Quaternary Science Reviews 115 (2015) 1-16

Contents lists available at ScienceDirect

" QUATERNARY

SCIENCE REVIEWS

Quaternary Science Reviews

journal homepage: www.elsevier.com/locate/quascirev

New constraints on late Holocene eustatic sea-level changes from
Mahé, Seychelles

@ CrossMark

Sarah A. Woodroffe **, Antony J. Long ¢, Glenn A. Milne °, Charlotte L. Bryant €,
Alexander L. Thomas ¢

@ Department of Geography, Durham University, Lower Mountjoy, South Road, Durham, DH1 3LE, UK

b Department of Earth Sciences, University of Ottawa, FSS Hall, Ottawa, KIN 6N5, Canada

€ NERC Radiocarbon Facility (East Kilbride), Scottish Enterprise Technology Park, Rankine Avenue, East Kilbride, Glasgow, G75 0QF, UK
d Department of Geosciences, University of Edinburgh, Grant Institute, The King's Buildings, West Mains Road, Edinburgh, EH9 3JW, UK

ARTICLE INFO ABSTRACT

Article history:

Received 11 September 2014
Received in revised form

6 February 2015

Accepted 12 February 2015
Available online

This study provides new estimates of globally integrated ice sheet melt during the late Holocene (since
4 ka BP) from Seychelles in the western Indian Ocean, a tectonically stable, far field location where the
necessary Glacial-Isostatic Adjustment (GIA) correction is small and is relatively insensitive to pre-
dictions using different Earth viscosity profiles. We compare sea level data from Seychelles to estimates
of eustasy from two GIA models, ICE-5G and EUST3, which represent end-members in the quantity of
global melt during the late Holocene. We use data from a range of coastal environments including
fringing reef, present day beaches, fossil plateau and mangrove deposits on the largest island of the

IE(ﬁJ;‘tA;Z;dS' Seychelles archipelago, Mahé to reconstruct relative sea-level changes. Our data suggest that extensive
Relative sea level coastal deposits of carbonate-rich sands that fringe the west coast formed in the last 2 ka and the
Mangroves horizontal nature of their surface topography suggests RSL stability during this period. Mangrove sedi-
Seychelles ments preserved behind these deposits and in river mouths date to c. 2 ka and indicate that RSL was

Late Holocene
Glacial-isostatic adjustment

between —2 m and present during this interval. Correcting the reconstructed sea level data using a suite
of optimal GIA models based on the two ice models mentioned above and a large number (c. 350) of
Earth viscosity models gives a result that is consistent with the sedimentological constraints. When
uncertainties in both model results and data are considered, it is possible to rule out eustatic sea levels
below c. 2 m and more than a few decimetres above present during the past two millennia. This un-
certainty is dominated by error in the reconstructions rather than the model predictions. We note,
however, that our estimates of eustasy are more compatible with the EUST3 model compared to the ICE-
5G model during the late Holocene (2—1 ka BP). Our evidence from Seychelles shows that the timing of
when eustatic sea level first rose close to present is between the predictions of the two end-member GIA
models presented here (4 ka BP for ICE-5G and 1 ka BP for EUST3). Using all lines of evidence currently
available from Mahé we suggest that the eustatic contribution during the last 2 ka has been less than 2 m
. This conclusion is drawn from a tectonically stable, far-field region that is relatively insensitive to earth
and ice model uncertainties, and implies that global eustasy has been relatively insensitive to climate
fluctuations over the pre-industrial part of the last 2 ka.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction masses (far-field locations), the influx of glacial meltwater into the

oceans dominates RSL and so reconstructions from such sites are

Relative sea-level (RSL) changes around the world since the Last
Glacial Maximum (LGM) reflect the interaction of ice sheets, oceans
and the solid earth. In locations far from the centres of former ice
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commonly used to constrain volumetric changes in global groun-
ded ice through time (Fleming et al., 1998; Yokoyama et al., 2000;
Lambeck, 2002; Peltier, 2002; Milne et al., 2005; Peltier and
Fairbanks, 2006; Bradley et al., 2011; Deschamps et al., 2012;
Lambeck et al., 2014). Most far-field records of RSL from the LGM
sea-level lowstand to present used by geophysical models are coral-
based (Chappell and Polach, 1991; Bard et al., 1996; Peltier and
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Fairbanks, 2006), with a smaller number of sediment-based ar-
chives that focus on the LGM minimum (e.g. Hanebuth et al., 2000;
Yokoyama et al., 2000). None of these records provide any obser-
vations and hence model constraints during the late Holocene.
More recent studies by Bradley et al. (2011) and Lambeck et al.
(2014) have tried to redress this focus on long, coral-based re-
cords by including evidence from coral and sediment-based ar-
chives in the mid to late Holocene.

Though many studies claim to record “eustatic” changes, i.e. the
global mean change associated with meltwater addition only (e.g.
Whitehouse and Bradley, 2013), there is in fact no single location on
earth where we can directly measure eustasy through time. Even in
far-field locations, isostatic, gravitational and rotational effects
associated with Glacial-Isostatic Adjustment (GIA) can have a sig-
nificant influence on regional RSL changes (Clark et al., 1978; Milne
and Mitrovica, 2008; Lambeck et al., 2014). In addition to these
regional changes, the globally uniform signal known as ocean
syphoning (Mitrovica and Peltier, 1991; Mitrovica and Milne, 2002)
also has a significant effect. These factors are less apparent during
the deglacial and early Holocene periods because of rapid sea-level
rise due to ice sheet melt. However during the mid to late Holocene
when the rate of ice melt was reduced or eliminated, these ongoing
GIA processes become more evident and can dominate the
observed far-field RSL signal, leading to high stands or continued
RSL rise. Of course, other processes such as tectonics can cause local
RSL to deviate significantly from eustasy.

1.1. Mid to late-Holocene grounded ice melt

Several geophysical models suggest that global ice melt ceased
in the mid Holocene. Milne et al. (2005) suggest that RSL data from
the Caribbean and South America are compatible with no signifi-
cant net melt (i.e. >1 m eustatic equivalent) of grounded ice since
6 ka BP. Peltier (2002) shows that RSL predictions for equatorial
Pacific locations using the ICE-4G model do not match coral-based
reconstructions of a mid Holocene highstand if global ice melt (at
0.25 or 0.5 mmy/yr from Antarctica or Greenland) continues after
4 ka BP (thousand years before present), although they predict
more than 2 m of global ice melt between 6 and 4 ka BP. However
modelling studies that consider other mid to late Holocene RSL data
from intermediate and far-field locations infer that some ice melt
continued until more recently (Nakada and Lambeck, 1989;
Lambeck, 2002; Lambeck and Purcell, 2005; Bradley et al., 2011;
Lambeck et al., 2014). For example, the global ice model in
Bradley et al. (2011), constrained using RSL data from China and the
Malay-Thai Peninsula, includes approximately 1.5 m of grounded
ice melt between 4 and 1 ka BP, and Lambeck et al. (2014) suggest a
total contribution of up to 1 m in the past 4.2 ka constrained using a
large suite of RSL data from across the far-field. The eustatic func-
tions of the EUST3 (Bradley et al., 2011) and ICE-5G (Peltier, 2002)
ice models therefore represent end members in the quantity of
melt during the mid to late Holocene. Determining which is the
more accurate is an important task towards producing improved
GIA models and a better understanding of polar ice sheet response
to climate during this period.

Despite different estimates of the magnitude and timing of any
continued ice melt in the mid to late Holocene, most modelling
studies agree that major melt finished during the mid Holocene.
The Laurentide Ice Sheet had largely disappeared by 6.8 ka BP, with
small ice caps in northern Canada contributing only a minor
quantity to global sea-level until c. 5.5 ka BP (Carlson et al., 2008).
In Greenland, parts of the western and southern sectors of the ice
sheet reached their minimum extent in the mid Holocene before
re-growing in the late Holocene during the cool neoglacial period
(Kelly, 1980; Simpson et al., 2009). Small ice caps and alpine glaciers

in the northern and southern hemispheres also grew during the
neoglacial (e.g. Patagonia, Alaska, western USA; Konrad and Clark,
1998; Glasser et al., 2004, 2005; Barclay et al., 2009), and
together these ice masses potentially caused a small (decimetre-
scale) draw-down in global sea level. This leaves Antarctica as the
main potential source of late Holocene eustasy (Nakada and
Lambeck, 1988). A study of glacial retreat across the Ross Sea
embayment in Antarctica suggests the ice shelf passed a grounding
line c. 250 km beyond its present position only 3.2 ka BP (Conway
et al., 1999) and there is evidence that ice in the Marie Byrd re-
gion of west Antarctica has melted steadily through the Holocene
into recent times (Stone et al., 2003). However a general paucity of
field observations on ice margin change during the late Holocene
means debates remain about the potential contribution of
Antarctica to any late Holocene eustatic sea-level rise (Whitehouse
et al, 2012). The outstanding question is, therefore: has there been
significant (>1 m global sea-level equivalent) ice melt during the
mid to late Holocene (since c. 5 ka BP), and if so when did it occur, at
what rate of change and from which source(s)?

2. RSL and eustasy in the far-field

In theory, RSL data from anywhere in the world can be used to
constrain global grounded ice volume once the non-eustatic
contributing factors are isolated. However, isolating these factors
is a non-trivial exercise because uncertainties in GIA models are not
uniform over time or space. For example, some sites are more or
less sensitive to model assumptions regarding earth rheology and
ice model parameters. Therefore, a sensible approach to this
problem is to generate RSL data from sites where the non-eustatic
(GIA) components tend to cancel (i.e. departures from eustasy are
small) and where the sensitivity of the non-eustatic signal to un-
certainties in the parameters of the GIA model are small.

Seychelles is in one of the few regions of the world where RSL is
modelled to be within 1 m of eustasy during the last 6 ka, and
where the GIA correction is relatively insensitive to predictions
using different earth viscosity profiles (Milne and Mitrovica, 2008).
It is also a tectonically stable region (Israelson and Wohlfarth,
1999). Previous Holocene studies here rely primarily on cored
coral from coastal reefs, which provide relatively imprecise con-
straints on RSL during the early and mid Holocene but very little
late Holocene data as RSL reached close to present. The region
supports a range of mangrove environments and extensive beach
sand deposits that provide potential alternative sources of RSL data.
In this study we combine data from these different sources to
reconstruct past sea-level changes and coastal evolution in
Seychelles. We use our estimates of late Holocene RSL to estimate
eustatic changes using two global ice models — ICE-5G (Peltier,
2004) and EUST3 (Bradley et al., 2011) — and a large suite of
earth viscosity models. These two ice models were adopted as they
include contrasting end-member estimates of ice volume changes
during the late Holocene (see above) and so represent a conser-
vative estimate of model uncertainty in this regard. We conclude
that RSL in Seychelles had risen to within c. 2 m of present by
2 ka BP, and has been within c. —1 m of present since 1 ka BP. This
estimate is then considered in the context of better constraining the
eustatic function during the late Holocene, to address the questions
highlighted above and to test which current ice sheet volume es-
timates are most accurate.

2.1. Field location
Seychelles is an archipelago of 115 islands, spread across the

southwestern Indian Ocean between 56° 14’ and 46° 23’ E and 3°
43’ and 10° 13’ S (Fig. 1). The main granitic islands, which are
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thought to be tectonically stable over Quaternary timescales
(Israelson and Wohlfarth, 1999), lie in the northeast of the archi-
pelago, with the largest and principal island of Mahé at 4° 41’S, 55°
28'’E. The geology of these northern islands is Precambrian granite
with dolerite intrusions; they sit on the Seychelles Bank, a
43,000 km? area of shallow shelf between 44 and 65 m deep, once
part of a micro-continent connected to India and Madagascar
(Braithwaite et al., 2000; Torsvik et al.,, 2001). Mahé sits at the
centre of the Seychelles Bank, with a 50—100 km-wide shallow
shelf surrounding the island (Fig. 1A). The island is largely moun-
tainous (up to 905 m asl) with a narrow coastal strip dominated by

3

headlands, bays and river mouths that are surrounded by extant
and reclaimed mangroves and fringing reefs. Reefs are better
developed on the east than the west coast where they are protected
from the impact of waves generated by the NW monsoon (Octo-
ber—March). Bays around the island are partly filled by the
‘plateau’; a discontinuous belt of carbonate sands up to 500 m wide
that borders the present beach and reef flat and which has a surface
relief that is up to a metre above highest tide level (Lewis, 1969;
Braithwaite et al., 2000). We hypothesise that these sands are
fossil beach features which formed on the fringing reef flat when
Holocene RSL was close to or above present. In some locations the

 Mangrove
w.core 1

=

Granite
¢ headland

= S
‘\. & =

Plateau sand
. Mangrove and wetland

. Freshwater environments
above high tide level

Transect lines

Dated detrital coral from
plateau and reef flat coral

@ Analysed mangrove cores

Mahé
N Seychelles
St. Joseph—3, -,  bank 5° G
Aldabra  *  geychelles
<. . Farquhar
atoll
(.4‘
Comoros
Islands
Mauritius -
o ¢ Rodrigues
Reunion

ransect 1

B

Mahé

55°30'E

Mangrove
core 2

s
9

N
P

Q~4

Mangrove
Mangrove

core 3
Transect 3

Reclaimed
wetland

Wetland

Fig. 1. A) map of the southwest Indian Ocean showing the location of the main granitic islands of the Seychelles and other locations mentioned in the text, B) map of the island of
Mahé showing the location of the sites investigated in this study and the previous fringing coral study of Braithwaite et al. (2000) — Anse aux Pins, C) detailed map of the Barbarons
area showing the coastal geomorphology and the location of transect lines, cores and samples taken for C and U/Th dating.
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sands form a coastal barrier behind which mangroves had devel-
oped, many of which are now reclaimed. The age and mode of
formation of the plateau have not been previously investigated in
detail. The present tidal range at Port Victoria on Mahé is 2.1 m,
with MHWST and HAT 0.55 m and 1.05 m above MTL respectively
(Admiralty Tide Tables, 2009).

2.2. Previous studies into late Holocene RSL in Seychelles

Dated cores taken from a fringing coral reef at Anse aux Pins on
Mahé (Fig. 1) extend back to c. 10 ka BP (Braithwaite et al., 2000;
Camoin et al., 2004). These authors interpret this reef to have
been in “catch-up” mode through the Holocene, with a variable
relationship between coral and water depth (Camoin et al., 2004).
The youngest dated sample of coral is 1.8 m below the modern reef
surface and dated to c. 3.7 ka BP, which is interpreted as evidence
for local late Holocene RSL and reef stabilisation. The reef cores
consist primarily of storm-derived coral, unconsolidated sands and
skeletal debris, and therefore their use as precise RSL indicators is
problematic. Despite this difficulty, Camoin et al. (2004) combine
radiocarbon dated samples from Anse aux Pins with cored coral
records from other SW Indian Ocean islands to reconstruct Holo-
cene RSL changes in the region. They suggest that RSL first reached
present c. 3—2.5 ka BP, inferring that any time lag between RSL
reaching present and reef stabilisation was very small.

Evidence for a late Holocene RSL highstand in Seychelles is
scarce, although Pirazzoli et al. (1990) report raised 1 ka old coral-
rich conglomerates on St. Joseph and Farghar atolls (Fig. 1) which
they suggest formed during a storm or tsunami, but were then
lithified when RSL was c. 0.8—1.2 m above present. Camoin et al.
(2004) attribute the apparent lack of Holocene RSL highstands on
islands in the SW Indian Ocean to hydro-isostatic sea floor subsi-
dence after the end of global ice melt.

3. Methods
3.1. RSL reconstruction

This study focuses on three sites on the west coast of Mahé;
Barbarons and Anse Boileau, where river-mouth mangrove,
fringing reef, beach and plateau deposits occur, and Anse a la
Mouche, where only reef, beach and plateau deposits are found
(Fig. 1). We cored and surveyed the coastal geomorphology at each
site, from the present day fringing reef flat, over the present day
beach crest and plateau deposits into riverine mangroves where
these were present. These mangrove environments often occur
landward of the plateau in protected estuarine environments. We
took cores through plateau sands with a hand-operated gouge
corer and used a Russian-type corer in the mangroves. We collected
undisturbed sample cores from the mangroves to return to the
laboratory for further analysis, which were stored at 4 °C. We lev-
elled the modern beaches and plateau deposits using a level and
staff, relating measurements to mean tide level (MTL) by taking
timed water level measurements in quiet water locations (within
river mouths to minimise error) and correcting to simultaneous
readings from the Port Victoria tide gauge on Mahé (estimated
accuracy + 0.05 m). The error in estimating elevation was incor-
porated in the total RSL reconstruction error by summing the
different squared errors and square-rooting the total (root-squared
error). We also collected selected fragments of reworked coral from
cores within the plateau for AMS C and U—Th dating, which
provide maximum ages for their deposition.

To attempt quantitative RSL reconstructions from the mangrove
sediments, we collected surface samples (the top 1 cm of sediment)
at 47 locations across the River Dauban mangrove at <5 cm vertical

intervals, with the intent to develop a training set of modern
microfossil assemblages (diatoms and foraminifera) to understand
their vertical distribution across the mangrove environment (see
for example, Woodroffe et al., 2005). However foraminifera were
not present in the surface or fossil sediments, and diatoms,
although present at the surface, were not found in any of the core
sediments below the top few cm.

The present day ecology of the mangroves on the west coast of
Mahé is typified by an upper mangrove between broadly mean high
water of spring and neap tide (MHWST and MHWNT, respectively)
which is dominated by Avicennia marina, Bruguiera gymnorrhiza and
Xylocarpus granatum, which is replaced by Rhizophora mucronata,
Sonneratia alba and A. marina at lower elevations, close to MTL.
There are areas of hypersaline bare-ground between MHWST and
highest astronomical tide (HAT) that comprise coarse sand or mud
and may support localised communities of Nypa fruticans and
Acrostrichum aureum below a terrestrial habitat dominated by
Pandanas and Cocos nucifera. We surveyed the upper and lower limit
of mangrove vegetation at 20 different locations at Barbarons and
Anse Boileau. The median value for the upper and lower limit of
mangrove vegetation was at +0.8 m + 0.1 m and —0.39 m + 0.22 m
MTL, respectively. This range gives an indicative meaning for
mangrove sediments of +0.2 m MTL +0.6 m, which represents more
than half of the tidal range on Mahé (2.1 m). This uncertainty is
larger than we had hoped to achieve, but reflects the non-
preservation of alternative microfossil proxies (e.g. diatoms or
foraminifera). Loss on Ignition and % carbonate values from surface
sediments within the present day mangrove provide no additional
indication of elevation within the tidal range because values fluc-
tuate throughout the mangrove environment. In other tropical lo-
cations, where mangroves are extensive and vegetation zonation is
better developed, others have successfully reconstructed RSL uti-
lising pollen found within surface and fossil mangrove deposits (e.g.
Engelhart et al., 2007). In our study we did not investigate pollen
distributions because of the small lateral extent of the present day
mangroves. The present-day mangrove vegetation is zoned with
respect to tidal levels, but pollen would likely provide little addi-
tional information beyond that given by using the upper and lower
limits of mangrove vegetation as our primary sea-level indicator.

Our dating strategy for mangrove sediment was initially based
on AMS '%C dating of bulk sediments. However previous studies of
fossil mangrove sediments show that where mangrove environ-
ments are established for any length of time younger mangrove
roots will penetrate the older underlying sediments. The intro-
duction of young carbon down-profile means that bulk AMS 4C
ages on mangrove peat are often young compared with the true age
of deposition (e.g. Smith and Coleman, 1967; Schofield, 1977;
Woodroffe, 1981, 1988b, 1990).

To assess whether the incorporation of young carbon down-
profile was a function of different material being dated, we ob-
tained an additional pair of dates from 1 m depth in Anse Boileau
core 4 on fine root hairs and larger pieces of wood that we assumed
to be root material. The fine root hairs dated to c. 900 cal yr BP and
woody material to c. 1450 cal yr BP (the bulk age from the same
depth was modern, Table 1). Although the woody material has the
oldest age, because we have no independent chronohorizons in our
sediment cores we have no way of knowing if this is the true age of
the deposit. The results of this comparison suggest that dating large
wood fragments may yield older and more reliable ages compared
to bulk sediments or fine root hairs in this location (although we
note that this is only based on one paired sample). This observation
does not accord with the notion of large younger mangrove roots
penetrating older sediment. From this test we conclude that it is the
fine root hairs that are the probable source of young carbon and
that “C-derived ages of bulk sediments provide minimum ages for
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Table 1

14C ages on mangrove sediments and coral fragments from Barbarons. All altitudes were surveyed using a level and staff with closed levelling transects that are tied to a
common reference point that we related to MTL using hourly tide gauge readings for Pt. la Rue, Mahé. All AMS '*C dating was undertaken at the NERC Radiocarbon Facility and
SUERC AMS Laboratory at East Kilbride, Scotland. We calibrated all '“C ages using Oxcal version 4.2 (Bronk Ramsey, 2009) using SHCal13 (Hogg et al., 2013) for terrestrial,
mangrove samples and MARINE13 for coral samples (Reimer et al., 2013) using a AR of 140 + 25 (Southon et al., 2002). All calibrated C ages are cited with a 2 sigma age range.
Repeat measurement using additional pre-treated sediment which was conducted as an additional check on results. The duplicate results agree within 2 sigma confidence

limits.
Mangrove material from Depth in core (m) Elevation Laboratory code '4C age Maximum age Minimum age Indicative meaning RSL
Barbarons and Anse Boileau (m MTL) (+1 o) (cal yr BP, 26)  (cal yr BP, 26) (m MTL) (m MTL)
Barbarons Transect 1 0.28 -0.16 SUERC-29503 Modern n/a n/a Limiting At present
Mangrove core 1
0.53 -041 SUERC-29506 Modern n/a n/a Limiting At present
0.53 -0.41 SUERC-31712 Modern n/a n/a n/a Not used
0.80 —0.68 SUERC-29507 504 +37 627 500 0.20 + 0.6 —0.88 + 0.6
Barbarons Transect 2 0.32 0.13 SUERC-29500 983 +37 960 795 0.20 + 0.6 —0.07 £ 0.6
Mangrove core 2
0.32 0.13 SUERC-31709 969 + 37 n/a Not used
0.75 -0.3 SUERC-30458 2559 + 37 2757 2493 0.20 + 0.6 —0.50 + 0.6
1.28 -0.83 SUERC-29501 1998 + 37 2041 1872 0.20 + 0.6 -1.03 £ 0.6
1.61 -1.16 SUERC-29502 1733 +37 1722 1544 0.20 + 0.6 —1.36 £ 0.6
Barbarons Transect 3 0.31 0.88 SUERC-37542 Modern n/a n/a Limiting At present
Mangrove core 3
0.84 035 SUERC-37543 602 +27 656 541 0.20 + 0.6 0.14 + 0.6
Anse Boileau Mangrove 0.29 0.02 SUERC-29508 1630 + 35 1607 1414 0.20 + 0.6 —0.18 + 0.6
core 4
1.00 (bulk sediment) -0.69 SUERC-29509 Modern n/a n/a 0.20 + 0.6 Not used
1.00 (fine root hairs) —0.69 SUERC-32436 983 +37 960 795 0.20 + 0.6 Not used
1.00 (woody material) —0.69 SUERC-32437 1559 + 37 1533 1371 0.20 + 0.6 —0.89 + 0.6
1.44 -1.13 SUERC-29510 1779 + 35 1818 1607 0.20 + 0.6 -1.33+£06
1.65 -134 SUERC-29511 1650 + 37 1690 1416 0.20 + 0.6 -1.54 + 0.6
Detrital coral from Depth in core (m) AR value Laboratory 14C age Maximum age Minimum age
plateaux at Barbarons code (x10) (cal yr BP, 26) (cal yr BP, 20)
Barbarons Transect 1 0.60 140 + 25 SUERC-28868 3212 +37 2957 2739
Barbarons Transect 1 1.70 140 + 25 SUERC-32441 3953 +37 3885 3629
Barbarons Transect 1 1.70 140 + 25 SUERC-28867 4539 + 35 4715 4411

sea-level reconstruction. There are other approaches that re-
searchers have taken to dating sediments with multiple carbon
sources, and it may be that by using a particular size fraction of
organic material (as described above) or pollen concentrates in the
future, we could resolve the other reversals seen in the bulk sedi-
ment ages and extend the existing record further back in time (e.g.
Vandergoes and Prior, 2003; Newnham et al., 2007; Li et al., 2014;
Woodroffe et al., 2014).

To provide a maximum age for the formation of the plateau
fossil beach at Barbarons we conducted C and Uranium—Thorium
dating on fragments of coral extracted from cores from within the
plateau beach deposits (Fig. 2B and Tables 1 and 2). All AMS '4C
dating was undertaken at the NERC Radiocarbon Facility and
SUERC AMS Laboratory at East Kilbride, Scotland. We calibrated the
14C ages using Oxcal version 4.2 (Bronk Ramsey, 2009) using
SHCal13 (Hogg et al., 2013) for terrestrial and mangrove samples,
and MARINE13 for coral samples (Reimer et al., 2013) using a AR of
140 + 25 (Southon et al., 2002). All calibrated C ages are cited
with a 2 sigma age range (Table 1). Uranium—Thorium dating on
coral fragments from the plateau at Barbarons was performed on a
Nu-Instruments multicollector inductively coupled plasma mass
spectrometer at the University of Oxford. Approximately 0.3 g or
coral was cleaned by ultrasonicating in 18 MQcm water. The
samples were spiked with a mixed 2*°Th—?3%U tracer solution;
dissolved and then organic material removed with aqua-regia;
before U and Th were isolated from the sample matrix by anion
chromatography (Edwards et al., 1987). Uranium isotopes were
measured by standard bracketing against the CRM-145 standard
while Th isotopes were measured against an in-house
229Th—230Tn—232Th standard (Mason and Henderson, 2010). Data
and ages are presented in Table 2. The elevated 232Th concentra-
tions indicate the presence of detrital material within the coral
skeleton which will incorporate initial 22°Th and 2*4U, which would
otherwise bias ages towards older values. Ages have been

calculated with a correction for this initial component assuming a
crustal composition (Table 2).

3.2. Glacial-isoststatic adjustment model

The GIA sea-level model applied here solves the sea-level equa-
tion that incorporates changes in shoreline position (Mitrovica and
Milne, 2003; Kendall et al., 2005) and includes the influence of
GIA-induced changes in Earth rotation on RSL (Milne and Mitrovica,
1998; Mitrovica et al., 2005). Model results were computed using
two different reconstructions of global ice evolution from the Last
Interglacial through to the present day (ICE-5G and EUST3). The
Earth model used is a spherically-symmetric, self-gravitating,
Maxwell visco-elastic body in which the viscous structure is defined
by three parameters: thickness of an outer layer (the model litho-
sphere) in which the viscosity is assigned very high values such that
it acts elastically over GIA timescales; uniform viscosity in the upper
(base of lithosphere to 660 km depth) and lower (660 km to core-
mantle boundary) mantle regions. These three parameters were
varied in the modelling described below. The elastic and density
structure of the Earth model were taken from seismic constraints
(Dziewonski and Anderson, 1981) and depth parameterised with
greater resolution (~100 layers in the mantle region) compared to
the 3-layer viscous structure defined above. The elastic and density
values were not varied in the results shown below.

4. Results

We investigated the coastal geomorphology and mangrove en-
vironments at Barbarons, the mangroves at Anse Boileau and
coastal geomorphology at Anse a la Mouche. The results bring
together a range of sea-level indicators at these locations from the
morphology and age of plateau fossil beaches, modern reef deposits
and fossil mangrove sediments which record changes in the height
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Fig. 2. A) two transect lines across the plateau at Barbarons, showing the elevation of the reef flat, beach and plateau with wetland behind, and local tidal levels. Also shown are the
U/Th ages from detrital coral samples taken from the base of cores in the plateau and 'C ages from mangrove sediments located behind the plateau at Barbarons, B) detailed
stratigraphy from transects 1 and 2 taken through mangrove sediments at the northern end of Barbarons. Transect 1 shows 'C ages on detrital coral from within the plateau as well
as ages on mangrove deposits in core 1. Transect 2 has one dated core (mangrove core 2).

and mangroves (Fig. 1C). We collected and dated using U—Th and
AMS radiocarbon detrital coral fragments (all 2—5 cm in length)
from cores taken towards the rear of the plateau in transects 1 and
3. These yield ages that vary between c. 4.5—1.6 ka cal BP (Tables 1
and 2 and Figs. 1C, 2A and 2B). Two samples from the same depth in

of RSL through the late Holocene. The main RSL indicator used is
mangrove sediments.

4.1. Barbarons

4.1.1. Plateau and reef data from Barbarons
Barbarons, on the west coast of Mahé, is a c. 850 m wide bay
fronted by fringing reef, with a modern beach backed by plateau

a single borehole vary by up to c. 1.8 ka (Table 1). There is general
agreement between the “C and U-Th ages (Fig. 4B). The overall age
variability is expected given that the dated material is reworked
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Fig. 3. Mangrove sediments investigated and dates from a core at Anse Boileau and a transect taken through the plateau at Anse a la Mouche (see Fig. 1 for their locations).

and our objective here was to establish the youngest age of the
samples to establish a maximum age for the plateau formation. The
youngest age is c. 1650 cal yr BP, indicating that the plateau is a
relatively recent element of the coastal landscape that accreted in
the last 1.5—-2 ka.

The surface of the plateau is relatively flat across the two shore-
normal survey transects at Barbarons (Fig. 2A), and this is also
repeated in a different bay on the west coast of Mahé (Anse a la
Mouche, Fig. 3). The plateau surface is c. 1.6 m above HAT at the
north end of Barbarons (Transect 3) and 0.8 m above HAT at the
south end (Transect 4). This mirrors the decrease in elevation of the
modern beach crest between the north and south ends of the bay,
and reflects the attenuation of wave energy within the bay. The

plateau surface is consistently 0.2—0.6 m below the immediately
adjacent present day storm beach crest (Fig. 2A). The uniform na-
ture of its topography and the fact that in no location is this feature
higher than the present day storm beach crest suggests that the
plateau formed under relatively stable RSL, although we cannot
rule out some post-depositional modification by human activities.

To establish an age for the fringing reef flat at Barbarons, we
collected three samples of cemented coral material for U-Th dating
using a hand-operated rotary drill corer from the reef surface
immediately in front of the modern beach, c. 50 m landward of the
living reef edge (Figs. 1C and 2A). Two of these samples have low
Uranium concentrations (less than 1 ppm), which suggests they
may have lost Uranium and we treat these ages with caution. The
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third sample yielded a modern age. This is not wholly unexpected
as the fringing reefs around Seychelles are dominated by storm
deposits that are mobilised at the reef edge and travel across the
reef flat, and may then become re-cemented over time (Braithwaite
et al,, 2000; Kennedy and Woodroffe, 2002). Surface reef-flat ages
in this location therefore represent deposition from modern storms
and not the timing of lateral reef flat accretion during the late
Holocene.

4.1.2. Mangrove sea-level data from Barbarons

Fossil mangrove sediments are preserved in the channel of the
River Dauban, which cuts through the plateau at the north end of
Barbarons and meets the sea at Grand Anse (Fig. 1C). Coring
transects completed across the River Dauban mangroves reveal a
relatively consistent stratigraphy, comprising a lower unit of sand
that becomes increasingly organic up core, overlain by a dense
peat with frequent fine rootlets and wood fragments, which
locally grades upwards into a sand-rich peat and is overlain
abruptly in the top 30 cm or so by coarse organic sand that ex-
tends to the present surface. We interpret this stratigraphy as
recording initial colonisation of river-mouth sand deposits by
mangrove, which infilled available accommodation space. The
origin of the coarse sand on the top of the mangrove deposits
here and elsewhere on Mahé is uncertain; it could represent a
local change in coastal morphology, a recent increase in terrige-
nous sediment delivery to the mangroves, the effects of recent
RSL change, or an abrupt event such as the impact of a far-field
tsunami.

We C dated the fossil mangrove in three sediment cores
(mangrove cores 1, 2 and 3, Figs. 1C and 2A, B, Table 1). The oldest
age is from core 2 (2757—2493 cal yr BP at 0.75 m, Table 1) but
this is out of sequence with ages from the lower down the same
core. This may be because mangrove roots have introduced young
carbon towards the base of this core or because this age includes
old carbon from allochthonous organic material brought to the
sample site from upstream sources in the catchment. We cannot
resolve which of these hypotheses is most probable and assume
that the bulk age on the base of this core (1722—1544 cal yr BP) is
reliable because it broadly corresponds to the basal age of
mangrove core 4 at Anse Boileau, which is at a similar elevation
(Table 1).

Using the modern day limits of mangrove vegetation we
reconstruct RSL at Barbarons to a maximum of c. 2 m below present
between 2 and 1 ka cal BP, and rising to present in the last 1 ka
(Fig. 4A and B, Table 1). There is no evidence here for RSL above
present in the last 2 ka.

4.2. Anse Boileau

4.2.1. Mangrove sea-level data from Anse Boileau

Anse Boileau is 4 km southeast of Barbarons and mangrove
sediments here surround the outflow of the River Cayman
(Fig. 3A). The deposits have a very similar stratigraphy to those at
Barbarons. The lowest unit is coarse granitic sand which grades
upwards into sandy and root-rich peat that is overlain abruptly in
the top 30 cm by coarse sand (Fig. 3A). We interpret this stra-
tigraphy similarly to that at Barbarons as evidence for the
establishment of mangroves over a river-mouth sand with a more
recent switch to sand deposition near the surface. Four AMS C
ages from mangrove peat in core 4 all overlap, suggesting either
very rapid sediment accumulation or mixing of carbon sources
(Table 1). All the C ages on mangrove deposits in this core are
younger than 2 kacalBP, although the problem of younger
mangrove roots penetrating into older deposits means that the
mangroves here may have formed prior to this date. However the
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through time for comparison.

relatively high energy nature of this coastline means that
mangrove formation likely required the establishment of the
plateau sand barrier, and as noted above, our dating evidence
suggests that this was probably in place by 2 ka cal BP. This lends
weight to the suggestion that the mangrove peats also formed
after this date. Using the modern day limits of mangrove vege-
tation measured here and at Barbarons we reconstruct RSL to a
maximum of c. 2m below present between 2 and 1 ka cal BP.
There is also no evidence for RSL above present in the last 2 ka.

4.3. Anse a la Mouche

4.3.1. Plateau and reef evidence from Anse a la Mouche

Anse a la Mouche is approximately 4 km southeast of Anse
Boileau (Fig. 1B). Any former mangrove habitats in this bay have
now been reclaimed and we therefore only investigated the
morphology of the plateau and reef flat. The plateau surface here is
very regular and, as at Barbarons, sits approximately 10—15 cm
below the height of the modern storm beach crest (Figs. 2A and 3B).
The uniform nature of the topography suggests that the plateau at
both locations formed under relatively stable RSL. No other data
was collected from this site.

4.4. Potential for post-depositional compaction of mangrove
sediments through time

Compaction of fossil organic deposits through time can be an
important issue when reconstructing RSL using intertidal sedi-
ments. Compaction-induced lowering of sea-level index points
from the elevations at which they were deposited distorts age-
—altitude relationships (Horton and Shennan, 2009; Brain et al,,
2012). It has been suggested that measurements of bulk density
can be used to determine whether compaction has occurred on the
assumption that a downcore increase in bulk density is indicative of
compaction and, hence, post depositional lowering (Gehrels et al.,
2006; Kemp et al., 2009). However, this method is not suitable in
stratigraphies such as ours where variations in lithology make
identifying downcore trends in bulk density difficult (Brain et al.,
2012). Ideally we need a detailed site- and lithology-specific un-
derstanding of mangrove compaction processes but this is beyond
the scope of this study (Brain et al., 2015). Bird et al. (2004) pro-
posed a method of estimating compaction in mangroves by
comparing the dry bulk density of modern mangrove sediment
deposits with fossil sediments, and by scaling volume, and hence
layer thickness, accordingly. They suggest that mangrove muds (up
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to 50% LOI on the <63 pm size fraction) may compact by up to 30%
in a 2 m stratigraphic column. This method is likely to overestimate
the magnitude of thickness change because compaction is a
gradual, cumulative process that is a function of the depth of un-
derlying material and the stress applied by the overburden
(Tornqvist et al., 2008; Horton and Shennan, 2009). Full ‘decom-
paction’ throughout a stratigraphic column does not consider in-
termediate states of compaction between surface and in situ
conditions.

We acknowledge that there is likely to have been some
compaction in the mangrove sediments at Barbarons and Anse
Boileau. In the absence of a more detailed geotechnical correction
method, we adopt the approach of Bird et al. (2004 ), who suggested
that the maximum potential compaction in their analysed
sequence most similar to ours is 30% over 2 m (c. 60 cm). It is very
likely that compaction of the mangrove sediments on Mahé has
been less than this because our sediment cores are shorter (up to
1.65 m to the base of the peat) and are much younger (last 2 ka
compared to last 7 ka for Bird et al.’s sediments). Relative sea-level
reconstructions from the basal section of the cores from Barbarons
and Anse Boileau do sit slightly low compared to predicted RSL
from two GIA models (Fig. 4B), however raising these re-
constructions by c. 0.6 m (assuming the worst-case compaction
scenario suggested by Bird et al., 2004) we would still not be able to
differentiate between the two end-member GIA model predictions
in this location during the last 2 ka (Fig. 4B).

4.5. Late Holocene RSL and coastal evolution on Mahé

We combine data from Barbarons, Anse Boileau and Anse a la
Mouche, with Braithwaite et al.'s (2000) coral data from Anse aux
Pins to reconstruct late Holocene RSL and coastal evolution on
Mahé. As noted above, most of the coral data is of poor quality for
reconstructing RSL because the dated coral is not in situ and is likely
to have been transported during storms onto the reef flat surface
(Fig. 4A and B). The most reliable index points come from in situ
Acropora danai framework reef, which is today found in the high
energy reef front and upper forereef zone of SW Indian Ocean
fringing reefs, and lives in a 6 m window below LAT (Camoin et al.,
1997; Montaggioni and Faure, 1997; Cabioch et al., 1999). However
there are only four index points in the past 10 ka which come from
this species of framework coral (Fig. 4A).

The coral data record rapid RSL rise during the early Holocene
from between 15 and 7 m below present at c. 9.5 ka cal BP, with the
youngest age (from coral debris 1.8 m below the modern reef flat) of
c. 3.7 ka cal BP providing an estimate of when RSL reached present
(Fig. 4A). Camoin et al. (2004) propose that RSL stabilisation across
the SW Indian Ocean occurred around 1000 years after this date,
between 3 and 2.5 ka cal BP. Braithwaite et al. (2000) suggest their
age for reef stabilisation on Mahé represents the broad timing of
when RSL reached present, but as their youngest date is from 1.8 m
below the modern reef flat surface it provides only a maximum age
for this event.

Our dates from the plateau at Barbarons show that sand began
to accrete after 2 ka cal BP. Plateau formation would only have
occurred once the adjacent fringing reef flat was close enough to
sea level to provide both a local source of sand and reef material,
and a platform for the sand to accrete onto. We hypothesise that the
fringing reef took centuries to millennia to “catch-up” to sealevel in
the late Holocene, explaining the delay between the youngest coral
age of Braithwaite et al. (2000) (c. 3.7 ka cal BP), Camoin et al.’s
(2004) estimate of regional RSL stabilisation (3—2.5 ka cal BP) and
our chronology for the deposition of the sand plateau on Mahé
(after 2 ka cal BP). We suggest that mangrove formation was only
possible once the plateau had begun to accumulate, as it provided

the necessary quiet-water protection and accommodation space
within which intertidal mangroves could become established.

The overlapping nature of the “C ages from the mangrove ho-
rizons within cores from both Barbarons and Anse Boileau indicate
that once coastal mangrove sediments had started to accumulate
after 2 ka cal BP, there was a rapid infilling of available accommo-
dation space leading to c. 1.4 m (or more, depending on sediment
compaction estimates) of mangrove peat accumulating in less than
1000 years (Figs. 2B and 3A). This rapid infilling of accommodation
space is reminiscent of the ‘big swamp phase’ of rapid mangrove
expansion during RSL slow-down and stabilisation seen elsewhere
in the Indo west-Pacific during the mid Holocene (Woodroffe et al.,
1985; Woodroffe, 1988a). However in Seychelles it appears that
because of the high energy nature of the coastline, the develop-
ment of the plateau was necessary to provide the right conditions
for mangroves to grow on Mahé, rather than mangrove expansion
being driven predominantly by RSL slow-down.

Our radiocarbon ages on mangrove sediments provide new
minimum ages on late Holocene RSL changes. RSL had risen to
within c. 2 m of present by 2—1 ka cal BP. Our interpretation of RSL
change is by necessity generalised because of problems with dating
mangrove sediments discussed above and the lack of microfossil
data. These mangrove dates are minimum ages so it is possible that
RSL reached c. 2 m below present before 2 ka cal BP. Because of the
elevation and age errors associated with the mangrove RSL data
and the lack of dated material from before 2.7 ka cal BP we cannot
say conclusively when RSL first reached close to present. However
the ages for plateau formation from detrital coral give us confi-
dence that RSL was certainly within c. 2 m of present during the last
2 ka.

There is no evidence for a late Holocene highstand at any of the
locations studied on Mahé, although the widespread occurrence of
coarse organic sand in the top 30 cm or so of mangrove sediments
at Barbarons and Anse Boileau suggests that there has been a recent
change in coastal sedimentation. One explanation for this change is
that it records the effects of the 2004 Indian Ocean tsunami which
caused widespread damage on Mahé, particularly to east-facing
shores but also caused coastal flooding and structural damage on
the west coast of Mahé. Jackson et al. (2005) suggested that
tsunami run up associated with this event was c. 3.25 m above HAT
at Grand Anse, just north of Barbarons, and c. 1.45 m above HAT at
Anse Boileau. The mangroves in these locations were inundated by
the tsunami waves which may have caused the erosion of the active
mangrove peat surface and the deposition of a sand layer. An
alternative explanation is that the coarse sands record recent
terrigenous sediment influx as a result of intensive development of
the interior of Mahé. The coarse, granitic nature of the sand,
coupled with a lack of detrital carbonate remains within the sand,
would favour this over the tsunami hypothesis.

4.6. Optimising the earth model and estimating eustatic sea level

The next step in our analysis is to remove the GIA signal from the
RSL data in order to estimate late Holocene eustasy. We start by
comparing our data to RSL predictions from two different GIA
models (ICE-5G and EUST3) to define an optimal earth viscosity for
each model in this location. For ICE-5G, all viscosity parameter
combinations (lithospheric thicknesses of 71, 96 and 120 km, upper
mantle viscosities of 0.05, 0.08, 0.1, 0.2, 0.3, 0.5, 0.8, 1, 2, 3 and
5 x 10?! Pa s and lower mantle viscosities of 1, 2, 3, 5, 8, 10, 20, 30
and 50 x 10%! Pa s) have chi-squared values within the 95% confi-
dence limit (Fig. 5A). In comparison, for EUST3, the full range of
lower mantle viscosities are accepted at this level of confidence,
although only relatively high/low values of upper mantle viscosity
produce acceptable fits (Fig. 5B). The results for EUST3 using
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Fig. 5. Chi-squared plots for (A) ICE-5G and (B) EUST3 demonstrating the goodness of
fit of RSL predictions using a 71 km thick lithosphere with a range of upper and lower
mantle viscosities to the mangrove-based RSL data. For the EUST3 results (B), chi-
squared values less than 1.56 define solutions that are within the 95% confidence
limit using an F-test. All viscosity models considered using a 71 km thick lithosphere
for the ICE-5G model (A) are within the 95% confidence limit.

different lithospheric thicknesses were similar but the lowest chi-
squared values were obtained with thinner lithosphere models in
general. The optimal earth model for both ICE-5G and EUST3 has a
lithospheric thickness of 71 km, an upper mantle viscosity of
0.5 x 10%° Pa s and a lower mantle viscosity of 3 x 10%! Pa s. The
difference in the Seychelles GIA correction using ICE-5G or EUST3 is
small since 4 ka BP (maximum difference ~0.5 m) whichever earth
viscosity profile is chosen, as one would expect given the results of
Milne and Mitrovica (2008). However the magnitude of the dif-
ference increases further back in time, with a difference of ~2.7 m
between the model corrections at 9.7 ka BP.

We removed the GIA signal from the RSL data using the two
best-fitting earth models defined above. Fig. 4 shows data with the
non-eustatic signal from the best-fitting GIA models removed (ICE-
5G in Fig. 4C and EUST3 in 4D). The GIA corrections using either
model are relatively small, although those for EUST3 are larger than
for ICE-5G in the last 4 ka because of the GIA effects associated with
its larger late Holocene eustatic contribution. The largest GIA
correction made to the oldest mangrove data is 0.52 m (EUST3) and
0.31 m (ICE-5G) (mangrove core 2, Table 3). The vertical un-
certainties in the model-corrected reconstructions combine both
data and model uncertainties in quadrature. The model uncertainty
is simply the spread of values obtained using all predictions that

satisfied the 95% confidence cut-off based on an F-test. Comparison
of the model-corrected data in Fig. 4C and D indicates that the re-
sults obtained for the two ice models are very similar. In all cases
the data uncertainties associated with defining the indicative
meaning of the mangrove sea-level indicators dominate the total
error (Table 3).

The model-corrected data indicate that eustatic sea level rose
through the early to mid Holocene, reaching within ¢. —2 m of
present before c. 2 ka cal BP. The exact timing of sea level first
reaching within —2 m of present is poorly constrained because of a
data gap between the youngest coral age (c. 3.7 kacal BP
Braithwaite et al. (2000)) and the oldest mangrove ages from this
study (c. 2.7—2 ka cal BP). Errors on the mangrove reconstructions
make it impossible to identify the nature of sea-level variability
within the —2 to 0 m window since 2 ka cal BP, although the model-
corrected data suggest that eustatic sea level remained within this
vertical range and did not rise more than a few decimetres above
present during that time.

5. Discussion

5.1. Comparing sea-level data and model predictions of RSL change
during the Holocene

During the early Holocene, the coral index points from
Braithwaite et al. (2000) and GIA model predictions do not agree.
The GIA models predict RSL was around —20 m at c. 9 ka cal BP and
rising very quickly during this period, whilst the coral data suggest
RSL was between —11 and —6 m and rising more gradually (Fig. 4A).
RSL changes in this region are dominated by the eustatic contri-
bution, and the GIA correction is relatively small (between 0.4 and
2.3 m around 9.7 ka cal BP depending on which ice model is chosen,
Table 3). This suggests that either the coral data from this period
(framework coral and coral debris) are not in situ or that eustatic
rise occurred earlier than is predicted by the GIA models. We
hypothesise that the storm-dominated coral reef setting on Mahé
means that the coral index points from this period most likely
consist of reworked material that was transported onto a more
recent and higher reef flat surface and that the coral-based RSL data
from this period are not reliable.

During the mid Holocene the coral index points from
Braithwaite et al. (2000) and the GIA model predictions broadly
agree on the timing and rate of RSL rise (Fig. 4A), although we note
that the age and elevation uncertainties on the coral re-
constructions do not provide a good test of the model. The youngest
coral data is c. 3.7 cal kaBP and suggests that RSL was close to
present by this time, within error (+3—4 m). The coral data cannot
help us to discriminate between RSL predictions from ICE-5G,
which predicts RSL to be ~ —1 m at 4 ka cal BP, and those from
EUST3 which predicts RSL at ~ —2.5 m at this time. Our new
mangrove data fill an important data gap during the late Holocene
in the last 2 ka and, together with the morphological and dating
evidence from the plateau, suggest that RSL was between —2 m and
0 m during this period and did not rise above present.

5.2. Processes in the GIA correction

Camoin et al. (2004) hypothesise that continued late Holocene
RSL rise in Seychelles (and in other locations in the southwest In-
dian Ocean) is because this region experienced late Holocene
hydro-isostatic sea-floor subsidence after the end of major ice sheet
melting in the mid Holocene. They compare the situation here to
that in the Caribbean, where continued late Holocene RSL rise is
attributed largely to the collapse of the former Laurentide ice sheet
forebulge (Milne et al., 2005; Milne and Peros, 2013). The results in



Table 3
RSL reconstructions from coral and mangroves on Mahé and glacial-isostatic adjustment corrections applied to the data to produce eustatic estimates.
Mangrove data Depth in core (m) Elevation Maximum age Minimum age Indicative meaning RSL (m MTL) Optimal earth model GIA Optimal earth model GIA Eustatic SL ICE-5G Eustatic SL
(new this study) (m MTL) (cal yr BP, 26) (cal yr BP, 26) (m MTL) correction ICE-5G (m) correction EUST3 (m) (m MTL) EUST3 (m MTL)
Barbarons Mangrove 0.80 -0.68 627 500 0.20 + 0.60 —0.88 + 0.60 -0.07 +0.11 —0.04 +0.10 —0.82 + 0.61 —0.82 + 0.61
core 1
Barbarons Mangrove 0.32 0.13 960 795 0.20 + 0.60 -0.07 £+ 0.60 -0.11 +0.19 -0.17 £ 0.18 0.04 + 0.63 0.10 + 0.63
core 2
0.75 -0.3 2757 2493 0.20 + 0.60 —0.50 + 0.60 —0.49 + 0.65 —0.79 + 0.65 —0.02 + 0.88 0.29 + 0.89
1.28 -0.83 2041 1872 0.20 + 0.60 -1.03 £ 0.60 -0.31 +0.45 —0.52 + 045 -0.73 £ 0.75 —0.51 £ 0.75
1.61 -1.16 1722 1544 0.20 + 0.60 -1.36 +0.60 —0.24 +0.36 -0.42 + 037 -1.12 £ 0.70 —0.94 + 0.70
Barbarons Mangrove 0.31 0.88 Modern Modern Limiting At present 0 0 0 0
core 3
0.84 0.35 656 541 0.20 + 0.60 014 +0.60  —-0.07 + 0.12 —0.05 + 0.11 0.22 + 0.61 0.20 + 0.61
Anse Boileau Mangrove 0.29 0.02 1607 1414 0.20 + 0.60 —0.18 + 0.60 -0.22 +0.33 —0.39 + 0.34 0.03 + 0.69 0.20 + 0.69
core 4
1.00 (woody —0.69 1533 1371 0.20 + 0.60 —0.89 + 0.60 —0.21 +0.32 -0.37 £ 0.32 —0.69 + 0.68 —0.53 + 0.68
material)
1.44 -1.13 1818 1607 0.20 + 0.60 -133+0.60 -0.26 +0.39 -0.45 + 0.39 —1.08 + 0.71 —0.89 + 0.71
1.65 -1.34 1690 1416 0.20 + 0.60 -1.54+0.60 -023+0.34 —0.40 + 0.35 -1.32 £ 0.69 —1.15 + 0.69
Coral data (Braithwaite Depth below Elevation Maximum age Minimum age Indicative RSL (m MTL) Optimal earth Optimal earth Eustatic Eustatic
et al., 2000) reef flat (m) (m MTL) (>**U/??8U) [Gaa Vi 0)) meaning model GIA model GIA SL ICE-5G SL EUST3
(m MTL) correction correction (m MTL) (m MTL)
ICE-5G (m) EUST3 (m)
Coral debris AP4 -1.80 -2.51 3820 3660 -471+4 —4.00 + 4 —0.87 + 1.05 -1.33 + 1.09 -3.13 £3.18 —2.67 £ 3.19
Coral debris -4.40 -5.11 4334 4244 -471+4 —4.00 + 4 —1.05 + 1.81 -1.59 + 1.79 —2.95 +3.50 —2.41+349
Coral debris AP1 —-8.70 -9.41 5510 5290 -471+4 —4.70 + 4 —1.59 + 2.83 -2.02 + 1.95 -3.11 £ 4.90 —2.68 + 4.45
Coral debris AP4 -10.30 -11.01 7300 7100 -471+4 —-630+4 -2.24 +297 -1.29 + 2.04 —4.06 + 4.98 —5.01 + 4.49
Coral debris AP4 -11.50 -12.21 7765 7395 -471+4 -7.50 + 4 —2.31+2.98 —0.67 + 2.90 -5.19 + 499 —6.83 + 494
Coral debris AP4 —-11.80 —-12.51 7990 7830 —4.71+4 -7.80+4 —2.28 +1.19 -0.13 £ 1.25 —5.52 +4.17 —7.67 +4.19
Coral sands AP8 -9.15 -9.86 8330 8070 -471+4 -515+4 —1.87 +2.00 0.26 + 1.92 —3.28 + 447 —5.41 + 444
Coral debris AP4 -15.10 -15.81 9830 9570 471+ 4 -11.1+4 —0.43 + 0.00 2.35 +0.00 —10.67 + 4.00 —13.45 + 4.00
Framework coral AP2 —4.20 -4.91 4150 4070 -371+3 -3.00+3 —0.99 + 1.27 -1.51+1.33 —2.00 + 3.26 —1.49 + 3.28
Framework coral AP8 -7.75 —8.46 5840 5700 -371+3 —4.75+3 —1.76 + 2.92 -211+1.94 —2.99 + 4.18 —2.64 + 3.57
Framework coral AP8 -9.30 —-10.01 9550 9110 3713 —-630+3 —0.63 +2.99 1.76 + 2.70 —5.67 +4.23 —8.06 + 4.04
Framework coral AP8 -12.00 -12.71 9600 9100 -371+3 -9.00 +3 —0.62 + 2.99 1.79 £ 2.71 -8.39+423 —10.79 + 4.04
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Fig. 6. The contribution of different GIA processes to RSL predicted by (A) ICE-5G and (B) EUST3 during the mid to late Holocene on Mahé. The different curves are as follows: ‘RSL’ is
the total RSL for this location (which includes all GIA processes and includes eustasy); ‘Eustasy’ is the meltwater contribution to global mean sea level; ‘Syphoning’ is the
contribution from syphoning (a global mean signal; see text for details); ‘Ice’ is the contribution of ice loading only to RSL (including sea surface and ocean floor components);
‘Ocean’ is the contribution of ocean loading only to RSL (including sea surface and ocean floor components). Note that the RSL contribution from GIA-induced changes in earth
rotation are included in the total (RSL) but are not shown on the figures because the values are small.

Fig. 6 indicate that the situation in the southwest Indian Ocean is
similar to that of the Caribbean but the forebulge collapse due to ice
unloading (Fennoscandian ice) is less prominent given the larger
distance from the ice sheet in this case. Note that, for each ice
model considered, the influence of syphoning is of similar magni-
tude but opposite sign to the combined RSL signal due to ice and
ocean loading effects (on both the sea surface and sea floor). During
the late Holocene the ice and ocean loading signals, which are
primarily due to sea floor subsidence, slightly dominate that from
syphoning and so the total predicted RSL curve sits slightly below
the model eustatic curve. We note that the ice-load component of
the signal is about 30% larger than the ocean-load component
during the late Holocene.

5.3. Late Holocene eustasy

Because the non-eustatic GIA component of RSL is modelled to
be small in Seychelles compared to most other coastal locations
around the world (Milne and Mitrovica, 2008), new late Holocene
sea-level data should, in principle, help us to accept or reject the
eustatic functions in different GIA models. In Fig. 4C and D we show
that the estimated eustatic sea level was close to or at present by c.
2 ka cal BP regardless of which ice model was used in calculating
the GIA corrections. The GIA corrections calculated using ICE-5G
and EUST3 are small in the last thousand years
(01-0.2 m + 0.04—0.2 m), but are closer in magnitude to the
observed sea-level changes by 2 kacal BP (Table 3). Therefore
despite this location being chosen to minimise any late Holocene
GIA correction, the correction and its uncertainty are still impor-
tant, even though the latter is smaller in magnitude than the RSL
reconstruction uncertainties.

Overall uncertainty in estimating eustasy is a calculated based
on the uncertainty in both the RSL reconstruction and GIA model
correction (these two sources of uncertainty are combined in
quadrature). This net uncertainty, which ranges from +0.6—0.89 m
for the mangrove data, makes it relatively difficult to choose be-
tween the two eustatic models presented in Fig. 4C and D, because
the predictions for each model differ by only a decimetre or so
during the period spanned by the data (2 ka BP to present). How-
ever, the eustatic component of the EUST3 model better captures
the cluster of data points between 2 and 1.5 kaBP and so is
marginally preferred by the observations.

We further hypothesise that eustasy likely first reached
within —2 m of present in the 1.7 ka interval between the end of the
coral and start of our mangrove record, c. 3.7—2 ka cal BP. We also
conclude that it is unlikely that there were metre-scale RSL oscil-
lations during the period between 2 ka cal BP and present. This
result is closer to the eustatic function in EUST3 which includes
1.5 m of melt since 4 ka cal BP than that of ICE-5G which predicts
close to zero eustatic sea level change after 4 ka cal BP. However, we
conclude that the timing of when eustatic sea level first rose close
to present is between the predictions of the two end-member
models presented here (4 ka cal BP for ICE-5G and 1 ka cal BP for
EUST3).

Evidence from archaeological remains and other palaeo sea-
level indicators from elsewhere in the world also suggest negli-
gible eustatic contribution in the last 2 ka. Archaeological evidence
from the Mediterranean region, based in part on the interpretation
of Roman fish tanks and also coastal wells in Israel, indicate little
net RSL change since the Roman period (Lambeck et al., 2004; Sivan
et al., 2004; Lambeck and Purcell, 2005; Sivan et al., 2010; Anzidei
et al.,, 2011; Toker et al., 2012), as does a recently published 2 ka-
long record of RSL change from northwest Scotland based on salt
marsh data (Barlow et al., 2014). Lambeck and Purcell (2005) also
suggest, from evidence in the Mediterranean, that the eustatic
contribution ended at around 3 ka cal BP and Lambeck et al. (2014)
indicate that eustasy was within 0.5 m of present by 3 ka cal BP,
both of which agree with our observations from Seychelles. Sea-
level data from microatolls on Christmas Island in the Pacific re-
cord no oscillations greater than 0.25 m since 5 ka cal BP although
this location does not closely track eustasy and requires a metre-
scale GIA correction in the late Holocene (Woodroffe et al., 2012).

These observations indicate that the polar ice sheets, notably
Greenland and Antarctica, must have been relatively “stable”
during at least the last 2 ka in terms of their combined contri-
bution to eustatic sea level. As discussed above, Greenland likely
gained a modest amount of mass during the neoglacial period,
reaching close to its Holocene maximum extent at the end of the
Little Ice Age and with a modelled draw-down of less than c.
0.2 m during the last few thousand years (Simpson et al., 2009;
Lecavalier et al., 2014). The late Holocene ice mass history of
Antarctica is, compared to Greenland, poorly constrained with
considerable uncertainty. Palaeoclimate data from a range of
proxies suggests that there was a period of late Holocene warmth
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from between c. 4—2 ka cal BP (e.g. Bentley et al., 2009; Sterken
et al.,, 2012; Hodgson and Bentley, 2013), which coincided with
a peak in late Holocene austral annual insolation (Marcott et al.,
2013). This warmth appears to have ended around 2 ka cal BP.
There is also some evidence that at least parts of Antarctica have
melted throughout the Holocene, with melt continuing in Marie
Byrd Land until at least c. 2400 cal yr BP (Stone et al., 2003),
which fits with the period of late Holocene warmth reconstructed
from palaeoclimate proxies. Considering evidence from
Greenland and Antarctica there is currently no suggestion from
geological archives that either ice sheets lost significant mass in
the last 2 ka (in the range of 1—2 m eustatic contribution) or
fluctuated in mass by this magnitude. From our far-field sea-level
analysis it would seem that eustasy has been relatively insensi-
tive to climate fluctuations during the pre-industrial part of the
last 2 ka.

To improve RSL and eustatic sea-level reconstructions in
Seychelles requires new RSL data from the mangroves on Mahé
(with improved dating control) and alternative proxies from this
area, such as coral microatolls that have small vertical uncertainties
(e.g. Woodroffe et al., 2012). It would be especially helpful to fill the
current data gap between the youngest cored coral and the oldest
mangrove index points to pinpoint better when eustatic sea level
first came within —1.5 m of present. Even with additional data it
will, however, be challenging to produce RSL reconstructions with
sufficient precision to fully discriminate between the two ice
models considered in this paper.

In a wider context, more late Holocene sea-level data from the
western Indian Ocean region using high resolution indicators
would also help to characterise the impact of water mass distri-
bution caused by changes in atmospheric and ocean circulation due
to the El Nino Southern Oscillation, Indian Ocean Dipole and
Asian—Australian monsoon on decadal-centennial sea-level trends
(Church et al., 2006). This would allow us to further refine the
eustatic function in these RSL records.

6. Conclusions

This study was designed to provide precise estimates of globally
integrated ice sheet melt during the late Holocene from a location
where the necessary GIA correction is small and relatively insen-
sitive to predictions using different earth viscosity profiles (Milne
and Mitrovica, 2008). Using a combination of mangrove sedi-
ments and coastal geomorphology on Mahé, Seychelles, we have
extended the existing coral-based RSL record into the late Holocene
and provided new constraints on eustasy during this period. These
constraints include uncertainty associated with both model pa-
rameters (ice and earth model viscosity structure) and the sea-level
reconstructions. In this case, the latter dominate the eustasy
estimates.

Our main conclusions are:

1. Seychelles is well situated for investigating globally integrated
ice-sheet melt because of its location in the far field in a region
that is modelled to closely track eustasy during the late Holo-
cene, and because of its relative tectonic stability. There are
coastal environments around the main granitic islands, partic-
ularly on Mahé, which preserve evidence of RSL changes
through much of the Holocene.

2. Existing coral data suggest that RSL rose continually through the
early to mid Holocene, and reached close to present by c.
3.7 ka cal BP, although the error terms on these reconstructions
are large (+3—4 m).

3. Plateau deposits of carbonate-rich sand at Barbarons on the
west coast of Mahé formed in the last 2 ka and the horizontal

surface topography of these deposits suggests RSL stability
during this time.

4, Extant and reclaimed mangrove sediments are preserved
behind the plateau and in river mouths around Mahé. These
deposits formed since c. 2—1.5 ka BP and indicate that RSL was
between —2 m and present during this period. Down-profile
contamination by younger carbon of unknown provenance
makes development of “C chronologies from these deposits
difficult.

5. The overall pattern of GIA-corrected (eustatic) sea level on Mahé
is one of sea level rise through the early and mid Holocene,
reaching within c. —2 m of present in the late Holocene. The
exact date when sea level first reached within —2 m of present is
sometime between 3.7 and 2 kacal BP. Eustatic sea level
remained within —2 m of present after this time and has not
risen more than a few decimetres above present during the last
2 ka. This result adds support to the eustatic function in EUST3
which includes 1.5 m of melt since 4 ka cal BP, rather than that of
ICE-5G which assumes that eustatic sea level reached present by
4 ka cal BP.

6. Using all lines of RSL evidence currently available from Mahé we
suggest that the eustatic contribution during the last 2 ka has
been negligible. That this conclusion is drawn from a tectoni-
cally stable, far-field region that is relatively insensitive to earth
and ice model uncertainties adds weight to geological obser-
vations from the polar ice sheets that suggest that they lost
limited mass to the oceans during the last 2 ka. This implies that
global eustasy has been relatively insensitive to climate fluctu-
ations during the pre-industrial part of the last 2 ka
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