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Abstract

The export of neritic material from the top of carbonate platforms is a key process
in the construction of their slopes. However, our knowledge of the supply pat-
tern of materials from platforms is dominantly based on platforms lying in the
euphotic zone during the present sea-level highstand. This is a somewhat biased
perspective as through geological time not all platforms were euphotic. The Saya
de Malha Bank in the Mascarene Plateau is an example of a modern mesophotic
carbonate platform, and as such, its flooding and export patterns differ from those
of euphotic ones. Using cores collected on the western slope of the Saya de Malha
Bank, the export patterns of the platform since the last glacial maximum were
explored. Material on the platform edge is winnowed and transported to the slope
by multiple possible processes. The material on the platform is a combination of
high and low magnesium calcite as well as high and low strontium aragonite,
integrating pelagic and neritic sources. The ratio of these constituents varies over
time with changes in the platform production capability as it was flooded and
drowned during the Holocene transgression. The material from the platform is
transported in both confined flows, mainly during lowstands, and unconfined
flows, mainly during late transgression and early highstand. In the present state
of the highstand, supply may have diminished, leading to erosion of the canyon
shoulders.
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1 | INTRODUCTION

The deposits accumulated on the flanks of tropical car-
bonate platforms (T-factory sensu Schlager, 2003) are
important palaeoclimate and palaeoceanographic record-
ers. These periplatform deposits consist of pelagic mate-
rial from the water column and neritic material from the
shallow-water areas on top of the platform. The supply
of neritic carbonate has a unique fingerprint, as it is rich
in high strontium aragonite (HSA) and high magnesium
calcite (HMC), and carries a unique carbon isotope signal
(Bialik, Reolid, et al., 2020; Schlager et al., 1994; Swart
et al., 2019). These features in turn can be reflected in
the observed patterns in the rock record as variations in
exported HSA and HMC may impact the lithified product
through differential diagenesis (Nohl et al., 2018, 2021).
The supply of this neritic material is considered to occur
predominantly during periods of sea-level highstand,
when the platform top is flooded. Resulting deposits
bear sea-level controlled variations in aragonite abun-
dance described as ‘aragonite cycles’ (Droxler et al., 1983;
Reijmer et al., 1988; Rendle et al., 2000; Reuning
et al., 2006). These mineralogical variations can be iden-
tified in recent calcareous sediments such as those of the
Bahamas and Belize (Boardman et al., 1986; Gischler
& Zingeler, 2002) and the Great Barrier Reef (GBR;
Dunbar & Dickens, 2003). Some aragonite and HMC are
lost to dissolution early in the diagenetic process (Dix &
Mullins, 1988a, 1988b; Sulpis et al., 2021, 2022; Swart &
Guzikowski, 1988), but in the most recent deposits, the
different carbonate minerals remain mostly preserved.
Dissolution, however, increases porewater alkalinity
and preserves the bulk carbonate mineralogy of the sed-
iment, even beneath their lysocline (Sulpis et al., 2022).
In deeper burial and geological timescales, the residual
aragonite and HMC recrystallise into the more thermo-
dynamically stable low magnesium calcite (LMC; Budd &
Hiatt, 1993; Fantle & DePaolo, 2007; Melim et al., 2002).
This transformation is apparent in most deep cores of car-
bonate platforms (Betzler et al., 2017; Eberli et al., 1997,
Shipboard Scientific Party, 1997), but is not apparent near
the surface. The aragonite on the slope may be neritic
HSA or pelagic low strontium aragonite (LSA; Boardman
et al., 1986), but the effect on the recrystallisation of ara-
gonite type has not been noted (Dix & Mullins, 1988a,
1988b; Mullins et al., 1985).

Export of HSA and HMC has been demonstrated in
many modern active carbonate platforms with a wide ac-
tive euphotic production area (Alonso-Garcia et al., 2024;
Betzler et al.,, 2016; Counts et al., 2019; Dunbar &
Dickens, 2003; Eberli et al., 1997; Lantzsch et al., 2007;
Rendle et al., 2000; Slowey et al., 2002). But less is known
about this response on the margins of drowned platforms,

that is, carbonate platforms with a top located predomi-
nately below the euphotic depth. These platforms, cur-
rently dominantly mesophotic (ca 30-150m water depth,
where light is still available but less than ca 1% of the lev-
els in euphotic depths) to aphotic (>ca 150 m water depth,
effectively devoid of light), would theoretically see their
euphotic production area increase during a lower sea level
state, with parts possibly remaining submerged even in
peak lowstand. With higher total production, the potential
for export would then increase during lowstand. Shallow
flat-topped platforms such as the Bahamas, on the other
hand, saw most of their euphotic production area emer-
gent above sea level during glacial times. The impact of
these emersions was significant in the short term; it is
estimated that around 80% of reef areas were lost due to
exposure during the glacial maximum (Kleypas, 1997)—
further decreasing the export potential even during the
transgression. Given that mesophotic carbonate produc-
tion is a potentially under accounted major carbonate
production area (Amado-Filho et al., 2012), understand-
ing the fate of the inorganic carbon produced by them has
major implications for our understanding of the ocean's
alkalinity budget.

This work aims to test neritic production export
through sea-level lowstand and highstand periods from
drowned platforms and the modes of off-platform trans-
port. The target area selected is the drowned Saya de
Malha platform in the western Indian Ocean. The Saya
de Malha Bank (SMB) was investigated by expedition
S0270 of the German research vessel RV SONNE in 2019
(Lindhorst et al., 2019), which collected sediment cores on
the western (lee side) slope of the platform. Previous stud-
ies concentrated on the factors influencing the overall car-
bonate production (Betzler et al., 2021) and the large-scale
drowning process (Betzler et al., 2023). The aim here is to
build on top of that existing knowledge and explore the
export patterns from the SMB as a model for mesophotic
carbonate platforms.

2 | GEOLOGICAL SETTING

Located in the Western Indian Ocean between the
Seychelles (4°S) and Mauritius (20°S), the Mascarene
Plateau (Figure 1A) is the world's second largest iso-
lated carbonate platform (about 104,aa510km?), with the
Great Bahamas Bank being the first. It formed since the
Eocene on top of the aseismic Mascarene Ridge, which
is genetically linked to the Réunion hotspot (Duncan
& Hargraves, 1990; Meyerhoff & Kamen-Kaye, 1981).
Geodynamically, the plateau basement represents a
faulted composite arc comprising micro-continent blocks
and volcanic structures (Fisher et al., 1967). The SMB
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FIGURE 1 Location, structure

and oceanography of the SMB. (A)
ETOPO Global Relief Model (Amante

& Eakins, 2009) bathymetric map of the
Mascarene Plateau and surrounding
region with main oceanographic elements
(Betzler et al., 2021; New et al., 2005). (B)
Section across the Saya de Malha Bank
(see (A) for location) with position of core
GC59. AAIW, Antarctic intermediate
water; ITW, Indonesian throughflow;
NEMC, north-east Madagascar current;
SEC, south equatorial current; SEMC,
south-east Madagascar current; UCDW,
upper circumpolar deep water.
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is the largest of the nine carbonate banks that form the
Mascarene Plateau. First described by the Percy Sladen
Trust Expedition in 1905 (Rathbun, 1911), the sea floor of
the SMB was sampled and mapped in detail by Soviet fish-
ery surveys in the 1960s (Travin, 1968) and 1980s (Fedorov
et al., 1980). The bank hosts a shallow submerged ring reef
(8 m deep in the shallowest part, and located at an average
water depth of 40 m) open to the south, a shallow lagoon
(40-100m), a deep lagoon (100-200m) and an attached
limestone plateau to the south in deeper waters (Betzler
et al., 2021, 2023; Fedorov et al., 1980; Vortsepneva, 2008).
While mapping is still limited, based on available data the
mean depth of the platform top is around 120m below
present sea level. Following the drowning of a larger an-
cient platform, the modern top of SMB is located in the
mesophotic depth-range and below (Betzler et al., 2021,
2023). The resulting bathymetry, from east (windward)
to west (leeward) is a steep margin, followed by a narrow
plateau and declining reef terraces; a basin in the centre of
the bank; continuing west shallower parts are followed by
an extended gentler slope (Figure 1B).

The Mascarene Plateau is bathed by the South Equatorial
Current (SEC, Figure 1A) that splits and bends around the
platforms (New et al., 2005). At the surface, the SEC passes
across the SMB from east to west. The surface waters are
nutrient-poor, tropical surface waters, which transition to
less oxygenated and more nutrient-rich water across the me-
sophotic zone (Betzler et al., 2021; Lindhorst et al., 2019).

3 | METHODS

3.1 | Data collection and sampling

All data and samples were collected as part of expedition
SO270 aboard RV SONNE in September-October 2019
(Lindhorst et al., 2019). Bathymetric data were acquired
using the hull-mounted Kongsberg EM122 multibeam
systems of RV SONNE at a cruising speed of 5.5-8 km
over ground. Equidistant beam spacing and dual swath
mode were used for all lines, and transmit fans were sta-
bilised for roll, pitch and yaw. Sound-velocity profiles and
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salinity profiles of the water column were obtained from
conductivity-temperature-depth probe measurements
and by using XSV-02 probes (Lockheed Martin, Sippican
Inc.). The software Qimera (QPS software) was used for
onboard processing of multibeam data. All bathymetric
data were corrected for astronomical tides.

Sub-bottom profiles were recorded using the ship
hull-mounted parametric sediment echosounder, Atlas
Parasound PS70 (Teledyne RESON GmbH). The sys-
tem makes use of the parametric effect caused by the
interference of the two frequencies in the water column
(Westervelt, 1963). The desired primary high frequency
was 18 kHz, the secondary low frequency was 4kHz. The
PS70 was operated in single pulse mode with a transducer
voltage of 100-120V. For processing, data were converted
to SEG-Y format using the tool ps32segy (Hanno Keil,
University of Bremen, Germany). Data processing was
done using the software ReflexW (Sandmeier Software)
and comprises data editing, compensation for trace header
delay, gain adjustment (using automatic gain control) and
along-profile amplitude normalisation. Time-depth con-
version of Parasound data was done with a standard sound
velocity of 1500ms ™" for unconsolidated sediments.

Sediment core localities were selected based on sea floor
mapping and sub-sea floor (Lindhorst et al., 2019). Box
cores were collected across the entire platform (Figure 2).
Three gravity cores were also taken: gravity core SO270_059-
5GC (60.0414°E/10.9257°S, recovery 5.46m) was recov-
ered from a water depth of 2506 mbsl on the western
slope of the SMB (Figures 1B and 3A); cores SO270_063-
3GC (60.1662°E/10.8329°S, 697 mbsl, recovery 4.6m) and
S0O270_064-5GC (60.1703°E/10.8491°S, 1275 mbsl, recov-
ery 4.3m) were collected from further upslope (Figure 3A).
The surface sediments were also retrieved at gravity core
localities using a box corer (Lindhorst et al., 2019; Betzler
et al., 2023). All cores consist of unlithified sediment and
were split and described on-board. Textural classification
follows the Dunham (1962) nomenclature. Downcore sed-
iment colour and reflectivity (L*) were measured each cen-
timetre using a handheld Konica Minolta CM-700d colour
scanner. Colour scan data were calibrated and processed
using the software SpectraMagic NX pro. Cores were sam-
pled each 1cm for grain size analysis and each 10cm for
carbonate mineralogy and stable isotope analysis. Depth
downcore is reported as metres below sea floor (msbf) or
centimetres below sea floor (cmbsf).

3.2 | Sediment sample analysis

X-ray diffraction (XRD) analysis was carried out at the
University of Haifa (Israel) using a Rigaku MiniFlex 600
benchtop XRD with a Cu source at 30kV/10mA from 3°
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FIGURE 2 Bathymetric map of the SMB platform (GEBCO)
showing the location of box cores analysed for surface mineralogy
(Table 1) and other cores discussed in the text. The frame shows the
location of Figure 3. Line indicates the location of the Parasound
line shown in Figure 11B.

to 70°, in 0.05° increments by point detector. Due to the
very high carbonate content, only the relative ratio of the
carbonate fractions (Aragonite, HMC, LMC) was deter-
mined. Analysis was carried out on surface samples from
boxcores as well as every 5cm along core SO270_059-5GC.
Fractions were calculated following the relative intensity
ratio method (Hubbard & Snyder, 1988) with Rigaku
PDXL software with values taken from the PDF2 database
(International Centre for Diffraction Data).

Grain-size distributions were determined at the
University of Hamburg (Germany) using a laser-
diffraction particle-sizer (Sympatec HELOS/KF Magic;
range 0.5-3200pum, 32 grain-size classes, particle sizes
0.5-18 pum accumulated in the first class). Prior to mea-
surement, bulk samples (1.5cm? each) were suspended
in water using tetra-sodium diphosphate decahydrate as
a dispersing agent. To ensure accuracy of measurements,
an in-house grain-size standard was measured daily (stan-
dard deviation <3.3pum). Grain-size statistics are based
on the graphical method (Folk & Ward, 1957), calculated
using Gradistat (Blott & Pye, 2001).

Cores SO270_059-5GC (2506 mbsl) and SO270_063-
3GC (697 mbsl) were sampled every 10cm; samples
were freeze dried and wet-sieved. For stable isotope
analyses, 12 specimens of the planktonic foraminifer
Globigerinoides ruber were selected from the size frac-
tion >250 pm. Stable isotope measurements were done
with a Finnigan MAT 253 mass spectrometer cou-
pled with a Carbo-Kiel IV device for CO, preparation
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FIGURE 3 Detailed multibeam bathymetry of the mapped portion on the western slope of the SMB. (A) Shaded relief bathymetric map
showing the locations of cores GC59, GC63 and GC64 as well as box cores BC62, BC69 and BC70. (B) Roughness attribute of the map shown
in (A) with indicators for specific bathymetric features. Roughness is the degree of irregularity of the surface and is calculated by the largest

inter-cell difference of a central pixel and its surrounding cell.

from carbonate samples at the Leibniz Laboratory for
Radiometric Dating and Stable Isotope Research at
the Christian-Albrechts-University (Kiel, Germany).
Accuracy of stable isotope measurements is reported by
the laboratory to be better than +0.08%. for oxygen iso-
topes and better than +0.05%. for carbon isotopes. Data
on grain size, stable isotopes and carbonate mineralogy
is included as supplement 1 (available online as part of:
10.6084/m9.figshare.20000396).

3.3 | X-ray fluorescence core scanning

Cores SO270-59-5GC, SO270_063-3GC and S0O270_064-
5GC were XRF scanned at the X-ray florescence (XRF)
Core Scanner laboratory at MARUM (Bremen, Germany)
using an AVAATECH series 2 core scanner with an
Oxford Instruments XTF5011 X-Ray Tube 93057 and a
Canberra X-PIPS Silicon Drift Detector (SDD; Model SXD
15C-150-500). Scans were carried out at 1 cm resolution at
30kV/1.0mA and 10kV/0.15mA, both with 10s integra-
tion time. Following data quality check of processed data
Br, Sr, Ca, Fe and Si were determined to be reliable. The
Sr/Ca ratio is considered here as a proxy for the flux of
neritic sources HSA (Bialik, Reolid, et al., 2020; Boardman
et al., 1986; Counts et al., 2019; Milliman et al., 1993); the
Si/Fe ratio as a proxy for the flux of biogenic silica (Bialik,

Reolid, et al., 2020), consisting of diatoms, radiolarian and
sponge spicules—the former two being a product of higher
nutrient states, with implicit planktonic productivity; the
Br/Ca ratio serves as a proxy for the primary productivity
and the organic flux (Caley et al., 2011; Ren et al., 2009);
and the Fe/Ca ratio is seen as a proxy for terrestrial flux.
All XRF data are included as Supplement 2 (available on-
line as part of: 10.6084/m9.figshare.20000396.v1).

3.4 | 'C ages and age estimation

Absolute sediment ages were constrained using calibrated
4C ages (see Supplement 3: 10.6084/m9.figchare.20000
396.v1) measured on foraminifer tests. Measurements
were done by Beta Analytics (Florida, USA) and calibration
was carried out using OxCal (v 4.4; University of Oxford)
and the Marine20 calibration curve (Heaton et al., 2020).
Marine reservoir corrections in the south-eastern Indian
Ocean strongly vary with water masses. Local reservoir
ages (AR) from pre-bomb bivalve shells collected on the
Seychelles and Mauritius, for example, vary between ca
—80 and 300years (Southon et al., 2002). Samples used in
this study originate from different water depths and their
local reservoir age is unknown. Due to this uncertainty,
the local reservoir age (dR) is considered to be 0. Three ra-
diocarbon ages were obtained from core SO270_059-5GC
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(abbr. GC59) and two each from S0O270_063-3GC (abbr.
GC63) and SO270_064-5GC (abbr. GC64). In the absence
of any comparable data from the region, extrapolation of
these ages, assuming a modern core top, was carried out
by correlating the oxygen isotope data against the LR04
global stack (Lisiecki & Raymo, 2005; see Supplementary
material). Allowing for offset, the curves exhibit a good
fit for the last 34kyr (r=0.95, p<0.01, n=34). A limited
age model was also generated for GC63. However, an age
reversal in GC64 (possibly due to reworking) did not allow
a robust age model to be established for that core. Given
these limitations, this study focussed on time period rather
than the exact age, as discussed later.

4 | RESULTS AND
INTERPRETATION

4.1 | Seafloor morphology and
sedimentology

Towards the western margin, the SMB retains a low
angle, near flat surface until a water depth of 215-250

mbsl (Figures 1B, 2 and 3A). The edge of the platform is
relatively flat with some platform-edge parallel features.
The sediment size on the platform edge ranged between
medium to coarse sand (BC62, 99 mbsl, Figure 4A,B),
coarse sand (BC70, 87 mbsl, Figure 4C,D) and very coarse
sand to gravel (BC69, 81 mbsl, Figure 4E,F). The sedi-
ment consists of planktonic foraminifera, small and larger
benthic foraminifera (LBF), coralline algae (notably in
BC69 as small rhodoliths), pteropods, octocoral sclerites,
echinoid and bryozoan fragments, as well as sponge and
ascidian spicules in the fine fraction. Traces of Halimeda
were found in BC62 and traces of scleractinian corals were
found in BC69 and BD70.

The surface mineralogy of the platform is dominated
by carbonates comprised of varying amounts of arago-
nite, LMC and HMC (Table 1). Aragonite does not exhibit
any clear water depth dependence across the platform
(Figure 5A). Both the highest and lowest abundance of
aragonite is encountered in shallower water depths. The
high shallow-water aragonite is found in the eastern side
of the platform as the low shallow-depth aragonite occurs
in the western part of the platform. At greater water depth
(>150m), no clear effect of water depth can be discerned.

FIGURE 4 Photographs of the box core surface (overview and close-up) for BC62 (A, B), BC70 (C, D) and BC69 (E, F). Scale card in (A),
(C) and (E) is 5cm. Scale bar shown in (B), (D) and (F) is 1cm. CAN, coralline algae nodule, LBF, larger benthic foraminifera.
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TABLE 1 Location, water depth and mineralogical fraction of the carbonate phase in surface samples across the SMB platform.

%Calcite
Station Long (°E) Lat (°N) Water depth (mbsl) %Aragonite %HMC %LMC (total)
BC12 62.244 —11.095 262.5 43.7 34.6 21.7 56.3
BC13 62.132 —11.093 141.0 48.3 34.1 17.8 51.9
BC14 62.103 —11.092 96.5 52.3 30.3 17.3 47.6
BC15 61.940 —11.089 46.8 25.3 52.0 22.6 74.6
BC16 62.051 —11.099 60.2 28.9 55.2 15.7 70.9
BC17 61.665 —11.084 95.0 35.3 36.4 28.1 64.5
BC18 61.615 —11.082 102.7 46.3 36.0 18.7 54.7
BC19 61.389 —11.078 117.6 34.9 38.2 26.8 65.0
BC20 61.211 —11.074 78.9 28.0 40.1 31.7 71.8
BC36 61.469 —11.612 209.7 37.5 36.7 25.7 62.4
BC38 61.426 —11.694 243.2 38.8 15.0 46.0 61.0
BC40 61.398 —11.737 256.5 31.2 33.2 36.1 69.3
BC45 61.518 —11.523 172.3 31.5 45.8 22.5 68.3
BC46 61.545 —11.475 143.8 38.4 38.7 22.8 61.5
BC47 61.579 —11.415 125.5 42.9 32.6 24.3 56.9
BC48 61.594 —11.388 117.4 45.2 35.4 19.3 54.7
BC49 61.734 —11.140 96.7 41.2 35.7 23.0 58.7
BC53 61.072 —11.072 125.4 324 24.6 42.9 67.5
BC54 60.867 —11.068 139.0 25.1 35.2 39.5 74.7
BC55 60.755 —11.066 61.3 23.2 42.4 34.2 76.6
BC56 60.683 —11.064 74.4 31.2 37.1 31.6 68.7
BC57 60.589 —11.062 34.6 27.1 53.4 19.4 72.8
BC62 60.150 —10.771 99.1 26.7 38.6 34.6 73.2
BC74 60.794 —10.758 117.7 27.4 42.4 30.1 72.5
BC75 61.196 —10.750 126.2 353 23.5 41.0 64.5
BC78 61.814 —-10.737 37.2 46.3 39.6 14.0 53.6
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FIGURE 5 Trends in surface mineralogy along depth of the SMB platform for (A) aragonite, (B) LMC and (C) HMC.

The LMC abundance (Figure 5B) and HMC abundance
(Figure 5C) appear more related to water depth. The
LMC abundance generally increases with water depth,

and HMC decreases. However, while these trends can vi-
sually be discerned, they are not statistically significant.
Geographically, trends are slightly more significant, with
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aragonite correlating more to latitude (r=0.79, p<0.05,
n=27) and HMC more to longitude (r=0.86, p<0.05,
n=27). The northern and eastern regions are also the
shallower parts of the SMB platform, suggesting that pro-
duction may indeed be water depth-dependent but modu-
lated by local distribution patterns.

At depth, the plateau transitions over a wide and well-
defined margin into a canyon-excavated slope, separated
by ridges. The ridges vary in width, from more than 1km
to several tens of metres. The canyon heads are formed
by a narrow and localised catchment; the horizontal span
of the canyons averages 2612+ 844 m (n=24). Tributaries
are funnelled into the main canyons at depths of around
1400-1600 mbsl. Some canyons are detached from the
uppermost platform slope, possibly being abandoned
palaeo-canyons (Figure 3B). Canyon floors are positioned
up to 500m lower as their shoulders and channel mean-
dering is locally present at depths exceeding 2000 mbsl
but it is not a characteristic feature of the system. Canyon
courses are for the most part straight and confined, and
15,671 +£2422m (n=17) long on average. For the most part,
the track of the canyons is perpendicular to the platforms
edge. In some canyons, at a depth of ca 1000 m, the canyon
channel changes direction and bends. This bending is to-
wards the north, at times developing a meandering nature
(Figure 3B). The main channels terminate at water depths
of around 2500-2700 mbsl, where they transfer into low-
relief sedimentary fans that are often amalgamated and
fed by more than one canyon. Core GC59 recovered the
sedimentary succession of a lobe in one of these fans.

The platform slope has a mean inclination of 5.7° in
the slope segments separating the areas excavated by the
canyons (Figure 3B). The elevated, unexcavated portions
of the slope exhibit an irregular surface, formed by local
drainless depressions with a steep upslope termination
and a gentler downslope flank. Steep steps are arcuate in
shape. Core GC63 is located in one of these morphological
depressions, whereas core GC64 was taken from the adja-
cent channel floor (Figure 3A).

Cores GC59, GC63 and GC64 capture the main dep-
ositional settings on the western slope of the SMB. The
sediment of all three cores (Figure 6) is rich in carbonate
in the size fraction <63 pm (i.e., fine). The sediment hosts
foraminifera (dominantly planktonic) and pteropods in its
sandy and coarser grained fractions. In core GC64 (can-
yon head), sandy layers are present, and the sand fraction
(63 pm to 2mm) is dominant in some intervals. Whereas
in core GC63 (canyon shoulder), fine-grained hemipelagic
material prevails. Core GC59 (basin lobe) exhibits a mix-
ture of these two modes.

Down to 3.6 mbsf the core GC59 is a packstone
with sand-sized bioclasts being more dominant be-
tween 1.8 and 2.7 mbsf, with mudstone-wackestone and

wackestone-packstone intervals between 1.4 and 1.8 mbsf
and about 2.2-2.4 mbsf, respectively. Between 0.1 and 0.2
mbsf and around 1.0 mbsf grainstone intervals with radi-
olarians are present. Radiolarians were also found at 2.2
mbsf associated with a coarser-grained interval. While vi-
sually, the sediment appears as a grainstone to packstone,
between 2.4 and 2.8 mbsf, the fine fraction increases,
and fines dominance persists from 2.8 to 3.6 mbsf. From
about 3.6 mbsf, the sediment texture becomes dominantly
wackestone to wackestone-packstone. At 1 and 2.20 mbsf,
some red algal debris is present. Additionally, bivalves,
gastropods, LBF, octocoral sclerites, echinoids, sponge
and ascidian spicules were found in the upper part sam-
pled by the box core.

Texture wise, sediment recovered by core GC63 (can-
yon shoulder) is a packstone until about 4 mbsf, and
through this interval, the sand fraction decreases. The
sand fraction increases again near the base of the core and
packing becomes less dense. The sediment is consistently
rich in carbonate mud, with the fine fraction never below
30% and being for the most part higher than 50%. The
coarser material found near the base of the core consists
of partially cemented unidentified allochems and ptero-
pods. Additionally, bivalves, gastropods, octocoral scler-
ites, echinoids, bryozoans, serpulid fragments and sponge
and ascidian spicules were found in the upper part sam-
pled by the box core.

The top 10cm of core GC64 (canyon head) is a float-
stone with a few large pteropods. Further down to a
depth of 2 mbsf, the sediment is a wackestone with the
fines content increasing downcore. Between 2 and 3 mbsf,
the coarser fraction increases, and the sediment texture
transfers to a packstone. A grainstone is present between
2.60 and 2.75mbsf, hosting radiolarians, as well as gas-
tropod, red algal and bryozoan fragments. These coarser
grains become dominant in some samples, which are free
of fines. Below 3 mbsf, the fine fraction becomes more
dominant, and the sediment texture is a wackestone ex-
cept for two packstone intervals between 3.4 and 3.7 mbsf.
Additionally, bivalves, gastropods, LBF, octocoral scler-
ites, echinoids, sponge spicules, serpulid and Halimeda
fragments were found in the upper part sampled by the
box core.

4.2 | Sedimentary intervals

Core GC59 (see supplement for age model) is divided into
five main sedimentary intervals labelled from 1 (young-
est) to 5 (oldest). Interval (1) spans the period covering
the end of the African Humid period (AHP) to the pre-
sent (Figures 6, 7 and 8); (2) the AHP itself (ca 15.5-6.5
kyr, ca 0.69 mbsf); (3) the period between the last glacial
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FIGURE 6 Columnar sections of core GC59, GC63 and GC64, showing texture, core photographs and grain size fraction for each core.
Radiocarbon ages are noted by arrows with the 13.9 isochron traced between the cores. Legend indicates the grain size (GS) fraction shown
next to each core. Note that the texture column on the right refers to visual description of the cut surface of the core and the grain size only

to the size fraction in a 1cm® subsample.

maximum (LGM) lowstand and the beginning of the
AHP at ca 15.5 kyr (ca 1.87 mbsf); (4) the period of the
LGM lowstand (ca 26.5-19.5 kyr BP, ca 2.55 mbsf); and
(5) the period from the base of the core (ca 34 kyr BP) to
the beginning of the LGM lowstand at ca 26.5 kyr BP (ca
4.35 mbsf). These are delineated here based on sedimen-
tological parameters as well as variations in geochemical
properties which allow for correlation between the cores
(Figure 6, see text below for details on the characterisa-
tion of each interval). With '*C ages used as secondary
constraints.

4.3 |
5GC

Detailed analysis of core SO270_059-

The Ds, (Figure 7A) coarsens to a maximum in Interval
3, with a few spikes also present in intervals 2 and 4.
Lightness value (L*, Figure 7B) decreases slightly from
the base of the core to a minimum in Interval 4 and sub-
sequently increases, reaching a maximum in Interval 1.

The carbonate mineral fraction (Figure 7C) remains sta-
ble with LMC being the most abundant form until the
beginning of the AHP at which point both HMC and
aragonite content increase. The HMC content begins to
diminish 7-8 kyr BP and aragonite content decreases
in the immediate aftermath of the AHP at which point
both HMC and aragonite return to their pre-AHP levels.
Oxygen isotope values (Figure 7E) remain relatively sta-
ble (6'®0~—0.5%o) from the base of the core to Interval 3
and subsequently decrease in intervals 3 and 2, stabilising
(6"®0~—1.7%.) around 110 cmbsf and remaining at this
level across Interval 1. Planktonic foraminifer (G. ruber)
carbon isotope values (Figure 7D) remain relatively sta-
ble (6"°C~1.0%0) until about 8 kyr BP before rising and
stabilising on a higher level (§'°C~1.5%0). Three '*C ages
were obtained in the core, ca 3.3+0.2kacal. at 0.5 mbsf,
ca 13.0+0.2kacal. at 1.3 mbsf and ca 26.0+0.3kacal. at
3.8 mbsf.

The Fe/Ca ratio (Figure 8A) remains stable from the
base of the core to the base of Interval 3 and then ex-
hibits increased fluctuations through intervals 2 and 1,
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FIGURE 7 Depth change in bulk 1]
stable isotopes, mineralogy, Lightness A oo|  ca
value, D50 and '*C ages along core GC59.
Note that the spacing of the ages would
suggest a non-linear sedimentation rate.
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with an increase near the top of Interval 2. The Br/Ca
ratio (Figure 8B) remains stable throughout intervals
4 and 5, then exhibits strong oscillation and decreases
to a minimum value in Interval 2, with an increase
in Interval 1. The Si/Fe ratio (Figure 8C) oscillates at
around a mean value of 4.2 +1.0 (n=267) in intervals 4
and 5, then declines to a 2.3 +0.8 (n=>58) in Interval 3
and increases to 3.6+ 1.7 (n=191) in intervals 2 and 1,
exhibiting stronger and shorter oscillation than before.
The Sr/Ca ratio (Figure 8D) increases in two steps, at the
base of Interval 3 marked by high values and spikiness
and again in Interval 2, rising to a more stable baseline
in Interval 1. All elements exhibit a spike between 90
and 97 cmbsf which corresponds to a sand-rich (grain-
stone) interval.

4.4 | Detailed analysis of core
S0270_063-5GC

The D5 is at a minimum value of 20 pm near the base of
Interval 2 (ca 3.75 mbsf) and exhibits a continued increase

100 200 300 400 500
Depth (cmbsf)

since then to a value of 50pm near the top of the core
(Figure 9A). Both Fe/Ca and Br/Ca ratios (Figure 9B,C,
respectively) exhibit a peak near the base of Interval 2 (ca
3.4-4.0 mbsf) followed by a decline. This peak does not
correspond to a minimum in the Ca counts indicating that
it does represent an increase in both Br and Fe. The Fe/Ca
ratio declines onwards whereas the Br/Ca ratio exhibits a
slight increase in Interval 1 (Figure 9C). The Si/Fe ratio
(Figure 9D) exhibits an overall flat baseline, punctuated
by single intervals with very high values, likely the addi-
tion of biogenic silica as no element related to lithogenic
input coincides with them. The Sr/Ca ratio increases from
Interval 3 to Interval 2 (Figure 9E), reaching a plateau in
Interval 2 and diminishes towards the end of this interval
with a trend of continued decrease in Interval 1. Through
both intervals 1 and 2, punctuated events of increased Sr/
Ca ratio are present. They do not appear to represent any
input of coarse material as no corresponding change in
grainsizeis observed. Lightness value decreasesin the tran-
sition from Interval 3 to Interval 2 and then increases to a
maximum at the base of Interval 1 (Figure 9F). Planktonic
foraminifer (G. ruber) carbon isotopes (Figure 9G) exhibit
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| 2 | 3 4 5 | FIGURE 8 Depth change in
ca-13ka ca. 26ka elemental ratios (Sr/Ca, Si/Fe, Br/Ca and
: 35 A Fe/Ca) and *C ages along core GC59.
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an increase in value from ca 2.6 mbsf whereas oxygen
isotopes (Figure 9H) exhibit an ongoing decline through
the entire period. Two '*C values were obtained from core
GC63,yielding ages of ca 5.3 £0.3kacal. at 1.5 mbsfand ca
14.0+0.1kacal. at 3.7 mbsf.

4.5 | Detailed analysis of core
S0270_064-5GC

The Ds, across most of the core has a mean value of
45+10pm (n=402, Figure 10A). This near constant
background level is punctuated by four coarse-grained
events between ca 0.09 and 0.18 mbsf, ca 1.79 and
1.91 mbsf, ca 2.61 and 2.83 mbsf and ca 3.59 and 3.66
mbsf. These spikes consist of sand-sized and gravel-
sized fractions, although the sand fraction makes up
around 37 + 14% (n=421) of the total grains in the core
(Figure 6).

These grain-size patterns are not well reflected in the
geochemical data from the XRF scans (Figure 10). Both
the Fe/Ca (Figure 10B) and Br/Ca (Figure 10C) records
of core GC64 show limited variability. A local minimum
in Si/Fe ratios (Figure 10D) is present between ca 2.1 and

el

500

2.7 mbsf, corresponding partially to the largest grain-size
spike, but the other spikes lack similar patterns. The Sr/
Caratios (Figure 10E) exhibit a generally increasing trend
across the entire core. This trend does not display any re-
lationship to the grain-size spikes, nor to Lightness value
(Figure 10F), showing independent peaks and troughs
that do not correlate to any other record generated for
this core. Two '*C ages were obtained in core GC64, one
at 0.5 mbsf yielding an age of ca 15.1+0.5kacal and ca
13.9+0.5kacal at 3.2 mbsf.

5 | DISCUSSION

5.1 | Delineation of the highstand and
lowstand

Neither the exact age of the top of the cores nor the
reservoir *C time in SMB is known. As such, the exact
ages are difficult to determine in the cores and a rela-
tive timing must be used. Assuming that the top of the
cores is near modern, an argument could be made that
Interval 1 represents the post-AHP and Interval 2 the
AHP. This would be consistent with the plateau in 5'*0
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FIGURE 9 Depth change in Dy, | 2 | 3
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values for Interval 1 in GC59 and would place Interval 1
as the high sea-level state (highstand), whereas intervals
2 and 3 would represent the phase of sea-level rise. The
minimum &'®0 values in Interval 4 would likely mark
it as the LGM, with Interval 5 likely infringing on this
period as well. Consequently, these two intervals likely
mark the low sea-level state (lowstand). In core GC59,
this assumption matches the Sr/Ca trend, which in the
Indian Ocean has been shown to correlate with sea level
(Alonso-Garcia et al., 2024; Bialik, Reolid, et al., 2020;
Counts et al., 2019).

The record in core GC63 is likely younger than 20 kyr
BP (see correlation and ages in Figure 6). However, age

100 200 300 400

Depth (cmbsf)

control before 14kyr (ca 3.7 mbsf) is weak. Unlike GC59,
where oxygen isotopes could be used to help confirm
the age model, in GC63, the interval was too short to fit
in a satisfactory way to the global curve. Age reversal in
core GC64 (Figure 6) similarly limits the discussion. The
13.9ka age at 3.2 mbsf appears more reliable but is insuf-
ficient to build a robust age model, although it allows an
additional shared age datum to be established. Using this
correlation and extending the rationale above, these two
cores record only the phase of sea-level rise and highstand
phases.

Despite these significant uncertainties, on first
order, it appears that the sedimentation rate at the top
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1 | 2 i 3 FIGURE 10 Depth change in Dy,
Coarse grain |ayers 14k and elemental ratios (Sr/Ca, Si/Fe, Br/Ca
/ \ ca a and Fe/Ca), Lightness value and '*C ages
A 1000 - \ | along core GC64.
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of the slope (ridge and canyon head) is nearly twiceas 5.2 | Modes and configuration of
p g Y y

high as the canyon discharge on the plain. Using the = sediment transport

available age and assuming that the core top is mod-

ern, a linear fit rate of ca 0.14 m/kyr would be ascribed = The western slope of the SMB, past the platform edge, con-
to core GC59, ca 0.26 m/kyr to GC63 and ca 0.23m/kyr  sists of two architectural elements: canyons and ridges.
to GC64. The features present on the broader ridges (Figure 3B)
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are proposed to reflect downslope creeping submarine
landslides. Deposits recovered in Core GC63 are primarily
hemipelagic with no indications of mass transport. This
absence may be partially attributed to the location being
upslope and, thus, a position more likely to be eroded
(Pratson et al., 2000). However, the spikes in the Sr/Ca
ratio (Figures 8, 9 and 10), likely indicating the introduc-
tion of neritic high-strontium aragonite (HSA), suggest
the supply of fine-grained material from the platform. The
absence of coarse grains in cores GC63 and GC64 suggests
that the supply of neritic material takes place in uncon-
fined low-energy flows that cannot transport such coarse
material. This fine material is likely winnowed from the
platform. In contrast, in core GC59 at the base of the slope,
Sr/Ca peaks occur both in coarser and finer grain-size in-
tervals (notably coarse grain size in Interval 3), suggesting
also transport by turbidites (possibly localised) as well as
fine fraction transport.

The sediment on the platform edge (Figure 4) is rather
coarse-grained, without a significant fine fraction, pointing
to active, although possibly intermittent, winnowing. The
preservation of pigments in coralline algaes and foramin-
ifera (Figure 4B,D,F) indicates the material in play is, at least
partially, recent. Three possible processes may facilitate this
winnowing: deep storm waves, internal waves and bottom
currents. It is not likely this material is being winnowed
by westbound waters of the SEC, which will be blocked by
the eastern edifice of the platform. However, the SEC is de-
flected northwards in this region (Schott & McCreary, 2001),
allowing for northwards-bound bottom currents. The tropi-
cal Indian Ocean is prone to tropical cyclones, with over 10
significant cyclones making landfall on the south-eastern
African margin per year (Mavume et al., 2010). These cy-
clones come around the SMB from the east and would push
material to the west. However, it is unclear how deep the
associated waves could impact the sea floor. During cyclone
events in the north-western Indian Ocean, the common
wave frequency was measured to be around 0.1 Hz (Sirisha
et al., 2015), which would equate to a wavelength of ca
156 m—and a wave base of ca 78 m. This could be a viable
mechanism to transport fine material to depth through hy-
perpycnal flows (Bialik et al., 2022). But it is not deep enough
to scour the sea floor at a depth exceeding 200m, where the
platform margin resides on the western edge. Individual
waves may impact at that depth, but the effect of such waves
is unclear. Internal waves have been observed on the SMB
and their impact documented (Betzler et al., 2023). They are
impactful at the depth of the platform edge on the west and
can winnow and remobilise sediment. These waves would
originate from the south and propagate northwards along
the edge of the shelf. Elevated flow velocities have been
documented on the western edge of the SMB in comparable
depth (Lindhorst et al., 2019), which may be the propagation

of these internal waves or bottom currents. Currently, it is
not possible to deconvolve these two elements.

Coarse-grained intervals in both the canyon head (core
GC64) and the mouth of the canyon (core GC59) indicate
transport in and into the canyon through high-energy focal
flows. The presence of neritic components (red algae, LBF,
Halimeda) indicates that these sites receive material from
the platform. The supply of neritic material and occurrence
of coarse-grained intervals intercalated with fine-grained
ones suggest transport by episodic mass wasting events,
driven, perhaps, by major tropical storms. It cannot be ex-
cluded that some of this material was eroded from the can-
yon wall and the platform itself, which may be the source of
the older material near the top of core GC64.

The higher sedimentation rate during the sea-level
highstand on the canyon flank relative to the canyon
head suggests that the less-confined transport mode is
common. In this scenario, unconfined flows would lead
to more deposition at the head of the slope rather than
at its base. However, it is not possible to compare high-
stand with lowstand sedimentation rates at the head of
the slope as no core penetrated to that depth. At the base
of the slope (core GC59), the sedimentation rate appears
to be higher in the lowstand. Detachment of a canyon
from its upslope or downslope elements is usually due to
the activity of an adjacent canyon (Figure 3B). The lower
sedimentation rate in the channel and the presence of
coarse-grained material (Figure 6, core GC63) indicates
that transport and winnowing in the conduit continues
during the highstand.

5.3 | Changes in accumulation
patterns and controls

Examining the various variations in the cores, a tempo-
ral pattern of changes in oceanographic conditions and
associated supply of material from the platform emerges,
driven by changes in the platform area and structure
(Figure 11A). During the lowstand (intervals 4 and 5),
neritic export was low as evidenced by both the Sr/Ca
ratio and the lower amount of both aragonite and HMC.
However, the total flux to the toe of the slope was higher.
Lower lightness values and higher levels of both Si/Fe and
Br/Ca ratios (Figures 7 and 8) point to a higher fraction of
pelagic material, possibly promoted by higher dust supply
(Figure 8A). The minimum in lightness values during this
period (presetting less carbonate and more organic mat-
ter/terrestrial material; Poli et al., 2010), similarly support
this interpretation. As no change is observed in the ele-
mental or mineralogical data, the shift was likely in the or-
ganic input ratio to carbonate. Despite that, short intervals
with coarser grain size in Interval 4 (Figure 6) correspond
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to a slight increase in the Sr/Ca ratio (Figure 8D) and
could indicate localised downslope transport events of
neritic material (Figure 12A).

In the transition from the lowstand to sea-level rise
(Interval 3), the exposed land area on the SMB decreased,
leading to an increase in the mesophotic (30-150m) do-
main, however without a clear shift in the size of the eu-
photic domain (Figure 11A). That said, any area would
transition from land first to euphotic and only subse-
quently to mesophotic, with the transition dependent on
the ability of production to keep up with sea-level rise.

With this shift, neritic supply increased as biogenic silica
supply declined. The supply of neritic material downslope
was in pulses and localised, indicated by the strong os-
cillation in grain size, likely indicating sediment gravity
flows. Neritic material was not retained at the head of
the slope, evidenced by the low Sr/Ca ratio in core GC63
(Figure 9F) compared to the base of the slope in core GC59
(Figure 8D). The inconsistency in the Fe/Ca ratio between
the plain (GC59) and the ridge (GC63) could be due to dif-
ferent dispersal patterns, but alternatively could be related
to monsoonal wind intensity and associated dust influx.
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FIGURE 12 Conceptual model for modes of transport along the western slope of the SMB. Dominant channelised transport in (A)

lowstand and more spread and unconfined transport during (B) highstand in sea level.

The SMB is an isolated, open-ocean carbonate platform,
situated far from potential fluvial input (Figure 1A). With
ocean currents from the east, that is, from the open Indian
Ocean, and the westward-directed atmospheric circula-
tion of the trade wind belt, terrestrial input is considered
to be minor and primarily derived from aeolian dust (Léon
& Legrand, 2003). This is in line with the proposed shift
in the mode of climate variability with global warming
from the lowstand (LGM) towards the highstand (Abram
et al., 2020).

That said, the increase in both Br/Ca and Fe/Ca ra-
tios without any depletion in Ca would suggest that pro-
ductivity is paired with dust. Dust can play an important
part in fertilisation of isolated carbonate platforms (Swart
et al., 2014). The dust source is unclear as the winds in the
low latitude Indian Ocean region over the last 20 kyr come
dominantly from the east (Thirumalai et al., 2019), mak-
ing Australia the mostly likely source, although Middle
Eastern dust does reach the region (Kok et al., 2021).
Yet both potential sources are thousands of kilometres
away. The significant transport distance from likely dust
sources suggests the supply was probably highly limited,
and as such, the spatial pattern of atmospheric distribu-
tion might be stochastic, limited to events rather than a
constant supply, and not uniformly spread across the
SMB. Some uncertainties do persist, given the unknown
provenance of the material on the platform, which may
introduce phase lags (Emmermann, 2000; Emmermann
et al., 1999; Sepulcre et al., 2017). This is partially also in-
formed by the 8'°C of the planktonic foraminifera, which
does not appear to exhibit a comparable temporal trend
between the area near the top of the slope and the base of
the slope (Figures 7D and 9G), likely representing spatial
variability in the carbon system. This variability might be
productivity related, but given the low productivity in the

region it is more likely governed by sea surface tempera-
ture (Bemis et al., 2000). This variability within the same
latitude could be driven by limited local upwelling or in-
teractions of different water masses.

During Interval 2, still within the transgressive phase,
the land area on the SMB likely was significantly reduced
(Figure 11A), leading to the expansion of mesophotic
areas first and then of euphotic production areas as the
rate of sea-level change declined (Spratt & Lisiecki, 2016).
This would be a significant contrast with euphotic plat-
forms such as the Bahamas, which were only re-flooded
in the latest stage of the transgression into euphotic pro-
duction mode (Lopez-Gamundi et al., 2022, 2024; Roth
& Reijmer, 2004, 2005). During this period, HMC export
increased significantly as did overall aragonite supply
(Figure 7), with Sr/Ca ratios indicating this aragonite to
be neritic HSA (Figure 8D). The increase is more signifi-
cant at the head of the slope (Figure 9E), which exhibits a
higher Sr/Ca ratio at this time. This increase in the head
of the slope suggests that the supply was not localised to
higher density flows in the canyons. As these events con-
tinued, as evidenced by coarser grained size events at the
base of the slope (Figure 7A), their frequency increased in
Interval 3, which is dominated by coarser grain size events.
However, by the beginning of Interval 2, their frequency
significantly diminished, which suggests a transition to
unconfined flows towards the highstand (Figure 12B), as
the Sr/Ca ratio peaks on the ridge (Figure 8E) and in the
mouth of the canyon (Figure 10E).

Although HMC forms in both the euphotic zone
and the mesophotic zone, the organisms producing it
(notably soft corals and calcareous red algae) are more
common in mesophotic depths (Benayahu et al., 2019;
Grossowicz & Benayahu, 2015; Perrin et al., 1995; Yesson
et al., 2012). The flux of aragonite and HMC suggests that
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supply in the late transgression (Interval 2) was predom-
inantly from the mesophotic zone. The euphotic area on
the SMB reached its apex at the end of the transgression
(Figure 11A). Monsoonal intensity was close to its peak
(between 8 and 6kyr, de Menocal, 2015), correspond-
ing to the apexes of Mediterranean sapropel S1 (Zirks
et al., 2019). This intensification was driven by planetary
insolation and corresponds to stronger winds and evap-
oration in the tropics (Zhao et al., 2005) with maximum
expansion of the ITCZ and monsoonal extension (van
der Lubbe et al., 2021; Ziegler et al., 2010). These climate
changes should correspond to maximum intensity of
the western Indian Ocean jet system and upwelling sys-
tems (Murtugudde et al., 2007; Prell, 1984; Prell & Van
Campo, 1986).

With theinitiation of the highstand (Interval 1), sealevel
nearly reached its current level (Spratt & Lisiecki, 2015).
With this high sea-level state, most of the SMB became
mesophotic (Figure 11A). The rapid increase in sea level
(Figure 11B) likely exceeded the vertical growth rate the
reefs established following the transgression (Betzler
et al., 2023). Limited pre-existing topography elevated to
modern euphotic depth meant that reefs and other build-
ups established on the deep substrate could not keep up.
It is unclear if additional factors, such as upwelling or
turbidity, were at play during this critical time. If they
were, it is possible they would also suppress the growth
rate resulting in limited keep up over larger regions. As
aragonite content in core GC59 diminishes in the high-
stand (Figure 7C), the Sr/Ca ratio does not (Figure 8G),
suggesting that the decline was mainly in LSA from pe-
lagic sources. The lightness value of core GC59 decreases
during this period, indicating an overall decline in the car-
bonate content, also visible to a lesser extent in the two
other cores (Figures 9F and 10F). Dust indicators also
diminish (Figure 8A). Dilution by organic matter, which
would correspond to some increase in nutrients, would
explain the shift in lightness value. Likely, there also was a
shift in the mode of aragonite supply as the Sr/Ca ratio de-
creased at the head of the slope (Figure 9E) and increased
in the canyon (Figure 10E), possibly due to diminishing
aragonite in the fine fraction. This change may indicate
more reworking of material from the canyon walls at this
time or possibly localised transport of reworked material
from the platform itself due to a change in the current bot-
tom regime, intensity or interactions with internal waves.
The combined effect would suggest a reduction in more
recent sediment supply from the platform at that time.
This decrease may have several reasons, including dimin-
ishing production with the transition to mesophotic com-
munities, the weakening of storms in the aftermath of the
AHP, reduced interaction with the SEC at depth or other
some shift in nutrient inputs.

5.4 | Controls and implications

The western Indian Ocean has seen fundamental shifts in
its oceanographic controls over geological time scales, gov-
erned by climate and atmospheric configuration (Betzler
et al., 2016; Bialik, Auer, et al., 2020; Gourlan et al., 2008).
Within the Pleistocene to Holocene, atmospheric, oce-
anic and sea-level changes have had a fundamental sway.
Their influence is most notably reflected in the export and
distribution patterns of sediment derived from carbonate
platforms (Betzler et al., 2013, 2015; Counts et al., 2021;
Jorry et al., 2016, 2020; Paul et al., 2012). The compli-
cated relationships among controlling factors are evident
in the SMB. In euphotic platforms, downslope supply is
dominated by winnowing of the platform top during high-
stands (Counts et al., 2019; Schlager et al., 1994). The case
in the SMB, however, is more complicated with the transi-
tion from deeper currents at the base of the platform dur-
ing the lowstand, increase in focussed supply during the
sea-level rise, s.h. the transgression and finally highstand
shedding. The significant span of a deeper water region
on the SMB allows for persistent euphotic and mesophotic
production through the entire glacial cycle, being most
abundant in the late transgression rather than during
the highstand (Figure 11). The SMB continued to export
aragonite despite the significant reduction in the euphotic
area with the transition to the highstand, suggesting that
dominant factories have shifted along that transition. It
is not entirely clear why neritic carbonate production did
not keep up with sea level during the transgression.

5.5 | Platform morphology, sea
level and drowning

Large differences exist between sediment production and
export patterns when comparing the SMB with other large-
scale carbonate platforms, for example, the Bahamas (eu-
photic), the Maldives (mixed euphotic mesophotic) and
the GBR (mixed euphotic mesophotic). This difference, to
a large extent, depends on a series of interacting factors:
(i) the pre-existing morphology that was reflooded dur-
ing the last glacial-interglacial transition, (ii) the rate of
sea-level rise, (iii) the time needed to repopulate the newly
flooded carbonate platform areas, (iv) changes in current
patterns over time and (v) changing climate conditions
(temperature, wind, waves, water turbulence, dust input)
associated with the glacial-interglacial transition. Hence,
the interaction between the carbonate platform morphol-
ogy that was reflooded, and all other factors acting at dif-
ferent times ultimately determine the time needed for the
carbonate platform to re-establish significant carbonate
production again. It is this interplay of various factors that
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is expressed in the difference in sediment export pattern
when comparing the SMB with the other large-scale car-
bonate platforms.

The present-day morphology of the SMB, with its deep-
ened margins, differs significantly from the present topog-
raphies of the Bahamas, the Maldives and the GBR. The
present-day Bahamian carbonate platform is marked by
a shallow-water edge surrounding a deeper lagoon with
varying water depths (Carew et al., 1997). Numerous in-
lets connect the inner platform with the surrounding open
ocean. The transition from the platform to the slope is at
the northern slope of Little Bahama Bank, marked by two
pronounced escarpments at 70 and 120m water depth
(Mulder et al., 2017; Rankey & Doolittle, 2012; Tournadour
et al., 2017), as for the slope of Tongue of the Ocean
(Grammer et al., 1999; Grammer & Ginsburg, 1992) and
the western Great Bahama Bank (Rendle & Reijmer, 2002;
Wilber et al., 1990) a 3-10° slope connects the shallow-
water platform margin with a slope break at 55-65m, suc-
ceeded by a steep cliff down to 140-180 m water depth.

In the Maldives, a similar platform edge to slope mor-
phology is present. The inner platform is significantly
deeper reaching water depths of 90 m marking the typical
atoll shape (Betzler et al., 2015; Gischler, 2006). A series
of submarine terraces are present between 55 and 122m
water depth at North Ari (Fiirstenau et al., 2010). In mul-
tiple atolls in the Maldives, terraces with varying lateral
extensions have been identified between 33 and 106.5m
water depth (Rovere et al., 2018), with a distinct slope
break at ca 120 m water depth. It is important to note that
such terraces do not represent a clear global signal. A com-
parison with other submerged reef terraces from various
locations across the globe (Rovere et al., 2018, their fig. 9)
reveal that there is no consistent global pattern because of
uncertainties regarding the impact of tectonic processes
and glacio-hydro isostatic adjustments.

For the GBR shelf edge, Ribbon Reef offers a good
case study. The outer shelf connected to the continental
slope extends to a steep shelf break between about 70 and
100m water depth (Abbey et al., 2011; Puga-Bernabéu
etal., 2011). At this shelf-break, the slope gradient changes
from <5° to >20°. At the southern Noggin region (Abbey
et al., 2011; Puga-Bernabéu et al., 2013), the shelf-break is
positioned at 102-109 m water depth. The <1000 to 7000 m
wide upper slope is gently inclined (<2.5°) and transfers to
about a 9° inclined upper slope at 250-300 m water depth.

Hence, the overall platform edge morphology profiles
for the Bahamas, the Maldives and the GBR all demon-
strate a large variety when compared to the SMB, and thus
other factors must have played a role why the Bahamas,
the Maldives and the GBR still have a significant active
light (photozoan)-dominated carbonate platform. Such
settings are manifested by reef communities with corals,

red algae, green algae, sponges, microbial mats, benthic
foraminifera, echinoderms and non-skeletal components,
for example, pellets and ooids, although the latter have a
clear microbial aspect dominating their growth. Similar
reef communities are present at the Maldives and GBR.

The SMB, however, displays a mesophotic assemblage
(Betzler et al., 2021, 2023; Lindhorst et al., 2019) as the
platform apparently failed to catch up with rising sea
level. Hence, no photozoan assembly was established that
could catch up with the sea-level rise to reach the euphotic
zone. Such an assemblage can be forced by multiple fac-
tors including depth, turbidity and nutrients to name a
few, which govern the mode of metabolic energy availabil-
ity (Bialik et al., 2023). Moreover, a certain lag-time exists
between the re-flooding of the platform and the renewed
start-up of carbonate production, as also demonstrated
by differences in the timing of changes in the oxygen sta-
ble isotope curve and fluctuations in carbonate sediment
production during the glacial-interglacial transition as
the community becomes re-established (Emmermann
et al., 1999; Sepulcre et al., 2017). The variable probability
function of larval dispersal in the western Indian Ocean
may farther play into this lag in this region (Vogt-Vincent
et al., 2023).

That the SMB displays a different response to the last
glacial-interglacial transition might be because sea-level
pulses in the Indian Ocean (Camoin et al., 2004; Zinke
et al., 2003) during the transgression did not match with
the availability of platform surfaces within the euphotic
zone that could be repopulated. A similar scenario was
discussed for the southernmost reefs in the Pacific (Lord
Howe Island and Balls Pyramid in the Tasman Sea) in
which the antecedent topography was the essential param-
eter (Woodroffe et al., 2023). It was suggested that the max-
imum growth rate of a euphotic reef is around 12.5mm/
year (Bosscher & Schlager, 1992), the maximum rate of
sea-level rise during the Holocene transgression in the
region may have been around 19 mm/year between 11.6
and 9.6 kyr cal BP (Camoin et al., 2004; Zinke et al., 2003),
strongly suggesting accumulation could not have kept up.
Global compilations (Spratt & Lisiecki, 2016) also sug-
gest periods (notably between 12 and ca 14.5 kyr) where
the rate of sea-level rise exceeded 15mm/year. Yet here
this is a period marked by high export of neritic material
(Figures 8, 9 and 10). Other factors, besides the availability
of a suitable settling surface, must therefore be invoked to
explain this situation such as lower growth rate, either due
to temperature or nutrient state.

The failure to catch up with the rise in sea level together
with antecedent topography (Woodroffe et al., 2023),
and environmental changes (e.g. increased current ac-
tivity, changing water masses, influx of nutrients; Bialik
et al., 2021; James et al., 2023; Vale et al., 2022) ultimately
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obstructed the renewed start of photozoan (euphotic)
carbonate production yet, still allowed the start-up of
the mesophotic carbonate factory. For euphotic carbon-
ate platforms, the role of wind and nutrients have been
also invoked to modulate neritic production (Reijmer &
Andresen, 2007; Turpin et al., 2011). It is, therefore, pos-
sible that that some of the glacial/interglacial variations
observed here at the SMB are also the product of the re-
organisation of the winds and nutrient regime in the area
with post-glacial warming affecting nutrient limitations.

6 | CONCLUSIONS

The Mascarene Plateau is a mostly drowned mesophotic
carbonate platform situated in the tropical zone. As such,
its response to sea-level changes is somewhat different
from that of other carbonate platforms. Material is driven
and sloughed from the platform through a combination of
storm events, bottom currents and internal waves. These
processes induce both the resuspension of fine material in
distributed flow and confined grain flows. Material trans-
port from the platform was preferentially confined during
the lowstand associated with the LGM and became un-
confined towards the end of the Holocene sea-level rise.
With the transition to the modern highstand, the supply
diminished. The diminishing sediment supply likely led
to erosion of the canyon walls due to sediment starvation.
The water depth of the platform likely plays a role in the
specific transport mechanism through the mode of mate-
rial production on the platform, depth of internal wave in-
terface, storm wave base depth relative to platform depth
and bottom current configuration.
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