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Abstract

The Mozambique Channel plays a key role in the exchange of water masses between the
Indian and Atlantic Oceans, which include the North Atlantic Deep Water (NADW) inflow
from the south and the North Indian Deep Water (NIDW), an aged form of the NADW
spreading poleward from the northern and equatorial Indian Ocean basin. Several authors
assume that the Davie Ridge acts as a topographic barrier to the northward advection of
NADW, which would therefore be absent in the Comoros Basin. Other studies suggest that
the NADW flows from the south of the Mozambique Channel to the Comoros Basin,
indicating that the Davie Ridge may not currently constitute a blocking topographic barrier to
deep water mass circulation. To address this question, we studied ferromanganese (Fe, Mn)
crusts collected over 2000 kilometres in the Mozambique Channel, from the Agulhas Plateau
to the Glorieuses Islands. Neodymium (Nd) isotope compositions (gng) of surface scrapings
range between exg = -10.1 above the Agulhas Plateau, which might reflect the NADW inflow,
and more radiogenic values between eng = -8.0 and -8.2 in the Glorieuses area, highlighting
the NIDW influence. However, value of end = -9.4 measured north of the Davie Ridge cannot
be explained by the sole influence of the NIDW and therefore highlights the advection of the
NADW northeast of the Comoros Basin. We estimate that the contribution of the NADW
through the channel is up to 68% in the Agulhas Plateau and 60% north of the Davie Ridge.
These findings are consistent with previous hydrographic studies and suggest that the Davie

Ridge does not currently act as topographic barrier to deep currents.
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1. Introduction

Ferromanganese crusts (Fe, Mn) are marine deposits that are ubiquitous on the seafloor i.e.
occur in diverse environments and at different depths. They precipitate directly from seawater
on hard substrates (Hein et al., 2009) and their growth rate can vary between 0.5 and 15
mm/Ma according to the geodynamic and paleogeographic context (Kusakabe and Ku, 1984;
Segl et al., 1984; Eisenhauer et al., 1992; Frank et al., 1999). As a result, the thickest crusts
may represent time intervals up to 80 Ma (Frank et al., 1999). This very low precipitation rate,
coupled with the fact that Fe and Mn oxyhydroxides are significant element scavengers (e.g.
metals, trace elements, rare earth elements (REE); Piper, 1974; Hein et al., 2010; Lusty et al.,
2018), results over time in extensive enrichment of seawater elements in the Fe-Mn crusts.
These crusts therefore contain records of element cycles in the oceans (Aplin and Cronan,
1985) with each millimeter of thickness corresponding to a specific time period. They
constitute ocean archives, studied since the 1980s to understand the biogeochemical cycles of
metals (Koschinsky and Halbach, 1995; Koschinsky et al., 1997), and more recently, to trace
global ocean current flow paths (Albarede and Goldstein, 1992; Albarede et al., 1997;
Christensen et al., 1997; Frank et al., 1999). Several authors have focused on multi-element
and isotopic compositions of Fe-Mn crusts from the Atlantic, Indian and Pacific Oceans.
Their neodymium (Nd) isotope compositions (end) have been particularly assessed (Aplin et
al., 1986, Albarede et al., 1997, 1998; Frank et al., 1999). These previous global-scale studies
have established the current average geochemical compositions of seawater for each
geographic oceanic basin and identified major geodynamic, geochemical and climate changes
over the past 15 Ma (Segl et al., 1984; Christensen et al., 1997; Ling et al., 1997; Frank,
O'nions, 1998; O'nions et al., 1998; Frank et al., 1999; Frank et al., 2002; Hein et al., 2016).

However, few analyses have been made on Fe-Mn crusts on local scale in mixing areas such
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as the Mozambique Channel, a strategic zone for studying the Atlantic and Indian water mass

mixing (You, 2000; de Ruijter et al., 2002; van Aken et al., 2004; Collins et al., 2016; Fig. 1).

The circulation of deep currents is widely described due to the Davie Ridge (Coffin and
Rabinowitz, 1987) that separates the channel into two distinct basins (i.e. the Comoros Basin
in the north and the Mozambique Basin in the south; Fig. 1). According to some authors, the
Davie Ridge represents a topographic obstacle to the circulation of these deep currents
flowing from the Atlantic Ocean to the south and from the Indian Ocean to the north (Toole
and Warren, 1993; Mantyla and Reid, 1995; You, 2000; Fig. 1B). However, recent
hydrographic data have identified deep currents from the Atlantic Ocean north of the Davie
Ridge (DiMarco et al., 2002; van Aken et al., 2004; Collins et al., 2016), and thus called into
question the evolution of deep currents in the Mozambique Channel as well as the role of the

Davie Ridge in the distribution of these water masses.

In this study, we analyzed the Nd isotope composition of 29 crusts collected through the
Mozambique Channel in order to better understand the oceanic processes in the study area.
The main objectives of this paper are to (1) identify deep water masses circulation (2)
interpret the actual impact of the Davie Ridge on water mass propagation to the north and (3)
propose new hydrographic framework of the deep currents in the Mozambique Channel. This
is the first time that such a detailed study in terms of the number of dredges and various water

depths has been carried out and used for an oceanographic study on a regional scale.
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2. Regional setting and geochemical approach

2.1. Geological setting

The Mozambique Channel is located in the southwestern Indian Ocean, between the East-
African continental margin along Mozambique and Madagascar (Fig. 1A). It resulted from the
separation of the eastern part (Madagascar, India, Antarctica and Australia) and the western
part of Gondwana (Africa and South America) in the lower Jurassic (McElhinny, 1970;
McKenzie, Sclater, 1971). The Antarctic-India-Madagascar structure was relocated southward
along a major transform zone called the Davie Fracture Zone (DFZ) to the Upper Cretaceous
(Heirtzler and Burroughs, 1971; Coffin and Rabinowitz, 1987; Gaina et al., 2013). This
tectonic event is now represented by the Davie Ridge (Fig. 1A), oriented N 170, which extends
1200 km east of the African continental margin (15°S) to the Madagascan marginal plateau
(22°S). The ridge is punctuated by several seamounts (e.g. Paisley, Macua and Sakalaves) and
separates the Comoros basin in the northeast from the deep Mozambique basin in the
southwest (Fig. 1A). The major Jurassic structuring phase was followed by the separation of
Madagascar and the Antarctic-India block in the Upper Cretaceous, which caused important
volcanic activity in Madagascar but also in the Morondava and Majunga basins to the west of
the island (Bassias, 1992; Storey et al., 1995; Rogers et al., 2000; Torsvik et al., 2000;
Thompson et al., 2019; Fig. 1A). The Eparses Islands (Bassas Da India, Europa, Juan de
Nova, and the Glorieuses Islands) have witnessed this volcanic activity since their formation
in the Paleocene. Linked to these volcanic events, these islands and the northern part of the
Madagascan continental margin are assigned a radiogenic Nd isotope signature of eng ~ 4
(Mahoney et al., 1991; Jeandel et al., 2007), whereas Madagascar presents an Archean
signature in the center and in the south, characterized by an average unradiogenic value of eng
~ -25 (from eng = -22 to eng = -28; Paquette et al., 1994; Kroner et al., 2000; Fig. 1B). On the

other side of the Mozambique channel, the African continental margin is assigned an
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unradiogenic value of eng ~ -20 (Jeandel et al., 2007). This may represents an average of Nd
isotope signatures from old continental crustal sources as the Archean Kaapvaal craton (eng ~
-24; Grantham et al., 2011), Zimbabwe craton (exg ~ -29; Jelsma et al.,, 1996) and
Mozambique belt (ena ~ -30; Moller et al., 1998; Fig. 1B) and, younger volcanic sources as
the Jurassic Karoo formations with more radiogenic signature of eng ~ -4 (from exg = -9 to eng

= 0; Grousset et al., 1992; Jourdan et al., 2007; Fig. 1B).

2.2. Oceanic setting

The Mozambique Channel is a complex oceanic area with (1) exchange between the water
masses of the Indian and Atlantic Oceans and (2) the Davie Ridge which constitutes a
topographic high ranging from several tens to 100 km in width and characterized by a
basement which culminates at 300 meters below sea level (mbsl) and extends to 2500 mbsl
(Mougenot et al., 1986; Coffin and Rabinowitz, 1987; Fig. 1C). This ridge separates the
Mozambique Channel into distinct basins (Fig. 1A). Warm Indian water masses spread from
the Comoros Basin and then are dragged into the Mozambique Current (MC) in the Deep
Basin (DiMarco et al., 2002; Quartly et al., 2013; Flemming and Kudrass, 2018). The deep
water flows in the Mozambique Undercurrent (MUC) from the south of the Mozambique

Basin to the west of the ridge (de Ruijter et al., 2002; Fig. 1B).

The MC is part of the Agulhas Current (AC), which is an essential link for heat and salt
exchanges between the Indian and Atlantic Oceans (Gordon, 1986; Weijer, 1999;
Lutjerharms, 2006), and is characterized by anticyclonic eddies (ME) up to 300 km in
diameter that can affect the entire water column (de Ruijter et al., 2002; Halo et al., 2014; Fig.
1B). The MC transports surface water to a depth of 600 mbsl, composed of Tropical Surface

Water (TSW) and Subtropical Surface Water (STSW) but also South Indian Central Water
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(SICW) between 200 and 600 mbsl (Fig. 1C). The intermediate waters of the MC are
composed of Red Sea Water (RSW) between 900 and 1200 mbsl that enters from the north of
the Mozambique Channel along the East African coast (Beal et al., 2000; Schott and

McCreary, 2001; Fig. 1B, C).

The MUC and the Agulhas Undercurrent (AUC) carry Antarctic Intermediate Water (AAIW)
between 800 and 1500 mbsl (Ullgren et al., 2012; Fig. 1B, C). AAIW arrives from the eastern
part of the Mozambique ridge and then flows along the Mozambican coast (Fine, 1993). The
North Atlantic Deep Water (NADW) is also part of the MUC, between 1500 and 3500 mbsl
(Fig. 1B, C). Its inflow starts upstream of the south of Africa before entering the Mozambique
Channel through the Natal Valley (Toole and Warren, 1993). The NADW flows northwards
from the Mozambique Basin to the west of the Davie Ridge. Several authors consider that this
water mass does not flow over the Davie Ridge and retreats south along the western edge of
the ridge (Toole and Warren, 1993, Mantyla and Reid, 1995; You, 2000). Conversely, some
authors identified the presence of the NADW beyond the Davie Ridge with circulation along
its eastern side after a topographic blockage at 14°S (van Aken et al., 2004; Collins et al.,
2016). At a depth of more than 4000 mbsl, the Antarctic Bottom Water (AABW) flows from
east of the Mozambique ridge to south of the Mozambique Basin. It is then diverted, before
heading south along the Madagascar Ridge (Kolla et al., 1980, Fig. 1B). Finally, north of the
Mozambique Channel, the North Indian Deep Water (NIDW) flows at a depth of more than
2000 mbsl (Collins et al., 2016; Fig. 1C). It is transported from the Indian Ocean and is
present in the northern part of the channel, near the Glorieuses Islands (DiMarco et al., 2002;
Fig. 1B). Very few studies have examined the NIDW flow path after its arrival in northern
Madagascar and its passage through the Glorieuses Islands. However, new hydrographic data,

based on conductivity, temperature, pressure, dissolved oxygen and salinity measurements,



169 allowed to identify the AAIW, NADW and NIDW water masses beyond the ridge and have
170  proposed new circulation patterns (DiMarco et al., 2002; van Aken, 2004; Collins et al.,

171 2016).
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2.3. Geochemical approach

Dissolved Nd in seawater mainly originates from aerosols and continental inputs, through
rivers (Goldstein et al.,, 1984; Goldstein and Jacobsen, 1988; Elderfield et al., 1990;
Tachikawa et al., 1997; Ingri et al., 2000; Bayon et al., 2015; van der Lubbe et al., 2016). The
Nd isotope composition in seawater can be modified by particulate and dissolved exchange
processes along continental margins termed “boundary exchange” (Lacan and Jeandel, 2001,
2005; Rempfer et al., 2011; Pearce et al., 2013. Wilson et al., 2012). In addition, submarine
groundwater discharge and benthic fluids from the pore waters of the sediments have been
identified as significant sources for Nd in the contributing to REE fluxes to the oceans
(Johannesson et al., 2011; Abbott et al., 2015a, 2015b; Haley et al., 2017). However, the
relative contribution of these inputs to the overall Nd balance in seawater is still described
according to geographic areas (Jones et al., 1994). Ocean Nd residence time is also still
debated and supposedly ranges between 600 and 2000 years (Jeandel et al., 1995; Tachikawa
et al., 2003; Arsouze et al., 2009; Rempfer et al., 2011), whereas the mixing time of the deep
ocean is about 1500 years (Broecker et al., 1982). While being aware of significant changes in
local Nd isotope exchange processes or sources, the Nd isotope composition of intermediate
and deep waters is therefore expected to be controlled predominantly by conservative mixing
between water masses (Goldstein and Hemming, 2003). Nd isotopes are therefore considered
as a quasi-conservative tracer of water mass chemistry with potentially great interest in
paleoceanographic studies (Frank, 2002; Goldstein and Hemming, 2003). Previous studies of
Fe-Mn crusts, nodules and seawater demonstrated that the Atlantic, Indian and Pacific basins
each have a distinct and characteristic range in Nd isotope compositions (O’nions et al., 1978;
Piepgras et al., 1979). Consequently, Nd isotopes can be used to trace water sourcing and
mixing in both the present and past oceans (Piepgras and Wasserburg, 1980, 1982, 1987;

Piepgras and Jacobsen, 1988; Jeandel et al., 2013; Amakawa et al., 2019).
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The variations of Nd isotope compositions are expressed as:

B (143Nd/144Nd (meas.)
®Nd = \143Nd/144Nd (CHUR)

- 1) x 10* (1)
where the CHUR (Chondritic Uniform Reservoir) value is 0.512638 (Jacobsen and
Wasserburg, 1980). Nd isotope compositions can show significant variations related to
erosion and dissolution of rocks in the source regions of water masses. The eng values of the
Pacific Ocean range between 0 and -6 resulting from the erosion of very young volcanic rocks
derived from the earth mantle mixed with continental inputs that are unradiogenic (Piepgras
and Jacobsen, 1988; Shimizu et al., 1994). The water masses of the North Atlantic have eng
values between -12 and -14 resulting from erosion of old Canadian shield continental rocks
while those of the South Atlantic have exg values between -9 and -11, linked to the mixture
between the unradiogenic values of the North Atlantic and the more radiogenic values of the
Pacific (Piepgras et al., 1979; Piepgras and Wasserburg, 1982, 1987; Jeandel, 1993). Finally,
the Nd isotope composition in the Indian Ocean is a result of the mixture of unradiogenic
values of the Atlantic and more radiogenic values of the Pacific Ocean. Its composition ranges
between exg = -7 and -8.5 (Bertram and Elderfield, 1993; Arsouze et al., 2007; Wilson et al.,
2012). Using Nd isotopes as a tracer of ocean water masses in each ocean basin, it is possible
to estimate the respective Atlantic and Pacific contributions to the Indian Ocean by a mixing

between the Northwest Atlantic and the Southern Ocean. The equation for conservative Nd

isotopic mixing M of the NADW and the Circumpolar Deep Water (CDW) is given by:

Xwapwy Covapwy Ena (vapw) T (1 - X(NADW)) Cicowy Ena (cow)

2)

ENd (M) =
Xwapw) Covapw) + (1 — Xwapwy) Cicow)

where eng and C are described as the Nd isotope composition and concentration respectively
and, X as the mixing proportion. The calculation is based on a Nd isotope composition of exd

= -13 and a concentration of 25 pmol/kg for the NADW (Piepgras and Wasserburg, 1982,

11
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1987; Jeandel, 1993) and, a Nd isotope composition between eng = -4 and -6 and a
concentration of 20 pmol/kg for the CDW (Piepgras and Wasserburg, 1982; Piepgras and
Jacobsen, 1988; Jeandel et al., 2013). Thus, for a Nd isotope composition of eng = -7, the
Indian water masses can be composed of 15% to 30% of Atlantic water masses and 70% to
85% of Pacific water masses with Atlantic eng = -13 and Pacific between eng = -4 and -6,
while for a Nd isotope composition of eng = -8.5, the Indian water masses can be composed of
25% to 45% of Atlantic water masses and 55% to 75% of Pacific water masses with the same
Atlantic and Pacific eng. These calculations are consistent with the method used by Frank et
al. (2002) whereby a linear mixing relation between the two Nd end-member water masses is
assumed because the Nd concentrations in the NADW and CDW do not present a systematic
difference. We applied this approach to calculate NADW contributions to the Mozambique
Channel. Table 1 presents a summary of Nd isotope compositions of the main water masses in

the Mozambique Channel.
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3. Material and methods

3.1. Fe-Mn crust sampling

This work is based on 29 Fe-Mn crust samplings. Locations, depths and other details are
given in Table 2 for each sample. 27 were recovered in the Mozambique Channel during the
PAMELA-MOZ1 cruise onboard the RV L’Atalante (Olu, 2014), as part of the PAMELA
(Passive Margin Exploration Laboratory) research project. During this expedition, 22
dredging operations were carried and a total of 186 samples were recovered, including 74 Fe-
Mn crusts. 2 other Fe-Mn crusts were recovered during the NOSICAA-MDO6 cruise (Agulhas
Plateau, sample MNHN-GS-DR75-0012; Leclaire, 1975) and the RIDA-MD39 expedition
(western slope of the Davie Ridge, Paisley Mount, sample MNHN-GS-DR84-0026; Leclaire,

1984), conducted by the National Museum of Natural History (MNHN).

Finally, this study is based on 14 sampling stations distributed from the Agulhas Plateau in
the south to the Glorieuses Islands north of the Davie Ridge at depths ranging from 580 and
2650 mbsl (Fig. 1A, Table 2), allowing to focus on the geochemical records of all water

masses (surface, intermediate and deep).

3.2.Nd isotope measurements

After macroscopic examination, approximately 100 mg of sample were collected from
scraping the surface layer of the Fe-Mn crusts. The sampling corresponds to the first 100 um
of the sample, i.e. the last elementary adsorption on Fe and Mn oxyhydroxides, and thus the
modern state of water mass geochemistry (Albarede and Goldstein, 1992; Albarede et al.,
1997), in the order of 20 to 80 ka due to the slow accretion rates of the studied samples
ranging from 1.3 to 5.2 mm/Ma, with an average growth rate of 3.1 mm/Ma in all the samples
(Bourles et al. personal communication). The powders were first dissolved in closed screw-

13
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top Teflon vials (Savillex) at about 100°C for one day using 3 ml of 6 M HCI. The vials
where then opened for evaporation at about 130°C. After evaporation to dryness,
approximately 2 ml of aqua regia (10 M HCI1 + 14 M HNO3) was added, and the vials were
capped and put back on the hot plate overnight at about 100°C. The samples were then dried
again and taken up in about 6 ml of Quartex 6 M HCI (“mother solutions”). For of Nd isotope
compositions analysis, a 2 ml aliquot of the mother solution was dried, and the residue was
taken up in about 0.5 ml of Quartex 14.4 M HNOs for one hour at 90°C. The vials where then
opened for evaporation at about 90°C. After evaporation, 1 ml of 1 M HNO3 was added and
the samples were centrifuged. The REE fraction was separated using Eichrom® Tru spec
Resin and the Nd separation was carried out using Eichrom® Ln spec Resin on volumetrically
calibrated Teflon columns following an analytical procedure modified from Pin et al. (1994).
Nd fractions were loaded on double Re filaments and measured in static mode on a
multicollector Thermal Ionization Mass Spectrometer (ThermoScientific Triton) at the “Pole
de Spectrométrie Océan” in Brest, France. The measured '**Nd/'"**Nd ratio was corrected for
mass fractionation by normalizing to **Nd/!*Nd = 0.7219 and the ena values were calculated
as expressed in equation (1). Nd isotope composition of standard JNdi was analyzed to
monitor instrumental drift. The averaged result of '“Nd/'**Nd = 0.512088 + 7 (26 x 10
n=14) was consistent with its certified value of '*Nd/'*Nd = 0.512115 + 7 (26 x 10 ;
Tanaka et al., 2000) corresponding to a LaJolla Nd isotope composition value of **Nd/'**Nd
=0.511858 +7 (20 x 10°%; Lugmair et al., 1983), so that no instrumental bias had to be taken
in account. The standard deviation of this average is + 0.13 eng unit and associated to each
sample analysis. Blank values are below an average of 100 pg and therefore negligible in all

cases.
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4. Nd isotope compositions

The Nd isotope signatures from the surface layer of the Fe-Mn crusts highlight the large
variability (between ena = -7.1 and -10.1) of water mass compositions (Table 2, Fig. 2). In
several hydrodynamic and geochemical studies (Toole and Warren, 1993; Jeandel et al., 1995;
McCave et al., 2005; Ullgren et al., 2012; Collins et al., 2016), an average water depth of
1500 mbsl is considered to separate intermediate layers (AAIW between 800 and 1500 mbsl,
RSW between 900 and 1200 mbsl) from deep layers (NADW and NIDW at more than 1500-
2000 mbsl). Therefore, Nd isotope composition of samples located above and below 1500
mbsl will be presented separately (Fig. 3). However, one must note that 4 dredge operations
(including 9 samples) were performed both above and just below 1500 mbsl (Fig. 2). For
convenience, these results will be included with those obtained on Fe-Mn crusts located

strictly above 1500 mbsl; but will be discussed separately.

17 Fe-Mn crusts located above 1500 mbsl were analyzed in this study. South of the Davie
Ridge, dredge 19 (DR19) is the shallowest (1000-1350 mbsl). This operation was carried out
north of the Jaguar Bank and presents a sample crust with a Nd isotope composition of end = -
7.4 (Table 2, Fig. 3A). The southernmost samples, from dredge 22 (DR22; 1400-1570 mbsl),
are located near Europa. For these samples, eng range from -7.8 to -8.7 (n=4). North of these 2
dredges, near Bassas da India, samples collected with dredge 16 (DR16; 1350-1600 mbsl)
show unradiogenic compositions of eng = -8.6 and -9.1. In the southern part of the Davie
Ridge, south of the Sakalaves Mounts (DR15; 1200-1250 mbsl), the compositions are more
radiogenic with eng values of -7.8 and -7.6. At the summit of the Sakalaves Mounts (DR14;
580-650 mbsl), the crust presents an eng = -7.6, whereas north of the Sakalaves Mounts
(DR13; 1000-1400 mbsl), the composition is less radiogenic with a value of eng = -8.5. In the

northern part of the Davie Ridge, we analyzed 2 Nd isotope compositions on 2 different

15
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crusts. The Fe-Mn crust located on the Macua Mount (DR10; 1000-1400 mbsl) shows
radiogenic compositions of eng = -7.8 and -8.0, whereas the sample located on the Paisley
Mount on the western slope of the Davie Ridge (DR84-0026; 810 mbsl) exhibits an isotopic
composition of eng = -7.1. The analyzed samples from the southwest of Juan de Nova (DR12;

1350-1650 mbsl) show eng values ranging from -7.7 to -7.9 (n=3).

Below 1500 mbsl, 12 Fe-Mn crusts provided Nd isotope compositions. The deepest crust was
recovered on the Agulhas Plateau (DR75-0012; 2550 mbsl), 2500 km south of the Davie
Ridge (Fig. 1A). It provides an eng value of -10.1 (Table 2, Fig. 3B). Further north, on the east
of the Hall Bank (DR17; 1700-1900 mbsl), the eng are -9.0 and -9.4. North of the Davie
Ridge, the analyzed samples from the Jeffrey Ridge (DR11; 2400-2450 mbsl) show values
ranging between eng = -8.6 and -9.4 (n=4), and the results from the samples located at the
Glorieuses Islands (DRO1; 2400-2650 mbsl, DR04; 1750-2050 mbsl) attest to more

radiogenic Nd isotope compositions in the range of end = -7.5 to -8.4 (n=5).
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5. Discussion

5.1. Characterization of the gxq records

5.1.1. Impact of glacial/interglacial variability

Given the relatively slow accretion rates, the 29 studied samples span a time range between
20 and 80 ka, including the record variations of marine isotope stages (MIS) 1 (present to 14
ka), MIS 2 (14 to 29 ka), MIS 3 (29 to 57 ka), MIS 4 (57 to 71 ka) and to a less extent MIS 5
(71 to 130 ka). Changes in the broad patterns of ocean circulation and particles fluxes have
been identified between the interglacial MIS 1, 3, 5 and the glacial stages 2, 4 (Curry and
Lohmann, 1982; Boyle, 1988; Broecker and Denton, 1990; Rutberg et al., 2000; Bayon et al.,
2002; Yu et al., 2008; Roberts et al., 2010; Piotrowski et al., 2004, 2005, 2012; Wei et al.,
2016). In particular, Nd isotope variations of Fe-Mn oxide coatings and bulk sediment
reductive leachates from southeast Atlantic cores, located near the Cape Basin, indicate
cyclical changes with climate stages (Rutberg et al., 2000; Piotrowski et al., 2004, 2005,
2012): during the last glacial maximum (LGM, MIS 2) and the MIS 4 the cores recorded
radiogenic eng values (-6 > exg > -7), while the Nd isotope signatures were unradiogenic (-9 >
end > -10) during the interglacial timescales (MIS 1, 3, 5). This variation characterized by a
shift of 2 to 3 &eng units suggests less NADW flux reached the Southern Ocean during cold
stages but an increasing export of NADW during the warm climate intervals (Rutberg et al.,
2000), with direct influence on the Nd isotope signature of the Indian deep waters during the

MIS (Piotrowski et al.,2009).

However, it has been demonstrated in several studies that, given their slow accumulation rates
of few mm/Ma, the Nd isotope records from the outer layers of Fe-Mn oxides represent
averages of several glacial/interglacial cycles (Abouchami et al., 1997; Albarede and
Goldstein, 1992). The short-term changes in the patterns of ocean circulation and particle
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fluxes have had only minor integrated effects (Abouchami et al., 1997; Albarede and
Goldstein, 1992). Insofar as the eng measurements of this work are going to be contrasted to
present-day seawater Nd isotope signatures, it is important to notice their analysis provides
time-integrated information on the eng variations, which can be compared with the modern

oceanic circulation (Albarede et al., 1997; Piotrowski et al., 2009; Wilson et al., 2012).

5.1.2. Influence of unradiogenic African margin on &nqg signatures

As explained in § 2.1, the African continental margin is characterized by an unradiogenic
signature of ena ~ -20 (Jeandel et al., 2007), which represents an average of South African
Archean cratonic rocks (Jelsma et al., 1996; Mdller et al., 1998; De Waele, 2006; Grantham et
al., 2011) and younger volcanic sources (Grousset et al., 1992; Jourdan et al., 2007; Fig. 1B).
Studies in the modern ocean have suggested that inputs of river loads (van der Lubbe et al.,
2016; Rahlf et al., 2020) as well as exchange between particulate and dissolved fractions
along African continental margins (Rickli et al., 2010; Stichel et al., 2012b; Wilson et al.,
2012) may have an important role on the Nd isotope composition of Atlantic and Indian
Oceans. In addition, recent studies have demonstrated that the pore waters can strongly
control the REE compositions of the bottom waters (Haley and Klinkhammer, 2003; Schacht

et al., 2010; Abbott et al., 2015a, 2015b; Du et al., 2016; Haley et al., 2017; Abbott, 2019).

In the Mozambique Channel, surface waters of the Zambezi and Limpopo discharge have
unradiogenic signatures (-14.7 > eng > -15.5 and up to -22.4 respectively; Rahlf et al., 2020).
This is thought to influence highly unradiogenic Nd isotope signatures (ena = -18.9 and eng = -
17.6) of surface waters (< 600 mbsl) linked to the AC inflow (Stichel et al., 2012b; Rahlf et
al., 2020). Moreover, it has been observed that Nd isotope compositions of water masses can

be modified up to a spatial variability of ~ 4 exg units due to the boundary exchange process
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between seawater and the unradiogenic Madagascan shelf (ena ~ -25; Paquette et al., 1994;
Kroner et al., 2000), as shown by Wilson et al. (2012). Our work presents 1 sample from
superficial water masses (DR14; 580-650 mbsl) and 6 other Fe-Mn crusts from intermediate
waters between 800 and 1400 mbsl (DR10, DR15, DR19 and DR84-0026; Fig. 2). These
dredges are spatially spread out over 900 km from the Paisley Mount (DR84-0026) to the
Jaguar Bank (DR19) and under the influence of the MC, which spreads from the northern part
of the Mozambique Channel and is dragged southbound. 6 of them are located north of the
Zambezi (DR84-0026, DR10, DR12, DR13, DR14 and DR15) while the other 3 are situated

south of the river mouth (DR16, DR19 and DR22; Fig. 1A).

Considering hypothesis of the Zambezi River loads, the compositions of the samples located
in the northern part of the channel are expected to reflect the radiogenic influence of the
RSW. Conversely, the crusts located south of the river mouth should indicate unradiogenic
Nd isotope signature resulting from Nd continental inputs (Stichel et al., 2012b; Rahlf et al.,
2020). In the case of gradual southwards boundary exchange and/or impact of pore waters, it
would involve a progressive change of eng signatures. If the MC acquires unradiogenic
composition during its spreading along the East African margin as suggested by Wilson et al.
(2012), we expect to observe a trend from radiogenic values in the northern part of the
channel to unradiogenic signature in the south. However, our results show a narrow range
from eng = -7.1 to -8.0 (Fig. 2) and display no abrupt or continuous variations in the Nd
isotope signature along the N-S profile. Indeed, the southernmost sample (DR19) presents a
value of eng = -7.4 (Table 2, Fig. 3A), whereas it expected to have the more unradiogenic eng
whether in the case of river inputs, boundary exchange and/or pore waters influence
hypotheses. Moreover, the lowest and the highest eng signatures are observed from DR84-

0026 (ena = -7.1) and DR10 (eng = -8.0) located in the northern part of the Mozambique
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Channel and distant from 200 km (Fig. 3A). As consequence, our data do not support a major

influence of unradiogenic Nd inputs from the river discharges or the continental shelf.

We present 12 samples from the deep water masses (DRO1, DR04, DR11, DR17 and DR75-
0012; between 1700 and 2550 mbsl; Fig. 2), spatially spread out over 3500 km from the
Glorieuses Islands (DRO1) to the Agulhas Plateau (DR75-0012; Fig. 3B). In contrast to the
crusts from the overlying water masses, these are under the influence of the NADW inflow
starting upstream of the south of Africa before entering the Mozambique Channel through the
Natal Valley (Toole and Warren, 1993; Fig. 1B). If the unradiogenic Nd isotope addition
processes had an impact on the deep water masses, one would predict that this influence
would increase as the NADW flows northward. However, the data are increasingly radiogenic
towards the north, from end = -10.2 above the Agulhas Plateau to eng = -7.5 near the
Glorieuses Islands (Fig. 3B). Whereas the results of Wilson et al. (2012) present a decreasing
radiogenic trend as the boundary exchange occurs, from enxg = -8.8 above the Madagascar
Ridge to ena = -11.5 in the northeast of the island (Fig. 2). Considering a simple boundary
exchange between the African continental margin (eng ~ -20; Jeandel et al., 2007), the NADW
arriving from the southern Africa (end ~ -11; Rahlf et al., 2020) and a boundary exchange rate
of 28% calculated by Wilson et al. (2012), the Nd isotope composition of the crust from
DR75-0012 is supposed to be eng = -13.5. Furthermore, if the interaction with the
unradiogenic margin is continuous from the Agulhas Plateau to the Glorieuses Islands, the
results would present Nd isotope compositions considerably lower than eng = -13.5 in all the
crusts from the deep waters (DR17, DR11, DR04 and DRO1). It would be the same
observation in the context of unradiogenic Nd inputs from river discharges or pore waters.

However, this is not apparent in our results (eng = -10.2 from the Agulhas Plateau and eng = -
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7.1 at the Glorieuses Islands; Fig 3B) which are too radiogenic to be explained by the

boundary exchange between the NADW and the African shelf.

Finally, the whole isotopic data of our work are consistent with previous studies (Fig. 2),
which are focused on the conservative water mass mixing process in the same geographic area
on Fe-Mn crusts (Albarede et al.,, 1997) and in seawater (Bertram and Elderfield, 1993).
Although a slight contribution of the unradiogenic inputs from the African margin cannot be
completely ruled out, we assume that our results are mainly due to water mass mixing
process. The following sections will therefore discuss of the identification of water masses
from Nd isotope compositions and their hydrographic frameworks through the Mozambique

Channel.

5.2. Intermediate layers and Indian water influence (< 1500 mbsl)

Above 1500 mbsl, 1 sample provides information on the superficial water masses. Located on
the Sakalaves Mounts and at shallow depths (DR14; 580-650 mbsl), this crust displays a
value of eng = -7.6 likely corresponding to the Nd isotope composition of the SICW (Fig. 1C,
Table 1). This is the only result on this water mass and thus it will not be discussed further

here.

However, the 6 other samples are located between 800 and 1400 mbsl (DR10, DR15, DR19
and DR86-0026), illustrating the Nd isotope composition of intermediate water masses. With
an range of values between eng = -7.1 and -8.0, these Fe-Mn crusts recorded Indian
intermediate water (Tables 1 and 2). This intermediate layer could correspond to the RSW
arriving from the north of the Mozambique Channel, following the African continental margin

southward (Beal et al., 2000) to the Paisley Mount and the Macua Mount (Fig. 1). The
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hydrographic flow path of these Indian intermediate water masses south of the Davie Ridge
(south of the Sakalaves Mounts and Jaguar Bank) could be explained by the presence of
anticyclonic eddies passing through the narrowest part of the Mozambique Channel carrying
saline and warm RSW southward as described previously by Ullgren et al. (2012) and

Miramontes et al. (2019).

5.3. Transition zone between intermediate and deep layers

The 10 samples from the north of the Sakalaves Mounts (DR13), near Juan de Nova (DR12),
Bassas da India and Europa (DR16 and DR22) present eng in the range of -7.7 to -9.1 (Table
2, Fig. 2). Both extremes are marked by the influence of distinct water masses. The eng = -9.1
(DR16, Bassas da India) is lower and may point out to an Atlantic inflow in the Mozambique
Basin. Other values such as end = -8.7 (DR22, Europa), -8.6 (DR16, Bassas da India) and -8.5
(DR13, North of the Sakalava Mounts) also suggest a slight influence of Atlantic currents
(Table 1). North of the Davie Ridge, more radiogenic values measured on crusts located near
Juan de Nova (eng > -8.0; n=3) correspond to the Indian intermediate water mass inflow as
described in § 5.2. However, dredge 22 shows heterogeneous isotopic compositions with one
sample at eng = -8.7 that likely indicate Atlantic influence, but also 2 samples with eng > -8.5
(-8.2 and -8.1) and one crust with eng > -8.0 (-7.7) suggesting the presence of Indian water

mass.

Therefore, it is imperative to understand why both Atlantic and Indian water mass inflows are
recorded in the same area (Fig. 3A). Two assumptions can be considered. The first is the
confrontation of the AAIW and RSW intermediate currents whose depths and thicknesses are
relatively similar (Fig, 1C, Table 1). In this case, the Nd isotope variations observed would be

related to mixing of the unradiogenic AAIW that enters from the south of the channel, and the

22



468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

more radiogenic RSW arriving from the northwest part of the Mozambique Channel (Fig.
1C). The unradiogenic results would be related to a strong AAIW influence whereas the more
radiogenic values would correspond to a robust RSW inflow in the channel. However, the
integrated time in these surface scraping is in the order of 30 to 80 ka due to the slow
accretion rates of this studied samples ranging from 1.3 to 3.6 mm/Ma. It provides time-
integrated information on the sources of Nd (Albarede et al., 1997; Frank et al., 2002) and,
should streamline water mass variations mainly related to glacial and interglacial changes. In
this case, the recorded isotopic compositions should be relatively homogeneous. The second
hypothesis heeds the depths of the starting and ending points of dredge operations (e.g. DR16;
1600-1350 mbsl), which can lead to the recovery of Fe-Mn crusts that are under the influence
of deep water masses (NADW, NIDW) and/or intermediate water masses (RSW, AAIW;
Table 1, Fig. 2). Thus, within the same dredge (i.e. DR22; 1400-1550 mbsl), some samples
could have recorded the isotopic composition of the intermediate currents while others could
have recorded the isotopic signature of a transition zone between intermediate and deep water
masses (Fig. 2). In this case, differences in the recorded Nd isotope compositions would be
related to the thickness variations of the water masses in the Mozambique Channel over the

last 100 ka.

5.4. Deep layers (> 1500 mbsl)

The Nd isotope compositions, recorded on Fe-Mn crusts located between 1700 and 2650
mbsl, provided a significant number of results (n=12) with a clear isotopic trend from the
south to the north of the Mozambique Channel (Fig. 3BB). Southwestern of the Davie Ridge,
the crust from the Agulhas Plateau (DR75-0012) presents an unradiogenic result of enxg = -
10.1 likely reflecting Atlantic deep water arrival in the Mozambique Channel (Fig. 1B, Table

1). Using the calculation of Frank et al. (2002), the contribution of the NADW is estimated at
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60% in the Agulhas Plateau fixing Atlantic seawater end = -13 and Pacific seawater eng = -6
(68% with Pacific seawater end = -4; Table 2, Fig. 4). This percentage is supported by the
study of Rahlf et al. (2020), which estimates a mixing between a NADW fraction of up to 80-
90% with the CDW eastern Cape Basin. The contribution of NADW then decreases
southward, reflecting a gradual dilution with southern waters. Its influence is recorded all the
way to the Hall Bank with values eng=-9.0 and -9.4 (DR17). In this area the NADW inflow is
calculated between 43% and 48% (56% and 60% with Pacific seawater eng = -4; Table 2, Fig.
4). By contrast, in the north of the Mozambique Channel, near the Glorieuses Islands (DRO1
and DRO04), the Nd isotope compositions are more radiogenic (-7.5 > &eng > -8.4; n=5)
corresponding to the Indian Ocean influence by the arrival of the NIDW in the Comoros
Basin (Fig. 1B, Table 1). In the northern part of the channel, the contribution of the NADW is
estimated between 21% and 34% (39% and 49% with Pacific seawater eng = -4; Table 2, Fig.
4). These values correspond to the contributions of Atlantic water masses in the mixing with
Pacific water masses in the current Indian Ocean. Therefore, the NADW from the south of the
Mozambique Channel does not seem to be present in the northern part of the Comoros Basin.
However, less radiogenic compositions (up to ena = -9.4; DR11) were recorded north of the
Davie Ridge, on a ridge in the Comoros Basin, 90 km north of Juan de Nova and 700 km
southwest of the Glorieuses Islands (Table 2, Fig. 3B). These unradiogenic values cannot be
explained solely by the presence of the NIDW in the northern part of the Mozambique
Channel. The inflow of the NADW is estimated between 37% and 48% (51% and 60% with
Pacific seawater eng = -4; Table 2, Fig. 4). These estimates of the Atlantic inflow show that a
significant portion of the NADW crosses the Davie Ridge and flows into the northern part of

the channel without reaching the Glorieuses Islands.

5.5. NADW northern boundary
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This study reveals a trend based on Nd isotope compositions of Fe-Mn crusts from
unradiogenic values in the south of the Africa, on the Agulhas Plateau, to more radiogenic
values in the north of the Mozambique Channel (Table 2, Fig. 3). For the first time it is
possible to identify and quantify the NADW influence in the Mozambique Channel to the
Comoros Basin through a geochemical study of Fe-Mn crusts (Fig. 4). The only research
carried out on Fe-Mn crusts in this area is that of Albarede et al. (1997, Fig. 2), indicating
unradiogenic value in the southwestern part of the Mozambique Channel as presented before
but an isocontour of eng = -8 upstream of the Mozambique Basin and Madagascar. This
isotope limit suggests a significant restriction of the NADW input into the Mozambique
Channel which is not consistent with our results, suggesting this isotope limit further north
and most importantly north of the Davie Ridge (Fig. 4). The differences in the Nd isotope
values between both studies are undoubtedly related to the depth of the samples. Indeed,
Albarede et al. (1997) were interested in Nd global trends in the oceans. In the centre part of
the Mozambique Channel, their isotopic analyses were measured on crusts from surface
layers (~ 600 mbsl; Fig. 2). As described in previous sections, these water masses have Nd
isotope signatures from the Indian Ocean (Table 1) and are therefore naturally much more
radiogenic than the results of our study, which also focuses on intermediate and deep water

mass flow path.

Simultaneously, two major hydrographic studies advance scientific knowledge on the Atlantic
and Indian deep currents in the Mozambique Channel. Van Aken et al. (2004) noted the
influence of the NADW current at depths between 1500 and 2500 mbsl in the channel. This
was supported and expanded upon by the hydrographic research of Collins et al. (2016). The
NADW and NIDW currents were recorded in the Comoros Basin, according to their salinity

and oxygen levels. The current flow path of these deep water masses in the Mozambique
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Channel is therefore a visible and currently quantified phenomenon. Our study confirms the
presence of the NADW in the northern part of the channel and strongly suggests a passage of
the NADW beyond the Davie Ridge (Fig. 4), implying that this topographic barrier does not
currently act as an impassable obstacle to the circulation of deep currents in the Mozambique

Channel.
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6. Summary and conclusion

Fe-Mn crusts are highly studied ocean resources in terms of their geochemical composition as
archives of the chemical composition of water masses. The analysis of 29 crusts sampled in
the Mozambique Channel show Nd isotope records ranging from unradiogenic values (end = -
10.1) in the Agulhas Plateau to more radiogenic values (ena = -7.5) north of the Mozambique

Channel, near the Glorieuses Islands.

First, this study reveals the presence of the Indian intermediate seawater above 1500 mbsl.
Secondly, the crusts dredged at depths between 1300 and 1650 mbsl show significant isotopic
variations (between eng = -7.7 and -9.1), probably due to their location in a transition zone
between intermediate and deep water masses with contrasted Nd isotope signatures. Finally,
unradiogenic compositions are recorded beyond the Davie Ridge. These new results suggest
significant contributions of the NADW flowing from the south below 1500 mbsl and crossing
the Davie Ridge to be recorded in the northern part of the Mozambique Channel, in the

Comoros Basin.

This unique collection of crust samples improves our understanding of the Atlantic and Indian
water mass flow path in this complex area. As this key area of oceanic mixing has undergone
diverse geodynamic movements, it would be interesting to carry out isotope studies on several
time series distributed from the Agulhas Plateau to the Glorieuses Islands at different depths
(especially in the transition zone). These future studies would allow to identify and
understand major geodynamic and oceanographic events in the Mozambique Channel up to

the Miocene.
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Figures and tables

Figure 1. (A) Bathymetry of the Mozambique Channel (data from GEBCO and PAMELA
cruises) with its main structures including the Davie Ridge and the Eparses Islands. The white
dots represent the dredging operations. (B) Bathymetry of the Mozambique Channel (data
from GEBCO and PAMELA cruises) showing the main circulation patterns (based on Kolla
et al., 1980; Fine, 1983; Toole and Warren, 1993; DiMarco et al., 2002; Lutjerharms, 2006;
Ullgren et al., 2012). AABW: Antarctic Bottom Water; AAIW: Antarctic Intermediate Water;
AC: Agulhas Current; AUC: Agulhas Undercurrent; MC: Mozambique Current; ME:
Mozambique Eddies; MUC: Mozambique Undercurrent; NADW: North Atlantic Deep Water;
NIDW: North Indian Deep Water; RSW: Red Sea Water; SW: Surface Water including TSW:
Tropical Surface Water, STSW: Sub-Tropical Surface Water and SICW: South Indian Central
Water. The dark line corresponds to the section located in 1C. Nd isotope signatures (eng) are
presented for the main geological formations surrounding the channel (ena of Archean
basement : Paquette et al., 1994; Jelsma et al., 1996; Moller et al., 1998; Kroner et al., 2000;
De Waele, 2006; Grantham et al., 2011 and eng of the volcanic structures : Mahoney et al.,
1991; Grousset et al., 1992; Jourdan et al., 2007). (C) Salinity section showing the distribution
of the main water masses present in the Mozambique Channel, based on Conductivity

Temperature Depth (CTD) profiles.
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1149  Table 1. Water masses abbreviations used in this study together with their corresponding

1150  depth range and eng signatures.

Abbreviations Water masses Depth range (mbsl) eNd
SICW South Indian Central Water 200-700 -8.5to0 -7*
RSW Red Sea Water 800-1400 -8.5to -7°
AAIW Antarctic Intermediate Water 800-1500 -9 to-8°
NIDW North Indian Deep Water 2000-3000 -8.5to -7*
NADW North Atlantic Deep Water 1500-3500 -13 to -9¢

1151 2 Bertram and Elderfield (1993), Arsouze et al. (2007)
1152 ® Piepgras and Wasserburg (1982), Jeandel (1993), Arsouze et al. (2007), Amakawa et al. (2013)

1153 ¢ Piepgras and Wasserburg (1987), Jeandel (1993), Rickli et al. (2009), Tachikawa et al. (2017)

1154

54



1155

1156

Table 2. International Geo Sample Number (IGSN), location, depth and eng values of the studied Fe-Mn crusts from the PAMELA-MOZ1 (Olu,

2014), NOSICAA-MDO06 (Leclaire, 1975) and RIDA-MD39 (Leclaire, 1984) oceanographic expeditions.

. . . . Depth range 143N .9 /144 20 Percent
Cruise Dredge Sample IGSN Location Latitude Longitude (mbsl) Nd/'*“*Nd 10°9) eNd NADWP
PAMELA-MOZ1

Glorieuses
DRO1 MOZ1-DRO1-01 BFBG-155073 11°47°S 47°54°E 2400-2650 0.512255 4 -7.5 21-39
Islands
Glorieuses
DRO0O4 MOZ1-DR04-01 BFBG-155082 11°28’S 47°32°E 1780-2000 0.512225 8 -8.1 29-45
Islands
Glorieuses
DR0O4 MOZ1-DR04-03 BFBG-155084 11°28’S 47°32°E 1780-2000 0.512227 8 -8.0 29-45
Islands
Glorieuses
DRO4 MOZ1-DR04-04 BFBG-155085 11°28’S 47°32°E 1780-2000 0.512218 6 -8.2 31-47
Islands
Glorieuses
DR0O4 MOZ1-DR04-23 BFBG-169883 11°28’S 47°32°E 1780-2000 0.512208 4 -8.4 34-49
Islands
DR10 MOZ1-DR10-04 BFBG-155152 Macua Mount 16°12’S 41°38’E 1000-1400 0.512226 4 -8.0 29-45
DR10 MOZ1-DR10-05 BFBG-155153 Macua Mount 16°12’S 41°38’E 1000-1400 0.512237 6 -7.8 26-42
DR11 MOZI1-DR11-01 BFBG-155160 Jeffrey Ridge 16°10’S 42°30°’E 2400-2450 0.512180 4 -8.9 42-55
DR11 MOZ1-DR11-03 BFBG-155162 Jeffrey Ridge 16°10’S 42°30°’E 2400-2450 0.512191 4 -8.7 39-52
DR11 MOZ1-DR11-05 BFBG-155164 Jeffrey Ridge 16°10’S 42°30°’E 2400-2450 0.512197 4 -8.6 37-51
DR11 MOZ1-DR11-07 BFBG-155166 Jeffrey Ridge 16°10’S 42°30°’E 2400-2450 0.512157 8 94 48-60
DR12 MOZ1-DR12-09 BFBG-155179 Juan de Nova 17°1°S 42°36’E 1350-1650 0.512231 8 -7.9 28-44
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DR12

DR12

DR13

DR14

DR15

DR15

DR16

DR16

DR17

DR17

DR19

DR22

DR22

DR22

DR22

RIDA-MD39

DR&84-0026

MOZ1-DR12-14

MOZ1-DR12-V

MOZ1-DR13-07

MOZ1-DR14-04

MOZ1-DR15-10

MOZ1-DR15-14

MOZ1-DR16-05

MOZ1-DR16-06

MOZ1-DR17-01

MOZ1-DR17-04

MOZ1-DR19-01

MOZ1-DR22-01

MOZ1-DR22-02

MOZ1-DR22-03

MOZ1-DR22-06

DR84-0026

BFBG-155184

BFBG-169884

BFBG-155191

BFBG-155201

BFBG-155211

BFBG-155215

BFBG-155220

BFBG-155221

BFBG-155224

BFBG-155227

BFBG-155233

BFBG-155243

BFBG-155244

BFBG-155245

BFBG-155248

MNHN-GS-DR84-0026

Juan de Nova
Juan de Nova
North Sakalaves
Mounts
Sakalaves
Mounts

South Sakalaves
Mounts

South Sakalaves
Mounts

Bassas da India
Bassas da India
Hall Bank

Hall Bank
Jaguar Bank
Europa

Europa

Europa

Europa

Paisley Mount
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17°1’S

17°1°S

17°59’S

18°39’S

18°57°S

18°57°S

21°36°S

21°36’S

21°50°S

21°50°S

21°44°S

21°18°S

21°18°S

21°18°S

21°18°S

14°08°S

42°36’E

42°36’E

41°39°E

41°51’E

41°45’E

41°45°E

39°38’E

39°38’E

39°10°E

39°10’E

39°32°E

40°23’E

40°23’E

40°23’E

40°23’E

41°29°E

1350-1650

1350-1650

1300-1600

580-650

1200-1250

1200-1250

1350-1600

1350-1600

1700-1900

1700-1900

1000-1350

1400-1550

1400-1550

1400-1550

1400-1550

800-810

0.512245

0.512232

0.512202

0.512249

0.512236

0.512247

0.512195

0.512172

0.512158

0.512175

0.512257

0.512216

0.512194

0.512240

0.512221

0.512272

6 7.7
4 79
6 -85
4 76
4 7.8
8 76
4 86
4 9.1
6 9.4
6 9.0
24 74
4 8.2
6 8.7
8 78
4 8.1
4 7.1

24-41

27-44

36-50

23-40

26-43

23-40

38-51

44-57

48-60

43-56

20-38

32-47

38-52

25-42

30-46

16-35



DR84-0026  DR84-02 Paisley Mount 14°08’S 41°29°E 800-810 0.512272 24 =742 20-38
DR&84-0033  DR84-09 Macua Mount 16°12’S 41°39’E 700-953 0.512274 20 -7.1° 16-35
NOSICAA-MDO06
DR75-0012  DR75-0012 MNHN-GS-DR75-0012 Agulhas Plateau  37°32’S 27°00’E 2550-2550 0.512119 6 -10.1 60-68
DR75-0012  DR75-08 Agulhas Plateau  37°32’S 27°00’E 2550-2550 0.512094 26 -10.6*  66-73
1157 a Albarede et al. (1997)
1158 ®  Numbers are percentages of NADW calculated with Pacific water mass end-member values of e = -4 and -6 (Frank et al, 2002)
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Figure 2. Plot comparing eng data obtained from surface layer of Fe-Mn crusts (this study;
white points) to eng values from the region. The yellow diamonds represent eng data from
Zambezi sediments along the Mozambique Margin (van der Lubbe et al., 2016); the grey
triangles show eng values from uncleaned foraminiferal coatings from the Madagascar Basin
and Mascarene Basin (Wilson et al., 2012) and the blue points correspond to exg data from Fe-
Mn nodules (Albarede et al., 1997). Seawater eng profiles are represented in green, orange and
red respectively from the Madagascar Basin (CD1504/CD1505), the Somali Basin
(CD1506/CD1507) and the Mascarene Basin (CD1502/CD1503; Bertram and Elderfield,
1993). Error bars on the data points represent 2. The grey arrow represents the Nd isotope
variation of Wilson et al. (2012) study linked to unradiogenic Nd inputs along the
Madagascan margin, whereas the black arrow corresponds to the trend of our study showing
the opposite of that expected with a boundary exchange along an unradiogenic shelf. Black
dotted lines and labels show the western Indian Ocean water column structure. Red dotted line
corresponds to the average water depth of 1500 mbsl considered to separate intermediate and

deep layers.
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1175  Figure 3. (A) Bathymetry of the Mozambique Channel (data from GEBCO and PAMELA
1176  cruises) with eng values of the samples located above 1500 mbsl. (B) Bathymetry of the
1177  Mozambique Channel (data from GEBCO and PAMELA cruises) showing ena values of the

1178  samples located below 1500 mbsl. “n” represents the number of samples analysed per dredge.
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1186

Figure 4. Bathymetry of the Mozambique Channel (data from GEBCO and PAMELA
cruises) showing Atlantic waters contributions estimated through the Mozambique Channel

(for Pacific eng = -6) and the resulting circulation of NADW. The dashed arrows present a

suggestion of potential NADW passages beyond the Davie Ridge.
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Abbreviations Water masses Depth range (mbsl) eNd

SIcw South Indian Central Water 200-700 -8.5t0-7°
RSW Red Sea Water 800-1400 -8.5t0-7°
AAIW Antarctic Intermediate Water 800-1500 -9to -8°

NIDW North Indian Deep Water 2000-3000 -8.5to0-7°
NADW North Atlantic Deep Water 1500-3500 -13 to -9°

®Bertram and Elderfield (1993), Arsouze et al. (2007)
b Piepgras and Wasserburg (1982), Jeandel (1993), Arsouze et al. (2007), Amakawa et al. (2013)
“ Piepgras and Wasserburg (1987), Jeandel (1993), Rickli et al. (2009), Tachikawa et al. (2017)



Cruise Dredge Sample IGSN Location Latitute Longitude Depth range (mbsl) **3Nd/***Nd 20 (10°)  eNd Percent NADW °
PAMELA-MOZ-1 DRO1 MOZ1-DR01-01 BFBG-155073 Glorieuses Islands 11°47’S 47°54’E 2400-2650 0.512255 4 -7.47 21-39
DRO4 MOZ1-DR04-01 BFBG-155082 Glorieuses Islands 11°28’S 47°32'E 1780-2000 0.512225 8 -8.1 29-45
DRO4 MOZ1-DR04-03 BFBG-155084 Glorieuses Islands 11°28'S 47°32'E 1780-2000 0.512227 8 -8.0 29-45
DRO4 MOZ1-DR04-04 BFBG-155085 Glorieuses Islands 11°28'S 47°32'E 1780-2000 0.512218 6 -8.2 31-47
DRO4 MOZ1-DR04-23 BFBG-169883 Glorieuses Islands 11°28'S 47°32'E 1780-2000 0.512208 4 -8.4 34-49
DR10 MOZ1-DR10-04 BFBG-155152 Macua Mount 16°12’S 41°38’E 1000-1400 0.512226 4 -8.0 29-45
DR10 MOZ1-DR10-05 BFBG-155153 Macua Mount 16°12’S 41°38’E 1000-1400 0.512237 6 -7.8 26-42
DR11 MOZ1-DR11-01 BFBG-155160 Jeffrey Ridge 16°10’S 42°30'E 2400-2450 0.512180 4 -8.9 42-55
DR11 MOZ1-DR11-03 BFBG-155162 Jeffrey Ridge 16°10’S 42°30'E 2400-2450 0.512191 4 -8.7 39-52
DR11 MOZ1-DR11-05 BFBG-155164 Jeffrey Ridge 16°10’S 42°30'E 2400-2450 0.512197 4 -8.6 37-51
DR11 MOZ1-DR11-07 BFBG-155166 Jeffrey Ridge 16°10’S 42°30'E 2400-2450 0.512157 8 -9.4 48-60
DR12 MOZ1-DR12-09 BFBG-155179 Juan de Nova 17°1'S 42°36’E 1350-1650 0.512231 8 -7.9 28-44
DR12 MOZ1-DR12-14 BFBG-155184 Juan de Nova 17°1'S 42°36’E 1350-1650 0.512245 6 -7.7 24-41
DR12 MOZ1-DR12-V BFBG-169884 Juan de Nova 17°1'S 42°36’E 1350-1650 0.512232 4 -7.9 27-44
DR13 MOZ1-DR13-07 BFBG-155191 North Sakalaves Mounts 17°59’S 41°39’E 1300-1600 0.512202 6 -8.5 36-50
DR14 MOZ1-DR14-04 BFBG-155201 Sakalaves Mounts 18°39’S 41°51'E 580-650 0.512249 4 -7.6 23-40
DR15 MOZ1-DR15-10 BFBG-155211 South Sakalaves Mounts 18°57’S 41°45’E 1200-1250 0.512236 4 -7.8 26-43
DR15 MOZ1-DR15-14 BFBG-155215 South Sakalaves Mounts 18°57’S 41°45’E 1200-1250 0.512247 8 -7.6 23-40
DR16 MOZ1-DR16-05 BFBG-155220 Bassas da India 21°36’S 39°38’E 1350-1600 0.512195 4 -8.6 38-51
DR16 MOZ1-DR16-06 BFBG-155221 Bassas da India 21°36’S 39°38’E 1350-1600 0.512172 4 9.1 44-57
DR17 MOZ1-DR17-01 BFBG-155224 Hall Bank 21°50’S 39°10'E 1700-1900 0.512158 6 -9.4 48-60
DR17 MOZ1-DR17-04 BFBG-155227 Hall Bank 21°50’S 39°10°E 1700-1900 0.512175 6 -9.0 43-56
DR19 MOZ1-DR19-01 BFBG-155233 Jaguar Bank 21°44’S 39°32’E 1000-1350 0.512257 24 -7.4 20-38
DR22 MOZ1-DR22-01 BFBG-155243 Europa 21°18’S 40°23’E 1400-1550 0.512216 4 -8.2 32-47
DR22 MOQOZ1-DR22-02 BFBG-155244 Europa 21°18’S 40°23’E 1400-1550 0.512194 6 -8.7 38-52
DR22 MOZ1-DR22-03 BFBG-155245 Europa 21°18’S 40°23'E 1400-1550 0.512240 8 -7.8 25-42
DR22 MOZ1-DR22-06 BFBG-155248 Europa 21°18’S 40°23’E 1400-1550 0.512221 4 -8.1 30-46
MD-39 Rida DR84-0026 DR84-0026 MNHN-GS-DR84-0026 Paisley Mount 14°08'S 41°29'E 800-810 0.512272 4 -7.1 16-35
DR84-0026 DR84-02 Paisley Mount 14°08'S 41°29'E 800-810 0.512272 24 -7.4° 20-38
DR84-0033 DR84-09 Macua Mount 16°12’S 41°39’E 700-953 0.512274 20 -7.1° 16-35
MD-06 Nosicaa DR75-0012 DR75-0012 MNHN-GS-DR75-0012 Agulhas Plateau 37°32’S 27°00'E 2550-2550 0.512119 6 -10.1 60-68
DR75-0012 DR75-08 Agulhas Plateau 37°32’S 27°00’E 2550-2550 0.512094 26 -10.6° 66-73

® Albaréde et al. (1997)
® Numbers are percentages of NADW calculated with Pacific water mass end-member values of eNd = -4 and -6 (Frank et al., 2002)


https://campagnes.flotteoceanographique.fr/sample?id=BFBG-155073
https://campagnes.flotteoceanographique.fr/sample?id=BFBG-155082
https://campagnes.flotteoceanographique.fr/sample?id=BFBG-155084
https://campagnes.flotteoceanographique.fr/sample?id=BFBG-155085
https://campagnes.flotteoceanographique.fr/sample?id=BFBG-169883
https://campagnes.flotteoceanographique.fr/sample?id=BFBG-155152
https://campagnes.flotteoceanographique.fr/sample?id=BFBG-155153
https://campagnes.flotteoceanographique.fr/sample?id=BFBG-155160
https://campagnes.flotteoceanographique.fr/sample?id=BFBG-155162
https://campagnes.flotteoceanographique.fr/sample?id=BFBG-155164
https://campagnes.flotteoceanographique.fr/sample?id=BFBG-155166
https://campagnes.flotteoceanographique.fr/sample?id=BFBG-155179
https://campagnes.flotteoceanographique.fr/sample?id=BFBG-155184
https://campagnes.flotteoceanographique.fr/sample?id=BFBG-169884
https://campagnes.flotteoceanographique.fr/sample?id=BFBG-155191
https://campagnes.flotteoceanographique.fr/sample?id=BFBG-155201
https://campagnes.flotteoceanographique.fr/sample?id=BFBG-155211
https://campagnes.flotteoceanographique.fr/sample?id=BFBG-155215
https://campagnes.flotteoceanographique.fr/sample?id=BFBG-155220
https://campagnes.flotteoceanographique.fr/sample?id=BFBG-155221
https://campagnes.flotteoceanographique.fr/sample?id=BFBG-155224
https://campagnes.flotteoceanographique.fr/sample?id=BFBG-155227
https://campagnes.flotteoceanographique.fr/sample?id=BFBG-155233
https://campagnes.flotteoceanographique.fr/sample?id=BFBG-155243
https://campagnes.flotteoceanographique.fr/sample?id=BFBG-155244
https://campagnes.flotteoceanographique.fr/sample?id=BFBG-155245
https://campagnes.flotteoceanographique.fr/sample?id=BFBG-155248
https://science.mnhn.fr/institution/mnhn/collection/gs/item/dr84-0026
https://science.mnhn.fr/institution/mnhn/collection/gs/item/dr75-0012
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