., 2020) and mountain
glaciers (0.3 + 0.1 m, Farinotti et al., 2019), the above-mentioned
range is further reduced to 2—6 m of sea-level equivalent ice melt
from WAIS and GrIS. We remark that this range still does not take
into account the melting fingerprint of these two ice caps, which
would further lower this estimate.

In conclusion, the fossil reef at Lembetabe, SW Madagascar,
represents an excellent site for gauging changes in sea level during
the Last Interglacial. Our new field data, radiometric ages and es-
timates of vertical land motions point to a LIG GMSL slightly lower
than hitherto assumed, in line with the recent work of Dyer et al.
(2021), and falling at the lower end of the commonly reported
LIG peak GMSL. We remark that several aspects related to vertical
land motions (in particular, a more precise quantification of the
slight subsidence we infer in this study) still need refinement.
Tackling these with data independent from the LIG sea-level record
remains a priority not only for our study area, but at any location,
even in areas commonly considered neotectonically stable as the
Malagasian microcontinent.
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Appendix U/Th Dating of corals

The chemical and analytical procedures consisting of separating
and purifying uranium followed by thorium from the calcium
matrix prior to isotope ratio measurements were carried out at
CEREGE. The sample is first dissolved with nitric acid. Then, the
sample is spiked with a??°Th—233U—?3%U in-house mixture and
allowed to equilibrate. After equilibration, dissolved iron is added
to the sample and the pH of the solution is raised to about 8 by
adding NH40H to coprecipitate uranium and thorium with iron
oxy-hydroxides. Uranium and thorium are then separated by
extraction chromatography using columns with UTEVA resin.
Sample/spike ratios were 8.8 + 2.3 (1¢) for 2*°U/”*3U and
0.21 + 0.05 (10) for 23°Th/>?°Th. For each batch of 11 samples a
spiked procedural blank was prepared.

Analyses were conducted on an MC-ICPMS NEPTUNE PLUS
following the procedure of Chiang et al. (2019). Briefly, sample
solutions diluted in 1% HNO 3 (with traces of HF) were introduced in
the mass spectrometer (MS) in dry plasma mode using an Apex
Omega HF and a 100 pL/min Opalmist nebulizer. The MS was
equipped with a Ni Jet sample cone and a Ni H skimmer cone. The
daily sensitivity was about 400 V/ppm for U and Th. The U and Th
fractions of each sample were analyzed separately. U fractions were
analyzed at about 0.8 V of 233U by peak jumping of 233U, 234y, 233U,
236y on the central SEM equipped with a Retarding Potential
Quadrupole (RPQ). Each analysis consisted of 1 block of 600 cycles
(which resulted in about 3 mL of sample consumption). Th fractions
were analyzed at about 200 keps of 2*°Th by peak jumping of >2°Th
and 23°Th on the central SEM equipped with an RPQ. 32Th was
monitored on a Faraday cup for each cycle. Each analysis consisted
in 1 block of 450 cycles (which resulted in about 2 mL of sample
consumption).

For each daily session of analyses (U or Th), abundance sensi-
tivity and hydrides were monitored at mass 237 and 239 on the
SEM + RPQ (respectively around 250 ppb and 700 ppb) using a
2 V238 beam at the beginning and end of each batch. Data were
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processed by correcting for SEM dark noise (measured every day),
dead time, and on-peak blanks using the Thermo Software. Then,
abundance sensitivity, hydrides, peak-jumping beam time-
interpolation, instrumental mass bias (for Th, the instrumental
mass bias was corrected using multiple analyses of a spiked U
SRM960 solution assuming that it is identical for Th and U), con-
tributions from the spike and procedural blanks as well as error
propagation were processed using an in-house Microsoft Excel
v.16.46 (Microsoft Corporation, Redmond, WA) macro.

Spiked HU-1 processed through the same procedure as the
sample was analyzed multiple times to check for accuracy. Average
results of HU-1 for this study were: (>34U/?38U) = 0.999 + 0.001
(2SD, n = 8); (*3°Th/?*8U) = 1.004 =+ 0.002 (2SD, n = 10), in good
agreement with published values (Cheng et al., 2013).

Finally, 23°Th/>38U ages were obtained using Isoplot-R (option
U-Series/ages) (Vermeesch, 2018).

Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.quascirev.2023.108197.
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