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Near steady denudation rates during the late Pleistocene in the tropics
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Key points
e Paleo-denudation rates of SW Madagascar have remained near-constant and within
the range of modern values throughout the past 900 ka.
e Denudation is unaffected by Quaternary climatic cyclicity in the Tropics. Monsoon
could be the main control of tropical denudation.
e Turbidites are extremely promising tools for future paleo-denudation rate

reconstructions, but need to be better studied and constrained.

Abstract

Denudation is a key parameter controlling the evolution of the Earth’s surface, the production of soils,
the stability of relief or the long-term evolution of climate. Climate fluctuations conversely have a strong
impact on denudation, but these complex feedback mechanisms are still under-constrained. To better
predict future changes that will affect our habitat, and understand links between climate and denudation,
precise quantification of paleo-denudation rates is required. In this work, we measure cosmogenic
radionuclides (*°Be) in turbidites of a well-dated marine sedimentary core recovered in the Mozambique
Channel to provide a 900 ka long near-continuous record of paleo-denudation rates over the 100 ka
climatic cycles. Neodymium isotopes and heavy mineral analysis were used to provide constraints on
the provenance of terrigenous sediments exported from Madagascar to the studied site and show that



37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72

temporal variations in sediment provenance are limited and decoupled from climatic cyclicity. Our °Be-
based paleo-denudation rates are in the same order as modern rates, ranging from 17.4 £ 5.8 mm/ka to
73.9 £ 29.4 mm/ka, and do not show major variations through the Middle and Late Pleistocene.
Importantly, we did not identify a systematic significant impact of glacial/interglacial cyclicity on
denudation rates. Denudation of this subtropical island may instead have been controlled by variability
of monsoon intensity associated with shifts in the Inter Tropical Convergence Zone, but this
interpretation remains speculative at this stage as it cannot be recorded within the resolution of

cosmogenic-derived denudation rates.

Plain Language Summary

Denudation, the collective action of physical erosion and chemical weathering, is a key parameter
controlling the Earth’s surface evolution. It is linked to climate by several complex feedback processes.
Understanding if, how, and to what extent one controls the other is an active 30 year-long debate in the
Earth Science community. In the actual context, understanding how our habitat will react to climate
change becomes crucial and precise quantification of past denudation rates is necessary. We reconstruct
denudation rates from sediments produced in south-western Madagascar and stored in the Mozambique
Channel. Our record spans the last 900 ka, documenting several glacial/interglacial cycles. We also use
two proxies to document the evolution of continental sediment sources to the Mozambique Channel.
Our results show limited variations of sediment provenance, not following climatic cyclicity over the
time considered. Most importantly, we show that the denudation of Madagascar remains constant, within
the range of modern values, and completely uncorrelated to any climatic variability over the past 900
ka. We propose that denudation of this tropical island may be controlled by variations of the intensity
of monsoons, but this remains a hypothesis as our method does not have the resolution to record such

short variations.

Index terms

1616 Climate variability (1635, 3305, 3309, 4215, 4513)
1630 Impacts of global change (1225, 4321)

1815 Erosion

1824 Geomorphology: general (1625)

1862 Sediment transport (4558)
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1. Introduction

Denudation, the combined effect of chemical weathering and physical erosion, is a key parameter
controlling the evolution of the Earth’s surface (Portenga and Bierman, 2011). Although tectonic uplift
may be an important driver of denudation in some regions (e.g., Godard et al., 2014) we are, in the
present work, interested in understanding how climate alone influences denudation. It has often been
argued that denudation would be a driver, if not a limiting factor of climatic variations (e.g., West, 2012).
Silicate weathering (Berner et al., 1983) and burial of organic carbon (Galy et al., 2007) control
atmospheric CO; concentrations at geological timescales. Climate in turn, influences denudation rates
through the control of precipitation (e.g., Fuller et al., 2009; Moon et al., 2011), temperature and
vegetation cover (e.g., Acosta et al., 2015; Olen et al., 2016). The Earth has undergone first-order global
climate cooling over the Cenozoic (Zachos et al., 2001), culminating with the onset of the Quaternary
glaciations ca. 2.56 Ma (Maslin et al., 1996). Understanding and quantifying the feedback processes
that exist between climate and denudation, and the extent to which one drives the other has been a key
objective, actively debated by Earth scientists over the past 35 years (Hay et al., 1988; Molnar and
England, 1990; Zhang et al., 2001). In the current context of global climate change, it is vital to predict
how denudation may react to fast high amplitude climate changes. It is therefore essential to understand
and quantify how continents erode, both today and under different past climatic conditions.

Past denudation rates have been calculated using various methods (e.g., sedimentary volumes,
thermochronology) largely focusing on orogenic settings. A two-fold increase of sedimentation rates
since 5 Ma was found in both global marine (Hay et al., 1988) and continental alpine (Kuhlemann et al.,
2002) basins. Sediment-budget reconstructions may however be biased by the so-called Sadler effect
(Sadler, 1981), lateral shifts of depocenter or stratal discontinuities (Métivier, 2002; Willenbring and
Von Blanckenburg, 2010). Detailed sediment volume reconstructions in marine basins based on seismic
profiles yielded contradictory results (Clift, 2006), and the signal observed around the Alps could be
influenced by the Messinian salinity crisis in the Mediterranean sea. Geochemical proxies such as
19Be/°Be ratios (Willenbring and von Blanckenburg, 2010) showed constant weathering rates since the
Late Miocene, although these results do not take into account physical erosion and their integration time
has been debated (Von Blanckenburg and Bouchez, 2014). Glacial erosion reconstructions (e.g., Hallet,
1996) suggested the greater effectiveness of glacial versus fluvial erosion implying an increase of
erosion rates during glacial periods. Subglacial storage of sediments and their release during
deglaciation could however lead to a delay in the rates measured and artificially higher apparent
sediment fluxes in Holocene basins (Koppes and Hallet, 2006). Inversion of global thermochronological
data showed an up to four-fold increase in exhumation rates during the 0 — 2 Ma period when compared

to the 4 — 6 Ma period (Herman et al., 2013), although it was suggested that the spatial gradient in results
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was associated to local geology of the sampled areas which triggered a biased interpretation (Schildgen
etal., 2018).

In addition to these methodological limitations, the theory of global acceleration of denudation relies
heavily on the hypothesis that landscape is everywhere in disequilibrium due to oscillating climate
(Molnar, 2004). Quantifying denudation rates without these biases and elsewhere than in tectonically
active, glaciated, and mountainous regions is therefore key. Cosmogenic nuclides in the tropics may
thus prove crucial to better addressing the debate. In this work, using cosmogenic nuclides measured in
turbidites at a tropical latitude and under quiescent tectonic settings, we provide new information to help
understand how denudation responds to climatic forcings on the scale of glacial cycles (10 ka) and of
the Pleistocene.

Cosmogenic nuclides and especially in-situ *°Be measured in river sediments are powerful tools for
reconstructing basin averaged denudation rates (Brown et al., 1995) with the advantages of being widely
used and known (e.g., Granger et al., 1996; Portenga and Bierman, 2011), and unaffected by changes in
depocenter or incomplete sediment preservation. In-situ cosmogenic nuclides in sedimentary records
allow determination of paleo-denudation rates (e.g., Marshall et al., 2017; Puchol et al., 2017), an
approach applied to a number of different archives such as cave sediments (e.g., Haeuselmann et al.,
2007), lake deposits (e.g., Garcin et al., 2017), foreland fluvial deposits (Charreau et al., 2011) or
turbidite records in marine sediment cores (e.g., Mariotti et al., 2021).

Many of these studies were focused on tectonically active (e.g., Gonzalez et al., 2016) or previously
glaciated regions (e.g., Grischott et al., 2017; Madella et al., 2018, Mariotti et al., 2021). Over long time
scales up to 10 Ma, paleo-denudation records may also have been influenced by changes in geodynamic
forcing and elevation changes (e.g., Lenard et al., 2020; Puchol et al., 2017). Over shorter Quaternary
time scales, paleo-denudation rates were reconstructed in various geological settings (Bekaddour et al.,
2014; Fisher et al., 2023; Fuller et al., 2009; Grischott et al., 2017; Hidy et al., 2014; Mariotti et al.,
2021; Marshall et al., 2017; Schaller et al., 2002) but few records display sufficient continuity and
resolution to reveal the impact of climate oscillations (Fisher et al., 2023; Mariotti et al., 2021; Marshall
etal., 2017).

In the southern Central Andes, Fisher et al. (2023) showed synchronicity between variations in
denudation rates and Milankovitch-driven, 400-ka eccentricity cycles. In Oregon, Marshall et al. (2017)
also proposed that climate modulates erosion rates over a glacial-interglacial time scale. Both studies
were carried out in glaciated or periglacial regions. Conversely, the analysis of °Be in turbidites
deposited in the Var submarine sedimentary system (France, Southern Alps) allowed Mariotti et al.
(2021) to reconstruct a 75 ka record of paleo-denudation rates non-linearly responding to climatic
forcing with rates estimated to be 2-7 times higher during the Last Glacial Maximum (LGM) than during
previous minor glacial periods. Such a non-linear response of denudation to climate change is plausibly

controlled by the interplay between glacier velocity and basin topography. The link between Quaternary
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climatic oscillations and denudation in non-glaciated areas remains, however, obscure and requires more
observations.

The present work aims at filling this knowledge gap by focusing on sediments generated in SW
Madagascar, a sub-tropical island which remained unglaciated and tectonically quiescent through the
Quaternary. In Madagascar, modern denudation rates are believed to be closely linked to the presence
of gullies, locally referred to as lavakas (Brosens et al., 2022) which may have increased in the last 1 ka
due to anthropogenic forcings (settlements, deforestation and cattle grazing). The physical mechanisms
related to the formation of these lavakas and their impact on sediment generation however remain
unclear. °Be-derived denudation rates of the lavakas yield values of 3.2 + 0.2 t0 19.7 + 1.2 mm/ka (Cox
et al., 2009). Paleo-denudation rate determination for Madagascar are limited to two > 1 ka old river
terrace samples (Cox et al., 2009), which yielded similar denudation rates (11.1 + 1.4 mm/ka and 12.4
+ 1.6 mm/ka) to those of modern rivers and active lavakas, suggesting a long term control of denudation
rates by lavakas, and a possibly limited effect of anthropogenic activities.

In the present work, we use quartz grains from the turbiditic layers of a 26-m-long marine sedimentary
piston core retrieved offshore western Madagascar recording sediments with ages between ~12 ka and
900 ka to measure paleo-denudation rates up to the Mid Pleistocene Transition (MPT) that occurred
between 1.2 and 0.7 Ma when the frequency of glacial/interglacial cycles changed from 100 ka to 40 ka
(Berends et al., 2021). These analyses were supplemented by the acquisition of new °Be-derived
denudation rates for five modern river catchments in SW Madagascar, together with neodymium
isotopes and heavy mineral analyses of corresponding samples to investigate the potential effect of

changing sediment provenance on calculated denudation rates.

2. Study Area
2.1.Physiography of Madagascar
Madagascar is a tropical to sub-tropical island located offshore southern Africa to the east of the
Mozambique Channel (11.9°S to 25.6°S). Three main topographic zones are identified: a large central
plateau with limited relief (mean elevation of ~1200 m) but with some high points (e.g., Mount
Maromokotro, 2876 m) flanked by two zones of lower altitude (Fig.1A). The western transition from
the central plateau down to the sea corresponds to a series of cuestas (ridges with gentle slopes), formed
by differential erosion of hard and soft layers (Delaunay, 2018). To the east, the great escarpment
separates the high plateau from the narrow (50-190 km) coastal plain, extending for 1500 km from north
to south and containing several small independent basins (Wang et al., 2021). The drainage divide
between eastern and western watersheds is located only 50-100 km away from the eastern coast,
reflecting the strong asymmetry of the relief, with much steeper slopes in the east than in the west. Major
drainage basins drain towards the Mozambique Channel in the west, while rivers debouching into the

open Indian Ocean are short and tend to extend westward by headward erosion and drainage capture
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(Fig. 2). Two main sedimentary basins exist in the western part of the island, the Morondava basin to
the south of Cap Saint-André and the Mahajanga basin to the north, spreading over~ 9000 km? and
~13,000 km?, respectively (Fig. 1A).

2.2.Geologic domains of Madagascar
The geology of Madagascar comprises two main regions: a widespread sedimentary zone in the western
part and Mesoarchean to Neoproterozoic crystalline basement in the central and eastern parts (Boger et
al., 2019). Mostly metamorphic basement rocks include granitoids, schists, mafic gneisses (Tucker et
al., 2014), high-grade metasediments, (Archibald et al., 2015), amphibolites and dolomitic marbles (Cox
etal., 1998; Tucker et al., 2011), and are intruded by Neoarchean granites (Paquette et al., 2003; Tucker
et al., 2011) such as the Tonian plutonic suite of Imorona-Itsindro (Archibald et al., 2017) and the
Ambalavao (Archibald et al., 2019) and Manambato suites (Thomas et al., 2009) (Fig. 1B). The
Morondava and Mahajanga basins in the west contain up to 10-km-thick Carboniferous to Neogene
sedimentary successions (Besairie, 1972; Delaunay, 2018) (Fig.1B) including continental siliciclastic
sediments and shallow-marine carbonate shelf deposits (Andriampenomanana et al., 2017). In the rest
of the island, Cenozoic sediments fill small interior basins (e.g., Aloatra Lake and Ranotsara plains;
Fig.1B) and a narrow strip of Quaternary deposits lines the eastern coast. The geology of Madagascar

was summarized in a geological map from Roig et al. (2012).

2.3. Tectonic activity of Madagascar

Although Madagascar is considered as tectonically dormant, over the past 15 Ma, large-wavelength
uplift of 1-2 km was revealed by inverting 98 river profiles throughout the island (Roberts et al., 2012).
Rates of general uplift, widespread throughout the island, reach 0.2 to 0.4 mm/a and are attributed to
Neogene convective mantle upwelling below the island. Widespread uplift, however may have remained
active only until the end of the Miocene (Delaunay, 2018). The topography of central Madagascar, where
the crust appears to be thinner, is held to be maintained by dynamic topography and upwelling of hot
mantle material (Paul and Eakin, 2017; Pratt et al., 2017). Active uplift, very localized to the northern
tip of Madagascar, was also revealed by the study of elevated marine terraces (Stephenson et al., 2019).
Volcanism as recent as Late Pleistocene is also recorded to the northwest and southwest of the Ankaratra
volcanic complex (Fig.1) (Melluso et al., 2018; Rufer et al., 2014).

2.4.Climate
Madagascar is located at the southern limit of the modern Inter Tropical Convergence Zone (ITCZ),
where converging winds and maximum precipitation are associated to the ascending branch of the
Hadley circulation (e.g., Hu et al., 2007), convective cells bringing warm moist air into the upper
troposphere and cold dry air down to mid latitudes, their lower part being the trade winds. The seasonal

migration of the ITCZ drives a monsoon climate in Madagascar (e.g., Gadgil, 2018), especially in the
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southwest, with seasonal and spatial variability in precipitation marked by wet (December to February)
and dry (March to November) seasons. In Tulear for instance (Fig. 1A and 2) wet and dry periods
correspond respectively to up to ~ 200 mm/month and down to ~ 10 mm/month of precipitation. Due to
the moisture brought by the trade winds and to the N/S striking reliefs, a strong orographic effect
produces a marked decreasing precipitation gradient from East to West (Fig. 1A). Ecosystems thus vary
markedly across the island. The eastern coastal plains and the northernmost parts of the island are
covered by humid forests whereas the western and southwestern forests are mainly dry, spiny, or
subhumid. The central plateau is characterized by a grassland-woodland mosaic and mangroves are
found along the western and northwestern coasts (Antonelli et al., 2022). Because of such climatic
conditions, much of Madagascar is covered by lateritic soils, up to 25-m-thick in the southern parts of
the island (Paul et al., 2022).

3. Material

To compare paleo-denudation rates with modern denudation rates, and to determine source signatures
for detrital Nd in modern Malagasy rivers, ~ 2 kg of river sediments were sampled from active bars of
the Mangoky, Tsiribihina, Onilahy, Manambolo and Morondava rivers (Fig. 2, Table 2).

For paleo-provenance analysis and calculation of °Be-derived paleo-denudation rates, sand fractions
were sampled on turbidites from the 26.42 m long MOZ4-CS24 sedimentary core at the Ifremer facility
in Brest (France). This core was recovered by a CALYPSO piston corer on the RV “Pourquoi pas ?” in
2015 during the PAMELA-MOZ4 cruise (Jouet and Deville, 2015) which was part of the PAMELA
(Passive Margins Exploration LAboratories) project. The core, retrieved ~150 km of SW of Madagascar
on net-depositional areas called terraces overhanging the axis of the Tsiribihina submarine canyon at
3090 m water depth (Fig.2), consists of hemipelagic carbonated ooze intercalated with 99 turbiditic sand
layers ranging in thickness from 0.5 to 19.5 cm (Fig. 3A). Seventeen turbidite layers were sampled based
on grain size, representativity and availability (typical weight of turbiditic samples ~ 35 g, Fig. 3B). The
chronostratigraphy is based on the fluctuations of ¥0/*%0 (00 hereafter, expressed in %o vs. Vienna
Pee-Dee Belemnite, VPDB, relative to NSB-19) measured in tests of the epibenthic benthic
foraminiferal species Cibides Wuellestorfi and bio-stratigraphic analyses of calcareous nannofossil
assemblages. These were studied in the hemipelagic intervals immediately surrounding the turbidite
deposits considered as instantaneous events (i.e., same age at base and top of a turbidite). The §¥0
measurements were analyzed at the Leibniz Laboratory for Radiometric Dating and Stable Isotope
Research at Kiel University, Germany, using a Kiel IV carbonate preparation device connected to a
ThermoScientific MAT 253 mass spectrometer. Precision of all different laboratory internal and
international standards (NBS-19 and IAEA-603) is £ 0.09 %.. The preliminary age model was
constructed by correlating 6'®0 variations to the LR04 benthic stack (Lisiecki and Raymo, 2005) with
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the program AnalySeries (Paillard et al., 1996), and then confirmed by calcareous nannofossil
assemblages of stratigraphic significance (Fig. 3C, Sup. Info. 1). Isotopic tie points and calcareous
nannofossil data (Sup. Info. 1, 2 and 3) are presented in supplementary material. The combined datasets
indicate that the stratigraphic range of core MOZ4-CS24 extends from Holocene (11.6 ka) to Mid
Pleistocene (905 ka), corresponding to Marine Isotope Stages (MIS) 1 to the MIS 22-23 boundary, and
that the sedimentation is discontinuous with a ca. 200ka hiatus identified between MIS11 and MIS 15
(from 421 ka to 599 ka). Further information is provided in supplementary materials (Sup. Info. 1 and
2).

4. Methods
4.1. Cosmogenic radionuclide denudation rates
Paleo-denudation rates in Madagascar, were calculated following a method extensively described in
previous studies (e.g., Charreau et al., 2021; Puchol et al., 2017). We measured the bulk °Be
concentrations in quartz grains Nt in at.g™ of the sampled turbiditic layers from MOZ4-CS24 core.
The basin-averaged denudation rate & was then calculated from N by solving the following equation
1 (e.g., Charreau et al., 2011; Puchol et al., 2017):

P
- ]

Niotar = € At E £ py + pr
j=1:3 A:

J

where P_; is the overall paleo-production rate of 1°Be averaged over the drainage basin at the time of
erosion, which accounts for all cosmogenic-production mechanisms (spallation, ‘n’, and slow and fast
muons, ‘us’ and ‘uf’, respectively, indicated by j = 1:3), p: is the density of the denuded rocks (taken as
2.6 g/lcm®), A the radioactive decay constant (1°Be half-life is 1.387 Ma, Korschinek et al., 2010), A; the
characteristic attenuation lengths of cosmogenic-production mechanisms (An = 160 g/cm?, Ays = 1500
g/cm?, and Ay = 4320 g/cm?, Braucher et al., 2011), and t the time at which the sediments were buried
(i.e. depositional age). N¢, is the number of °Be atoms (per g of quartz) accumulated by sediments
during transport across the onshore watershed.

To solve equation 1 and derive paleo-denudation rates from measured °Be concentrations, assumptions
and corrections must be made (Charreau et al., 2021, 2011; Puchol et al., 2017). Firstly, we assumed
paleo-production rates equivalent to modern basin averaged cosmogenic °Be production rates.
Cosmogenic nuclides being produced by cosmic rays, their production is dependent on altitude (amount
of atmosphere blocking the cosmic rays) and latitude (orientation and strength of the geo-magnetic field)

(Dunai, 2000). Assuming a relative tectonic quiescence of Madagascar allowed us to consider that no
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significant change in the elevation of the drained watersheds had occurred since 900 ka, although
drainage basin reorganizations may have taken place. This possibility was checked by comparing the
Nd isotopic compositions (***Nd/**“Nd ratio, or eNd using the epsilon notation) and heavy mineral data
throughout the MOZ4-CS24 core with modern sand samples (see below). Production rates of °Be were
calculated using the Basinga ArcGIS toolbox (Charreau et al., 2019). Based on a Digital Elevation
Model (DEM), this program calculates a production rate integrated over an entire drainage basin by
determining a rate for each pixel of the DEM depending on its latitude and elevation.

Secondly, because cosmogenic °Be concentrations are measured in quartz grains, we assumed that
quartz was representative of basin lithology. Areas of quartz-bearing lithologies (alluvial and lake
deposits, basement rocks, quartzites, sandstones and unconsolidated sands, Fig. 1B) were thus isolated
for production calculations (Fig. 2). These lithologies are widespread in the central high plateaus and in
the western drainage basins, representing ~85 % of the total drainage area considered in this study.
Although these lithologies do not necessarily erode at the same rates, cosmogenic nuclides measured in
river sands at the outlet of the drainage allow to calculate a basin-integrated mean denudation rate.

For paleo-denudation rate calculations (Tab. 1), we assumed that core turbiditic sediments were sourced
from all considered basins. We hence used the production rate of the entire quartz rich area shown in
yellow in figure 2, corresponding to values of 4.798 at/g/a, 0.041 at/g/a and 0.015 at/g/a for neutrons,
fast muons and slow muons, respectively. Modern denudation rates were calculated using the production
rates of the area of quartz-bearing lithologies within each basin (results are given in table 2). All
production rates were corrected for topographic shielding using relief shadow modelling from
(Codilean, 2006).

Thirdly, we assumed that °Be production during transport until final deposition was negligeable, as
discussed below. To solve equation 1 and assess the associated errors on paleo-denudation rates, we
used a Montecarlo simulation, as described in Puchol et al. (2017), which conservatively explores the
range of each input parameter with 10* draws.

To each denudation rate data, an integration time (or characteristic time) is associated (tables 1 and 3).
It corresponds to the time over which the denudation rate calculated is valid, in other words, the time
taken by a quartz mineral to cross the subsurface depth where it accumulated cosmogenic nuclides
(usually 60 cm). Denudation rates of 50 mm/ka will have an integration time of 12 ka, (60 cm / 0.005

cm/a, see Von Blanckenburg, 2005 for further explanation).

4.2.Sample treatment for in situ cosmogenic 1°Be analysis
Turbidite samples were wet-sieved at 50 um, 100 um and 250 um, depending on the general
granulometry of the turbidites and the availability of these fractions (Fig. 3A). Following Mariotti et al.
(2019) and to ensure that cosmogenic concentration in the finer fraction of turbidite sands (50-100 pm)
and in the coarser fraction of modern-river sands (usually > 100 um) were compatible, we preliminarily

tested the finer 50-100 um and coarser 100-250 um fractions of 2 core samples. Results showed
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significant differences in °Be concentrations for sample S16 1559-1562 and differences within
uncertainties for sample S21 2060-2062 (Table 1). For both samples, 1°Be was extracted from the finer
grained fraction in the former, ancient lab of CRPG (see below) while chemical separation of the coarser
fractions was done in a newly constructed clean lab facility. Thus, the confidence on these two fine
grained samples is lower. Following Mariotti et al. (2019) and because the size of the core samples left
us no other option, we decided to work with the 50 - 250 um fraction whenever possible.

Modern river sands were wet sieved at 100 um to 700 um. To minimize size-related differences with
core data, the Tsiribihina, Mangoky and Onilahy samples (Fig.2) were additionally measured on the 50-
250 pum fraction to check for any discrepancies in results. Only the Onilahy sample showed significant
differences in °Be concentrations between the two fractions (100-700 um and 50-250 um, Tab. 3).
The non-magnetic fraction of sieved sands was separated using a Frantz magnetic separator following
Rosenblum (1958) and purified using a method modified from Kohl and Nishiizumi (1992). Sands were
leached with HCI 36% (i.e., concentrated HCI) to dissolve carbonate and organic matter, before applying
three to seven rounds of ~200 mL of 1/3 HCI 36%, 2/3 H,SIFs 41% solution to obtain pure quartz.
Quartz grains were etched using three rounds of HF 48% (i.e., concentrated HF) to dissolve ~ 30% of
each grain and remove the atmospheric 1°Be variety incorporated in the outer rim of the grains (Brown
et al., 1991). Once purified, chromatographic column chemistry (first with an anionic resin DOWEX
1x8 and HCI 10.2 mol/L, then a cationic resin DOWEX 50Wx8 with HCI 1 mol/L) was done to extract
BeO.

Samples were prepared in different batches. The first batch (batch 1 in Table 1) was treated in the old
CRPG lab with a phenakite spike from CRPG with °Be concentration of 2020 + 83 (Tab. 4). The second
batch was treated at CEREGE (batch 2 in Table 1) with the CERGE spike with °Be concentration of
3025 £+ 9 (Tab. 4). The last four batches were treated in a new clean lab at CRPG (batches 3 — 4 in Table
1, and batches 5 — 6 of Table 3) with a new spike developed at CRPG with °Be concentration of 2129 +
13 ppm (Tab. 4). 1°Be/°Be ratios were then measured at the ASTER facility in CEREGE, Aix-en-
Provence (France). The Accelerated Mass Spectrometer (AMS) was calibrated using the STD-11 in-
house standard (Braucher et al., 2015), with a certified °Be/°Be ratio of 5.67622 + 1.09551 x 10,
similar to KNSTDO7 standardization (Nishiizumi et al., 2007).

Mean analytical 1°Be/°Be blank ratios are of 1.13 + 0.234 x 10%°. However, these blanks are higher for
batches 1 and 2 (4.2 £ 0.513 x 10 and 2.2 £ 0.379 x 105, Table 4) than for batches 3to 6 (1.7 + 1.3 X
10%t0 11.8 + 2.6 x 1026, Tab. 4) as expected due to the change to a new CRPG clean lab and a newly

created °Be spike.

4.3. Geochemical analyses
Sediments reaching the Tsiribihina turbiditic system are provided not only by the Tsirbihina, but also
by all continental basins considered in this study (Fig.2). Relative provenance of these sediments may

evolve through time, thus affecting the concentration of cosmogenic nuclides and calculations of paleo-
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denudation rates. To address this issue we used Nd isotopes, or more exactly, variations in the abundance
of the radiogenic isotope **Nd, formed by the decay of ¥’Sm, normalized to the abundance of the non-
radiogenic isotope “*Nd. Unlike stable isotope tracers, abundances of the radiogenic isotope *Nd are
not directly affected by weathering processes, making Nd isotopes a particularly robust tool for source
tracing (e.g., Bayon et al., 2015; Garzanti et al., 2022b). Furthermore, because of the very long half-life
of 17Sm (~106 Ga), the *3Nd/***Nd ratios of the sediment sources can be viewed as essentially constant
over the < 1 Ma time period covered by this study. Variations in Nd isotopic composition are often
expressed in eNd units, which represent the deviation, in parts per 10%, of the measured ***Nd/***Nd ratio
from the assumed value of a chondritic uniformed reservoir (CHUR, **3Nd/***Nd = 0.51263 Bouvier et
al., 2008). Source regions with different Sm/Nd ratios will develop different **Nd/***Nd ratios, and thus
different eNd values, over time. The old Precambrian basement rocks of the central plateau in
Madagascar drained by Manambolo and Mangoky rivers (Fig. 1B) are characteristically associated with
highly negative sediment eNd signatures of -17 to -24, respectively (Garzanti et al., 2022b), a range of
values which can be used to track significant changes in sediment sources to the studied underwater
Tsiribihina valley terrigenous sedimentary record. Nd isotope data in Garzanti et al. (2022b) were
obtained from the same 15-500 um fraction analyzed for heavy minerals. In this study, eNd values were
determined on the same 50-250 pum fraction used for °Be measurements, for 15 turbiditic samples and
5 river sand samples (Fig. 2, Tab. 5). To assess any potential grain-size effects, we also measured the
separate 50-100 pm and 100-250 pum size fractions in the five river sand samples and on turbidite
samples whenever possible (3 samples were measured on the 50-100 pm fraction alone, 4 on the 100-
250 pm fraction alone, and 8 were measured on both fractions, Tab. 5).

All samples were sieved and passed through a Frantz magnetic separator. The MOZ4-CS24 core sample
chemical preparation was performed at Ifremer, Brest, following the methods described in Bayon et al.
(2009, 2015). This involves successive leaching of the sieved sample fractions in 5% acetic acid, 15%
acetic acid mixed with 0.05M hydroxylamine hydrochloride, and 5% hydrogen peroxide, to remove
carbonates, Fe-Mn oxyhydroxides, and organic material, respectively. After careful rinsing and drying,
residues were then digested by alkaline fusion prior to separation of Nd using standard column
chromatography techniques employing AG50W-X8 and Ln Spec resins. Isotopic measurements were
made on the Neptune MC-ICP-MS at the Pole Spectrométrie Océan (Brest). Modern river sands were
processed in CRPG in a newly constructed clean lab facility using the same leaching and chemical
separation methods, but with no alkaline fusion. Alkaline fusion is no longer integrated in the typical
sample processing protocol of CRPG, as its effect has proven to be minor. Isotopic measurements were
made on the Thermofischer Neptune Plus MC-ICP-MS of the CRPG. In both laboratories, corrections
for mass bias on Nd isotope measurements were made using the exponential law with 146Nd/**Nd =
0.7219. Replicate measurements of JNdi-1 standard solutions gave a ratio of 1**Nd/***Nd = 0.512110 +
0.000025 (2 s.d.; n=10) at Ifremer and **3Nd/***Nd = 0.512098 + 0.000011 at CRPG. To agree with the

reference value (0.512115; Tanaka et al., 2000), CRPG values were multiplied by a correction factor of
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1.000033566. All samples were then normalized to the CHUR value of *Nd/**Nd = 0.512630
(Bouvier et al., 2008).

Major and trace element compositions were determined on bulk-sediment core samples and on separate
size fractions of leached river-sand samples by the SARM (Service d’Analyse des Roches et des
Minéraux, https://sarm.cnrs.fr/index.html/). Additionally, abundances for selected major and trace
elements on the detrital sediment fractions of core MOZ4-CS24 were also determined at the Pole

Spectrométrie Océan (Brest) using an Element XR ICPMS instrument (Sup. Info. 7).

4.4, Heavy minerals
As an additional approach to source tracing, heavy-mineral analyses for the 17 sediment samples from
MOZ4-CS24 core were performed at the Laboratory for Provenance Studies (University of Milano-
Bicocca, Italy). Quartered aliquots of each bulk sediment sample (ca. 3-4 g) were wet sieved with a
standard 500 pum sieve in steel and with handmade tissue-net sieves with 15 um mesh. Heavy minerals
were separated from the 15-500 pum fraction by centrifuging in sodium polytungstate (density 2.90
g/cm?®) and recovered by partial freezing with liquid nitrogen. An appropriate amount of the dense
fraction was split carefully with a micro-riffle box and mounted with Canada balsam (n = 1.54) on a
glass slide. Under a polarizing microscope, > 200 transparent heavy minerals were point-counted at a
suitable regular spacing to minimize overestimation of smaller grains (Garzanti and Ando, 2019). All
uncertainly determined grains were checked and properly identified in a wide spectral range (140 - 4200
cm?) by an inVia™ Renishaw Raman spectrometer equipped with a green laser 532 nm and a 50x LWD
objective according to Ando and Garzanti (2014). Heavy-mineral concentration was calculated as the
volume percentage of total (HMC) and transparent (tHMC) heavy minerals (Garzanti and Ando, 2007).
The ZTR index is the sum of zircon, tourmaline and rutile over total transparent heavy minerals (Hubert,
1962) and is classically used to estimate the “durability” (i.e., the extent of recycling; Garzanti, 2017)
of the assemblage. The “Amphibole Colour Index” ACI and “Metasedimentary Minerals Index” MMI
are used to estimate the average metamorphic grade of metaigneous and metasedimentary source rocks,
respectively. They vary from 0 in detritus from low-grade rocks yielding exclusively blue/green
amphibole and chloritoid, to 100 in detritus from high-grade rocks yielding exclusively brown
hornblende and sillimanite. The “Sillimanite Index” Sil.l., defined as the ratio between prismatic
sillimanite and total (prismatic + fibrolitic) sillimanite grains, varies from 0 in detritus from upper
amphibolite-facies metasediments to 100 in detritus from granulite-facies metasediments (Ando et al.,

2014). Significant minerals are listed in order of abundance below.

5. Results

5.1.%Be concentrations and paleo-denudation rates

12



437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472

Measured 1°Be/°Be ratios range from 2.6 + 0.3 10 to 19.6 + 1.0 10" with a mean of 6.5 + 0.3 10%°
(Mean Square of the Weighted Deviates (MSWD) 63, p 0, calculated using http://isoplotr.es.ucl.ac.uk,
Vermeesch, 2018) for turbidite samples and from 5.9 + 0.2 10%* to 21.6 + 0.6 10™* with a mean of 7.6

+ 0.2 10 (MSWD 43, p 0) for modern sands. Accordingly, the measured concentrations of °Be in
turbidite samples, corrected from blank values, but uncorrected for radioactive decay range from 4.4 +
1.8 10*at/gat 615 ka to 19.9 + 5.3 10* at/g at 136 ka (Tab. 1), with a mean of 8.0 + 0.4 10* at/g (MSWD
7.2, p 0). For modern river sand samples, somewhat higher concentrations range from 8.3 + 0.6 10* at/g
for the Morondava river to 34.1 + 1.1 10* at/g for the fine-grained Tsiribihina sample, with a mean of
16.5 + 0.4 10* at/g (MSWD 130, p 0). Complete raw cosmogenic °Be dataset is given in tables 1 and 3.
Calculated paleo-denudation rates range from 20.9 + 4.6 mm/ka at 637 ka to 73.9 £ 29.4 mm/ka at 615
ka (Fig. 4A) with a weighted mean average of 27 £+ 3 mm/ka (MSWD 0.81, p 0.7). Samples
stratigraphically below the hiatus (i.e., during the MPT) yield mean denudation rates of 24.9 + 4.7
mm/ka (MSWD 0.5, p 0.8), whereas samples above (i.e., after the MPT) yield mean denudation rates of
28.0 + 3.9 mm/ka (MSWD 1.0, p 0.5).

Modern denudation rates in main SW Madagascar catchments (Fig. 2, Tables 2 and 3) range from 11.2
+ 2.3 mm/ka for the Tsiribihina river to 30.4 + 6.5 mm/ka for the Morondava river, with a weighted
mean of 15.7 + 2.4 mm/ka (MSWD 3, p 4 10%). The highest denudation rates thus characterize the
smallest basin (Tables 2 and 3). Weighted mean denudation rates are 14.8 + 3.1 mm/ka (MSWD 2.2, p
0.091) for finer fractions (50-250 pm) and 17.1 + 3.8 mm/ka (MSWD 4.3, p 0.0047) for coarser fractions
(100-700 pm). Such a discrepancy is accounted for by the notably different values obtained for different
fractions for the Onilahy river alone (15.1 £ 3.1 mm/ka and 25.7 £ 5.4 mm/ka for the finer and coarser
fractions respectively, Tab. 3), which could be explained by fine grained aeolian deposits found in the
more arid parts of the island (the southwestern-most areas), that could contaminate river sands leading
to higher °Be concentrations in the finer fractions. Because we have no quantification of this aeolian
input, we hereafter use the weighted mean value of the two fractions for the Onilahy river (17.7 £5.3
mm/ka, Fig 2). The Mangoky (21.1 + 4.4 mm/ka and 23.7 + 4.9 mm/ka for the finer and coarser fractions
respectively, Tab. 3) and Tsiribihina (11.2 £ 2.3 mm/ka and 12.0 + 2.4 mm/ka for the finer and coarser
fractions respectively, Tab. 3) samples do not show any statistically relevant difference between size

fractions.

5.2. Provenance analysis
Nd isotope data for turbidite samples range between eNd -15.6 £ 0.2 and -19.5 £ 0.2 (Table 5, Fig. 4B)
with a weighted mean of -16.8 + 0.15 (MSWD 5.4, p 2.6 10°). Samples analyzed in two different size
fractions yield weighted mean ¢Nd values of -16.3 + 0.2 (MSWD 2.6, p 5.6 107) for the finer 50-100
um fraction, and -16.9 + 0.2 (MSWD 2.7, p 2.2 10°) for the coarser 100-250 um fraction. Finer and
coarser fractions yield mean eNd values of -16.9 + 0.3 (MSWD 8.8, p 4.2 107) and -16.5 + 0.3 (MSWD
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0.65, p 0.63) above the hiatus and -16.2 + 0.3 (MSWD 3.1, p 9 10®) and -17.49 + 0.8 (MSWD 4.4, p 2
10 below the hiatus, respectively.

The Nd isotopic composition of modern river sand samples ranges between -15.8 + 0.3 and -20.5 £ 0.2
with a weighted mean eNd value of -18.6 £ 0.2 (MSWD 55, p 0). Finer and coarser fractions yield
weighted mean values of -19.5 + 0.3 (MSWD 6.5, p 2.2 10*) and -18.5 + 0.2 (MSWD 78, p 0)
respectively. Except for the Tsiribihina river which displays statistically different values (-18.7 + 0.3
and -16.2 £ 0.3 for the fine and coarse fractions respectively), granulometry does not seem to notably
affect eNd compositions of modern river sands, consistently with the results of Bayon et al. (2015).
Granulometric differences are instead significant for the turbidite samples (Fig. 4B and Tab. 5). Note
that for modern river sand samples, the uncertainty stemming from the single sampling of each river is
probably much more important than the analytical uncertainty on each individual analysis.

The eNd values of the 100-250 um fraction of 9 out of 12 the turbidite samples fall within the interval
between the Mangoky (-19.1 + 0.3) and the Tsiribihina (-16.2 = 0.3) (Fig. 4B), the two main rivers of
the study area. One core sample, at 706 ka (S17, Tab.1 and 5), presents a more negative signature (-19.3
* 0.5), closer to that of the Onilahy (-20.5 £ 2) or the Manambolo (-20.3 £ 0.2) rivers. Two turbidite
samples at 353 ka and 615 ka (S12 and S15 respectively, Tab.1 and 5) present less negative signatures
(-15.4 £ 0.4 and -15.6 * 0.3 respectively), closer to that of the Morondava river (-15.8 £ 0.3).

The transparent heavy-mineral (tHM) assemblage of the studied turbidite samples from core MOZ04-
CS24 represents between 1.0% and 3.4% of the bulk sediment and mostly consists of blue-green and
subordinately green-brown amphibole (46-73%tHM, ACI 9-32), with minor garnet (1-19%tHM),
epidote-group minerals (2-8%tHM), zircon (1-8%tHM), tourmaline (1-6%tHM), clinopyroxene (1-9%),
prismatic sillimanite (< 7%tHM), apatite (1-6%tHM), and rarer titanite, anatase, rutile, hypersthene,
kyanite, monazite, and staurolite (ZTR 5-16). Sporadically recorded minerals include enstatite,

xenotime, topaz, vesuvianite, brookite, plus a few unidentified grains.

6. Discussion
6.1. Sediment mixing in the highly weathered soils and effects of the lateritic cover
In tropical regions, soils are generally thick, extensively weathered and homogenized by bioturbation
(e.g., termites, ants, worms) in their upper 3-4 m (Braucher et al., 2000; Breemen and Buurman, 2002;
Von Blanckenburg et al., 2004). In the central plateau of SW Madagascar, lateritic soils, mostly (85 to
90 %) resulting from the chemical weathering of metamorphic gneiss or schist bedrocks can reach
maximum thicknesses of 25 m (Paul et al., 2022). The typical Malagasy lateritic cover, as described by
Estrade et al. (2019), is composed in its uppermost part of a pedolith (20 to 70 % of the entire lateritic
profile) where soil forming processes occur and where the fabric of the parent rock is lost. It overlies a
saprolite (10 to 50 % of the profile) where over 20% of the weatherable minerals of the parent bedrock

are typically altered. Below, the saprock (15 to 30 % of the profile) is differentiated from the saprolite
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by the amount of altered weatherable minerals (< 20 %) and is closer in texture and physical strength to
the bedrock that it overlies. Organic material is typically concentrated in the pedolith where bioturbation
preferentially occurs, although it is seldom spread throughout it. Because bioturbation can affect the
concentration of cosmogenic nuclides by mixing of deep low concentrated with shallow high
concentrated grains, cosmogenic depth profiles measured in tropical areas commonly present
homogenized and constant concentrations in the upper 3-4 meters and classic exponential decrease with
depth below that (Braucher et al., 2000). In the case of bioturbated soils, the time required to reach
steady state is expected to be longer than when bioturbation is absent (Brown et al., 1995). We quantified
this time delta with equations (1) and (5) of Brown et al., (1995), for different values of denudation and
bioturbation thicknesses, showing, as expected, that denudation rates mainly control the time to reach
steady state (i.e., longer to reach steady state for lower denudation rates), whereas the thickness of the
bioturbated interval appears less relevant (Sup. Info. 4).

The homogenized concentration throughout the bioturbated layer is generally similar to the
concentration measured at the surface of a soil unaffected by bioturbation (Braucher et al., 2000; Brown
etal., 1995; Von Blanckenburg et al., 2004). The impact of bioturbation thus remains limited, unless the
entire soil profile is removed in a single extreme event (Von Blanckenburg et al., 2004). The long time
required to alter crystalline basement into lateritic soils (typically 50 to 100 ka/m, Breemen and
Buurman, 2002) and the thicknesses of these soils in Madagascar (up to 25 m, Paul et al., 2022), makes
it highly unlikely that such an event could have occurred in the past 900 ka, without the °Be denudation
signal reacting.

However, Brown et al. (1995) suggested that very slow denudation and deep bioturbation might impact
concentrations significantly, but without providing any quantification or calculations to support this
suggestion. Following equations presented in Brown et al. (1995), we investigated this issue by
comparing °Be cosmogenic surface concentrations with and without bioturbation for the range of values
of denudation rates and bioturbation thicknesses expected in Madagascar (figure 5). The lowest
denudation rates determined in our study are 11.2 + 2.3 mm/ka (Tsiribihina basin, Tab.3) but small
basins of the central plateau affected by lateritic soils have a notably lower mean value of 7 + 0.6 mm/ka,
and rates as low as 2.4 = 0.5 mm/ka have been measured for extremely limited basins (Brosens et al.,
2023; Paul et al., 2022). Our calculation and figure 5 suggest that for true denudation rates of 7 mm/ka,
bioturbation thicknesses of 440 cm would be sufficient to affect calculated denudation rates beyond the
inherent uncertainties within the measurements (~15%, Table 1). Estrade et al. (2019) found pedolith
thicknesses of around 3 m with the exception of one borehole reaching a pedolith thickness of 7 m.
However, as explained above, only the upper part of the pedolith would be bioturbated (Braucher et al.,
2000). Moreover, our results suggest that representative denudation rates for the island of Madagascar
would be closer to values of 20 mm/ka (Tab. 3) or even 30 mm/ka for paleo-denudation rates (Tab. 1)
than to 7 mm/ka. For such denudation rates, minimum bioturbation thicknesses of 956 cm and 1342 cm

respectively (Fig. 5) would be needed to disrupt the °Be-derived denudation rates by over 15%. These
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thicknesses are unrealistic (Breemen and Buurman, 2002) and allow us to safely conclude that
bioturbation should not be a major concern for the determination of 1°Be derived paleo denudation rates.
Another effect of intense weathering is the development of ferricrust or ferruginous cap that may protect
the landscape from erosion. Modern denudation rates measured across the island (Brosens et al., 2023,
and this study) show no clear correlation with laterite thicknesses reconstructed by Paul et al. (2022). It
is unclear whether a ferricrust is present and widespread in Madagascar, and although the slowest
denudation rates (< 10 mm/ ka) are encountered on the Central Highlands, they seem to be related to a
reduced rock erodibility of the basement lithologies, rather than a higher thickness of the lateritic cover
(Brosens et al., 2023).

In summary, although the presence of lateritic soils should be considered and taken into due account
when measuring erosion rates in Madagascar, especially over long time periods, we are confident that

their effect is limited on °Be-derived denudation rates.

6.2. Sediment transport duration from source to sink

Turbidites are remobilized, distal sediments. An important issue is the length of transport duration of
these continental sediments from the source to the final deposition as a turbidite deposit in the deep
ocean basin. A significant lag time (> 10%-10° years) between the depositional ages and the denudation
time would greatly affect the calculation and interpretation of our °Be concentration record. Identifying
the triggering mechanisms of turbidity currents at continental margins that influence said lag time can
provide information on the connectivity of the river to the submarine canyons. Three main processes
trigger turbidity currents (Piper and Normark, 2009): slope failure of deltaic slopes or canyon flanks
(e.g., Clare et al., 2016), hyperpycnal flows (i.e., sediment-rich, flood-type river flows triggering
turbidites, Mulder and Syvitski, 1995) and dilute river plumes with low sediment concentrations (1
kg/m?3) (Parsons et al., 2001). Because none of the turbidites studied in this work present an inverse
granulometric sorting, hyperpycnal flows were ruled out, although this interpretation could be
challenged (e.g., Legros, 2002). Hage et al. (2019) maintained that turbidity currents can be initiated by
river plumes with sediment densities as low as 0.07 kg/m?® and in their global compilation of worldwide
turbidity currents, Mulder and Syvitski (1995) show that the Morondava river has typical sediment
densities of 3.7 kg/m3. Although this sediment value may evolve through time, it is two orders of
magnitude above the minimum value of Hage et al. (2019). Turbidites of the submarine Tsiribihina
canyon are thus considered to be triggered either by slope failure or dilute river plumes.

Because turbidity currents can be erosive, the sediments they carry may be eroded, transported and
deposited on the canyon floor several times (e.g., Ruffell et al., 2024). This is particularly true for the
coarse fraction meaning that the time needed to reach a deep depocenter can be significant. In core
MOZ4-CS24, turbidite events appear to be more frequent during low sea-level stands, although there is
no clear correlation between sea-level and turbidite occurrence. This suggests that turbidity currents,

and associated sedimentary transport occur regularly through time, although the processes involved
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might change depending on the sea-level (e.g., Mulder et al., 2003). As said above, an important part of
the sediments transported by turbidity currents are remobilized, possibly several times, and the inherent
lag time between their erosion and their deposition should be considered when measuring °Be-derived
denudation rates.

Unfortunately, few studies have dated turbidites accurately enough to constrain the lag time between
continental erosion and deep-sea burial, especially in tropical low denudation settings. In Monterey Bay,
Stevens et al. (2014) used Optically Simulated Luminescence (OSL) to date the timing of sediment entry
into the canyon head and *C ages of benthic foraminifera to constrain the depositional age of
hemipelagic sediments that bound the sand horizons. They demonstrated relatively rapid, decadal-to-
millennial-scale lag time between the entry of sediment into the canyon and deposition in the deep-sea
fan. Nakamura et al. (1990) dated organic fractions in 1 to 3 m deep turbidites recovered from Suruga
Bay, yielding radiocarbon ages between 270 + 80 to 2270 + 90 a BP, also suggesting rapid transport (<
2360 a) despite the lack of direct age constraints on the deposition of immediately succeeding and
underlying hemipelagite deposits. These two studies where however done in regions with geological
settings fundamentally different from the ones found in Madagascar. Mignard (2017) investigated the
source-to-sink transport time of turbidite deposits in the Ogooué deep-sea fan on the West African
equatorial margin, using radiocarbon on both vegetal debris found within the turbidites and foraminiferal
assemblages separated from neighboring hemipelagic sediment layers. They found lag times between
the ages found in the turbidites and associated hemipelagic layers ranging between 0.01 to 14.33 ka,
with a mean of 6.33 ka.

In summary, considering the diverse uncertainties involved, a realistic lag time between the depositional
ages in the fan and the ages of continental sediment erosion is in the order of a few ka. This lag time is
well within the integration times associated to our calculated denudation rates (mean integration time of
21.3 ka, Tab. 1). Nevertheless, considering that the Ogooué catchment is a tectonically stable low relief
region with a tropical climate, similar to Madagascar, we choose to shift our ages of 6 ka in the past in
order to agree with the mean lag time measured by Mignard (2017), for a more accurate comparison of
our data to climatic events of known age.

Another potential issue is the modification of the original cosmogenic signal by reworking and mixing
of older sediment stored in the continental drainage basin and either depleted or enriched in cosmogenic
nuclides. Because of the apparent absence of widespread terraces in the rivers considered in this work,
storage and production of cosmogenic nuclides may mostly occur within the deltaic region. Accordingly,
we calculated a production rate of 3.2 at.g™.a* in a small basin in the lowlands, considered representative
of the Mangoky delta. At this rate, assuming an average duration of sediment transport similar to that
determined for the Ogooué basin (6 ka) and that all production occurs onshore with instantaneous
transfer to the sea, the total production in the floodplain (Nfp) would be of of 1.9 x 10* at.g?. This
represents a maximum 30 % (for sample at 614 ka) and an average 16% of measured concentrations, an

error well within the bounds of the other involved uncertainties. Moreover, because Mignard et al.
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(2017) dated vegetal debris, the time lag we assumed may account for both continental transport and
potential storage along the continental margin. Because the drainage area considered for the Tsiribihina
submarine valley (~ 140.10° km?) is smaller than the area of the Ogooué catchment (~ 220.10% km?) and
is characterized by much higher relief and no large floodplain, a much shorter duration of onshore
sediment transport than in the Ogooué catchment can be assumed. It is therefore most likely that storage
on the continental margin accounted for a significant part of the considered lag time and that 1.9 10* at/g
of cosmogenic production across the flood plain (Nfp in equation 1) represents a conservative maximum
value.

To better investigate the effect of potential storage and reworking of old sediments in the drainage basin,
we examined the downstream evolution of °Be concentrations for the Mangoky river which shows
downstream decreasing concentrations (Sup. Info. 5), suggesting potential reworking of *°Be depleted
sediments temporarily stored in the catchment. This possibility is however challenged by the lack of
correlation of 1°Be concentrations with basin area (Sup. Info. 6). If we consider sediments with initial
9Be concentration as those measured by Brosens et al. (2023) in the plateau upstream (7.5x10%t/g),
then the thickness of reworked alluvial sediments and the time of storage required to decrease by a factor
3 the concentration measured downstream would be unrealistic, even in the case where the reworked
alluvial sediments were produced during periods of higher denudation (Charreau et al., 2023, Sup. Info.
8). For instance, for a denudation of 90 mm/ka (3 times higher than the maximum value observed today),
> 70% of the river sediments should come from a 50 m-thick and 500 ka-old terrace to decrease by a
factor 3 the °Be concentration measured at the outlet (Sup. Info. 8). The observed downstream decrease
in concentration is more likely ascribed to a change in lithology. The upper reaches of SW Madagascar
rivers drain crystalline basement, whereas the lower reaches drain sandstone formations more prone to
erosion, and petrographic analyses show a sharp and rapid enrichment in recycled quartz grains as the
rivers leave the central plateau and cut across Mesozoic siliciclastic rocks. These observations, together
with the limited extent of floodplains and fluvial terraces allows us to consider sediment reworking as a
minor effect. We are therefore confident that our concentrations truly represent denudation rates and not

post-erosion production.

6.3. Source evolution
Heavy mineral assemblages in turbidites document extensive mixing in various proportions of detritus
supplied by the Tsiribihina or Manambolo rivers debouching to the north of the Tsiribihina submarine
canyon, with detritus largely supplied by the Mangoky river debouching to the south. Contributions
from other smaller rivers or more distant mouths (e.g., Morondava, Finerenana, Onilahy Fig. 2) are
considered as minor from the heavy mineral point of view. This could be due to the limited areas of their
basins, with crystalline lithologies present only in their uppermost parts. Major contribution from the
Mangoky river is explained by the mainly northward littoral sand drift along the shores of SW

Madagascar, as indicated by numerous deltaic spits in the region, although counter-transport locally
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prevails with smaller spits oriented southward in response to wave diffraction (Anthony, 2015). The
Mangoky canyon, which joins the Tsiribihina submarine valley upstream of core MOZ4-CS24 site (Fig.
2), is located in an area where the continental shelf is narrower, leading to probable connection of the
river to the canyon during sea level highstands.

The sediment contribution of the Mangoky versus the Tsiribihina, Manambolo and other rivers was
calculated by forward mixing models (Garzanti et al., 2012) based on integrated bulk-petrography and
on heavy mineral data from modern-river sands from Garzanti et al. (2022a). The results of these
calculations are more accurate if end-member compositional signatures are defined by a wide set of
parameters that do not display marked grain-size-dependent compositional variability and are both
precisely determined and sufficiently distinct (Resentini et al., 2017). This is the case for SW
Madagascar, where amphibole dominates the tHM suite of the Tsiribihina and Manambolo sands, in
contrast with southern rivers where garnet is invariably abundant. Predominant contribution from the
Mangoky river is thus indicated for samples characterized by higher garnet/amphibole ratio, more
sillimanite, staurolite, apatite, zircon, and monazite. Sample S9 dated as 236 ka, where xenotime was
detected, appears to be almost entirely derived from the Mangoky river. Samples S4, S5, S10, S15, S16a,
and S20 are also mostly (75-90%) derived from the Mangoky river, whereas samples S8, S17, and S24
appear to be mainly (~60-70%) supplied by the Tsiribihina and Manambolo rivers (Tab. 6). Similarly,
our 1°Be denudation data from the same modern-river sands, with integration times of the order of 10
ka, suggest notably larger sediment fluxes for the Mangoky (weighted mean of 3.1 + 0.9 Mt/a) than for
the Tsiribihina and Onilahy rivers which have the same weighted mean outflow (1.5 + 0.4 Mt/a).
Garzanti et al. (2022b) found €Nd signatures of -18 and -24 for the 15-500 um fraction of sands of the
Tsiribihina and Mangoky rivers, respectively, the two largest catchments of our study area. For the
Tsiribihina river, our result for the finer grained fraction is comparable to that of Garzanti et al. (2022b),
though the eNd values (-18.7 + 0.3 and -16.2 £ 0.3) of the two fractions we analyzed (50-100 pm and
100-250 um, respectively), differ significantly. In contrast, for the Mangoky river our results are much
less negative, -19.1 £ 0.3 and -19.0 £ 0.3 respectively for the two size fractions, than the value of
Garzanti et al. (2022b). Unlike for the Tsiribihina river, the two size fractions of the Mangoky river,
agree within uncertainty, which is also true or nearly true for the other rivers we analyzed (Tab. 5). This
apparent insensitivity of Nd isotopes to sediment grain size has been observed in sediments from most
studied global rivers (Bayon et al., 2015). In the core samples, we found that in half of the cases for
which results for two size fractions are available, the eNd values of these fractions agree within
uncertainty. However, for other samples (S2, S4, S5, S17, Tab. 5), the finer fraction is about 1 to 2 eNd
units less negative (Fig. 4C). As shown by Garcon et al. (2013), grain size sorting has little effect on the
Nd isotope composition of river sediments. Instead, the small differences in eNd existing between the
size fractions of some of the marine core samples may indicate that they were derived from sources of
different average lithological composition. The slightly higher eNd of the finer fractions may imply that

they originate from sources that included a greater proportion of younger and/or more mafic material
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than the coarser fractions. To facilitate comparison between the different samples, and considering that
different minerals (such as monazite) may control the Nd budget and that most are ultra-dense and
consequently strongly concentrated in the finest tail of the size distribution (Garzanti et al., 2024) (Sup.
Info 6), we chose to base the rest of this discussion on the 100-250 um fraction only.

We consider that over the past 900 ka, changes in lithologies drained by the studied rivers can be viewed
as negligible. This might not be true of source regions affected by glacial processes with a high
amplitude glacial-interglacial cycling, as the weathering processes operating under these two regimes
might differentially impact different lithologies. However, this is unlikely to be a problem in our study
area, which was never affected by glacial processes. Hence, we consider the eNd values of the studied
rivers as endmembers in the provenance analysis of MOZ4-CS24 core turbidites. Figure 4B suggests
that turbidite sands were sourced mainly from the Tsiribihina river, assuming that the éNd value of the
100-250 um fraction is indeed representative of the sediments from this river. This interpretation is
however in disagreement with both modern 1°Be and findings inferred from heavy mineral assemblages
which collectively suggest that sediments were mainly sourced from the Mangoky basin (Tables 3 and
6). Siliciclastic rocks exposed close to the coast are expected to have a much less negative ¢éNd signature
than Mesoarchean to Neoproterozoic crystalline lithologies exposed on the central plateau. This is
confirmed by the more radiogenic Nd isotope composition of sediments from the Morondava river,
whose small basin is largely confined to the coastal plain. The eNd values MOZ4-CS24 turbidites may
therefore reflect a dominant sediment contribution from the coastal region rather than a North vs. South
signature. It is however unrealistic that sediments would only originate from the lower coastal areas.
Although denudation rates are lower on the high central plateaus (e.g., 7.5 + 3.0 mm/ka, Brosens et al.,
2023) this vast region represents over half of the drainage area considered in this study. Should
sediments be derived almost exclusively from the coastal areas, the production rate of cosmogenic
nuclides would be closer to that of the Morondava basin (P, = 3.5 at/g/a, P = 0.04 at/g/a and Psm = 0.01
at /g/a), implying rates increasing by a maximum of 26% in comparison to the rates measured with
production rates calculated over the entire quartz-rich area (P, = 4.8 at/g/a, Pim = 0.04 at/g/a, Psm = 0.01
at/g/a). This potential bias in the denudation rates calculated remains within uncertainties of our data.
The causes of the observed discrepancy between provenance estimates inferred from Nd isotope
compositions and heavy minerals remain elusive. One possibility might be a mineralogical effect,
although previous studies of Nd isotopes in river sediments suggest that this is unlikely (Gargon et al.,
2013). Another possibility is that the river sediment samples we analyzed are not representative of the
average Nd isotope compositions of the corresponding rivers. For the Mangoky basin, the very large
discrepancy between the éNd value we obtained (-19) and that of (Garzanti et al., 2022b) (-24) suggests
that the Nd budget of this river’s sediment load might be quite heterogeneous. Whatever the cause for
this apparent contradiction, both provenance tracers show no correlation or covariation between their
stratigraphic trends in the MOZ4-CS24 core and calculated denudation rates. Our data shows neither

major provenance changes nor steady trends in sediments delivered to the submarine Tsiribihina canyon
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over the past 900 ka, and no systematic control over denudation nor relationship with glacial/interglacial

cycles.

6.4. Climate and denudation rates

Modern denudation rates from rivers are consistent with literature values (Brosens et al., 2023; Cox et
al., 2009; Wang et al., 2021) which range from 2.4 + 0.5 mm/ka to 53 £+ 13.1 mm/ka with a weighted
mean average of 8.7 £ 0.4 mm/ka (MSWD 5.1, p 0), and with the higher denudation rates obtained in
coastal areas, or the eastern great escarpment (weighted mean average of 20.0 + 10.1 mm/ka), compared
to the central plateau highlands (weighted mean average of 7.5 + 3.0 mm/ka) (Brosens et al., 2023).
Calculated paleo-denudation rates remained nearly constant within uncertainties over the past 900 ka,
although higher than the average calculated denudation rates measured for modern-river catchments of
SW Madagascar (15.7 + 2.4 mm/ka) (Fig. 4A). This suggests that SW Madagascar has remained in near-
steady state through Middle and Late Pleistocene, at least in terms of denudation.

Glacial and interglacial paleo-denudation rates from MOZ4-CS24 core turbidites yield mean weighted
values of 25.7 + 3.8 mm/ka (n = 11) and 29 + 5 mm/ka (n = 8), respectively, thus certainly slightly
higher during interglacial periods, although the two values are indistinguishable within uncertainties.
Pre-hiatus (stratigraphically below) and post-hiatus (stratigraphically above) data, which likely represent
syn- and post-MPT time intervals, yield weighted mean denudation rates of 28.0 £ 3.9 mm/ka (n = 7)
and 24.9 + 47 mm/ka (n = 12), respectively. These values are again indistinguishable within
uncertainties, although syn-MPT denudation rates may have been slightly higher. During glacial periods
weighted mean denudation rates are 27.1 + 5.2 mm/ka (n = 6) and 24.0 = 5.6 mm/ka (n = 5) for syn-
MPT and post-MPT data, respectively. Weighted mean denudation rates during interglacial periods are
29.0 £ 6.0 mm/ka (n = 6) and 27.2 + 9.1 mm/ka (n = 2) for syn-MPT and post-MPT data, respectively.
Interglacial and glacial denudation are thus similar within 1 sigma before and after the MPT. This data
indicates that the MPT and the Middle to Late Pleistocene glacial cycles did not significantly impact the
denudation processes in SW Madagascar. However, given the characteristic times of our paleo-
denudation rates (Tab. 1), the assignment to glacial or interglacial periods could be challenged.

An alternative approach to investigate the influence of climate is to compare denudation rates to the
0*80 values of the LR04 data from Lisiecki and Raymo (2005) averaged over the uncertainties on
deposition ages and integration times associated with each denudation rate. For instance, for denudation
rates of 50 mm/ka (i.e. integration time of 12ka, see Methods and VVon Blanckenburg, 2005 for further
explanation) measured at 150 + 10 ka, 60 will be averaged from 140 to 172ka. Figures 6A and 6Ba
show no correlation between the instantaneous (i.e., at the time of deposition of the turbidite + 6ka,
Tab.1) or averaged 080 respectively compared to calculated denudation rates, respectively. To refine
this test, we did simulations in which we randomly selected an age value within the uncertainty of
turbidite depositional ages and averaging the 680 over the characteristic time of the denudation rate

associated to the turbidite age selected. If we take the same example as above of a denudation rate of 50
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mm/ka measured at 150 + 10 ka, we randomly select an age within the uncertainty, for instance 143 ka,
and integrate the 6*®0 values over the integration time associated to the denudation rate (12 ka, see
above), so from 143 ka to 155 ka. We did 100 000 iterations for each denudation point and calculated
the correlation coefficient r? between the so averaged 6*0 and denudation rates. The best correlation
coefficient obtained with this method is r? = 0.1508, indicating no relation between denudation records
and 080 data (Fig. 6). Overall, denudation rates in SW Madagascar remained steady during the past
900 ka. The lack of correlation with 6*80 records of glacial/interglacial cycles indicates that climate
variability has not played a major role in controlling denudation on the island.

We may however question whether the resolution of our cosmogenic data can capture the climatic signal.
If the characteristic time associated with °Be derived denudation rates is too long, our record could
smoothen any climate-driven variability. Following Schaller and Ehlers, (2006), we tested this potential
smoothing effect by calculating an expected measured cosmogenic denudation rates if true denudation
rates (i.e., the actual denudation taking place in the catchment) vary synchronously and with the same
amplitude as climate variability. The modern denudation rate Dmoden IS fixed to the average value
measured from modern-river sands. We then assumed that true denudation rates Dinp.t COvVary with the
0%80 data of the LR04 stack with different amplitudes relative to the Dmoden (Fig. 7). In other words, by
fixing the amplitude, we artificially force the maximal and minimal values of Dinpu: that will be centered
around Dmodern. The cosmogenic integration times are calculated from the true denudation Dinpue and a
mean denudation over this integration time is extracted. We test the sensitivity of 1°Be to variations in
denudation by changing the amplitude of said variations and the Dmodern Value. The ratio given in figure
7 corresponds to the maximum of Dinpy divided by Dmogem. This ratio is fixed by determining Dmogem and
the amplitude range of Dinput. The resulting denudation rates that would be measured using cosmogenic
Be are given in blue in Fig.7. Results show that for denudation rates of 15 mm/ka, which is the
weighted mean value of modern rivers of SW Madagascar (Tab. 3), and variations as low as 1.2 times
Dmodern, 1°Be accurately records variations (Fig. 7A), although these are more accurate for a ratio of 4
(Fig. 7B). The same is true for values of 10 mm/ka (Fig. 7C) and 50 mm/ka (Fig. 7D), with ratio
variations of 1.5, although the resolution is better for higher Dmodern and there is a shift of the recording
for lower denudation rates. This reasoning implies that, given the range of modern denudation rates we
measure, we could have captured climate-related cyclicity in denudation rates with variations as low as
1.2 times the modern values, reinforcing the conclusions that climate cyclicity has not notably influenced
denudation in SW Madagascar over the past 900 ka.

Such a limited impact of climate cyclicity on denudation rates of Madagascar may be explained by the
lower amplitudes of temperature and precipitation changes characterizing subtropical regions of the
southern hemisphere (Chevalier et al., 2021). Although glacial periods are generally considered to be
drier than interglacial periods (e.g., Litt et al., 2014; Scheff et al., 2017), this was not necessarily true
for subtropical Africa (McGee, 2020). Precipitation changes associated with glacial-interglacial cycling

are not well understood and poorly recorded in southern Hemisphere subtropics where long term high-
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resolution paleoclimatic data is lacking and even global paleoclimate models fail to correctly address,
or to address at all these regions (Chevalier et al., 2017; Han et al., 2024).

In tropical regions, the monsoon is presently the main driver of the spatial and seasonal variation in
precipitation and temperature, and thus the main driver of sediment production and transfer (e.g.,
Andermann et al., 2012; Lupker et al., 2012; Marc et al., 2019), an effect that must have been important
in the past as well. For instance, variations in erosion and sediment transport to the Indus fan, driven by
changing intensities of the monsoon have been documented over millennial to multimillennial
timescales (Clift and Jonell, 2021).

In Madagascar, a stable-isotope study of speleothems over the past 150 ka (Voarintsoa et al., 2017)
suggested that the ITCZ, which partly drives monsoons (Gadgil, 2018), shifted southwards several times
through the Holocene, causing an alternation of wet and dry climates. Migrations of the ITCZ in southern
tropical areas is complex and not well understood (Burns et al., 2022). Because SW Madagascar presents
semi-arid settings (Fig. 1A), a southward shift of the ITCZ, and thus of the monsoon intensity, may have
impacted precipitation patterns in this region, much more significantly than glacial/interglacial cyclicity.
These shifts may have impacted denudation rates of the island, and similar shifts likely occurred before,
although no data exists to affirm this. However, because of the short time scale (10° a) of such shifts
(Voarintsoa et al., 2017) they are difficult to observe in cosmogenic-derived denudation rates that have

an-order-of-magnitude higher integration (10* a).

7. Conclusion and perspectives
This cosmogenic-nuclide study sheds new light on paleo-denudation rates in the subtropics through
Middle to Late Pleistocene. We find paleo denudation rates ranging from 17.4 £ 5.8 mm/ka to 73.9
29.4 mm/ka. These compare well to modern denudation rates of SW Madagascar ranging from 11.2 +
2.3 mm/ka to 30.4 + 6.5 mm/ka. No systematic change in denudation rates were observed in SW
Madagascar over the past 900 ka, in relation neither with the MPT nor glacial/interglacial cycles. Our
study suggests that this interpretation does not reflect a lack of resolution, either in terms of the pace of
denudation or of sample age. However, the resolution of the applied method would be insufficient to
capture higher-frequency climatic changes controlled by changes in monsoon intensity associated with
shifts of the ITCZ, a mechanism that has most certainly driven past climate in Madagascar.
Understanding monsoonal control on denudation is limited not only by these methodological issues but
even by the lack of paleoclimatic data for subtropical regions documenting the past evolution of the
monsoon. Such a gap in the worldwide data is of concern and future paleoclimatic reconstructions should
turn towards the tropics and the southern hemisphere to better understand planet-wide climatic systems.
As a final note we underscore that measuring denudation rates from turbidites presents a huge potential
source of information especially for turbidites deposited in the vicinity of a large river, which opens the

door for global compilations of paleo-denudation rates. Turbidites may include significant reworking
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from slope destabilization and seafloor erosion, and selecting well resolved, river connected canyons
might help avoiding some of the inherent uncertainties. In any case, more quantitative data is required
to better constrain the duration of storage on the continental shelf and hence the duration of submarine

transport.
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Figure 1 : Location, topography and geology of the island of Madagascar. A/ Black continuous lines are the isohyetals for 250
mm/a rainfall from WorldClim2 model by Fick and Hijmans (2017). Red dot shows position of the studied core. White dotted

square encompasses the zoom shown in Figure 2. B/ Geologic map simplified from Roig et al. (2012).
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Figure 3 : Stratigraphy and age model of the MOZ4-CS24 core. A/ Log of the MOZ4-CS24 core with sampled intervals indicated
by the triangles (adjacent numbers indicate median grain size of the turbidite bed and of specifically sampled portion; for two
turbidites indicated by a question mark, the granulometry was not determined. B/ Photo of turbidite layer (indicated by red
dashed line) before sampling. C/ Age model for core MOZ4-CS24. Blue and black lines are 60 measurements of benthic
foraminifera from core MOZ4-CS24 (Sup Info 2 for raw data) and LR0O4 benthic stack (Lisiecki and Raymo, 2005c). Red triangles
indicate calcareous nannofossil samples used for biostratigraphic control of the d180-derived age model.
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Figure 4 : 19Be derived denudation rates compared to climatic cyclicity and eNd data. In A/ and B/, light blue rectangles
represent glacial periods and white areas interglacial periods. Dark grey area represents the hiatus between 400 and 600 ka.
A/ Red points represent 1°Be-derived denudation rates of the MOZ4-CS24 core in mm/ka. Ages of these points have been
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of all rivers. B/ eNd signatures through MOZ4-CS24 core, compared to signatures of modern rivers of Madagascar. eNd
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1340  Tables

1341

1342 Table 1 : Descriptive table of the MOZ4-CS24 turbiditic data. The core was drilled at 3090 depth below sea level, at 21°31°6.42”S, 45°51°40.475”E. Production rates of quartz-rich areas were used
1343 to calculate denudation rates (4.79824 at/g/a for neutrons, 0.014956 at/g/a for slow muons and 0.041427 at/g/a for fast muons). Ages correspond to the age model from the core + 6 ka

1344 (explanations provided in text). Corrected 1°Be values correspond to the Measured 1°Be values corrected for radioactive decay. Uncertainties are 1 sigma.

Core Section Grafr:g(l;(t)in;re]tric Batch 10Be/°Be Clt())l?nets ‘Be '\(/ll)i?rt(; i M?ﬁg‘g‘*d Age Colrorégted Denudation Inti?r;]a;ion Denudation
pm 1015 109 at g 10* at/g ka 10* at/g mm/ka ka t/km?/a
S2 123-130 50-250 3.4 4609 40 3.0 0.8 142+ 35 28 144+35 249+7.8 24.1 65.9 + 20.6
S4 328-330 50-250 34 3.8+0.5 64 3.0 0.9 104+20 89 10921 322+92 18.6 85.3+24.3
S5 420-423 50-250 34 35+06 51 3.0 0.4 19.9+53 136 21.3+57 174+58 344 46.2 +15.5
S8 778-781 50-250 3.4 176 £0.9 413 3.0 4.2 11.9+0.7 218 13.2+0.8 255+5.3 23.6 67.5+14.3
S9 878-882 50-250 3.4 10.6 0.7 275 3.0 2.6 11.3+0.9 241 12.7+1.0 26.5+59 22.6 70.2+£15.6
S10 991-992 50-250 34 84+09 144 3.0 2.3 10.1+1.3 291 11.7 15 28.9+6.8 20.7 76.7+18.1
S12 1142-1143 50-250 3.4 47+05 109 3.0 1.0 11.9+1.8 353 14321 240+6.0 25.0 63.6 £15.8
S15 1488-1490 50-250 34 85+32 11 3.0 5.3 44+18 615 6.0 £2.5 73.9+29.4 8.1 1958+ 77.9
S16 1559-1562 50-100 1 17.0 £0.9 392 31 34 11.7+0.9 637 16.1+1.3 209+4.6 28.7 55.4+12.2
S16 1559-1562 100-250 2 196+1.0 425 3.1 8.01 6.7+04 637 9.2+06 36.7+7.7 16.4 97.1+20.4
S16 1570-1572 50-100 2 13.3+0.9 252 31 4.7 7.3%£0.6 650 10.0+0.8 33772 17.8 89.2+19.2
S16 1587-1589 50-250 34 4605 118 3.0 1.7 6.6+1.0 668 92+14 37.3+£9.6 16.1 99.0+ 254
S17 1647-1650 50-250 34 79+05 239 3.0 2.6 8.4+0.7 706 119+11 28.3%6.2 21.2 749 £16.5
S18 1752-1755 50-250 34 10.1+0.6 252 3.0 4.9 5.7 0.5 781 8407 39.8+8.6 151 1055+ 22.8
S21 1968-1970 50-250 34 6.9+0.5 161 3.0 19 94+10 810 141+15 239+54 25.1 63.4+14.4
S21 2060-2062 50-100 1 17.0+0.8 432 3.1 4.3 9.3+£0.7 818 14011 24.0+5.2 25.0 63.5+13.7
S21 2060-2062 100-250 2 34+04 77 3.1 0.33 11.3+5.1 818 16.9+7.6 28.8+11.9 20.8 76.3+£31.5
S24 2322-2325 50-250 3.4 26+0.3 79 3.0 0.6 85+23 879 13.1+35 28.0+£9.3 214 74.1+24.6

S26 2568-2570 50-100 2 142+10 205 3.1 5.2 7.2+0.6 906 11.3+10 29.9+6.6 20.1 79.2+17.6




1345

1346 Table 2 : Location, production rates and size of drainage areas of the five modern-river sand samples, used for both 1°Be and eNd measurements.

Neutronic  Fast muonic Slow muonic

River Sampling Site Latitude Longitude Elevation production  production production Drainage
m at/g/a 102 at/g/a 102 at/g/a 10% km?
Tsiribihina Belon'i Tsiribihina S19°42°36,6>> E 044°35° 02,7 5 55 4.4 1.6 47.6
Mangoky Tanambao S21°50°01,9 E 043°52°22,4” 46 5.2 4.2 1.6 53.0
Onilahy Ambohimahavelona  S23°27° 10,1 E 043° 53’ 59,8 29 5.0 4.2 15 32.0
Manambolo Bekopaka S19°08° 40,8 E 044°48° 49,2 46 4.3 4.1 15 11.6
Morondava Upstream Bosimavo S 20°20° 30,9”” E 044° 24’ 07,1 18 35 3.9 1.3 6.2
1347
1348
1349
1350 Table 3 : Measured Be ratios for five modern-rivers with associated concentrations, denudation and outflow. Denudation shown in t/km?/a was calculated by multiplying denudation in mm/ka by

1351 quartz density (2.65 g/cm?3). Outflow was calculated by multiplying denudation in t/km2/a by drainage areas given in Table2. Integration time was calculated considering a production depth of
1352 60 cm. All samples were prepared in two consecutive batches (batches 5_6 of Table 4).

River Grafnulo_metric 10Be/°Be °Be ‘Be Mass of  Measured Denudation Integration Denudation  Outflow
raction Counts Quartz 10Be time
pm 10 100 at g 10* at/g mm/ka ka t/km?/a 10° t/a

Tsiribihina 50-250 8.7+£0.3 1246 2.9 7.4 341+11 11.2+23 53.5 29.7+6.1 142+29
Tsiribihina 100-700 21.6+0.6 1651 3.0 20.1 318+09 12024 50.1 318+6.4 15.1+3.1
Mangoky 50-250 10.6£0.3 1230 3.0 18.3 171+£05 21144 28.4 550+116 30.0+6.1
Mangoky 100-700 9.2+0.3 1255 3.0 17.8 153+£05 23.7+£49 25.4 62.7+13.0 33.3+6.9
Onilahy 50-250 59+0.2 966 3.0 7.6 229+08 151+3.1 39.6 40.1+£82 128%26
Onilahy 100-700 10.0+05 833 3.0 21.7 13606 25.7+54 23.3 68.1+144 21.8+46

Manambolo 100-700 6.8+0.2 1225 3.0 13.8 145+05 209+43 28.8 553+115 64+%13
Morondava 100-700 59+04 595 3.0 21.1 83+x06 304+6.5 19.8 805+172 50x11

1353
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1354 Table 4 : Values of 1°Be/°Be ratios of blanks of batches prepared in old CRPG Be lab (batch 1) at CEREGE (batch 2) and at the
1355 new clean CRPG lab (batches 3 to 6).

1°Be/°Be Total counts Be Be Spike
1016 10'° at ppm
Batch 1 420x51 74 3.1 2020+ 6
Batch 2 22.0+3.8 40 3.0 30259
Batch 3_4 93%£19 25 3.0 2129 + 13
11.8+2.6 25 3.0
57+21 9 3.0
6.7£2.1 11 3.0
Batch 5 _6 40+£14 8 3.0 2129 £ 13
40+14 9 3.0
17+£13 2 2.9
6.0+1.8 13 3.7

1356
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1358 Table 5 : Nd isotope measurements (eNd) for separate detrital fractions of core MOZ4-CS24 (first part and modern river sands
1359 (second part). Sampling sites are indicated in text and in Table 1 for core MOZ4-CS24 and in Table 2 for modern rivers. Data
1360  were normalized to CHUR value of 13Nd/**Nd = 0.51263 (Bouvier et al. 2008).

Granulometry 43Nd/M*Nd

Sample um + (2se 10%) eNd + 2se
S2_123-120 50-100 0.511791 + 13 -16.2+0.3
S2_123-120 100-250 0.511743 £ 14 -171+04
S4_328-330 50-100 0.511765 + 16 -16.7+0.4
S4_328-330 100-250 0.511667 + 14 -18.6+04
S5_420-423 50-100 0.511808 + 18 -158+04
S5_420-423 100-250 0.511764 + 14 -16.7+0.3
S8_778-781 50-100 0.511802 + 19 -16.0+04
S9_878-882 50-100 0.511768 + 12 -16.6 + 0.3
S9_878-882 100-250 0.511751 + 16 -169+04

S12 1142-1143 100-250 0.511830 = 16 -154+0.4
S15_1488-1490 100-250 0.511818 + 13 -15.6+£0.3
S16_1559-1562 50-100 0.511757 £ 14 -16.8+0.3
S16_1559-1562 100-250 0.511785 + 13 -16.3+0.3
S16_1570-1572 50-100 0.511764 = 18 -16.7+0.4
S16_1587-1589 50-100 0.511792 + 14 -16.1+0.3
S16_1587-1589 100-250 0.511771+11 -16.6+0.3
S17_1647-1650 50-100 0.511736 = 25 -172+0.5
S17_1647-1650 100-250 0.511633 + 23 -19.3x£0.5
S18 1752-1755 50-100 0.511702 + 24 -179+0.5
S21_2060-2062 100-250 0.511728 +13 -174+0.3
S24 2322-2325 100-250 0.511688 * 18 -18.2x04
S26_2568-2570 50-100 0.511776 = 17 -16.5+0.4
S26_2568-2570 100-250 0.511751+ 14 -17.0+0.3
Tsiribihina 50-100 0.511661 + 8 -18.7+0.3
Tsiribihina 100-250 0.511789 + 8 -16.2+0.3
Manambolo 50-100 0511615+ 9 -19.6 £0.3
Manambolo 100-250 0.511580 + 6 -20.3+£0.2
Morondava 50-100 0.511811+8 -158+0.3
Morondava 100-250 0511811+ 8 -15.8+0.3
Mangoky 50-100 0.511638 + 9 -19.1+0.3
Mangoky 100-250 0.511643 + 8 -19.0+0.3
Onilahy 50-100 0.511584 + 6 -20.2+0.2
Onilahy 100-250 0.511567 + 6 -205+0.2

1361
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1362
1363
1364

1365

Table 6 : Transparent heavy-mineral assemblages in studied Tsiribihina Valley samples. Estimated contribution of Mangoky river sediment for each sample is indicated in last column (the rest is

inferred to have been supplied in subequal proportions from Tsiribihina and Manambolo rivers debouching north of submarine Tsiribihina Valley.

2 s o 5 2 <
& 5 = § £ & g & & =z £ = g & g ¢ =3

Age 2 = > 7 & £ = B L

Sample (ka) HMC tHMC S ZTR AClI MMI Sill. W
S2123-120 22 3.0 2.1 4 3 2 1 1 0 6 9 0 0 5 62 2 2 0 10 13 100 90 0.64
S4 .328-330 83 3.3 2.1 7 1 0.4 3 2 3 0 7 11 0 2 7 52 4 0.4 8 16 90 100 0.80
S5 420-423 131 25 15 8 4 1 0.5 3 3 1 7 12 0 0.5 1 54 3 1 14 9 88 nd. 0.77
S8 778-781 213 3.7 2.0 4 2 1 1 3 1 0 4 5 0 1 1 69 4 1 0.5 8 16 75 nd. 0.39
S59878-882 236 1.9 1.0 6 4 0.4 0.4 3 2 3 5 19 0 0.4 5 46 4 1 1 11 32 96 100 0.98
S$10 991-992 285 3.0 14 8 4 1 3 1 4 1 3 13 0 1 6 52 5 0.5 0 13 16 92 100 0.80
S12 1142-1143 347 5.2 2.6 7 5 1 1 2 2 1 8 5 0 0 1 62 3 1 0.5 13 15 nd. nd. 053
S15 1488-1490 609 2.2 1.3 3 2 2 1 0.5 2 0.5 6 17 0.5 1 4 53 4 0 7 25 85 100 0.88
S16¢ 1559-1562 632 3.4 1.9 7 2 1 1 2 2 1 2 10 1 0 3 65 2 0 1 10 15 88 100 0.60
S16b 1570-1572 644 3.9 2.1 6 4 1 5 3 4 0.5 6 6 0 0 4 55 3 0.5 1 12 15 100 100 0.65
S16a 1587-1589 662 2.3 1.2 8 6 2 3 2 4 0.5 2 13 1 0.5 1 52 4 0 0 16 13 75 nd. 0.79
S17 1647-1650 670 2.1 1.2 5 3 05 05 3 2 0 7 1 0 05 05 73 1 1 0.5 9 12 nd. nd 030
S18 1752-1755 775 4.0 2.4 2 2 0.5 2 3 5 0.5 3 9 1 0 4 62 2 1 0 5 14 90 100 0.62
S20 1968-1970 804 4.0 1.9 5 4 2 1 4 6 10 0.5 4 57 4 0 0 11 25 88 100 0.71
S21 2060-2062 812 7.4 3.4 5 4 0 0.5 1 6 4 0 0.5 4 59 9 1 0 9 28 94 100 0.50
S24 2322-2325 873 4.3 2.0 1 5 0.5 4 2 2 0.5 7 3 0 2 67 2 0.5 1 13 100 100 0.43
526 2568-2570 900 4.7 3.0 1 3 0 1 2 2 0.5 2 9 0 1 1 71 4 0.5 0 5 24 70 nd. 0.48
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1367
1368
1369
1370
1371
1372
1373
1374
1375
1376
1377
1378
1379
1380

1381
1382
1383

1384
1385

Supplementary material

Age model of the MOZ4-CS24 core

MIS 5, 6, 9 and 10 where easily identifiable by correlation of the benthic 6*80 record of core MOZ4-
CS24 and the LR04 benthic stack. Correlations were fixed to glacial and interglacial transitions using
the Analyseries software (Paillard et al., 1996). Nannofossil-based biostratigraphic analyses confirmed
the 0*80-based age model from MIS1 to 10 and constrained the age model for the bottom half of the
core by introducing a hiatus from Mis 11 to MIS 15. MIS 9 to MIS 11 were validated from samples 4
and 5 (Fig. 3C), by the presence of a Gephyrocapsa caribbeanica acme zone and the absence of
Pseudoemiliania lacunosa. The presence in sample 6 of P. lacunosa, together with a mixed dominance
of G. carribeanica and small Gephyrocapsa, as well as the absence Reticulofenestra asanoi and
Helicosphaera sellii, allows to constrain the stratigraphic range of the hiatus.

Sup. Info. 1 : Calcareous nannofossil stratigraphy (after Di Stefano et al., 2023; Giraudeau et al., 1998). Location of samples
on the core are given in figure 3C.

Sample Depth (cm) Observations Period
1 548 .
Small Gephyrocapsa; presence of E. huxleyi MIS 6 -8
2 768
3 970 Transition from small Gephyrocapsa / G. carribbeanica; absence of  Transition
E. huxleyi and P. lacunosa MIS 8/9
4 1045 . .
1185 Acme Gephyrocapsa carribbeanica; absence of P. lacunosa MIS9-11
Transition from acme G. carribbeanica / small Gephyrocapsa;
6 1470 presence of P. lacunosa; absence of R. asanoi and H. sellii. MIS15 - 16
Reworked
7 1548 Acme Small Gephyrocapsa; presence of P. lacunosa; absence of R.
: . MIS 15 - 23
asanoi and H. sellii. Less reworked than above
8 1637
9 1900
10 2135 Acme Small Gephyrocapsa; presence of P lacunosa; absence of R. MIS 15 - 23
asanoi and H. sellii
11 2495
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1386

1387
1388

1389
1390

1391
1392

1393
1394

1395
1396

Sup. Info. 2 : Benthic 0180 values (%o VPDB) of core MOZ4-CS24 and associated position on the core and age.

Top (cm)

9180 (%o
VPDB)

Age (ka)

Top (cm)

2180 (%o
VPDB)

Age (ka)

Top (cm)

2180 (%o
VPDB)

Age (ka)

Top (cm)

2180 (%o
VPDB)

Age (ka)

Top (cm)

2180 (%o
VPDB)

Age (ka)

65
3.444

11.6

508

3.991

153.0

966
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1520

3.565
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2032

3.8
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1397
1398
1399

1400
1401
1402

Top (cm)

2180 (%o
VPDB)

Age (ka)

2479 2498 2521 2535 2551 2575 2590 2605 2620

3.777 3957 4307 4.14 4.017 4214 3.414 4.055 3.767

890.1 892.1 8946 896.1 897.8 900.3 9019 903.5 905.1
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1403 Sup. Info. 3 : Correlation pointers : benthic 080 from MOZ4-CS24 aligned to LRO4.

1404

MOZ4-CS24  MOZ4-CS24
depth (cm)  age LRO4 (ky)

75.4 13.8
150.1 29.7
241.5 57
299.9 70.8
410.1 131

678 191.3

910 243.5

1012.1 299.7
1068.7 336.9
1330.9 374.4
1405.3 421
14491 599.7
1529.8 621
1606.3 677.3
1654.9 712.3
1699.1 761
1770 789.5
2075.3 813.9
2250.7 865.9

2580.9 900.9




1405

dT (@) <107

Sup. Info. 4 : Time differences (dT) to reach steady state in conditions with and without bioturbation depending on
denudation (mm/ka) and bioturbation thickness (cm). See text for further details
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Sup. Info. 5 : 19Be oncentration of the Mangoky river Madagascar as a function of distance from the downstream most
sampling point. Blue point is from this study (Table 3). The 100-700 um was used. Orange points correspond to data from
Brosens et al., 2023. The data points are, from downstream to upstream : 2011-11; 2011-12; 2011-08; MDG-1199B1; 2011-
07; 2011-26; 2011-25.
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Sup. Info. 6 : 19Be concentrations as a function of drainage area. The data points are the same as in Appendix 1.
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1419

1420
1421

1422
1423

Sup. Info 7 : Major and Trace elements of Malagasy rivers measured by the SARM (https://sarm.cnrs.fr/index.html/)

River Granulometry As Ba Be Bi Cd Co Cr Cs Cu Ga Ge Hf In Mo Nb Ni Pb Rb Sh Sc Sn Sr
pm Hg/g Mg/g  Ho/g Hg/g Ha/g Ha/g Hg/g Hg/g Hg/g Hg/g Hg/g Hg/g Hg/g MO/g  Mg/lg  Hglg Ha/g Ha/g Hg/g Hg/g Hg/g Hg/g

Tsiribihina 100-250 <L.D. 883 062 <LD. 0.05 0.25 2.83 057 <LD. 6.84 0.71 7.8 <LD. <LD. 048 <LD. 1399 63.7 <LD. <LD. <L.D. 260
Manambolo 50-100 <LD. 1619 097 <LD. 058 0.29 3.54 065 <LD. 1123 0.79 1081 <LD. <LD. 136 <LD. 2355 1075 0.17 <L.D. <L.D. 362
Manambolo 100-250 <L.D. 1260 067 <LD. 021 0.25 2.54 042 <LD. 8.05 0.71 323 <LD. <LD. 111 <LD. 1873 81.3 020 <L.D. <L.D. 276
Morondava 50-100 <L.D. 911 056 <LD. 051 0.56 10.35 058 <LD. 6.46 0.61 1220 <LD. <LD. 471 <LD. 1565 69.1 0.20 132 <L.D. 191
Morondava 100-250 <L.D. 771 028 <LD. <LD. 0.20 4.39 044 <LD. 427 0.58 5.4 <LD. <LD. 057 <LD. 1232 57.5 0.18 <L.D. <L.D. 132
Mangoky 50-100 <LD. 1162 116 <LD. 1.08 0.35 9.72 094 <LD. 11.04 085 2138 <LD. <LD. 763 <LD. 2467 1182 0.19 2.18 0.63 292
Mangoky 100-250 <L.D. 833 057 <LD. 012 0.26 5.54 0.84 4.24 6.87 0.70 245 <LD. <LD. 227 <LD. 1832 97.9 019 <LD. <LbD. 189
Onilahy 100-250 <L.D. 533 047 <LD. 012 0.24 4.84 033 <L.D. 567 0.71 186 <LD. <LD. 172 <LD. 10.62 45.7 0.17 <L.D. <L.D. 181
River Granulometry Ta Th ] \Y W Y Zn Zr La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
pm Mo/9  Mg/g  ug/lg  pO/9 MO/9 MO/g MO/g MO/ WO/l pMO/9 MO/ WO/lg Mg/g polg Mo/l MO/g po/g Wo/lg polg Mg/l uglg pglg

Tsiribihina 100-250 0.14 1.30 062 <LD. <LD. 259 <L.D. 342 3.76 6.07 0.77 2.75 0.49 0.31 0.42 0.06 0.42 0.10 0.31 0.06 0.46 0.08
Manambolo 50-100 0.14 2.64 3.18 319 <LD. 1391 <LD. 4729 2.90 4.71 0.60 2.19 0.53 0.35 0.70 0.17 1.56 0.50 2.02 0.42 4.03 0.72
Manambolo 100-250 0.13 1.33 0.94 247 <LD. 482 <LD. 1436 3.12 5.22 0.62 2.16 0.44 0.30 0.39 0.07 0.61 0.17 0.63 0.13 1.19 0.20
Morondava 50-100 0.46 2.57 4.48 849 <LD. 2097 <LD. 5431 3.52 6.31 0.77 2.95 0.82 0.52 1.12 0.28 244 0.72 2.68 0.53 4.85 0.79
Morondava 100-250 0.05 0.67 0.37 194 <LD. 200 <L.D. 207 3.56 5.75 0.72 2.70 0.48 0.32 0.36 0.05 0.34 0.07 0.23 0.04 0.29 0.05
Mangoky 50-100 0.74 7.81 9.76 1232 <LD. 2958 <L.D. 8863 7.60 12.96 1.49 5.36 1.33 0.87 1.66 0.38 3.51 1.04 3.93 0.80 7.45 1.27
Mangoky 100-250 0.22 1.48 1.38 425 <LD. 489 <LD. 1033 6.09 9.36 1.09 3.86 0.71 0.56 0.59 0.10 0.72 0.18 0.60 0.12 0.99 0.16
Onilahy 100-250 0.16 141 0.91 520 <LD. 389 <LD. 78 5.69 8.44 0.91 3.16 0.54 0.51 0.45 0.08 0.56 0.14 0.48 0.09 0.75 0.12
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Sup. Info. 8 : Tests of denudation rate bias by the addition of stored material within the river with depleted 1°Be concentrations.
For all graphs, the true denudation rate is fixed at 6 mm/ka. For each graph, the different colors of the lines represent different
thicknesses of the terraces. A/ Bias in the case of addition of different percentages of sediment stored in a terrace of different
thicknesses for 50 ka. B/ Same as in A/ but with a storage within the terrace of 500 ka. C/ Addition of sediments to the sample
from a terrace with an itintial concentration of 5 x 10% at/g (i.e., stronger denudation rates), stored for 500 ka.



