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Abstract

This study investigates the Late Quc-ternary sediment distribution of the Zambezi turbidite system
(Mozambique Channel, Wes*ern 'ndian Ocean) from a set of piston cores that characterizes the
sedimentation in the '~te me-liate Basin and in the proximal and distal parts of the Zambezi Fan.
Sedimentological and ge ~chemical analyses permit to define variations in sediment composition,
sedimentaccumulation rates and timing of turbiditic deposits overthe past 720 kyr. Our study reveals
low sedimentinputs and rare turbiditicdepositsin the Zambezi turbidite system, and the deep (>2,500
m) Mozambique Channel in general, over the studied time interval. The reconstruction of the
terrigenous fluxin the upper part of the system suggests monsoon-related precipitation changes as the
main forcingfor riverine inputs variability in the Zambezi system. However, the occurrence of turbiditic

depositsinthe coressuggeststhatthereisno geneticlink betweentheirtriggeringand evolving climate



and sea-level conditions, thus emphasizing transformation of failed (slide-generated) sediment from the
continental slope as the maininitiation process for turbidity currents in the Zambezi system. Finally, our
data highlight regional-scale changesin sedimentary facies through time, interpreted as successive ‘on-
off’ switchesinthe activity of the distal Zambezi Fan, and by extension, regional-scale depocenter shifts.
The last one likely occurred at 350442 kyr, and is concomitant with a significantincrease interrigenous
inputs into the proximal Intermediate Basin. It is speculated that this depocenter shiftis related to a

major southward migration of the Zambezi delta.

Keywords: Zambezi turbidite system, Mozambique Channe! ¢.'mate changes, monsoon, Quaternary,

depocentershift

1. Introduction

Turbidite systems are currently a major /~cus of industry and academic research because they are
targets for oil and gas exploration ‘Shz~raugam and Moiola, 1988; Weimer and Link, 1991; Clark and
Pickering, 1996; Stow and Mayai., 200u; Pettingilland Weimer, 2002; Mayall et al., 2006; Howell et al.
2014; Fonnesu et al, 2020) an.' c.n hold a potential record of past terrestrial environmental changes
(Hesse and Khodabakh.". 1998; Bouma, 2001; Piper et al., 2007; Clift et al., 2008; Ducassou et al.,
2009; Toucanne et al., 2008, 2012; Covault et al., 2010; Jorry et al., 2011; Bonneau et al., 2014). The
main forcing factors thatinfluence sedimentary distribution and flux in turbidite systems (tectonics,
climate, sea-level, hydrodynamics, deep currents, etc.) have beenidentifiedfor a long time, though
their exact role and interplay remains debated (see Hinderer, 2012 and Romans et al., 2016 for
thorough reviews). Initially, the architecture and evolution of turbidite systems and, more generally,
the sedimentation on the margins were globally envisioned to be mainly controlled by glacio-eustatic

sea-level variations (Vail et al., 1977, Shanmugam and Moiola, 1982; Shanmugam et al., 1985).



Accordingto the principle of sequence stratigraphy, the turbidite system develops mainly during sea-
level falls and lowstands, when the rivers, as the main source of these depositional systems, are able
to reach the shelf edge and deliver sediments directly to the deep basin (e.g., Vail et al., 1977,
Posamentier and Kolla, 2003). However, an increasing number of studies provide evidences thatin
specific climatic conditions (at both high- and low-latitude) the growth of turbidite systems is also
governed by climate that modulates the fluvial discharge and sediment flux fromrivers (e.g., Covault
and Graham, 2010 fora review). At high latitudes, maximal sediment ' 1xoccurs during deglacial sea-
level rise when sediment discharge increases in response to ti.= d:cay of ice sheets (Kolla and
Permuttler, 1993; Skene and Piper, 2003; Zaragosi et al., 20N5; 1. zsanas et al., 2008; Toucanne et al.,
2008, 2012). At lower latitudes, the intensification o1 *he summer monsoon during interglacial
intervals results in higher water and sediment discha’ ges to the ocean, which cause higher turbidity
currentactivity inthe deep sea despite sea-Ir ve. hig.>stand conditions (Ducassou etal, 2009; Prins et
al., 2000; Bourget et al., 2010; Liu et al., 2016; P\ .ot et al., 2019). Thus, climate-related changes in the
seaward sediment flux strongly mocu'a.> the sea-level forcing acting on the deep-sea turbidite

systems.

Despite being one of the !ar =< turbidite systems in the world, the feeding and evolution of the
Zambezi turbidite syste.m sull remains unknown. The study of the Zambezi turbidite system started
during the eighties by Kolla et al. (1980a, b), who did a regional study on the sedi ment distribution
patterns and physiography. This was followed by the research of Droz and Mougenot (1987) that
focused onthe various evolution stages of the Mozambique Fan since the Oligocene. More recently,
studies focused on the geomorphological character of the Zambezi Channel (e.g., Wiles etal. 20173, b;
Breitzke et al, 2017; Castelino et al., 2017; Flemming and Kudrass, 2018; Fierens et al., 2019), but
despite increasing research efforts, the knowledge of the sedimentation in the Mozambique Channelis

still very patchy. The only recent sedimentary data acquired in the Mozambique Channel are



predominantly concentrated onthe Mozambican platform, by focusing exclusively on the last glacial-
interglacial transition (Just etal., 2014; Schulzet al., 2011; vander Lubbe etal., 2014). Inthis paper, we
fill the gap between geomorphological studies (e.g., Kollaetal, 1980b; Fierensetal.,2019) and long-
term geological reconstructions (Walford et al., 2005) by addressing which forcing factors contribute to
the temporal distribution and depositional patterns of terrigenous sediments of the Zambezi turbidite
system overthe last 720,000 years. Specifically, we have analyzed geochemical, sedimentological and
stratigraphic characteristics of 11 piston cores located at five strate;, < localities in the Mozambique
Channel. Ourresults demonstrate the complexity of the Zambezi tu. hidi.e system, with a major distal -

to-proximal shiftin depocenteratca. 350 ka.

2. Regionalsetting
2.1. The Mozambique Channel and th< Zar ibezi turbidite / depositional system

The Mozambique Channel (Fig. 1) islocatea " the western Indian Ocean between Madagascar and the
southeast African coast. This north-s~ut. t.ending basin deepens to the south from 2700 m (17°S) to
5000 m (30°S) and has a width tha' ranges from 430 km at 17°S to 1300 km at 28°S (Breitzke et al., 2017)
(Fig. 1A). The Mozambique Chenr2| formed during the break-up of the Gondwana supercontinent in
Early Jurassicto Early Crewo~euus, when Africaand Antarctica continental blocks separated (Thompson
et al., 2019). From Late Jurassic to Early Cretaceous, Madagascar drifted southward relative to Africa
along the proto-Davie Fracture Zone to its present position (Leinweber and Jokat, 2012; Mahanjane,
2014). This breakup led to the formation of the N-S trending Davie Ridge (south of 9°S) and the
Mozambique and Madagascar Ridges that are located inthe southern extension of the Mozambican and
Madagascan margins, respectively. The central part of the Mozambique Channelis occupied by several

isolated coral reefislands, namelythe lles Eparses (Jorry etal., 2016) (Fig. 1B), which are inherited from



the long-term development of carbonate platforms on top of volcanicedifices, from Oligocene to Early
Miocene (Courgeonetal., 2016).

The Zambezi turbidite system covers a major part of the Mozambique Channel. The principal source of
sediment to this sedimentary system is the Zambezi River (Fig. 1), which is the fourth largest riverin
Africa and the largest flowing into the Western Indian Ocean (Walford et al., 2005). It has a catchment
area of 1.3x10° km?, a mean elevation of ~1 km, a total suspended sediment of 48 Mt.yr*anddrains the
southern part of the East African Rift System as well as the South Afr. an plateau (Thomas and Shaw,
1988; Summerfield and Hulton, 1994; Milliman and Farnsworth, 211) (Fig. 1). Walford et al. (2005)
defined along-term (120 Ma) record of sediment supply of the Zan." :ziRiver towards the Mozambique
margin using a two-dimensional seismicreflection survey.\ ~ese authors propose a possible relationship
between increasing sediment flux during Pliocene anc a’.enlargement of the Zambezi watershed area. It
is important to note, however, that the Z-.m\ ezi River drainage reorganization during the Plio-
Pleistocene is very complex (Nugent, 199C: Thomas and Shaw, 1991; Moore and Larkin, 2001; Cotterill,
2006; Moore and Cotterill, 2010; Moot 2 = ~i., 2012) and is still very much debated. In addition, the
sediment flux in Southeast Africa h.< also been linked to stages of hinterland uplift that are deemed
responsible forlarge amounts of m >ss wasting on the slope and shelf (Green, 20113, 2011b; Wilesetal.,

2013; Hicksand Green. 201" M callefetal., 2019).

The Zambezi turbidite system consists of two different depositional systems: the Zambezi Fan (Fig. 2)
and the Intermediate Basin (Figs. 1and 3) (Fierensetal., 2019). The Zambezi Fanis characterized by the
ZambeziValleyandits tributaries (e.g. Tsiribihina Valley), and by its distal distributaries and depositional
area (i.e., the fansensu stricto). The Zambezi Valley is wide, mostly rectilinearand originatesin the north
from the Mozambique margin (Wiles et al., 2017b). At present, the submarine valley is disconnected
from the Mozambican shelf and only appears 280 km eastward from the Zambezi River outlet (Schulz et

al.,2011; Wilesetal.,2017a; Fierensetal., 2019). The upstream parthas a NW-SE orientation, which is



transverse to the Mozambican margin. Further to the east, the Davie Ridge forms a morphological
barrier makingthe valley change toan N-Strend (Schulzetal., 2011). The Zambezi Valley merges with
the Tsiribihina Valley, which originates from the Madagascar margin, at around 22°S. The Zambezi Valley
isincludedintheinnerfanbyKollaetal. (1980b) (zone | in Fig. 1B). At the southern limit of the Zambezi
Valley (~25.5 °S), an ancient channel-levee system is identified (Fig. 2B, C; Fierens et al., 2019).
Downstream of this the submarine valley ends in the Mozambique Basin where lobe deposits can
accumulate (line 4, Fig. 2D) (Kollaetal., 1980b; Fierensetal., 2019). Koi' 'etal. (1980b) subdivided this
distal depositionareaintoamiddle and outerfan(zonelland lllin Fiy 1B,. The middle fanisdefined as
the area where the valley expands into several distribution cheiine. - '.where sand deposits predominate.
The outer fanis located in the most distal part of the Mozar, higr.e Basin where distributary channelsare
absentand where finergrained sediments are recogn’'ze u Kolla et al., 1980b). In the study area, Kollaet
al. (1980a) and Breitzke et al. (2017) recogni-.cu larg2-scale seafloor bedforms, which are related to
strong bottom-currentinfluence, as also r>cently, 2ported by Miramontes et al. (2019). Additionally, the
Mozambican continental slope, the Zam 7¢ 2 *alley and the lles Eparses encompasses a ponded semi -

confined basin whichisreferred te as *he intermediate Basin (Fierens etal., 2019).

2.2. Oceanography ~nu climate
A complex and dynamicoceaniccirculation pattern characterizes the Mozambique Channel, consisting
of large surface gyres and deep oceanic currents (Fig. 1A). Along the Mozambique margin, a train of
deep-reachinganticycloniceddies propagates southward. These eddies appearto be over300 km wide
and cause a net poleward transport of about 15x10° m3/secinthe upper 1500 m (de Ruijteretal., 2002;
Schouten et al., 2003). The eastern side of the channel is characterized by temporary cyclonic eddies
that move from the southern tip of Madagascar in west-southwesterly direction (Quartly and Szokosz,

2004). The deep oceanic circulation is composed of the Antarctic Bottom Water (AABW) and North



AtlanticDeep Water (NADW) and the AntarcticIntermediate Water (AAIW). The AABW (below 4000 m)
and NADW (2000 m - 3500 m) flow in a northward direction along the western margin of the
Mozambique Channel. At 25°S, the bathymetry becomes shallower and the AABW gets deflected
towards the east and south. Similarly, the lower portion of the NADW gets deflected towards the south
due to decreasing topographic depths at 20°S. The upper part of the NADW forms together with the
AAIW (800 m — 1500 m) the Mozambique Undercurrent (MUC), which has a mean northward speed of
4.6 cm/s (1500 m) and 4.5 cm/s (2500 m) (Ridderinkhof and de Ru tter, 2003). This undercurrent
continues flowing northwards, crosses the Davie Ridge and flowsintc the 5omalieBasin (de Ruijter et
al., 2002; Donohue and Toole, 2003; Ridderinkhof and de Ruii er, 2203; Van Aken et al., 2004; Breitzke

etal., 2017).

The climate of the East Africa region is governed 3y "ne movement of the Intertropical Convergence
Zone (ITCZ). Onseasonal timescales, the ITCZ wig’ ates meridionally causing an equatorial zone of humid
climate with a high degree of inter-ant 'al rainfall variability. The Zambezi catchment (and the
watersheds of the Madagascar rivers’ zet. m.aximum precipitation during austral summer (December—
February) whenthe ITCZboundar, migiatesto the northern half of the Zambezi Catchment (e.g., Ziegler
etal., 2013).

The available terrestrial p. 'euclimate records from the African continent are often eitherrelatively short
(e.g., Talbot and Johannessen, 1992; Beuning et al., 1997, Thevenon et al., 2002; Johnson et al. 2002;
Kristen et al., 2010) or long but fragmented (e.g., Barker et al., 2002; Trauth et al., 2005). These have
beenrecently complemented by drill cores taken from long-lived lakes and paleolakes, which provide
continuous records of terrestrial climate (Scholz et al., 2007; Lyons et al., 2015; Johnson et al., 2016).
However, the availability of such high-resolution continental paleoclimatearchivesislimited and they
are typically geographically dispersed (deMenocal, 2004). Hence, paleoclimate studies are commonly

based on a single terrestrial or marine sediment core (e.g., Scheful} et al., 2005; Garcin et al., 2006;



Brown et al., 2007; Lyons et al., 2015; Johnson et al., 2016; Castafieda et al., 2016). Consequently, the
climate history of tropical and subtropical southeast Africaand the mechanisms that control rainfall and
temperature are still highly debated.

In general, Eastern African climate is considered to have developed from warmer, wetterconditions in
the Late Miocene and Early Pliocene (Cerling et al., 1997; Woldegabriel et al., 2001) towards
progressively coolerand drier climate overthe pastfew million years (Bonnefille, 1983; Cerling, 1992;
Potts, 1996; deMenocal, 2004; Trauth etal., 2005). This longterm chan; towards more arid conditions
is punctuated with step-like shifts in periodicity and amplitua~ o' glacial-interglacial changes.
Throughout the Late Neogene the African monsoon climatevar ea o* periodicities of 23—-19 kyr (orbital
precession), which was superimposed to high-latitude glaci. 'cyc.es of 41 ka afterca. 1.8-1.6 Ma, and of
100 ka afterthe Mid-Pleistocene Transition (MPT; ca. ..? 0.8 Ma) (deMenocal, 2004).

This general assumption is not supported by *ne o1 data from Lake Malawi (10° to 14°S, Fig. 1A), the
southernmost lake inthe West African Rif+ Valley. This lake could persists through severe and prolonged
arid periods asitis one of the deepesta1d o. *astlakesinthe world, making possible acontinuous 1.3-
Myr continental record (Fig. 4; Lv'o. < et al., 2015; Johnson et al., 2016). Based on temperature and
aridity records from Lake Malswi, ., ~hnsonetal. (2016) confirmed the 41-kyr climate periodicity prior to
the Mid-Pleistocenetresii'an. Afterthe MPT, the environment became progressively more humid with
strong 100-kyr cycles con<iZcing of warm, wetinterglacial periods and cool, dry glacial intervals (Fig. 4A;
Johnsonetal., 2016). Thisis supported by additional paleoclimate proxies that suggest lower lake levels
with frequent water level changes before the MPT followed by overfilled lake conditions (reflecting
wetterclimate) that were interrupted by intervals of extreme drought until ca. 100 kyr (Fig. 4B; Lyons et
al., 2015). By correlating core results of Lake Malawi (11°S) with seismic data, Scholz et al. (2007)
specified that these extreme drought periods occurred duringinsolation minima. Thisis consistent with

previous research onthe Pretoria Saltpanin South Africa (Fig. 4C; Partridge et al., 1997).



These results are, in turn, partly contradicted by vegetation and hydroclimate reconstructions of the
Limpopo catchment area (20°-24°S). Here, a long-term aridification was found between 1 and 0.6 Ma,
followed by more-humid conditions with no evidence of the megadroughts (Fig. 4A; Castafieda et al.,
2016; Caleyetal., 2018). In additionto that, precipitation proxies on a core from Lake Tanganyika (~6°S)

indicate numerous abrupt changesin hydrology throughout the past 60 kyr (Tierney et al., 2008).

3. Materialsand methods
3.1. Core locations

Thisstudyis based on 11 piston cores recovered from the Moz=mk. ~ue Channel between 18°Sand 27°S
latitude during the PAMELA-MOZ1 (Olu, 2014), PAMELA-. 107 2 (Robin and Droz, 2014) and PAMELA-
MOZ4 (Jouet and Deville, 2015) oceanographic cruisr.s (see Fig. 1B for piston cores location). The
location of the cores was determined first ¥u giin *he best sedimentological insight into the main
physiographicmargin (e.g. slope, abyssal ~lain) ard turbidite entities (i.e., fan, Intermediate Basin) of
the Mozambique Channel, from the M 1z .“ique and Madagascar slopes to the North to the deepest
part of the Zambezi sedimentary sy_tem to the South. Secondly, they have been retrieved from (or
along) the main sedimentary ~nd g -oamorphological features (levees, lobes, channels, etc.) recognized
on high-resolution mul**he. ma 1d CHIRP data (Figs. 2 and 3). The sediment coresrange from4.2 to 15.3
meters in length and arc ‘ocated in water depths between ca. 2,500 and 4,400 m. Details about the

cores analyzedinthisstudy are displayedin Table 1.

3.2. Sedimentology
Sedimentary facies (Table 2) were described according to sediment texture and composition. For this we
performed visual description, high-resolution digital photography and X-ray radiographies (Geotek-XCT

system) over the entire length of the sediment cores. Additionally, grain-size analysis (n =521) were



done on selected depth intervals. Bulk samples were measured using a Mastersizer 3000 laser
diffraction particle sizeanalyser coupled toaHydro LV wet dispersant unit. Finally, the CIEL*a*b* color
indices were determined at 1 cm resolution by a Konica Minolta CM 2600d coupledtoa GEOTEK Multi-
Sensor Core Logger (MSCL). Acquisitions were carried out with ameasurementarea of 8 mm and usinga
daylightilluminant (D65) and 10° viewingangle (specular component excluded), directlyfrom the split
surface of the cores. In this study, we focus on the a* parameter (red-green scale) of the
spectrophotometricresults, whichis agood indicatorforthe colordiffe >nces occurringalongthe piston

cores.

3.3. Geochemistry
In order to constrain the mechanism of color charge ir oursediment cores, we performed detailed
geochemical analyses. Semi-quantitative de ~errinations of geochemical profiles for major elements
were acquired by an X-ray fluorescence (Xk."! Avaatech core scanner. Measurements were done on each
piston core and performed every cen*'me =" with a counting time of 10 sec. The chemical elements (Al,
Si, Ca, Ti, Fe) were detected by usi. gtwo acceleration voltages (10kV and 30 kV, respectively). The Al/Si
and Fe/Tiratios reflectvariatioi.-ir, sediment delivery, while the ratio of Ca/Fe isindicative of biogenic
primary productivity and, v extension, of past climate variability (see Richteretal., 2006; Rothwell et
al., 2006; Govinetal., 2012 forthorough reviews). Additionally, quantitative determination of total CaO
concentrations were obtained by a Bruker S8 Tiger CRF spectrometerin 10 selected sediment samples
from core MOZ4-CSF20 (Zambezi slope). Both cores retrieved from the ZambeziValley (MOZ1-KSF30and
MOZ2-KS11) were analyzed for their total organic carbon (TOC) content using the Shimadzu Total
organiccarbonate (TOC-L CSH) analyser with a NDIR (Non-Dispersive Infra-Red) sensor. Samples were
taken with a step size of 20 cm, dried (50°C), crushed and decarbonized using HCI (4%). TOC content was

calculated by subtracting the Inorganic Carbon (IC) content from the Total Carbon (TC) content. TCis



determined on samples that underwent combustion catalytic oxidation at 680°C and IC is detected on

samples that were acidificated by phosphoricacid.

Finally, 25samples were analyzed fortheir Neodymium isotopiccomposition (eNd) inordertodecipher
potential changesinthe Zambezi River drainage reorganization through time (e.g.,, Thomas and Shaw,
1991; Cotterill, 2006; Moore et al., 2012). The neodymium isotopic composition (eNd) of terrigenous
sediment is a powerful tracer for geographical provenance because the eNd signature of detrital
sedimentisretained during continental weathering and subsequent tr-nsp ~rt (Goldstein and Jacobsen,
1988; Bayon et al., 2015). Samples were taken at selected der,th ‘ntervals on 7 cores (MOZ1-KS26,
MOZ4-CS22, MOZ2-KS05, MOZ1-KSF30, MOZ2-KS11, MN7. XSF15 and MOZ2-KSF13). For full
methodology on the sequentialleaching procedure, alkalin >tu-ion andisolation of Nd fractions we refer
to Bayon et al. (2002), Bayon et al. (2009) and 7a, ~n et al. (2012). Isotopic measurements were
performed atthe Pole Spectrometrie Ocean, .'res. (France), usingaThermo Scientific Neptune multi-
collector ICPMS. Mass bias corrections on N were made with the exponentiallaw, using (***Nd/**Nd) =
0.7219. Ndisotopiccompositions wer: de *=.mined using sample-standard bracketing, by analyzing an
in-house SPEX Nd standard soi.t*ion (SPEX) every two samples. Mass-bias corrected values for
13Nd/**Nd werenormalized to. €2EX Nd value of (}**Nd/***Nd) =0.511709. Replicate analyses of the
JNdi-1standard solution u.'ring the course of this study gave (***Nd/**Nd) =0.512116 +0.000011 (2SD,
n = 10), infull agreement with reference value (0.512115) from Tanaka etal. (2000), and corresponding
to an external reproducibility of ~ +0.21 e-units taken as the estimated uncertainty on our
measurements. In this study, both measured **Nd/***Nd ratios and literature dataare reported in ¢ Nd
notation [(***Nd/***Nd)sampie/ (***Nd/**Nd) chur-1]x 10%, using (***Nd/***Nd)cnyr =0.512630 (Bouvieret al.,

2008).



3.4. Stratigraphy
Accurate age models have been constructed for all cores based on stable isotopes (C/O), radiocarbon

acceleration mass spectrometry (AMS) **Cdating and nannofossil age determinations.

Foraminifera used for stable isotopes and '*C datings were found along the hemipelagic layers with a
sample step of 5to 20 cm. These hemipelagic layers are not contaminated by reworked material and
representintervals of continuous sedimentation. The samples were dried and wet-sieved at 63 um. For
oxygen isotope analysis about 100 pg of the benthic foraminifera sp~cie - Cibicides wuellerstorfi were
picked with a size fraction between 250 and 425 um. The isotr,pi. composition was analyzed at the
Leibniz Laboratory for Radiometric Dating and Stable Isotope Re_~arch (Kiel University, Germany) using
a Kiel IV carbonate preparation device connected *o ~ MAT 253 mass spectrometer from
ThermoScientific. During preparation the carbonate s v. ore reacted with 100% phosphoricacid (H3P04)
under vacuum at 75°C, and the evolved car an ioxide was analyzed eight times for each individual
sample. Allvalues are reportedin the Vienr.> Pee Dee Bee notation (VPDB) relativeto NBS19. Precision
of all different laboratory internal a~< i\ te.rnational standards (NBS19 and IAEA-603) is <+0.05 %o for
613C and <+0.09 %o for 680 valuc -. Fo, core MOZ4-CS25 the 60 measurements are supported by 3
nannofossil ages. These analy.~< are based on biostratigraphic and age markers from Leg ODP 175
(Shipboard Scientific Par.r. 1998). Core stratigraphy has been completed for upper core sections by
Radiocarbon dating conducted on 27 selected samples (Table 3). Analyses were performed at the BETA
Analytics laboratory (USA) on shells of planktic foraminifera (monospecific assemblage of G. ruber or
bulk planktic foraminifera) with a fraction between 250 and 315 um. Radiocarbon ages were first
corrected for reservoir age and then calibrated to calendar age using the IntCal13 calibration curve
(Reimer et al., 2013). Reservoir correction was inferred from radiocarbon measurements in prebomb
known-age shells and coral from the tropical SW Indian Ocean (Southon et al., 2002) and calculated

accordingto the uncalibration-convolution process of Soulet (2015), giving a currentregional reservoir



age of 426 + 76 *C years. Due to the lack of knowledge about changes of this regional reservoir age
through time, this value was used to correct all *C ages of this study. Finally, the stratigraphic

framework allows the calculation of linear sedimentation rates and mass accumulation rates.

3.5. Mass accumulation rates
Terrigenous supplies were quantified for core MOZ4-CSF20 by the calculation of the mass accumulation
rates (MAR or terrigenous flux). This core was selected because of its hish _~dimentation rates and its
‘proximal’ position relative to the Zambezi terrigenous sedim:n. source (see Section 5.2). For this
purpose, the coring artefacts were first corrected based on th= L:NEMA software developed at IFREMER
(Bourilletetal., 2007). The MAR, ing cm2kyr?, were subse juctly calculated forglacial and interglacial

periods accordingtothe following formula:

MAR = LSR * DBD * (1 — carbonate content),

with LSR for Linear Sedimentation Rate (:m xyr) and DBD for Dry Bulk Density (g cm). The latter has
been calculated by the formula 8D -2.65 * (1.024 — Dy.)/(1.024 — 2.65), where 2.65 equals the mean
graindensity (ingcm=3) and 1.C74 ir che interstitial waterdensity ingcm= (Auffretetal., 2002). Thewet

bulk densities (Dye) We (v de v :d from gamma-ray attenuation density measurements.

4. Chronostratigraphic framework

Reliable age models for 10 cores (on 9 coring sites; see Table 1 and the associated caption) were
constructed by synchronizing the C. wuellerstorfi 580 isotopes records with the global benthic
foraminiferal LRO4 stack of Lisiecki and Raymo (2005) (Fig. 5). Results obtained from cores MOZ1-KS26
and MOZ4-CS22 (twin cores, i.e., taken at the same location; see Table 1) are combined to establish a

composite age model, with the upper part of the record corresponding to MOZ1-KS26. In the text and



figuresthat follow, we thus use the name M0Z1-KS26to denote this composite record. Fortuning, tie-
points were limited to clearly identifiable marine isotope stage (MIS) boundaries (Lisiecki & Raymo,
2005; Railsback etal., 2015), including Terminations (i.e., glacial-interglacial transitions) (Table 4). The
chronology of the uppermost portion of the cores is supported by 27 radiocarbon ages (Table 3). For
core MOZ4-CS25, additional nannofossil ages were obtained at 81, 167 et 420 cmbsf indicating MIS 12-
15 (ca. 460 — 600 ka). Thisresultis based on the acme (i.e., intervals of single species dominance of the
flora) of G. caribbeanica, the presence of P. lacunose and the absence o™ R. asanoiand H. sellii. The age
model of core MOZ4-CSF20 encompasses the last 162 ka (i.e., core bc toricorresponding to mid-MIS 6).
Meanwhile, the age model of core MOZ2-KS05 revealed that :his ~ure extends back to ca. 720 ka (MIS
18). The otherseven coresregisteramaximum age thatlie, ~be .weenthesetwoages (Table4and Fig.

5).

The glacial/interglacial amplitude of our 6" 'O rata (ca. 2 %o over the last 4 climate cycles) closely
matches with the standard LRO4 stack (Fig. ' However, the stable oxygenisotope values generally vary
between 2.5 and 4.5 %o, making the™ crsistently 0.5 %o lower than the LRO4 record. This offset is
probably related to the differen. vater depths and local signature of our cores (3553+1052 m depth)
with respect of the signatiire »f the cores used to produce the LR04 stack (3127+1992m depth).
Additionally, sedimentar.ives recovered from the distal part (MOZ2-KSF15, MOZ2-KSF13, MOZ2-KS11
and MOZ1-KSF30) demonstrate slighter higher values per mil VPDB than cores taken in the northern
part of the study area (MOZ4-CSF20, MOZ1-KS26, MOZ2-KS05 and MOZ1-KSF24). Inaccordance with the
findings of McCave et al. (2005), this lateral variation of the benthic 80 signature likely results from the

different deep water masses presentatthese sites (AABW and NADW, respectively).

5. Results



5.1. Lithofacies
Six main sediment facies have been inferred fromvisual description, X-ray radiographs and grain-size
analysis (Table 2). Core MOZ4-CS21, sampled on the Zambezi slope, is predominantly composed of
homogeneous dark grey silty-to sandy-clay (Fig. 6). These sediments are characterized by poor sorting,
frequentinverse gradingand ageneral bimodal grain-size distribution. Consequently, these muds solely
found in core MOZ4-CS21 can be interpreted, according to Stow and Lovell (1979) and Stow and Piper
(1984), as contouritic deposits, i.e., sediments deposited or substant. ‘lly reworked by the persistent
action (e.g., selective deposition, winnowing, erosion) of bottom curr. nts  Rebesco etal., 2014). This is
supported by radiocarbon ages that suggestlongersettlingtinre, w.»' _n excludes the possibility for an
instantaneous gravity flow deposit (Fig. 6). The other seu.mer t cores from the Mozambique Channel
consist predominantly of hemipelagic deposits (Fig 7', which are widely distributed throughout the
entire study area. This facies shows significant o1 yrv. viability between the yellowish beige versus dark
grey types, and consists of bioturbated mud minor grain size mode = ~4 um) with abundant
foraminifera (major grain size mode of - 40 .*n). The hemipelagicsediment at proximal sites (MOZ4-
CSF20, M0OZ4-CS21, , MOZ1-KS26, Wi72-KS05, MOZ1-KSF24 and MOZ2-KSF13) consists predominantly
of olive to dark grey, foraminifera-. <h silty-clay (Fig. 8) which is characterized by a total organiccontent
(TOC) of up t0 0.5 % (Fi~ 9, and a moderate to high sedimentation rate (up to 9 cm/kyr at MOZ4-CSF20;
Fig. 10). As a prominent e.:.mple, MOZ2-KSF15 demonstrates that this hemipelagicgrey facies (between
7 mand 10 min particularin Fig. 11E, F)isenrichedinironand aluminum (relative to calcium; Fig. 11C,
D) and has highersedimentation rates (i.e., two-fold increase relative to the biogenic-dominated facies;
Fig.11D). Yellowish beige hemipelagicdeposits dominate in the distal Zambezi depositional system (e.g,,
cores MOZ1-KSF30, MOZ2-KS11, MOZ2-KSF15, MOZ4-CS25) (Fig. 8). It represents a 3 to 7 m thick
sediment coveratthe studiedsites (Fig. 8), including MOZ1-KSF30and MOZ2-KS11 that are retrieved on

top of a levee of anancient(i.e., non-active)channel-levee system located atthe edge of the present



Zambezi Channel (Fig. 2). This sedimentis characterized by low TOC(~0.1 %) and very low sedimentation
rates (<2 cm/kyr) (Fig. 9).

Hemipelagic deposits are interbedded by mainly fine-grained or massive sandy turbidites that can be
easilyidentified by their coarseness (except at site MOZ2-KS05, see below), normal gradingand distinct
erosive bases (e.g., Stow & Piper, 1984). Fine-grained turbidites (Fig. 12) have a relative widespread
occurrence in the turbidite system as they are observed on the Mozambique slope (M0OZ4-CSF20) and
Madagascar slope (MOZ1-KSF24 and MOZ2-KSF13), in the Intermediate tasin (MOZ1-KS26, MOZ4-CS22
and MOZ2-KS05) and onthe lowerZambezi Valley flanks (MOZ1-KSF."an 1 MOZ2-KS11). The recurrent,
fine-grained turbidite successions found at proximal sites (e.g., .~.es MOZ4-CSF20 and MOZ1-KSF24)
and the scarcity of turbiditesin the distal Zambezidepositic ~als /stem (e.g., core MOZ2-KSF15) indicates
a proximal-distal trend (Fig. 8). They are character'ze4 by a median (D50) grain-size of 4 to 122 um
(47-122 pm for the basal part) and a ninety rer.2nu'e (D90) ranging from 22 to 642 um (109-642 um
for the basal part). These fine-grainec turbidi.es are interbedded within the olive to dark grey
hemipelagic deposits. It is worth notii'g o Z¢in core MOZ2-KS05 (Intermediate Basin) turbidites are
remarkably finer-grained compar~ > elsewhere, so that the turbidite beds are embedded by coarser
(foraminifera-rich) hemipelzsic 1 cies (Fig. 13). Also within the Intermediate Basin, fine-grained
turbidites canoccurin 7 <ta kec configuration showingripples with different currentdirections (Fig. 12).
This may suggestan effec. uf rebound and ponding processes (Remachaand Fernandez, 2003; Tinterri
and Muzzi Magalhaes, 2011). Massive sandy turbidites (Fig. 14) are mainly observedinthe deeperparts
of the system, i.e., in the distal fan at sites MOZ2-KS11 and MQOZ4-CS25. This may be related to an
overall bypass of turbidity currents in proximal fan locations. They are interbedded in the yellowish
hemipelagicfacies (e.g., Fig 14). They are distinctly coarser grained with a median (D50) grain-size of 54—
239 um and a ninety percentile (D90) ranging 124—689 um. Locally, two particular turbidite facies are

recognized. A 14-cm thick, organic-rich turbidite (Fig. 15) is solely observed in core MOZ2-KS11.



Secondly, carbonate turbidites (Fig. 16) are observed mainly in core MOZ1-KSF26 and MOZ4-CS22,
which are located in the vicinity of the isolated carbonate platforms forming the lles Eparses. These
carbonate turbidites are originated from the shedding of Bassas da India atoll top, as previously
described by Counts etal. (2018). Occasionally, thin carbonate turbiditicbeds are found onthe cores of

Madagascar margin (MOZ1-KSF24 and MOZ2-KSF13).

5.2. Sedimentationrates, fluxes and turbiditicdepositfre~e, -ies
Based on the age models, sedimentary accumulation rates (SAR) F.av. been determined foreach glacial

and interglacial period (accordingtothe MIS boundaries of Li-iel!"i & Raymo, 2005) (Fig. 10).

Overall, for all cores, relatively low sedimentation r2*=s are round. SAR varies between 0.13 cm/ka
(MOZ2-KS05) and 9.64 cm/ka (MOZ4-CSF20) a~d . 2 considerable variations are observed between
glacial and interglacial periods. The data also h.Vicate a general decrease of mean sedimentation rate
with increasing distance from the sou . aicas. The highest age-depth profile gradient and mean
sedimentation rate (6.1 cm/ka) isfo’.nd . ast proximal at the Mozambique margin (MOZ4-CSF20) over
the past ca. 160 kyr (Fig. 10). \"'rt, er to the south, the proximal Intermediate Basin (MOZ1-KS26)
records a mean SAR close 0 3.7 cm/ka during MIS 13 to MIS 1. More distally in the Intermediate Basin
(MOZ2-KS05) the mean SAF value is similar over the last 243 ka (MIS 7 to MIS 1). Before (between MIS
18 to MIS 8), a very low mean sedimentation rate of 0.3 cm/ka is found. The cores from the distal
Mozambique Basin (MOZ1-KSF30, MOZ2-KS11 and MOZ2-KSF15) record average sedimentation rates
close to 2.0 cm/ka (and distinct lower profile gradients) over the past 720ka. It is interesting to note
that increased sedimentation rates (to 3.6 cm/ka) from 715 to 910 cmbsfin the Zambezilowerfanssite is

coeval with the deposition of aFe-and Al-rich, dark grey hemipelagicfacies (Fig. 11Cto 11E). Finally, the



coresretrieved from the Madagascar margin (MOZ1-KSF24 and MOZ2-KSF13) show mean sedimentation

rates of 2.3 cm/kaduring the past ca. 350,000 yr.

The ‘proximal’ location of core MOZ4-CSF20, added to the high sedimentation rates (upto ~10 cm/ka)
and the recognition of the main stratigraphic 520 features (e.g., MIS 5a to MIS 5e) overthe last ca. 162
ka led to quantify sediment flux (i.e., mass accumulation rates, MAR) at thissiteinorderto explore the
possible relationship existing between climate changes and terrigenous inputs overthe last climate cycle
(Fig.17). The MAR shows a significant variability overthe last climatic~'le. The results revealthat MAR
ranges from 2-3 g.cm2.kyr? during glacial intervals (MIS 2, MIS €} tc 5-/ g.cm?.kyr* during interglacials
(MIS 1, MIS 5), with MAR peaks corresponding to the interc'ac.~l warm intervals (i.e., MIS 53, cand e;

Fig. 17).

Finally, the sediment inputs in the turbidit~ p.~ins have been examined through the turbidite
occurrences and the calculation of the turbiu.e frequencies (Fig. 18). For all individual cores, the
duration of each isotope stage (kyr) is di*.ic ~d vy the amount of turbidites perisotope stage, thus giving
turbidite recurrence times perisote* esi. 3e as presented through white italicnumbersinfigure 18. For
the ease of comparison, additicnar Gaussian shaped frequency plots are constructed. Their height
increases when the turbicite ;vequency increases. Overall, turbidites found within the hemipelagic
deposits occur irrespective of glacial or interglacial periods, i.e., intervals of high and low sea-level
respectively (Fig. 18).

In the Zambezi depositional system, both proximaland distal sites indicate alow turbidites occurrence
from MIS 13 to MIS 9 (turbidite recurrence times of ca. 40 kyr). During the last ca. 300 ka, the turbidite
activity increases at proximal sites (Zambezi slope and Zambezi Intermediate Basin sites; turbidite
recurrence times of ca. 23 kyr) but decreases substantially (i.e., only turbidites in core MOZ2-KS11) in

the distal part of the system (ZambeziValley and Zambezi Lower Fan). During MIS6 and 8, turbidites in



the Intermediate Basin (i.e., MOZ1-KS26; Fig. 12) are mainly presentin astacked configuration (i.e.,one
upon another) with ripples characterized by multiple directions, which may be the result of local
rebounding and ponding processes (Remacha and Fernandez, 2003; Tinterri and Muzzi Magalhaes,
2011).

On the other side of the Mozambique Channel (cores MOZ1-KSF24, MOZ2-KSF13), fine-grained
turbidites are interbedded within the hemipelagic deposits that spans the past ca. 290 kyr (Fig. 18).
These cores register similarto slightly higher turbidite activity (average :currencetime of 18 kyr over
the last 300 kyr) with a maximum activity (turbidite recurrence ti mes of ca. 10 kyr) during MIS 2-4

(MOZ1-KSF24), MIS 5 and 7-8 (MOZ2-KSF13).

5.3. Ndisotope analysis
€Nd results are used as a proxy for changes ‘n t'ie Zambezi drainage system (see Methods). The eNd
values obtainedinthe hemipelagicdeposits ~f the studied cores range from-12.2 to -20.6 (n=25) (Table
5) and the dataset show remarkabl~ hc ~»Jgeneity over the last 720,000 years. Indeed, 20 of the 25
measurements give eNd values 1. nging from -13 to -15 (whatever the core location and the type of
hemipelagicdeposit,i.e., ye"~w.:* beige versus dark grey, see below), and only two samplesshow ¢Nd
values far from this range -19.1 for MIS 1 and -20.6 for MIS 10 at sites M0OZ2-KS05 and MOZ1-KSF30,
respectively). The mean ¢ Nd value for the whole datasetis-14.4 + 1.8. Thishomogeneity suggests that

there was no major drainage reorganization overthe past 720,000 years.

6. Discussion
6.1. Tracking detrital sediment input in the Mozambique Channel and the Zambezi

turbidite system



Turbidites found along submarine channels and in deep oceanicbasins can be goodindicators of fluvial
inputs (Normark and Piper, 1991; Piper and Normark, 2009; Covault and Graham, 2010) and of their
variability overtime (e.g., Covaultetal., 2010; Jorry et al., 2011; Bonneauetal., 2014). The geneticlink
between turbidites and fluvial sources in the Mozambique Channel is emphasized by the number of
turbidites that decreases with distance to the margin (see Section 5.1). Thisisassociatedtodecreasing
sedimentation rates to the distal part of the Zambezi depositional system (seeSection5.2).In addition
to turbidites, hemipelagic sediment in turbidite successions signifi. ‘ntly contributes to this trend.
Considering the proximity of cores MOZ4-CSF20, MOZ1-KS26, . 107 1-KSF24 and MOZ2-KSF13 to
terrigenous sediment sources (i.e., Zambezi, Tsiribihina or Tailahy rivers), we assume that
suspension/transport of fluvial-derived sediment by oceanc rrap aicprocesses (likely including internal
tides, geostrophic currents; Shanmugam, 2013, 201¢; Cardner et al., 2017) participates together with
turbidity currents tothe terrigenous sediment-.cic 10:. the studied margins. This has been thoroughly
discussed for the Mozambique margin a~d the z.mbezi River for the past 20 kyr (van der Lubbe et al.,
2014), and our data suggest that this p-o.<ss is effective along the Mozambique and Madagascar
margins overthe last glacial-interg'a.ial cycles (at least since MIS 13 and MIS 10 at sites MOZ1-KS26 and
MOZ1-KSF24, respectively; Figs. 8, "8 and 19). The description of dark grey silty- to sandy-clay showing
bi-gradational sequenr=s ‘t si.e MOZ4-CS21 (Fig. 6, Table 2) suggests, in agreement with previous
results of Kolla et al. (192Zq, b), that the terrigenous sedimentation along the Mozambique margin is

impacted by bottom-currents.

Yellowish beige foraminifer ooze (see section 5.1 for their characteristics) dominates in the distal
Zambezi depositional system (e.g. cores MOZ1-KSF30, MOZ2-KS11, MOZ2-KSF15, MOZ4-CS25) and is
interpreted as a biogenic-dominated facies (Kollaetal., 1980a, b; Stow and Piper, 1984), constituting the
background oceanic sedimentation in this region, i.e., Zambezi Fan is not receiving terrigenous

sediments (“off” mode). The massive sandy turbidites (e.g., Fig. 14) present in the upper biogenic-



dominated sequence of core MOZ2-KS11 (Fig. 8), suggest that the Zambezi Channel was fed by rare,
sandy turbidity currents during the past ca. 318 kyr, producingrare levee-overbank deposits. Below the
biogenic-dominated sequence of core MOZ2-KS11 (prior to ca. 318 kyr) the presence of olive to dark
grey silty-clay sediments and organic-rich, fine-grained turbidites demonstrates terrigenousinputs that
contributedtothe development of this ancient channel-levee system (Fig. 9). The facies transition, from
yellow- biogenic-dominated to grey-terrigenous sediment, is observed atregional scale (i.e., in cores
MOZ1-KSF30, M0OZ2-KS11, MOZ2-KSF15, MOZ4-CS25; Figs. 8, 18 and 17! and occurred between 4375
ka (MOZ2-KSF15) and 318+2 ka (M0Z2-KS11), dependingof the depo.itio 1al environments (i.e., channel
edge, levee, lobes; Fig. 18). Fine-grained turbidites, interpreted as v *_rbank deposits, are described on
the levee (core MOZ1-KSF30) while thick, massive sanu ! tu bidites are found downstream at the
channel outlet (MOZ4-CS25). No silty or sandy lami iar. are visible in the grey silty-clay facies at core
MOZ2-KSF15. However, its characteristics (cor.pc siticn and sedimentation rates; see Section 5.1) could
indicate, together with the depositional environmcnt, that this faciesis made of stacked, base-cut-out
mud turbidites (Stow and Piper, 1984) M., ~over, this homogeneous grey facies at core MOZ2-KSF15
(ca. 43745 to 508+7 ka; Fig. 18) is cor ~omitant to the deposits of terrigenous turbidites at the othersites
(i.e., cores MOZ1-KSF30and MQOZ4 ~S25; Fig. 18). Hence, we could assume that it highlights terrigenous
inputs in the deep Mo~am.“igu 2 Basin, and by extension, feeding of the distal Zambezi depositional
system (i.e., Zambezi Fan .= an “on” mode due to the direct feeding of the Zambezi Valley; Fig. 19). Thus,
the description of a new succession of yellow- biogenic-dominated (~10-12 m or ca. 510-640Kka; i.e.,
“off” mode of the Zambezi Fan) and grey-terrigenous facies in the lower part (>12 m or >640ka; i.e.,
“on” mode of the Zambezi Fan) of core MOZ2-KSF15 (Figs. 11 and 18) suggests a discontinuousfeeding,
with recurrent periods of quiescent conditions (corresponding to the yellowish beige facies; “off” mode)
of the distal Zambezi system through time (Fig. 19). This is also supported by the succession of these

facies in the lower part of core MOZ4-CS25 (Fig. 18), west of MOZ2-KSF15 (see Fig. 1B for locations).



Based on the sedimentological considerations described above, a detailed reconstruction of the
temporal and spatial distribution of terrigenous deposits in the Zambezi system is proposed below in

Section 6.2.

Of course, the low turbidite occurrence in our piston cores does not mean that there was nearly no
activity inthe Zambezi turbidite system since 720ka. The difficulty for the turbidity currentsto produce
overbank deposits along the very deep (ca. 700 m; Fierens et al., 2019) Zambezi Valley may be the
reason why turbidites are rarely identified. Moreover, the very coar<e | ~aterial present both on the
deep submarine valley floors (see DSDP drilling sites 243-244; Jin.nson et al., 1974) and in the distal
depositional part of the Zambezi sedimentary system (Robin =nu Droz, 2014) evidences some ‘recent’
activity. Since this study is based on only 11 cores taken a* sp ~cific regions of the turbidite systems, it
might be anticipated that the turbidite activity may 1a = taensignificantly higher thanrecorded in the

presentstudy.

6.2. Interpretation of dn trita! faciesin a temporal and spatial context:insightsinto forcing
factors

6.2.1. Proximal depos’:ion *nvironments

The most complete sedime ntary records in the Zambezi turbidite system are provided by deposition
sites located inthe vicinity of terrigenous sediment sources and are therefore the best repositories of
information on timing of sediment flux from continent to ocean. Hence, we use cores MOZ4-CSF20,
MOZ1-KS26, MOZ1-KSF24 and MOZ2-KSF13 to thoroughly evaluate the evolution of the detrital

sedimentary inputsin the Mozambique Channel.

These sedimentary records observed in different proximal depositional environments reveal that

turbiditic contributions on the margins occurred in both glacial and interglacial conditions (see Section



5.2) (Fig. 18). In fact, they reveal acomplex, temporal pattern wherein, forexample, significant turbidite
activity occurred at the end of MIS 6 (max. lowstand with sea-level of -100/-130m) as well as at the
beginning of MIS 5 (max. highstand, sea-level of +7m) and yet almost no turbidites appear during the
Last Glacial Maximum (MIS 2, sea-level of -120 m; Grant et al., 2014; Waelbroeck et al., 2002). Thus, no
substantial maximum of turbidite sedimentation is detected during glacial low sea-level periods, as
currently expected. Indeed, the significant turbidity current activity observed here during interglacial
sea-level highstand opposes the traditional sequence-stratigraphicii arpretations that predict more
turbidity current activity during sea-level fall and lowstand becaus ~ of fluvial incision and increased
fluvial transport to the marine basin (Posamentier and Vail, 7 185, “ulla and Perlmutter, 1993, Piper et
al., 1997). Our dataset suggests that changing sea-level con.'itio is do notexerta primary control on the
evolution of the sediment gravity deposits in the Z.mbezi deep-sea turbidite system. This is in
agreement with the findings of other studier 0 highstand offshelf sediment transport (Boyd etal.,
2008; Covault and Graham, 2010; Wiles =t al., ».217a). It would be interesting for future research to
investigate whether additional piston cc re .~ sitioned higher up the continental slope (i.e., closer to
fluvial sources) show notable diffee,.~e in turbiditic contributions between the glacial and interglacial

periodsoriftheyback up the findi 1s of this study.

In order to test the possi.le impact of climate changes alone, in particular the effect of the southern
African monsoon on the sediment delivery to the Mozambican margin, we reconstructed the
terrigenous fluxes (MAR, see Section 3.5) at site MOZ4-CSF20, located northeast of the Zambezi river
mouth in front of the central zone of the Mozambique continental shelf (18.5-16.5°S). Contrarily to
sedimentation rates (SAR), the MAR allows to put aside the biogeniccarbonate fraction thatisrelated to
primary productivity, and that significantly ‘pollutes’ the terrigenous contribution in low sedimentation
rate environments.. The MAR results reveal higher terrigenous inputs during interglacials and lower

inputs during (full) glacials (see Section 5.2). This in line with the idea of dispersed northern inshore



transfer of terrigenous material on the Mozambican platform during interglacial periods, as recently
proposed by Schulz et al. (2011), van der Lubbe et al. (2014) and Wiles et al. (2017a). Moreover, this
orbital-scale pattern is also visible at higher resolution, during the MIS 5, with enhanced terrigenous
inputs during the warm substages (MIS 5a, c and e) and associated sea-level highstands (Fig. 17D). Taken
togetherwith the timing forturbiditicdeposition (i.e., irrespective of glacial orinterglacial periods; see
Section 5.2), it confirms that sea-level conditions and the associated impact on the river-canyons
connection do not solely control the continent-ocean sediment transfe, 'nthe Mozambican margin. In
contrast, our results suggest that warm conditions favored sedimei .* tr7 nsfer at this place. Hence, we
assume that our results could reflect the directinfluence of the sou:“ern Africanmonsoon: enhanced
monsoon in SE Africa during interglacials (and low pre.=ssion intervals, i.e., warm substages, in
particular; e.g., Partridge et al., 1997; Simon et al , 2J15; Johnson et al., 2016) might have caused
episodicincreases of the Zambezi water disch7.ge and' sedimentload thatinturn enhanced fine-grained
fluvial sediment supplies towards the Nazambican margin. This interpretation is consistent with the
monsoonal-related variability in sedime 1t in >its observed on the Nile (Ducassou et al., 2009), Tanzanian

(Liuetal., 2016), Congo (Picotetal , .119) and Ganges-Brahmaputra (Weberetal., 1997) margins.

Interestingly, the occurrence m irhiditesin the Zambezi turbidite system does not match the timing for
enhanced terrigenousinp.ts urf the Zambezi River (warm substages of the interglacial intervals; Fig. 17).
Thus, based on our piston cores we may speculate thatthe maininitiation process for turbidity currents
in the Mozambique Channel is the transformation (i.e., liquefaction) of failed sediment (e.g., slides,
debris flow from retrogressive failures) from the continental slope. Turbidites of the Mozambique
Channel could then be interpreted as slide-generated turbidites formed by typical fully turbulent, low
density, mixed sediment turbidity currents (see Piper & Normark, 2009 for a thorough review). Mass-
movement features reported on the Mozambican outer shelf (Cattaneo etal., 2017) and the continental

rise (Fierensetal., 2019) supportthisinterpretation.



6.2.2. Distal to proximal migration of depocenter

Distally in the Zambezi depositional system, the cores from the Zambezi Valley andZambezi lower fan
are characterized by hemipelagic dark grey silty-clay that extends from MIS 13-14 (cores MOZ1-KSF30,
MOZ2-KSF15 and MOZ4-CS25) to transition MIS 10/9 (i.e. Termination 4; cores MOZ2-KS11 and MOZ1-
KSF30) (Fig. 18). This detrital facies, characterized by increased SAR (~3 cm/kyr, i.e., 3-fold increase in
comparison to the younger deposits) at cores MOZ1-KSF30 (Fie 9, and MOZ2-KSF15 (Fig. 11),
encompasses both warm, humid (interglacials) and cold, arid ;gi."lais) periods. At the same time,
coarse, organic-rich turbidites are observed on the Zambezi Cha, nel edge (core MOZ2-KS11), spill-over
deposits are found on the channel levee (core MOZ’-k_30), and coarse sands are deposited
downstream from the channel outlet (core MOZ4 C_/5) (Fig. 18). Thus, terrigenous sediment supply
reached the distal parts of the Zambezi sy.ter. between MIS 13-14 to the MIS 10/9 transition (i.e.,
Zambezi Fan in a “on” mode) (Fig. 19). L the contrary, the abrupt change in sedimentation to a
yellowish beige sediment cover at a!' the <. distal sites after the MIS10/9 transition demonstrates the
ceasingof terrigenous activity tow “rds .he distaldepositionalsites and, by extension, the distal Zambezi
Fan (i.e. Zambezi Fan in a “o1” raode) (Fig. 19). The age of 318%2 kyr at site MOZ2-KS11 (edge of
Zambezi Valley) constitutc - aninimum age estimate forthis majorsedimentation change.

Interestingly, an inverse pattern is observed in the Intermediate Basin. At site MOZ2-KS05, turbidite-
starved yellowish foraminifer ooze (average SAR of 0.29 cm/kyr) dominated until 356442 ka (Figs. 18 and
19) while fine-grained turbidites and the associated grey terrigenous facies (SAR of 1.96 cm/kyr) are
deposited thereafter. In a more proximal location, core MOZ1-KS26 records a grey-terrigenous facies
over the last ca. 500 ka (at least) (Figs. 18 and 19). Over this period, an increase in the turbidite
frequency at site MOZ1-KS26 is observed at the same time that turbidites appeared at the distal site

MOZ2-KS05 (Fig. 18). In other words, the increase of detrital inputs at MOZ1-KS26 is coeval with the



arrival of turbidity currents and detrital inputs at MOZ2-KS05. Taken together, these observations
suggesta significantincrease in the detrital supplies and the eastward progradation of the depositional
systeminthe Intermediate Basin (Fig. 19).

Importantly, the age found for the increase of turbidity current activity in the Intermediate Basin
(356142 ka) corresponds within uncertainty to the age (> 318%2 ka) of the end of turbidity current
activity, and of terrigenous suppliesin general, inthe deep system ~490 km southward (Figs. 18 and 19).
Therefore, amajorchange in the feeding of the Zambezi depositional sy tem occurred atca. 356142 ka.
Before this date, terrigenous supplies occurred in the deep Mo..am\ique Basin as well as in the
(proximal) Intermediate Basin, while the Intermediate Basin L>zomes the unique depocenter for

Zambezi-derived sediments after ca. 356+42 ka (Fig. 19).

6.2.3. Potential causesforthe depocent. “sh’it

Several possible forcings may be considered *o explain the northward shift of the depocenter, from the
distal Zambezi Fan to the Intermedi~te R-sin, observed at about 356 + 42 ka. Basically, this change
requires the cessation of the feea. ‘g ot che upperZambezi Valley and, more generally, the southward
rerouting of the Zambezi terrige o us flux to the Intermediate Basin. This suggests that the cause for the
depocenter shift is loca.~a upstream of the upper Zambezi Valley, either at the continent-ocean
transition (i.e., from the Zambezi alluvial plain to the continental shelf) or in the Zambezi catchment.
Consequently, deep-seaforcings such as tectonic movements (e.g., through active faulting; Deville etal.,
2018), sedimentological modifications (e.g., modification of sediment routing by a large masstransport
deposit; Dennielou et al., 2019) or open-ocean oceanographic reorganizations (e.g., bottom-current
reinforcement and the complete winnowing of the turbidite flows; Shanmugan and Moiola, 1982) are
rejected, considering they cannot explain both the cessation of the turbidite activityin the Zambezi Fan

and the increase in the terrigenous flux in the Intermediate Basin. The southward rerouting of the



Zambeziterrigenous flux tothe Intermediate Basin at 356 + 42 ka could, however, be explainedby (1) a
rerouting of Zambezi sediments on the continental shelf under changing coastal oceanographic
conditions; (2) a significant change in the location of the Zambezi mouth through time or (3) a

combination of the two.

Nowadays, and since the flooding of the continental shelf at ca. 11 ka (van der Lubbe et al., 2014), the
Zambezi sediments are transported northwards along the Mozambique coast by large-scale cyclonic
eddies. Tothe North, where the shelfis narrow, they finally reach the <'ap. close tothe Zambezi Valley.
The study of shallow cores along the Mozambican margin allows Scne 'zetal. (2011) andvan der Lubbe
et al. (2014) to demonstrate that this pattern was significanth a, “erent before this time, with lowstand
(glacial) conditions favoring the direct transport of the Ze mu ~zi sediments towards the Intermediate
Basin. Hence, one could assume that the ‘post-floociin_ o’ highstand (interglacial) patternforsedime nt
dispersion onthe Zambezishelf dominated b. for.356 + 42 ka, with a perennial feeding of the Zambezi
Valley and distal fan, whilethe lowstand pa.*ern dominated thereafter. This could have beenforced by
the complex interactions betwee= c=vniment inputs, delta progradation/retrogradation and
oceanographic conditions, i.e., ci.anges in the equilibrium response of the shelf system at long time
scale. However, the northward . -ar.sport of the Zambezi sediments to the Zambezi Valley (i.e., highstand
pattern; Schulz et al., 2."1; van der Lubbe et al., 2014) does not seem to have an impact on the
sedimentation in the Zambezi Valley and the Zambezi Fan, neither today (i.e., Holocene) or during
previous interglacials (i.e., MIS 5, 7, 9, 11, 13, 15 and 17 in this study). This is shown by our
reconstructions of the turbidite frequency in the Zambezi Fan that does not show any correlation with
sea-level changes (Fig. 18), and of the terrigenous flux at site MOZ4-CSF20 (Fig. 17). Indeed, the latter
revealsthat peaksinterrigenous fluxoverthe last 150 kyr do not coincide with the highstand conditions
(i.e., peakinsolation maxima/minimain the northern/southern hemisphere, respectively) but with the

maximainlocal summerinsolation ca. 11 kyr after (Fig. 17). Thus, the monsoon-related precipitation is



invoked as the mainforcing for riverine inputs (but notforthe triggering of turbidity currents, atleast at
the studied sites) in the Mozambique Channel. If such, the climate evolution in Southern East Africa
from a predominantly arid environment to generally wetter conditions over the last 1.3 Myr (Lyons et
al., 2015; Johnsonetal., 2016) could explainthe increase of terrigenousinputs to the Intermediary Basin
at 356 + 42 ka. However, it cannot, alone, explain the attendant cessation of the feeding of the upper
ZambeziValley. Based onthe above, we speculatethat a southward migration of the Zambezi delta is
neededtoforce the depcenterto shift northward, fromthe distal Zamb  ziFantothe Intermediate Basin

ca. 356 + 42 ka.

The expected migration of the Zambezi mouth at ca. 355 2 42 ka (or at least the exceeding of a
latitudinal threshold if the migration was gradual) requ're_ that the Zambezi delta was in a more
northern position before this date. Considering the “e. or.l geological background, thisimplies thatthe
lower Zambezi was running along the soutk.~rn part of the Mozambique Belt, with a delta located ca.
100-150 km north of its current position, 'irectly in front of the Upper Zambezi Valley. The current
course of the Upper Zambezi Valley ‘nit'a*ed in the middle Miocene (Droz & Mougenot, 1987), could
indicate that such a northern posi. 2n o the Zambezi deltawas dominantoverthe last 10-15 Myr, even
if multiple migrations of the dei .2 <nould have occurred through time. The latteris likely supported by
our data from the Zambe.i ran, and the alternating deposition of terrigenous-dominated muds (i.e.,
“on” mode of the Zambezi Fan) and biogenic-dominated muds (i.e., “off” mode of the Zambezi Fan) at
site MOZ2-KSF15 over the last 720 kyr. In details, this sedimentary record could suggest that the
disconnection of the Zambezi delta from the UpperValley known from ca. 356 + 42 ka was also effective
between ca. 644 + 3 ka (cf. MOZ2-KSF15) and ca. 550 + 20 ka (cf. MOZ4-CS25) (Figs. 18 and 19). In other
words, we assume a northern position of the Zambezi deltabefore 644 + 3 ka (and until 720 ka at least)

and between ca. 550 + 20 ka (cf. MOZ4-CS25) and ca. 356 + 42 ka (cf. MOZ2-KS05) (Fig. 19B), and a



southern position in between (i.e., from 644 + 3 ka - MOZ2-KSF15- to 550 * 20 ka - MOZ4-CS25-) and

afterca. 356 + 42 ka (cf. MOZ2-KS05) (Fig. 19B).

The forcing for the delta migrations may stem from complex origins, in which both autocyclic and
allocycliccontrols may play a role. Differential subsidence along the Zambezimargincould represent a
significant autocyclic control on the delta evolution, as previously shown forthe Rhine (Cohen, 2003),
Nile (Stanley & Warne, 1993) or Yangtze (Chen & Stanley, 1995) rivers. The complex crustal structure of
the study area, with a 23-km thick BeiraHigh surrounded by a 7-km thi~k ¢, 'st underthe LowerZambeazi
and continental shelf, and the Intermediate Basin (Mueller et ai., 2ul6), could force a spatially and
temporally non-linear rates of differential subsidence of the mar_in. Thisis corroborated by the complex
evolution of the sedimentation and margin development off 1.~ ZambeziRiverthroughout the Cenozoic
(Walford et al., 2005; Ponte et al., 2018). At this ti\. @ ~cale, the tectonic history of SE Africa (e.g.,
deformation of the East African Rift System; C~or~,wicz, 2005) and the attendant macroevolution of the
Zambezi drainage network (Nugent, 1990; “Moore & Larkin, 2001; Moore et al., 2012) have also had a
profound effect on the deltaevolutio~ (W2l ord et al., 2005; Ponte etal., 2018). Thus, one couldexpect
that the drainage evolution obser. ~d in the Zambezi catchment throughout the Pleistocene (disruption -
reconnection of the Upperard \."id -Zambezi as a prominent example), although not precisely dated (i.e.,
Early to Mid-Pleistocene, Muore et al., 2012; Mid- to Late Pleistocene, Moore & Larkin, 2001), could
force the delta migrations and the depocenter changes. To test thisassumption, we tracked the sources
of the marine sediments foundinthe Zambezi Fanandinthe Intermediate Basinbyusing neodymium
isotopic ratios that is a powerful tracer for geographical provenance (Goldstein and Jacobsen, 1988;
Bayon et al., 2015). Interestingly, our results show remarkable homogeneity (eNd of -14.4 £ 1.8) overthe
last 720 kyr, both in the yellowish beige and dark grey sediments (Fig. 20A). Considering the high
variability in eNd of the potential source areas in SE Africa (van der Lubbe et al., 2016; Roddaz et al.,

2020), this suggests that the main forcing factor for the observed depocenter changes is certainly not



related to the evolution of the Zambezi catchment, or that large-scale Pleistocene changes in the

Zambezi catchment (Moore & Larkin, 2001; Moore et al., 2012) pre-date 720 ka.

At thisstage, itis not possible to constrainthe precise forcingforthe depocenter changes observed in
the offshore part of the Zambezi routing system. The acquisition of high-resolution seismicdata on the
continental shelf, and the recognition of paleo-channels on the Zambezi continental margin could help
in deciphering the complex evolution of the sedimentation and the source -to-sink dynamics in the

Mozambique Channel.

7. Conclusion
Deep-seasediment cores from the Mozambique Chanr.2!'allow to investigate the temporal distribution
and depositional patterns of terrigenous sediment, the Zambeziturbidite system overthe last 720 kyr,

and to identify the forcing mechanisms controln.'e the sedimentinputs and their dispersalthrough time.

Our study reveal low sedimentinputs ar.d raie turbiditicdeposits in the Zambezi turbidite system, and
the deep (>2,500 m) Mozambique Chonnelingeneral, overthe studied timeinterval. The occurrence of
turbiditicdepositsinthe corec sugg  sts that there is nogeneticlink between the temporal distribution,
and hence triggering, c. “ur. idiesinthe Mozambique Channel and evolving sea-level conditions over
the studied period. Accoruingto the terrigenous fluxreconstructed at high-resolution overthe last 150
kyr inthe upper part of the Zambezi depositional system, monsoon-related precipitation appearsas the
main forcing for riverine inputs in the Zambezi system. Yet, turbiditicdeposits do not match the timing
of increased riverine inputs. Thus, the transformation of failed sediment is proposed to be the main
initiation process for turbidity currents. Finally, our results highlight regional-scale changes in
sedimentary facies through time, interpreted as successive depocenter shifts within the Zambezi

depositional system (and an on-off evolution of the distal Zambezi Fan) possibly related to significant



changes in the location of the Zambezi delta through time. Our data suggest a northern location
(compared to its modern location) of the Zambezi delta from = 720 to 644 + 3 ka and from 550 + 20 to
356 + 42 ka, associated with the delivery of detrital material toward the distal Zambezi Fan (in an “on”
mode). The Zambezi delta could have migrated to a more southernlocation from 644 + 3 to 550 * 20 ka,
and after 356 *42 ka (until today), causing a cessation of the feeding of the upperZambezi Valley (“off”
mode of the Zambezi Fan) and a rerouting of the Zambezi terrigenous flux to the Intermediate Basin.

The precise forcing forthe delta migration is still notclearand wouldre:, tire furtherinvestigation.

This study highlights how complexand site-specificthe study of s1.cri ~ great turbidite systemis. It brings
forward the great complexity of the depositionalrecord in both . ~mporal and spatial relationships of the
Zambezi turbidite system, whose terrigenous inputs are -o:.*rolled by climate and whose sediment
distributionisthe result of acomplex and delicate kal. 1ce between sediment transport/sedimentation
processes and erosional/reworking mechanis.ns [.hemselves forced by acombination of autogenic and

allogenicfactors).
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FIGURES CAPTIONS

Fig. 1. (A) General map of southeast Africaillustrating the Zambezi catchment onthe African continent
(delineated with whiteline) including the Rungwe region (Rr), Lake Malawi (LM), Palaeo-Lake Patrick (P)
and Lake Makgadikgadi (M). Additionally, the main surface (red) and deep water (blue) circulation
present in the Mozambique Channel is indicated (after Schulz et al., 2011; Uenzelmann-Neben et al.,

2011; Halo etal., 2014). Abbreviations: AABW = Antarctic Bottom Water, AAIW = AntarcticIntermediate



Water, EACC = East African Coastal Current, MC = Mozambique Current, MUC = Mozambique
Undercurrent, NADW = North Atlantic Deep Water, SEMC = Southern branch of the East Madagascar
Current. (B) Bathymetric zoom (GEBCO, 2014) illustrating the Mozambique Channel and study area
(dashedrectanglein A). The location of the piston cores used in this study is displayed. Different colors
are used to indicate the different coring sites (see legend in figure) from the Zambezi depositional
system (ZDS) and Madagascar margin. Additionally, the main topographicfeatures (ZambeziValley and
Tsiribihina Valley, TV) and sediment basins (Intermediate Basin, Mozam ' ique Basin) are specified. The
dotted red boundaries delineate the extent of the Mozambique Fans ‘bdivisions (I: Innerfan; Il; Middle
fan; lll: Outer fan; Kolla et al., 1980a, b). Contour lines are (nu.-%ced in meters, spaced at 1000 m

intervals.

Fig. 2. (A) Multibeam bathymetric data (resru.'on »f 100 m) of the distal part of the Zambezi Fan
showingthe location of core MOZ1-KSF3C MOZ2-.:S11, MOZ1-KSF15 and MOZ4-CS25. (B) Interpretation
of bathymetricmapiillustratingachannc|-'e -~esystematthe righthandside oftheZambezi incisions
(Fierens et al., 2019). (C) Seismir L. ofile MOZ4-SR-234c illustrating the position of core MOZ2-KS11
taken on a channel-levee systma. *he right hand side of the Zambezi Valley (positioninA) (Jouet and
Deville, 2015). (D) CHIFP g -ofil 2s 2, 3 and 4 (location in A) showing the location of cores MOZ2-KS11,

MOZ1-KSF30 and MOZ4-CZ_5, respectively.

Fig. 3. (A) CHIRP profileillustrating the distal position of core MOZ2-KS05 in the Intermediate Basin. (B)

Bathymetricmap (100 m resolution) indicating the position of the CHIRP profile.

Fig. 4: Selected paleoclimate records from around the Mozambique Channel. (A) The full black line

indicates paleoclimate record (leaf wax data 63C;,) of Lake Malawi basin demonstrating that eastern



Africa evolved from a predominantly arid environment with high-frequency variability to generally
wetter conditions with more prolonged wet and dry intervals (Johnson et al., 2016). The dashed line
indicates plant leaf wax data (ratio of C3,/(C,+Cs;) n-alkanes) from a marine sediment core that receives
terrestrial runoff from the Limpopo River. This data is used as a proxy for aridity by Castafeda et al.
(2016). (B) Malawi paleo-lakelevel evolving from frequent low lake levels before ca. 900 ka to frequent
high lake level conditions after (Lyons et al., 2015). (C) Pretoria Saltpan rainfall data (mm/year) from
Partridge et al. (1997), which is strongly responsive to changes ir. varying austral (DJF) summer
insolation at 30 °S resulting from earth orbital precession. (D) Loca.’on f the cores that provided the

paleoclimatedatain A to C. The location of the study area (das! ea .~ _tangle)is also displayed.

Fig. 5: (A) The benthic3*®0 signatures of various core  fr¢vhich we determined complete age models.
Note that core MOZ1-KS26 denotes the compr sit. recard from (the twin)cores MOZ1-KS26 and MOZ4-
CS22 (Table 1). These 380 records are c~rrelated to the LRO4 stack (B) of Lisiecki and Raymo (2005).
Glacial Terminations are indicated wit1 ca.:tal T (T1 to T8) and the triangles on top indicate the tie
points usedto synchronize the isotop ~records of the Mozambique Channel tothe LR04 stack. Marine

isotope substages according tc Rair .back et al. (2015).

Fig. 6. Photograph, X-ray picture and grain-size results illustrating hemipelagic (H;,H,) and contouritic
facies (C) observed in core MOZ2-CS21 (Zambezi slope, Fig. 1B). D10, D50, D90 is the diameter at 10™,
50" and 90" percentile, respectively. Particle size distribution graphs are given on the right, with the
position of the samples (in cm) specified in the upperright corners, as well with big white dotsonthe X -
ray image and black arrows in the grain-size data. Starsinthe photograph indicate where **Cages where

obtained (cf. Table 4). Note that the two ages demonstrate that the coarser interval (C), showing both



inverse- (atthe bottom) and normal-grading (atthe top) intervals, settled in ca. 13 kyr. This excludes the
possibility for an instantaneous gravity flow deposit, and supports our interpretation as a contouritic

facies.

Fig. 7. Photograph, X-ray picture and grain-size results thatillustrate the hemipelagite (H) (or contourite
sensu lato) facies. This is a detail taken from MOZ2-KS05 (Intermediate Basin, Fig. 1B). This facies
corresponds to the yellowish beige facies described in the main te ¢ (Section 5.1) to illustrate the
biogenic-dominated sedimentation, i.e., Zambezi Fan in an “off” m~de  with very low sedimentation
rates, <2 cm/kyr) at the studied sites. D10, D50, D90 is the d.am . *er at 10, 50 and 90" percentile,
respectively. Particle sizedistribution graphs are given on ti. ~ rig 1t, with the position of the samples (in
cm) specifiedinthe upperright corners, aswell with I ig white dots on the X-rayimage and black arrows

inthe grain-size data.

Fig. 8: Core-to-core correlationindeptl sca . of the different sedimentary cores for which accurate age
models are determined based on - X data. Note that core MOZ1-KS26 denotesthe composite record
from cores M0OZ1-KS26 and MO."-CS22. Core images are accompanied by stable oxygen isotope
profiles, which were v-ad *o 0 2fine the correlation. The cores are arranged with increasing distance
from the Zambezi Delta, zxcept the Zambezi Lower Fan and Zambezi Valley sites that have been
swapped forease of data presentation (inset map shows the direction of the cross-section). See legend
in figure for further details. Terminations 3, 4 and 5 are indicated by a blue, red and green line,
respectively. Finally, the different ages found for each core base and corresponding MIS stages are given
under the pictures. Note that an olive to dark grey, terrigenous sedimentation dominated on the
Mozambique and Madagascar margins, while a yellowish, biogenic-dominated sedimentation

characterize the deep, oceanic sedimentary records located in the southern part of the Mozambique



Channel. The stratigraphiccorrelations point out to lower sedimentation accumulation rates in the latter
region.

Fig. 9: Photograph, total organic content (TOC) and colorimetric (a*) data for cores MOZ2-KS11 and
MOZ1-KSF30. For core MOZ1-KSF30 the sediment accumulation rate (SAR) is also illustrated (full line:
exactvalues; dashedline: general trend). Starsindicate where *Cages were obtained, white epsilons
indicate where Nd isotoperatios were measured. Age estimations are specified for the colortransitions.
Note that these coresinclude both the yellowish beige (Figs. 7and 14) o ‘d the olive dark grey (Figs. 12,
13 and 16) hemipelagic facies that we interpret as biogenic- (i.e., .amt.ezi Fanin an “off” mode) and

terrigenous-dominated (i.e., Zambezi Fanin an “on” mode) sed.me. *4tion, respectively.

Fig. 10: (A) Age versus depthrelationships determine (fr.rthe different cores. The inset graphillustrates
the corresponding sediment accumulation .aw> ti~nds. Note that core MOZ1-KS26 denotes the
composite record from cores MOZ1-KS2~ and MiCZ4-CS22. (B) The reference curve LRO4 proposed by

Lisiecki and Raymo (2005). Marine isoto »e s..“stages according to Railsback et al. (2015).

Fig. 11: Downcore data of core M 72-KSF15 (Zambezi lower Fan, Fig. 1B) plotted on a depth scale. (A)
stable oxygenisotope d~ta *nd .olorimetry L* (lightness). The italicnumbers at the top indicate the MIS
intervals. (B) XRF Ca/Fe ra:ius and colorimetry L* (lightness). (C) XRF Fe/Ti ratios. (D) XRF Al/Si ratios and
sediment accumulation rate (SAR). (E) Colorimetry a* (red/green). (F) High-resolution photo with the
indication Nd isotope ratios measurements (white epsilons). Note that this core includes both the
yellowish beige (Figs. 7and 14) and the olive dark grey (Figs. 12, 13 and 16) hemipelagicfacies that we
interpretas biogenic- (i.e., Zambezi Faninan “off” mode) and terrigenous-dominated (i.e., Zambezi Fan

inan “on” mode) sedimentation, respectively (Fig. 19).



Fig. 12: Photograph, X-ray picture and grain-size results demonstrating fine-grained turbidite (T,, T,, T3)
and hemipelagic (H) facies. This is a core section from M0OZ4-CS22 (Intermediate Basin, Fig. 1B). Note
that the hemipelagic(H) facies here described corresponds to the olive todark greyfacies used in the
main text (Section 5.1) to illustrate the terrigenous-dominated sedimentation, i.e., Zambezi Fan in an
“on” mode (with moderate to high sedimentation rates, ~up to 9 cm/kyr at MOZ4-CSF20) at the studied
sites. D10, D50, D90 is the diameter at 10th, 50th and 90th perce: ‘ile, respectively. Particle size
distribution graphs are given onthe right, with the position of the sar. nle., (in cm) specified in the upper

right corners, as well with big white dots on the X-rayimage aru bic - arrowsin the grain-size data.

Fig 13: Photograph, X-ray picture and grainsize res ilt, chowing another example of a fine-grained
turbidite (T) and hemipelagic (H,, H,) facies. This 1. a port of core MOZ2-KS05 (Intermediate Basin, Fig.
1B). Note that the hemipelagic(H,, H,) facies here described corresponds to the olive to dark grey facies
usedinthe main text (Section 5.1) toillu st:a .~ the terrigenous-dominated sedimentation, i.e., Zambezi
Fan in an “on” mode (with modera.~ to nigh sedimentation rates, ~up to 9 cm/kyr at MOZ4-CSF20) at
the studied sites. D10, D50, N90 I. the diameter at 10™, 50" and 90™" percentile, respectively. Particle
size distribution graphs ~re rive 1onthe right, with the position of the samples (incm) specified in the
upper right corners, as wz.1 with big white dots on the X-ray image and black arrows in the grain-size

data.

Fig 14: Photograph, X-ray picture and grain-size characterizing hemipelagic (H;, H,) facies and sandy
turbidites (T), found in core MOZ4-CS25 (Zambezi Lower Fan, Fig. 1B). The hemipalgic facies (H;, H,)
corresponds to the yellowish beige facies (i.e., Zambezi Fan in an “off” mode) used in the main text

(Section 5.1) to illustrate the biogenic-dominated sedimentation (with very low sedimentation rates, <2



cm/kyr) at the studied sites. D10, D50, D90 is the diameterat 10, 50™ and 90" percentile, respectively.
Particle size distribution graphs are given on the right, with the position of the samples (in cm) specified
inthe upperright corners, as well with bigwhite dots on the X-rayimage and black arrows inthe grain-

size data. The triangle inthe photograph indicates where anannofossil age was obtained.

Fig. 15: Photograph, X-ray picture and grainsize illustrating the organicrich turbidite (T) foundin MOZ2-
KS11 (Zambezi Valley, Fig. 1B). D10, D50, D90 is the diameter at ., th, 50th and 90th percentile,
respectively. Particle sizedistribution graphs are given onthe right, w tht'ie position of the samples (in
cm) specifiedinthe upperright corners, as well with bigwhite «ot. ~:1the X-rayimage and black arrows

inthe grain-size data.

Fig. 16: Photograph, X-ray picture and grain-si- e (hare ~terizing whitish grey carbonate turbidites (T) and
hemipelagic (H) facies, found in core MOZ4-2S22 (Intermediate Basin, Fig. 1B). Note that the
hemipelagic(H) facies here described cc rr.s >onds to the olive to dark grey facies used in the main text
(Section5.1) to illustrate the terrig=i. ~us-dominated sedimentation, i.e., Zambezi Fanin an “on” mode
(with moderate to high sedim=nta.'~nrates, ~up to9 cm/kyrat MOZ4-CSF20) at the studiedsites. D10,
D50, D90 is the diametr raiL 10tk , 50th and 90th percentile, respectively. Particle size distribution graphs
are givenonthe right, wit"- .he position of the samples (in cm) specified in the upper right corners, as

well with big white dots on the X-ray image and black arrows in the grain-size data.

Fig. 17: (A) Pretoria Saltpan rainfall data (mm/year) from Partridge et al. (1997) with varying austral
(DJF) summer insolation at 30 °S. (B) FE/K record of CD154-10-06P (Simon et al., 2015). The 17-point
running mean is specified in black. This ratio indicates more humid climate in accordance with high

austral (DJF) summer insolation at 30 °S. (C) XRF Fe/Ca ratio of MOZ4-CSF20 (grey) with its 9-point



running average (black). Lowervalues of the Fe/Caratio observed during MIS 5a, MIS 5c and MIS 5e are
mainly due to dilution of carbonate content by an increase of Zambezi terrigenous sediment (Simon et
al., 2015). (D) Mass Accumulation Rates (MAR) with error bars for core MOZ4-CSF20 (Zambezi Slope, Fig.
1B). The MAR results shown in green (dashed) are based on an age model where the tie-pointfor MIS 5
correspond to the 680 substages boundaries, whilethose in blue have been calculated based on an age-
model for which tie-points correspond to the peaks (i.e., warm substages)and lows (i.e., cold substages)
of MIS 5. Note that MAR are significantly higher in the second case, ' *us revealing that MAR are not
sensitiveto sea-levelchanges (E) buttolocal insolation forcingand m ~nsr.on-related precipitations (A).
(E) The benthic 880 signature of core MOZ4-CSF20. In greend~shed ineisthe age model with tie-points
within MIS 5 put on the boundaries of the substages; the “lu': line is the age model with tie-points
located on the peaks of MIS 5 substages. The refer :n_e curve LRO4 proposed by Lisiecki and Raymo
(2005) is shown in black with the relative se?’-le rel \RSL) data from Grant et al. (2014) in grey. Marine
isotope substages according to Railsbac" et al. ,2015). The black squares indicate the occurrence of

turbiditesin MOZ4-CSF20.

Fig. 18: Synthesis of sediment ~olo: shanges (olivegrey -i.e.,ZambeziFaninan “on” mode-toyellowish
beige- i.e., Zambezi F7.> ir, an ' off” mode) and occurrence of turbidites on a time scale for different
studied cores for which &, 2s were determined. The frequency of turbidites (italic white numbers per
MIS stage) isrepresented with calculated recurrence time (duration each isotope stage -kyr-divided by
amount of turbidites per isotope stage) and Gaussian shaped curves (the higher the curves the more
turbidites). The black Gaussian curves are siliciclasticturbidites and blue curves are carbonate turbidites.
For each core, the small black dots are the exact age of the turbidites and the white epsilonsarethe Nd
isotope ratio measurements. Forthe various color transitions age estimations are given. For core MOZ4 -

CS25, the position of obtained biostratigraphic(B.) and radiocarbon dates are illustrated. The reference



curve LR0O4 proposed by Lisiecki and Raymo (2005) isillustrated at the bottom. Marine isotope substages

accordingto Railsback etal. (2015).

Fig. 19. Schematic interpretation of the evolution of the Zambezi depositional system fed by the
Zambezi and Madagascar rivers over the past 720 kyr. (A) Two syntheticprofiles (a-a’ and b-b’, location
in B) based on different piston cores (long rectangles) with overview of the sediment color changes (see
legend in figure). Trends of progradation (P.) and retrogradation (R.) < = indicated. (B) Distribution of
terrigenous-dominated (grey) and biogenic-dominated (orange) facie “intne Mozambique Channel at
two major times: priorand posteriorto the majordepocenter<ait.>* 356442 ka (white linesin A).During
the period before the shift of depocenter (pre- 356142 ka, terigenous supplies occurred in the distal
Zambezi Fan (i.e., Zambezi Faninan “on” mode) as wr:ll usinthe Intermediate Basin. This case mayalso
be valid between 720 ka to 644 + 3 ka. Thr p. asc after the depocenter shift (post- 356+42 ka) is
characterized by an increase of detrital ‘nputs tuwards the Intermediate Basin (grey arrows) that has
become the unique depocenterforZamhe “erived sediments (i.e., “off” mode of the Zambezi Fan).
This case may also be valid betwee, ca. v44 *+ 3 ka and 550 + 20 ka. Marine boundaries (MIS) proposed

by Lisiecki and Raymo (2005).

Fig. 20: (A) Nd Isotope val s alongvarious cores inthe study area (see Table 5 forthe exact Ndisotope
ratios). Colorindicates the colors of sediment wherethe sample was taken. (B) Reference isotopiccurve
LRO4 (black) proposed by Lisiecki and Raymo (2005) with the relative sea-level (RSL) datafrom Grant et
al. (2014) in grey. (C) Paleoclimate records showing a change from more arid to more humid conditions
(greyline). Dashed line: 3'3C;, from Johnson et al. (2016); full black line: C5,/(C,4+Cs;) n-alkane ratio from

Castafiedaetal. (2016).



Table 1: Key parameters of the sediment cores investigated in this study. CSin the core nameindicates
Calypso coring system, whileKS indicates Kullenberg system. Notice that cores MOZ1-KS26 and MOZ4-
CS22 have been taken at the same location (only 35 m from each other) and have been combined to
establish acomposite core. IGSN = International Geo Sample Number with hyperlink to where core data

related tothisarticle can be requested.

Table 2: Characteristics of the different lithofacies. Examples of the 1 <ies are shown in figures 6to 7

and 12 to 16.

Table 3: Radiocarbon dates from the Mozambique Channe..

Table 4: Control points used tofit 3180 records ot . he ifferent cores for which we determined complete
age models by comparingtothe LRO4-stack of Lisi.cki and Raymo (2005). Isotopicevents asdefined by
Railback etal. (2015). Depths shown bet n:e > parentheses re present anisotopiceventthatis not used
as control pointina particularcore. 1. >islevel has been determined by interpolation between adjacent

levels.

Table 5: Nd isotope ratios .nd corresponding age (ka) for different cores from the Mozambique Channel.



Core ID Cruise Research Latitude, S Longitude, Depth  Core length IGSN
vessel E (m) (m)

Zambezi Slope

MOZ4-CSF20 PAMELA-MOZ4 Pourquoi Pas? 18°26.786° 39°55.896° 2,501 9.90 http:/ﬁ%anl.Socr;g)/(E:l%égGggleSOOS

MOZ4-CS21 PAMELA-MOZ4 Pourquoi Pas? 19°20.313° 40°46.702° 3,036 10.54 http-/ﬁ%ls:nBcsg;;é;é%(;?-ﬁlzsooe

Zambezi Intermediate Basin

MOZ1-KS26 ~ PAMELA-MOZ1 L’Atalante 21°16.434’  39°55.863° 3,095 8.99 http: ,5;?3};@26)?_2127682

M0OZ4-CS22 PAMELA-MOZ4 Pourquoi Pas?  21°16.441° 39°55.878° 3,099 15.25 http:/ﬁ%ls:n?o(r;c;/(ééégg(o—7128007
BFBGX-127456

MOZ2-KS05 PAMELA-MOZ2 L’Atalante 21°27.606' 40°43.075' 3,09¢ 8.59 http:/figsn.org/BFBGX-127456

Zambezi Valley

MOZ1-KSF30 PAMELA-MOZ1 L’Atalante 25°25.602°  41°35.723°  4.L78 8.59 http:/ﬁ%gnsggfégégg?ﬁmm

MOZ2-KS11 ~ PAMELA-MOZ2 L’Atalante 25°33.989  41°36.989° 4,131 60 i o erBo 127461

Zambezi Lower Fan

MOZ4-CS25 PAMELA-MOZ4 Pourquoi Pas?  26°37.318’ 40017 /48’ 4,388 421 http:/ﬁ%l_s:nl.soerq)/(l?:ééseg(lg28010
BFBGX-127451

MOZ2-KSF15 PAMELA-MOZ2 L’Atalante 26°24.691' 40°17.279' 4,415 13.13 http:/figsn.org/BFBGX-127451

Madagascar Margin

MOZ1-KSF24 PAMELA-MOZ1 L’Atalante 21°5° 100’ 41°51.672° 3,089 8.59 http:/ﬁ%ls:nl.Bocr;g)/(l‘;‘llég?-()127680

MOZ2-KSF13 PAMELA-MOZ2 L’Atalante 2¢°00.480' 42°16.474' 4,149 7.29 BFBGX-127449

http://igsn.org/BFBGX-127449




. - D10 D50 D90
Facies Description (um) (um) (um) Occurrence Core
Homogenous foraminiferal ooze to carbonate mud with
yellowish beige or olive grey color. Common mottled
Hemipelagites appearance due to intense bioturbation. Few cm- to
(Fig. 6, 7,13,  several m-thick. This facies can be interpreted as a  0.2-10 8-396 90-1080 Ubiquitous All
14) contourite sensu lato considering the ubiquity of
geostrophic bottom currents in the Mozambique
Channel.
Inversely to massive graded sandy clay with dark grey
Contourites color. Poor!y sorted, fine to coarse sand fraction_(?O%) _
(Fig. 6) that consists of quartz, mica a_md foraminifera. 1.6-2 18-54 205-565 Zambezi Slope MOZ4-CS21
' Occasionally, clasts of lithified sediment and quartz
pebbles occur (diameter: 0.4 to 2 cm). Meter-thick.
Normal graded beds with dark grey color. The base MOZ1-KSF30
shows medium sand to silty clay with quartz, mica and Zambezi Slope MOZ1-KSF24
Fine-grained  foraminifera. Pluri-millimetric, horizontal or oblique Zambezi Int Basin MOZ2-KSF13
turbidites laminations may be present. The upper part comprises 1-44 .-175 22-740 Zambezi Valie antlj MOZ1-KS26
(Fig. 12, 13)  structureless mud. Commonly intense bioturbation (<20 Madagascar l\/>llargin MOZ4-CS22
cm) creates pockets of foraminiferal mud. Flat to MOZ2-KS05
undulating erosional base. Cm- to ~0.5 m-thick. MOZ4-CSF20
Massive to normal graded sand beds. Fine to very fine .
Sandy sand fraction that consist of quartz (90%), feldspar and Mizmben Vi/llley,_ MOZ2-KS11
turbidites mica.  Millimetric  lamination may be present. -7, 54-239 124-689 agascar Viargin
. . . . . and Zambezi Lower MOz4-CS25
(Fig. 14) Bioturbation at the top is less common. Erosive w~'v Fan
base.Few cm to ~1 m-thick. .
Organic-rich Massi_ve organic-ric_h bed with_ highly blask cu'r.
turbidites 8?2;2?;; meh mg’_yrc'fa nag”eds ?r¥ég:f|§l?|yw§t°?hp ffm?:ttg 218 10163 661200  Zambezi Valley =~ MOZ2-KS11
(Fig. 15) . . . .
massive clay. Erosive base. Decimeter-thick.
Massive to normal graded carbonate berls “wviw.. whitish
turbidites . ’ N . 4-53 154-620  337-1370 and Madagascar .
(Fig. 16) fragrpents. Horlzontal to wavy lam, apm is common. Margin MOZ2-KSF13
Detrital grains are occasionally ~res:=nt. Erosive flat MOZ1-KSF24

base.Cm- to ~0.5 m-thick.




14C age

Depth 14C age  error Reser\{oir error2  corrected  errorc Calendar age
Core label Lab. Number Species correction? ranged
(cm) (yrBP) (10) (Cyr) (10) for | (10) (yrBP, 20)
reservoir
(14Cyr BP)

MOZ1-KSF24 0 Beta-411047 G. ruber 4050 30 426 76 3624 82 3701-4153
MOZ1-KSF24 19 Beta-411048 G. ruber 14510 50 426 76 14084 91  16802-17448
MOZ1-KSF24 30 Beta-406071 G. ruber 15890 50 426 76 15464 91 18541-18906
MOZ1-KSF24 51 Beta-406072 G. ruber 19160 70 426 76 18734 103 22390-22877
MOZ1-KSF24 60 Beta-409929 G. ruber 22810 90 426 76 22384 118 26289-27087
MOZ1-KSF30 9 Beta-456709 bulk planktic 20590 60 426 76 20164 97  23968-24491
MOZ1-KSF30 59 Beta-456710 bulk planktic 41940 650 426 76 41514 654  43696-46065
MOZ2-KS05 Beta-411049 G. ruber 3560 30 426 A 3134 82 3156-3561
MOZ2-KS05 Beta-406067 G. ruber 4500 30 426 N 4074 82 4410-4834
MOZ2-KS05 61 Beta-406068 G. ruber 13970 40 426 o 13544 86  16046-16622
MOZ2-KS05 91 Beta-448774 G. ruber 25020 100 a2 76 24594 126 28328-28913
MOZ2-KS05 130 Beta-409930 G. ruber 42750 640 -6 76 42324 644  44464-46854
MOZ2-KS11 16 Beta-448773 G. ruber 16700 50 476 76 16274 91  19402-19950
MOZ2-KS11 32 Beta-448772 G. ruber 22660 80 +26 76 22234 110 26116-26867
MOZ2-KSF13 20 Beta-406069 G. ruber 9460 ou 426 76 9034 82 9909-10405
MOZ2-KSF13 42 Beta-406070 G. ruber 16610 "0 426 76 16184 91  19242-19813
MOZ2-KSF13 60 Beta-411050 G. ruber 20220 150 426 76 29484 168  33348-34009
MOZ2-KSF13 107 Beta-409931 G. ruber - 4350 - - - - - -
MOZ4-CSF20 10 Beta-456712 bulk plankti~ 2002 30 426 76 1634 82 1350-1714
MOZ4-CSF20 37 Beta-456713 bulk planktic 3410 30 426 76 2984 82 2943-3370
MOZ4-CSF20 104 Beta-493325 bulk plank ‘ic 8880 30 426 76 8454 82 92649555
MOZ4-CSF20 229 Beta-493327 bulk p’a.tic 27450 120 426 76 27024 142 30851-31264
MO0Z4-CS21 1  Beta-456703 C.roher 2960 30 426 76 2534 82 2363-2759
MOZ4-CS21 10 Beta-456704 hrulk lanktic 10180 60 426 76 9754 97  10764-11359
MOZ4-CS21 40 Beta-456705 bulk . lanktic 23240 100 426 76 22814 126 26774-27459
MOZ4-CS21 71 Beta-4567ub buik planktic 36420 380 426 76 35994 388 39776-41436
MOZ4-CS21 307 Betz «"67.7 oulk planktic 28810 140 426 76 28384 159 31685-32863
MOZ4-CS21 424 Beta-4567. 8 bulk planktic 43390 820 426 76 42964 824 44724-48022
MOZ4-CS25 80 Beta-44/935 bulk planktic >43500 - - - - - -
MOZ4-CS26 138 Beta-456711 bulk planktic 8810 30 426 76 8384 82 9232-9532

a: Reservoir correction inferred from Southonetal. (2002) and calculated according to Soulet (2015).

b: Corrected *“C ages are obtained by subtracting thereservoir correctionto the original **C age
c: Errorsassociated to the corrected **C were propagated through the quadraticsum

d: Corrected*“C ageswere then calibrated using the atmospheric calibration curve IntCal13 (Reimer et al., 2013)



Depth in core (cm)
Termin- Isotopic Ade

ations  ewents (ka)* MOZ2- MOZ1 MOZ4 MOZ2 MOZ1- MOZ2- MOZz2- MOZ1- MOZ:-
KS05 -KS26 -CS22 -KS11 KSF24 KSF13 KSF15 KSF30 CSF20

T1 172 14 68 70 - (13) 12 31 24 7 135
213 29 131)  (117) - (14) (63) 7) (53) 12) 224
3/4 57 (16)  (211) - (118)  (149) (139) (106) (1) 427
415 71 227 255 - 178 193 167 133 (25) 508
Sasb 85 (269)  (289) - (204) (225 (200) (149) (34) 593
5b/sc 92 (330)  (334) - (218)  (244) (2.7 (158) (36) 635
5c/5d 106 (346)  (393) - (245)  (273) (253) (174) (43) 707
5d/5e 116 (381)  (427) - (287)  (24) (296) (186) @7 783
T2 56 130 397 461 - 313 5.8 347 202 53 873
6/7 191 528 696 - (419) b (498) 323 (123) -
7c7d 220 576  (753) - 42/ 558 (580) (351) (156) -
7d/7e 234 (624)  (787) (400)  (606) (608) 365 (172) -
T3 78 243 637 805 803 493 623 632 380 193 -
8/9 280 (643) - (952) 579 (641) (705) 431 220 -
9a/9b 290 (645) - 977 602 (646) (726) (453) (235) -
9d/9e 318 (650) - (1032) 614 (659) - (514) (282) -
T4 910 337 650 - 1080 694 690 - 555 310 -
1011 374 261 - (1155)  (739) - - (623) (415) -
T5 1112 424 575 - 1263 - - - 715 546 -
12113 478 688 - 1457 - - - 910 764 -
T6 13/14 533 703 - - - - - 1014 835 -
14115 563 707 - - - - - 1075 - -
T7 15/16 621 730 - - - - - 1153 - -
16/17 676 (748) (1281)
T8 1718 712 760 - - - - - - - -

18/19 760 - - - - - - - - -



T9 19/20 790 - - - - - - - - -

Age (ka) at core base 718 248 504 375 357 290 690 536 162

*: Ages based on MIS boundaries proposed by Lisiecki and Raymo (2005)



Depthin

Core ID core (cm) Age (ka) 13N d/MNd + 2 se &nd * 2 sd
MOZ1-KSF30 14 35.9 0.511956 + 0.000004 -13.16 £ 0.21
MOZ1-KSF30 200 255.3 0.511946 + 0.000006 -13.33+£0.21
MOZ1-KSF30 387 364.7 0.511575 £ 0.000005 -20.57 £ 0.21
MOZ1-KSF30 650 453.5 0.511928 + 0.000005 -13.69+0.21
MOZ1-KSF30 755 476.0 0.511915 £ 0.000004 -13.95+0.21

M0OZ2-KS05 49 6.0 0.511650 + 0.000004 -19.12+0.21
M OZ2-KS05 170 36.3 0.511818 £ 0.0000u= -15.84 +0.21
M OZ2-KS05 470 182.9 0.511894 £ 0.06 104 -14.37+£0.21
M OZ2-KS05 682 453.1 0.51193¢ £ 00rJ03 -13.50+0.21
M0OZ2-KS05 739 648.3 0.51.93: + 1.000005 -13.52+£0.21
MO0Z2-KS11 668 319.6 0.57.185 + 0.000003 -15.05+£0.21
MOZ2-KSF13 90 45.9 0.5.1925 £ 0.000004 -13.76 £ 0.21
MOZ2-KSF13 480 1£0.2 0.511911 + 0.000006 -14.03+£0.21
MOZ2-KSF13 664 265.1 0.511921 + 0.000004 -13.82+£0.21
MOZ2-KSF15 60 3.8 0.511979 £ 0.000005 -12.70 £ 0.21
MOZ2-KSF15 403 259.7 0.511927 + 0.000004 -13.72+0.21
MOZ2-KSF15 4 459.7 0.511935 £ 0.000005 -13.57+0.21
MOZ2-KSF15 1144 640.4 0.512002 + 0.000004 -12.24 £ 0.21
MOZ2-K~E1L 1295 682.2 0.511883 £ 0.000004 -1457 +0.21
MOZ1-KS26 31 5.2 0.511909 £ 0.000005 -14.06 £ 0.21
MOZ1-KS26 136 344 0.511873 £ 0.000004 -14.77+£0.21
MOZ1-KS26 660 181.6 0.511858 + 0.000006 -15.06 £ 0.21
MOZ4-CS22 862 258.0 0.511940 £ 0.000005 -13.46 £ 0.21
MOZ4-CS22 1105 349.5 0.511891 + 0.000006 -14.42 +0.21
M0OZz4-CS22 1353 453.3 0.511913 + 0.000004 -13.98 £ 0.21
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Highlights
e Chronostratigraphicrecord of the Zambezi turbidite system over the last ~700 kyr
e Monsoon-related precipitation drives the riverine inputsin the Zambezi system
e No geneticlink between turbidite deposition and climate / sea-level changesinthe deep system

e A majordistal-to-proximal depocentershiftis recognized at ca. 350 ka.
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