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Abstract

The past evolution of the Southern Ocean, one of the major components of the
climatic system, is still a matter of debate. This study provides new insights into the deep
Southern Ocean circulation based on the radiogenic isotopes and clay mineralogical signature
of the terrigenous fractions transported by the main deep water masses to sediments recovered
in core MD07-3076Q from the central South Atlantic. This approach successfully permits:
(1) provenance identification of the various grain-size fractions (clay, cohesive silt and
sortable silt); (2) assignment of each grain-size fraction to a specific water-mass; (3)
reconstruction of past changes in the main deep water-mass pathways. These data document
the evolution of deep-water masses in the South Atlantic Ocean during the last deglaciation.

The Antarctic Bottom Water (AABW) speed and northward extension were maximum at the
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end of the Last Glacial Maximum (LGM), associated with strong bottom water production in
the Weddell Sea, together with a vigorous Lower Circumpolar Deep Water (LCDW). In
contrast the North Atlantic Deep Water (NADW) circulation was weaker than today. The
onset of the deglaciation (from 17.5 ka to 15 ka, ~Heinrich Stadial 1, HS 1) was marked by
weakening and southerly retreat of the AABW and by an increase of mixing between AABW
and LCDW. The speed of the AABW remained at its lowest during the Bolling Allered (B/A)
and the Younger Dryas (YD), and the LCDW slowed and retreated to the south, while the
NADW progressively migrated southward, deepened, and strengthened between the

beginning of the Bolling Allered and the Holocene (from ~15 to 10 ka).

Keywords

Last Deglaciation; Paleoceanography; Southern Ocean; South Atlantic; Radiogenic

isotopes; Clay mineralogy; Grain size distribution.

I. Introduction

The Southern Ocean (SO) is a key area for understanding the present and past carbon
cycle. Direct observations indicate that the SO is a sink of atmospheric CO; today (L.e Quére
et al., 2007; Sallee et al., 2012) while it was likely a source of CO, to the atmosphere during
the deglaciation (Bouttes et al., 2012; Jaccard et al., 2013). Upwelling of CO,-rich deep water
likely explains most of the CO; rise observed during Heinrich Stadials (HS; Ahn and Brook,
2008; Anderson et al., 2009; Fischer et al., 2010; Skinner et al., 2010; Menviel et al., 2014,
2017). Several other processes occurring in the Southern Ocean have also been invoked to
explain the deglacial atmospheric CO; rise. For example, reduction of biological pump due to
reduced iron fertilization (Watson et al., 2000; Wolff et al., 2006; Fischer et al., 2010;
Martinez-Garcia et al., 2014); reduced CO; solubility due to increased temperature of the

ocean (Kohler and Fischer, 2006; Fischer et al., 2010); reduction of sea ice extent (Fischer et
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al., 2010). As a consequence, the organization and extension of the Southern Ocean deep
water-masses (i.e., Atlantic Meridional Overturning Circulation, AMOC; Skinner et al., 2010;
Shakun et al., 2012; Toggweiler et al., 2006) were studied, mainly using paleo-hydrological
proxies (6180, 613C, eng Of sea water, A13C; Barker et al., 2009; Vasquez-Riveiros et al., 2010;
Skinner et al., 2010, 2013, 2014; Waelbroeck et al., 2011; Gottschalk et al., 2015b). By
contrast, the terrigenous particle signal transported by these deep water-masses in the sub-
Antarctic Atlantic Ocean remain poorly studied, even though locally it was successfully used
to reconstruct the deep ocean circulation dynamical component (Dickmann et al., 2000 —
Scotia Sea; Walter et al., 2000 — Scotia Sea and southwest South Atlantic; Kuhn and
Diekmann, 2002 — Cape Basin). In this study, we aim to reconstruct the past evolution of
deep-water masses (i.e. contribution to sedimentation, vertical and horizontal extensions, and
speeds) during the last deglaciation using the signal carried in the terrigenous particles
transported by these water masses. Sediment grain size distribution allows identifying the
contribution of distinct oceanic currents (Weltje and Prins, 2007; Weltje, 2012), and
reconstructing the speeds of the main deep water-masses (McCave and Hall, 2006; McCave
and Andrew, 2019). Grain-size distribution displays distinct modes (Weltje, 2012) that can be
attributed to specific physical transport processes (e.g., wind, water currents, ice) and/or
transport energy. Because grain-size distribution reflects both carrying vectors (e.g., wind,
water currents, ice) and flow speed, several studies focused on the respective isotopic
composition of distinct grain-size fractions in order to track distinct provenance patterns
(Meyer et al., 2011; Bayon et al., 2015; Beny et al., 2018). Similarly, clay minerals are useful
tracers of provenance, erosion balance, weathering, and transportation pattern of fine-grained
sediments (Moriarty et al., 1977; Petschick et al., 1996; Kuhn and Diekmann, 2002; Montero-

Serrano et al., 2010). Finally, radiogenic isotope compositions of sediments can be used to
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decipher the different provenances of terrigenous particles and determine their respective

contributions through time ( ).

This study focuses on the South Atlantic Ocean, where northern water-masses (North
Atlantic Deep Water, NADW) and southern ones (Lower Circumpolar Deep Water, LCDW
and Antarctic Bottom Water, AABW) mix, because this area is key for understanding the
atmosphere-ocean exchanges that control CO, sequestration/outgassing. The reorganization of
these deep water-masses during the deglaciation is still a subject of debate and their impact on
deglaciation is not resolved (

). Recent studies of the last
deglaciation ventilation events in the South Atlantic Ocean demonstrated an apparent synergy
between physical and biological processes ( ), whereas chemical and
physical processes appear to be decoupled ( ). These contrasting results
highlight the lack of constraints on the dynamical aspect of the water-masses mixing. In this
paper, we combined grain-size distribution, clay mineralogy, and radiogenic isotope (Sr-Nd-
Pb) analyses (on separated grain-size fractions) in order to investigate the evolution
(horizontal and vertical extensions, pathways, speed) of deep-water-masses in the South

Atlantic Ocean during the last termination.
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mineral inputs to the South Atlantic Ocean derived from the studies of Petschick et al.
(1996 ), Diekmann et al. (2000); Walter et al. (2000); Guyot et al. (2007);, Bayon et al.

(2016),; and Khondoker et al. (2018).

A. Deep water-masses

Modern South Atlantic deep circulation is characterized by the incursion of the
NADW into the Southern Ocean, where it mixes/interacts with both the AABW and the
Circumpolar Deep Water (CDW; figure 1). The southward NADW mainly flows as Deep
Western Boundary Current along the South American Margin before leaving the continental
shelf and flowing eastward around 45°S (Reid, 1989; Larque et al., 1997; Stramma and
England, 1999). A branch of the NADW crosses the Atlantic Ocean at the equator before to
flow southward along the African margin and to reach the Indian Ocean via the Good Hope
Cape (Larqué et al., 1997). In the Southern Ocean, NADW flows between two parts of the
CDW: the Upper Circumpolar Deep Water (UCDW) flows above, whereas the Lower
Circumpolar Deep Water flows underneath. The northern extension of the UCDW is very
asymmetric with larger extent in the eastern part of the South Atlantic (Larque et al., 1997).
On the west side of the Mid-Atlantic Ridge (MAR), the LCDW penetrates into the Argentine
Basin via the Drake Passage and flows northward into the Brazil Basin (Speer and Zend,
1993). On the east of the MAR, the LCDW is a major oceanic feature in the Cape Basin,
where it becomes diluted in the Angola Basin (Larqué et al., 1997). The lower part of the
LCDW is currently mixed with the upper part of the AABW (Orsi et al., 1999) that is
produced heterogeneously along the Antarctic Shelf (Foster and Carmack, 1975; Orsi et al.,
1999). Foster and Camarck (1975) demonstrated the formation of a very cold type of bottom
water in the vicinity of the shelf break (the Polynyas mode) between 29 and 40°W and along
the Antarctic Peninsula’s tip, between 35 and 55°W and north of 65°S. Today this production

occurs mainly in winter when seawater is close to freezing and becomes saltier due to sea ice
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formation (Foster and Camarck, 1975; Orsi et al., 1999), which increases its density and
promotes convection. This mode is called the Polynyas mode. However, in the Weddell Sea, a
second mode of bottom water formation occurs: the Ice Shelf Water mode, which corresponds
to bottom water formation under the Antarctic ice shelves due to super-cooling (Krueger et al.
and references therein, 2012). The AABW is very thick in the Weddell-Enderby Basin (more
than 4000 m; Orsi et al., 1999) and is partially exported to the Argentine Basin via the eastern
Scotia Sea (east and west of the South Sandwich Islands) toward the Brazil Basin via the
Vema Channel, and to the Agulhas and Crozet basins (Stramma and England, 1999). The
AABW is a dominant oceanic feature south of 50°S although its’ northern influence extents to

around 10°S (Reid et al., 1989).

The characteristics of deep water masses were not constant through time and the
evolution of the AMOC is controversial (Weber and Drijthout, 2007; Vasquez Riveiros et al.,
2010; Waelbroeck et al., 2011; Howe et al., 2016). Some studies have suggested that during
the Last Glacial Maximum (LGM) the NADW was as strong as today but shallower (Curry
and Oppo, 2005; Gherardi et al., 2009). Other studies suggest that it was weaker and
shallower (Menviel et al., 2012; Howe et al., 2016). The NADW southern extension seems
limited during glacial times, whereas southern-born water-masses extended further north
(Kuhn and Diekmann, 2002; Skinner et al., 2013). Similarly, modifications of the Antarctic
Circumpolar Current (ACC, including the CDW) during the last climatic cycle are still
debated. Some studies reported severe modifications of the ACC intensity in the Atlantic
(Noble et al., 2012) and Indian (Dezileau et al., 2000; Mazaud et al., 2010) sectors of the
Southern Ocean: the activity of the ACC increased during the LGM, probably linked to
enhanced westerly winds (Dezileau et al., 2000; Walter et al., 2000; Mazaud et al., 2010). In
contrast, other studies support insignificant modification of the ACC in the Atlantic sector of

the Southern Ocean (Gersonde et al.; 2003) and Drake Passage (McCave et al., 2014). Finally,
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the evolution of the AABW is also uncertain. suggests that the
production of AABW was similar during glacial and interglacial, but dropped during
terminations (including the last deglaciation). In addition, suggest that
the “AABW” (corresponding to CDW and AABW in our study) was weaker during the LGM
than today. In contrast, other studies suggest enhanced northward flow of AABW via deep
western boundary currents in all three major ocean (Pacific:

; Indian: ; Atlantic: ).

Any modifications of the AMOC have a potential effect on carbon storage/outgassing
that is tightly controlled by ocean stratification/ventilation, itself resulting from contrasting
physical and chemical properties of the water-masses. High ocean stratification — as during
the last glacial — inhibits vertical mixing and isolates the deep ocean from the atmosphere. In
contrast, ventilation events — breakdown of the stratification that occurred during the last
deglaciation — allow CO; to upwell from the deep ocean and to be rapidly transferred to the

atmosphere (

B. Geological setting

The Atlantic sector of the Southern Ocean may receive sediments from Antarctica, the
Scotia Sea area (i.e., Scotia Arc, southern Patagonia, and northern Antarctic Peninsula) South
America, and Africa. Here, we present the general geological structure of these areas, and

their respective isotopic signatures ( ).

Antarctica corresponds to two distinct geological domains: East and West Antarctica.
West Antarctica includes the Ellsworth Mountains (EM), the Antarctic Peninsula (Ant P), the
Scotia Arc region (SCA). The geology of the Ellsworth Mountains ( ) 1s poorly known
due to the lack of outcrop. These mountains are composed of Precambrian rocks,

corresponding mainly to granodiorite orthogneiss intruded by granitic and pegmatitic sheets
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(Tingey et al., 1991). The i1sotopic composition of the area is not known, but the age of the
rock suggests radiogenic Sr and Pb isotope ratios, and unradiogenic exg (figure 1). This area
mostly delivers illite to the sea (Petschick et al., 1996; figure 1). The Antarctic Peninsula,
composed of alkaline and calcalkaline magmatic rocks associated with deformed sediments of
similar composition (Anderson, 1965: Tingey et al., 1991), 1s a potential source of terrigenous
sediment for CDW and AABW. The Antarctic Peninsula is characterized by radiogenic eng,
and low Sr and high Pb isotope ratios (figure 1). Clay minerals from this area mostly
correspond to well-crystallized smectite (crystallinity around 1.5, Petschick et al., 1996;
figure 1), and chlorite. The Scotia Arc islands rocks are similar to those of the Antarctic
Peninsula but with slightly more radiogenic Nd, and slightly less radiogenic Sr and Pb (figure
1). This area exports exclusively well-crystallized smectite to the ocean (crystallinity lower

than one; Petschick et al., 1996).

The East Antarctic domain is an old shield with rocks > 0.9 Ga. Rocks from the
Pensacola Mountains (PM) to the Shackleton Range (SR) represent the Ross Orogen (i.e.,
Transantarctic Mountains) and are mainly composed of varied metamorphic rocks aged from
the Late Proterozoic to Late Paleozoic (Barrett, 1991; Laird, 1991; Tingey, 1991; Hauptvogel
and Passchier and references therein, 2012). The isotopic composition of the area is
characterized by unradiogenic Nd, with intermediate to high Sr isotope ratios (figure 1). The
Pb isotope composition unknown, as is the case for most of East Antarctica rocks. The few
studies reporting Pb isotope ratios have been carried out on feldspars only. The area releases
mostly illite and chlorite (Petschick et al., 1996). Smectite is also exported from the Berkner
Island, but is found only locally (Petschik et al., 1996). To the east, the Grenville Belts (920 to
1330 Ma) outcrop on the Coats Land (CL) and western Dronning Maud Land (WDML) with
a wide range of gneissic and clastic sediments (Capurro, 1955; Anderson, 1965; Tingey et al.,

1991) with unradiogenic Nd, and radiogenic Sr isotope ratios (figure 1). Clay minerals
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produced in this area are mainly chlorite and illite (Petschick et al., 1996). In the northernmost
part of the Dronning Maud Land, the old Grunehogna Craton is composed mainly of Archean
granitoids (Tingey et al., 1991; Mieth and Jokat, 2014; Pierce et al., 2014) with very
unradiogenic Nd (eng<< -20) and radiogenic Sr ratios (figure 1). The clay minerals generated

in that area are mainly chlorite and illite (Petschick et al., 1996).

South America can be divided into two blocks: the recent Andean Orogen, and the old
South American Shield. In the Atlantic Sector of the Southern Ocean, the Andean Orogen
mostly corresponds to Patagonia (Pat). The geology and the isotopic composition of this
region is similar with the Antarctic Peninsula: radiogenic Nd, unradiogenic Sr and Pb isotope
ratios, but with higher **’Pb/***Pb than the Antarctic Peninsula (figure 1: Olivero and
Martinioni, 2001; Sayago et al., 2001 and references therein; Smith et al., 2003; Khondoker et
al., 2018). Even if the climate is slightly more humid than in the Antarctic Peninsula,
Patagonia also produces mainly well-crystallized smectite (Petschick et al., 1996; Desiage et

al., 2018; Khondoker et al., 2018).

The South American Shield is composed of several cratonic areas separated by vast
ancient orogenic belts. (Cordani and Sato, 1999; Engler, 2009; Oyhantcabal and Siegesmund,
2011; Siegesmund et al., 2011; de Alkmim, 2015). Cratonic areas are mainly composed of
granitoids and a wide range of metamorphic rocks, while orogenic belts are composed of a
large variety of metamorphic rocks with high original composition (from the granite to the
ophiolite and the juvenile magmatic arc; Almeida et al., 1981; Barros et al., 1982; Moura and
Gaudette, 1993; Neves, 2003; de Alkmim, 2015; Nogueira et al., 2007; Pimentel et al., 2011,
Fuck et al., 2014; McGee et al., 2015; D'el-Rey Silva et al., 2016). The overall isotopic
composition of the South American Shield is radiogenic Sr and Pb, and very unradiogenic Nd
isotope ratios (figure 1). South of the South American Shield, a large tholeiitic-basaltic

province is known as the Parana basalt (Waichel et al., 2012; Milani and Ramos, 2017). The

10



223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

composition of the Parana basalts differs from the South American Shield with radiogenic Nd,

and very low *'Sr/*Sr ratio (<0.5; ).

This South American Shield is drained by important riverine systems such as the
Amazon and Parana rivers. The Amazon drains sediments from the Andes, as well as the
South American Shield. The South American Shield is characterized by rocks with
unradiogenic Nd and radiogenic Sr and Pb ( ). The clay mineral exported to the ocean
1s mainly kaolinite ( ). However,
sediments are mainly exported northwards toward the Caribbean Sea. The Parana River drains
the southern part of the South American Shield, the Parana basalts, and the north of
Patagonia. Its isotopic composition has intermediate Nd, Sr, and Pb isotope ratios ( ).
Clay minerals transported via this river are illite (~60%;

), kaolinite, and smectite. Other smaller rivers drain the south of Brazil, and mainly
deliver sediments characterized by unradiogenic Nd, and radiogenic Sr and Pb isotope ratios,
containing mainly smectite derived from the Parana basalts and kaolinite (

). On the other hand, Patagonia and Pampas are dry and windy areas (

). Consequently, part of the detrital particles is exported to the ocean via aeolian
processes as loess ( ). The overall isotopic composition of this smectite-
rich loess is radiogenic Nd, unradiogenic Pb and Sr ratios. According to ,
the sediment delivery to the southwest Atlantic is currently dominated by loess, and by the

Parana River sediments.

A large proportion of the African continent comprises Archean Cratons (western
Africa, Congo), and rocks related to the Pan African Orogen. The cratons are composed of
gneisses while the Pan African Orogen is mainly composed of flysch deposits associated with
volcanic formations, and intruded by granitoids. The overall geochemical composition of

Africa is intermediate to very unradiogenic Nd, and intermediate to very radiogenic Sr and Pb
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isotope ratios (figure 1). Clay minerals formed in the Congo depression are mainly poorly
crystallized smectite and kaolinite, whereas the Namibian deserts release illite-rich loess

(Bremner and Willis, 1993; Petschick et al., 1996; Bayon et al., 2015; figure 1).

III. Material and methods

A.  Material

This study is based on sediment samples from core MDO07-3076Q (44°9.2°S,
14°13.7°W) recovered by the French Vessel Marion Dufresne in 2007 on the eastern flank of
the Mid-Atlantic Ridge at 3770 m depth (figure 1). The core chronology is based on
planktonic foraminifer radiocarbon dates (30 measurements for the studied interval) and
stratigraphic control points (Skinner et al., 2010, 2013, 2014; Gottschalk et al, 2015b). Today,
the site is bathed in the LCDW. From the seafloor to the surface, the water masses observed
in the water column above the study site are the LCDW, NADW, UCDW, and intermediate
and surface waters. In nearby deeper oceanic basins, the AABW is also found, and it is
thought that particles transported by this bottom water can reach our site by advection and

mixing with the LCDW.

B.  Sample preparation and analytical procedure

All samples were first decarbonated using 0.1N HCI and then deflocculated by

repeated washing using pure water.

1. Grain-size distribution
Grain-size distribution was measured on carbonate-free sediment using a Malvern
Mastersizer 2000 laser (0.02-2000 wm) following standard protocols (Montero-Serrano et al.,
2009). The clay-size fraction corresponds to the proportion (in volume) of particles with a

diameter smaller than 2 wm, the cohesive silts correspond to the 2 to 10 wm diameter

12
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particles, the sortable silts correspond to the 10 to 63 um diameter particles, and the sand

fraction to the particles coarser than 63 um.

2. Clay mineralogy

The clay-size fraction (<2um) was isolated by differential settling according to
Stoke’s Law. This fraction was then concentrated by centrifugation (40 minutes, 3500 rotation
per minute) and an aliquot was placed on glass slides. X-ray diagrams were obtained using a
Bruker D4Endeavor (standard 30 kV and 30 mA). Each sample is run three times between
2.49 and 32.5°20: (1) dried sample, (2) glycolated sample (12 hours in ethylene glycol), and
(3) heated sample (490°C for 2 hours). The proportion of each clay mineral (smectite,
chlorite, illite, and kaolinite) is determined using the main X-ray diffraction peaks (layer and
interlayer) on X-ray spectra according to their crystallographic characteristics ( ).
Smectite is characterized by a main peak at 14-15 A on the air-dried samples that expands at
17 A after ethylene glycol saturation and collapses at 10 A after heating. Illite is characterized
by a main peak at 10 A on the three runs. Kaolinite and chlorite are measured based on their
main peak at 7-7.2 A and further distinguished using pseudo-void deconvolution of the
kaolinite/chlorite doublet at 3.54/3.58 A. All measurements and semi-quantitative estimations
are processed using the McDiff software ( ). The index of Esquevin (

) corresponds to the ratio between the intensity of the peak of illite at 5 A and at 10 A
(illite 5A/10A). In this study, the crystallinity of illite and smectite has been measured using
the method of integral breath to enable comparison with the work of n
the South Atlantic. High crystallinity (high values of the index) corresponds to badly

crystallized mineral.

3. Isotope Analysis
The grain-size distribution recognized three distribution modes. These three grain-size

fractions were then isolated in order to examine their provenance. The clay-size fraction (0-
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2 um) was isolated by repeated extractions by settling. The coarse fraction (20-40 um in the
old section of the core before 11.5 ka cal BP, noted hereafter as ka, and 20-32 um after 11.5
ka) was isolated by sieving the clay-free residue. The 2-20 um grain-size fraction is thus the
residue of clay separation and coarse fraction sieving. An aliquot of 10 to 150 mg (depending

of the sediment quantities available) was then used for chemical procedures.

Chemical and isotopic measurements were performed at the Faculty of Science of the
Vrije Universiteit, Amsterdam. Sediment was digested in closed Savillex'™ Teflon beakers
using a mixture of concentrated HF and HNOs (~2/3 and 1/3, respectively) for a few days at
120°C. After digestion, samples were dried out and re-dissolved in ~6.5N HCI to remove
fluorides. Nd, Sr, and Pb were purified using conventional ion chromatography. Pb isotopes
were processed first and purified using AG-X8 200-400 mesh resin. Light rare earth elements
(LREE) were isolated using true-spec resin medium (Eichrom™, 100-150 pm mesh size) and
Nd was eluted from the LREE fraction using LN-resin (Eichrom™, 50-100 pm mesh size). Sr
was recovered using St resin column. Nd and Pb measurements were performed by bracketing
using respectively CIGO and NBS981 standards on Thermo Scientific Neptune multi-
collector inductive coupled plasma-mass spectrometer (MC-ICPMS), whereas Sr
measurements were performed on a thermal ionization multi-collector-MS (TIMS). Due to
relatively low content of Nd in some of the coarse grain-size fraction (20-32/40um), Nd

measurements of these fractions were also performed by TIMS.
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IV. Results

A. Grain-size distribution
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Figure 2: Grain-size results from core MD07-3076Q. (a) and (b) Variation of the coarse
and fine grain size mode values, respectively, through time. Black lines represent the average
value for both grain-size modes while dashed lines represent their standard deviation, (b)
typical grain-size distribution curve from the core MD07-3076Q. Two grain-size modes can
be identified from the grain-size distribution curve. YD: Younger Dryas, BA: Bolling Allerod,
HS: Heinrich Stadial; LGM: Last Glacial Maxima.

The grain-size distribution is bimodal throughout the core (figure 2) with a coarse
mode ranging in the sortable silts fraction (from 23.6 and 36.2 wm, average: 30.4, standard
deviation: 2.48; table 1) and a fine mode ranging in the cohesive silts fraction (from 5.6 and
9.3 um, average: 6.8, standard deviation: 0.8; table 1). The sortable silt (10-63 wm) fraction is
dominant (41 to 52% in volume of the total terrigenous fraction, average: 47%, standard
deviation: 2.4; table 1) and the cohesive silts (2-10 wm) represent 35 to 45% (average: 39%,

standard deviation: 2.4; table 1). The clay (<2 um) and sand fractions (>63 um) represent
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337

respectively 2 to 5% (average: 3.4%, standard deviation: 0.7; ) and 1 to 6% (average:

3.0, standard deviation: 1.0; ) of the total terrigenous fraction ( ).

In details, the mean of the coarse mode (hereafter mentioned as the sortable silt mode)
is slightly coarser during the LGM ( ), and decreases during the deglaciation and
reaches its minimum values after the Younger Dryas (YD). The average size of the fine mode
(hereafter mentioned as the cohesive silt mode) is maximum at the end of the LGM and

displays its lowest values during the deglaciation ( ).
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Figure 3: Clay mineral data from core MDO07-3076Q. Purple dots represent the
radiocarbon dates used for the age model. (a) relative proportion of smectite (%); (b)
smectite crystallinity (°20); (c) illite crystallinity (°26), (b) and (c) note that the lower is the
crystallinity index, the better the mineral is crystallized; (d) relative proportion of illite (%),
(e) relative proportion of chlorite (%), (f) relative proportion of kaolinite; (g)

kaolinite/chlorite ratio (K/C), (h) illite/smectite ratio (I/S).

B. Clay Mineralogy
The clay mineral assemblage is composed of smectite ((S) 18-59%; ), illite
((T) 21-40%; ), chlorite ((C) 12-33%; ), and kaolinite ((K) 5-14%;

) with higher smectite content at the end of the deglaciation, and higher illite, chlorite and
kaolinite contents during the LGM. The smectite crystallinity ranges from 0.89 and 1.45
( ) and varies in phase with the smectite content with slightly higher variability
between 25 and 30 ka. The illite crystallinity varies between 0.27 and 0.42 ( )
without major variation. Clay mineral proportions are relatively stable during the LGM but
records a shift during the deglaciation with an increase of smectite compared to the other clay
minerals. The smectite crystallinity varies simultaneously with smectite proportion changes.
The K/C ratio is stable during the LGM, and increases during the deglaciation. The I/S ratio
presents two maxima at the beginning of the record and at the end of the LGM, sharply

decreases at the beginning of the HS 1, and steadily decreases during the deglaciation.
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Figure 4: Crystallographic properties of illite from site MD07-3076Q (black dots) and
comparison with properties of illite from potential sources to the South Atlantic basin. The
data used for comparison are from Petschick et al, (1996). Illite 5A/104 ratio gives
information on the chemical properties of illite (Fe-Mg- vs Al-rich illite) while the
crystallinity gives clues on the quality of the mineral crystal (high crystallinity: badly
crystallized mineral).

C. Radiogenic Isotopes

Isotopic results are presented for the sortable silt mode fraction (20-32/40 wm) and the
cohesive silt mode fraction (2-20 um) and for the clay-size fraction (<2 wm) (tables 2 to 4).

Lead isotope ratios were only been measured on the clay-size fraction (table 2).

1. Clay-size fraction (<2 um)

The eng of the clay-size fraction ranges from -7.2 to -4.8. It is relatively stable during
the last glacial (<t 0.5 eng), decreases by 2 € units during the deglaciation and shows
minimum values at the end of the deglaciation (figure 5.c). The ¥'Sr/*Sr ratio ranges from
0.711 to 0.712: it is rather high and stable (<= 0.0003), during the last glaciation and displays

a rapid decrease at ~15 ka. The ratio records a short rebound at 12.7 ka before reaching its

19



375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

minimum values at the end of the deglaciation (0.7107; ). The *’St/**Sr ratio and the
end show a similar temporal evolution (they both decrease during the deglaciation), which is
surprising as in nature they usually record opposite relationship. The three Pb isotope ratios
record their lowest values around 25 ka, and increase thereafter. This trend is more
pronounced for the **’Pb/***Pb ratio during the deglaciation. Some fluctuations of the three
ratios are observed during the deglaciation with higher ratios at climatic transitions
(LGM/Heinrich Stadial 1 -HS1—, HS1/Belling-Allerod — B-A —, B-A/Younger Dryas —YD-,
Holocene onset), and low values during the middle of the HS1, the middle of the B-A, and the
second half of the YD (except for the *°Pb/***Pb). We note that the Sr isotope rebound

observed at 12.7 ka is also associated with variations Pb isotope ratios.

2. Cohesive silt mode fraction (2-20 um)

The eng of the 2-20 um grain-size fraction (cohesive silt mode fraction) ranges from -
5.5 to -3.9 with the lowest values at 13, 18, 23 and 29 ka ( . The ¥'St/*Sr ratios are

generally constant with higher values around 13, 19, and 24 ka ( ).

3. Sortable silt mode fraction: (20-32/40 um)

The eng of the sortable silt mode fraction ranges from -4.9 to -1.4. Values are
relatively unchanging during the last glacial period (-2 + 0.5 exg) but decreases after 18 ka and
reaches a minimum (-5) at the end of the deglaciation ( ). The *’St/**Sr ratio ranges
from 0.708 and 0.710. *’Sr/**Sr values are lower during the HS 2, at the beginning of the HS

1, and at the beginning of the YD, while the highest value is recorded at the B-A offset (

).
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Figure 5: Isotopic results from core MDO07-30760Q. (a) enq from the sortable silt mode
fraction (20-32/40 um); (b) ena from the cohesive silt mode fraction (2-20 um); (c) enq from
the clay-size fraction (<2 um); (d) ¥’ Sr/*5Sr from the clay-size fraction (<2 um); (f) *’Sr/*°Sr
from the sortable silt mode fraction (20-32/40 um); (g) *’Sr/*°Sr from the cohesive silt mode
fraction (2-20 um); (h) *Pb/"Pb, (i) *’Pb/"Pb, and (j) **°Pb/’"Pb from the clay-size

fraction (<2 um).

V. Discussion

A. Sediment provenance

1. Clay size fraction: an overall provenance signal

To determine the provenance of this grain-size fraction, both clay mineral proportions
and radiogenic isotopes have been used. Kaolinite and chlorite have distinct provenances: at
present, kaolinite is mainly found at low latitudes where chemical weathering is strong.
Brazilian rivers (Amazon and Parana), as well as equatorial and tropical African rivers are
characterized by high contents of kaolinite (figure 1). Inherited kaolinite is also found in East
Antarctica marine sediments (figure 1), but is transported by the westward Antarctic Coastal
Current and remains trapped in the Weddell-Enderby Basin due to the Weddell Gyre
circulation (Petschick et al., 1996) and this kaolinite is therefore unlikely to contribute to
sedimentation at the studied site. Consequently, kaolinite can be used to trace the low latitude
provenance. Conversely, presently, chlorite mainly characterizes high latitude regions, where
weak chemical weathering allows its preservation. It is abundant in Antarctica and the Scotia
Sea (figure 1). Consequently, chlorite can be considered a tracer of high latitude provenance.
Thus, the kaolinite/chlorite ratio (K/C) discriminates southern-born versus northern-born
material in the southern Atlantic (Petschick et al., 1996: Kuhn and Diekmann., 2002; Kruger

et al., 2008).
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Illite provenance is more complex. It is very abundant in the Weddell Sea, Namibian
deserts, the Parana River (60% of the delivered sediment), and it is also present, although at
lower concentrations (<30%), in the Scotia Sea ( ). To decipher the provenance of
illite, we used the chemical (5/ 10A ratio, i.e., Fe-Mg vs. Al rich illite) and crystallographic
properties (crystallinity) of this mineral. Data are compared with the 5/ 10A ratio and the
crystallinity of illite of potential illite sources from the database of
( ). This comparison demonstrates that the illite from core MD07-3076Q is similar to
illite from the Weddell and Scotia seas while the chemical and crystallographic properties of
the illite recovered at site MD07-3076Q is not compatible with a Namibian source. In the
Scotia Sea, illite represents less than 30% of the total clay mineral fraction (from 10-30%;

) and represents a mix of illite coming from the Weddell Sea embayment
via the AABW, and illite from the Pacific sector of Antarctica delivered by the CDW
( ). Importantly, in the
Weddell Sea, illite represents at least 50% of the total clay mineral fraction (more than 80% in
some areas; ). Consequently, the Weddell Sea embayment is considered

as the major, source of illite for our studied site.

Smectite has several potential provenances: the Angola Basin, southern South
America, Scotia Sea Islands, and Antarctic Peninsula. The crystallinity of this mineral was
measured in order to decipher its provenance. The well-crystallized smectite (low
crystallinity; ) is compatible with a provenance from southern South America
(Pampas and Patagonia), Scotia Arc, or Antarctic Peninsula, which are all characterized by
crystallinity lower than 1.5 ( ; ). It rules out a contribution of
poorly crystallized smectite (crystallinity > 2; P ) from Angola. In detalil,
the crystallinity of the smectite from our studied site likely corresponds to a mix between two

types of sources: (1) Patagonia and Antarctic Peninsula with a crystallinity of 1.5; and (2)
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Scotia Arc with a crystallinity lower than 1.0. Interestingly, the proportion and crystallinity of
smectite record very similar variations that suggest a dominant and rather continuous flux of
smectite from the Scotia Arc (low crystallinity - ~1.1) during the last glacial period, with a
supplementary supply of less well crystallized smectite (slightly higher crystallinity — 1.5;

~20%) from Patagonia or Antarctic Peninsula during the deglaciation (
)

In summary, both the proportions of the clay minerals and their crystallographic
properties suggest that kaolinite mainly derives from low latitude areas, chlorite originates
from Antarctica and the Scotia Sea, while illite mainly derives from the Weddell Sea
embayment and smectite is derived from several sources (Scotia Arc, Patagonia, and
Antarctic Peninsula). Moreover, mineralogical and crystallographic properties exclude Africa
as a source of clay minerals consistent with the dominant westward oceanic circulation in the

ACC ( ).
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Figure 6: Y81/ Sr-ena diagram of MD07-3076Q sediments and of potential sources of

sediments for the South Atlantic Basin. Boxes representing the reference data delimit the first
and the third quartile. The median values are represented by horizontal and vertical lines
attached to the boxes for the ey, and the 87Sy/50Sr ratios, respectively. The short strokes at the
end of these lines represent the 10™ and 90™ percentile values. Accordingly, the box represent
50% of values found for each potential provenance, and 80% is represented with the lines.
Data sources: -South American Shield- Allegre et al. (1996); Basile et al. (1997); Walter et
al. (2000); de Mahiques (2008),; Jeandel et al. (2007), and references therein;, Mallmann et
al. (2007); Ganade de Araujo et al. (2014); Fuck et al. (2014); -Patagonia, Pampas, Southern
Andes- Stern et al. (1990); Grousset et al. (1992); Basile et al. (1997); Walter et al. (2000);
Smith et al. (2003); Jeandel et al. (2007), and references therein, Khondoker et al. (2018), -

Scotia Arc and Ridge- Jeandel et al. (2007); Harrison et al. (2003);-Antarctic Peninsula-
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Hole el al. (1993); Kosler et al. (2009),; Roy et al. (2007); Lee et al. (2005); -East Antarctica-
DePaolo et al. (1982); Luttinen et al. (1998, 2010); Roy et al. (2007); Will et al. (2010).

The coupled eng - *'St/ **Sr isotope variation of the clay-size fraction (figure 6) reveal
a mixed provenance between young sources around the Scotia Sea (Scotia Arc, Antarctic
Peninsula, Patagonia) and southern South America (Patagonia and Pampas), and an old source

from East Antarctica or the South American Shield (i.e., Brazil and Parana River).
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Figure 7: Pb isotope composition of core MDO07-30760Q and of potential sources of
sediments. The reference data used for comparison are from Fretzdorff et al. (2002), -Scotia
Ridge-; Khondoker et al. (2018), -Patagonia-; Cohen and O Nions (1952); Barreiro (1953), -
Scotia Arc-; Lee et al. (2005), Kosler et al. (2009), Flowerdew et al. (2012) -Antarctic
Peninsula-, de Mahiques et al. (2007), -South American Shield-; Flowerdew et al., (2012), -
Eastern Weddell Sea-.

The coherent Pb isotope variations in figure 7 support this interpretation recording a

mix between the Antarctic Peninsula, Scotia Arc, and South American Shield. However, since
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very few data are available for the Pb isotope compositions of East Antarctica, a contribution
from this area cannot be excluded. The three isotopic systems suggest an increased
contribution of older material during the deglaciation compared with the LGM. Based solely
on Nd and Pb isotope data, it is rather difficult to distinguish South America and East
Antarctica as the old end-members during the deglaciation. However, the increase of the K/C
ratio during the deglaciation supports the hypothesis of enhanced relative contribution from

the South American Shield.

2. Cohesive silt mode fraction (2-20 um)

Both ¥’Sr/*®Sr and eng of the cohesive silt mode fraction record limited variation
throughout the deglaciation ( ). The isotopic results indicate that the provenance is
located in Patagonia and in the Antarctic Peninsula, with an additional contribution of old
source (South American Shield and/or East Antarctica). These results suggest that no major
modification of provenance occurred during the deglaciation. Strontium and Nd isotope ratios
do not allow discrimination of the source of old material for the cohesive silt mode fraction.
The Nd isotope ratios suggest on average a higher radiogenic contribution for cohesive silts

compared with the clay-size fraction ( ).

3. Sortable silt mode fraction (20-32/40 um)

Both Sr and Nd isotope ratios of the sortable silt during the LGM record one dominant
provenance: the Scotia Sea area (Patagonia, Scotia Arc, Antarctic Peninsula; ). During
the deglaciation, an important shift to less radiogenic eng values (4 units) is observed implying
an increased contribution of an older end-member such as East Antarctica and/or the South
American Shield. However, because East Antarctica and the South American shield have
similar Sr and Nd isotope composition, it is not possible to distinguish them with these

isotopes ( ). Consequently, investigating the main transportation patterns is necessary
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to identify the source of old material for both the cohesive (2-20 um) and the sortable silt

mode fractions (20-32/40 wm).

In summary, (figure 6) all three grain-size fractions compositions are located between
two end-members: the Scotia Sea-southern South America area (Antarctic Peninsula, Scotia
Arc and Ridge, Patagonia, Pampas, Southern Andes), and crustal shields (East Antarctica,
South American Shield). The clay-size fraction appears the most crustal-like, whereas the
sortable silt mode presents the most mantle-like composition. The 2-20 um grain-size fraction
presents the lowest *’Sr/**Sr, meaning that the difference with the other grain size fraction is
related to distinct provenances rather than grain size effect. Both the clay size and the sortable
silt mode fractions display an increase of the crustal end-member. In the clay size fraction,
clay mineralogy enabled the identification of this old crustal source (i.e., the South American

Shield).

B.  Transportation pattern and palaeoclimatic implications

The provenances of the sediments for the three distinct grain-size fractions have been
identified (or partially identified) in the previous section using their mineralogical and
geochemical characteristics. Now, we will focus on identifying their transportation patterns

and vectors from the source to the sedimentation site.

Several studies propose that aeolian processes may lead to significant particle transfers
from Patagonia into the central Atlantic sector of the Southern Ocean (Hegner et al., 2007;
Desiage et al., 2018). The aeolian contribution of loess from Patagonia was enhanced during
the LGM as far as Antarctica (Petit et al., 1990; Grousset et al., 1992; Diekmann, 2007;
Lambert et al., 2008). Although this hypothesis could be supported by the radiogenic Nd
signal observed in both the clay-size and the sortable silt mode fraction during the LGM, the

mineralogical of MD07-3076Q sediments is not in agreement with an enhanced contribution
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from Patagonia. The dominant clay mineral in Patagonia is smectite (up to 95%), and the
contribution of Patagonian smectite in our clay-size fraction is lowest during the LGM (
). Consequently, direct aeolian inputs cannot be significant at our site, and oceanic currents
appear to be the main contributors to sedimentation
. This means that any aeolian particles from Patagonia delivered
to the southwest Atlantic ( ) likely reach our site via oceanic transport

Processes.

The size of particles transported by water flow is directly related to the flow energy,
with size increasing with the flow speed. This property was used in previous studies to track
the temporal evolution of paleo-current flow (e.g.

). Below we show that the different grain-size modes not only correspond to
distinct flow speeds, but specific water mass at site MD07-3076Q. Consequently, grain-size

modes (2-20 wm and 20-32/40 wm) can be associated to specific deep-water-masses.

The clay-size fraction (i.e., the <2 wm particles) with very high specific surface
readily floats and hence can undergo long-range transportation (>500 km). Consequently,
particles within this grain-size fraction can be used to record the relative contribution of the

main deep-water masses.

1. Clay-size fraction: the distant terrigenous signal
The NADW carries fine suspended particles from as far as the Labrador Sea.
However, this signal is probably overprinted by the supply of sediments from more proximal
sources such as Africa or South America. The western branch of the NADW (NADW-W; 1.e.,
Deep Western Boundary Current) can transport sediments from Brazil, Parana River, Pampas,
and Patagonia ( ). Both mineralogical and geochemical compositions of the particles
transported by the western branch of the NADW are likely controlled by the southern

extension of the water-mass. Currently the western branch drifts away from the South
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American coast around 45°S. This southern extension likely changed during the last glacial
period and deglaciation (

). Depending on its
southern extent, the NADW is thus able to carry either mostly kaolinite (equatorial Brazil), or
kaolinite and smectite (southern Brazil), or illite (Parana River basin), or well-crystallized
smectite (crystallinity ~1.5; Patagonia). As shown above, the eng signature of these sediments
is more radiogenic when the NADW extends further south (-20 in equatorial Brazil, to ~0 in

Patagonia) while the Pb and Sr yield a slightly less radiogenic signature ( ).

The CDW transports sediments from the Scotia Sea area, including Scotia Arc,
Patagonia, and the Antarctic Peninsula, as well as from the Weddell Sea when mixing occurs
between the lower part of the LCDW and AABW. Then particles transported by the CDW
likely record a younger isotopic signature (i.e., more radiogenic exg and unradiogenic Sr and
Pb isotopes), and a mineralogical composition dominated by smectite and chlorite, while
additional contribution of old material (unradiogenic enxg and radiogenic Sr and Pb isotopes)
and illite is possible when the LCDW and AABW mix together. In summary, illite is
considered as injected into the sedimentary system via the AABW through mixing processes

between LCDW and AABW while smectite and chlorite are likely transported by the CDW.

The AABW in the Atlantic sector mainly forms in the Weddell Sea embayment

, and thus, must carries sediments from its drainage basin (East Antarctica,
Antarctic Peninsula), but may also transport sediment winnowed on its pathway such as the
Scotia Arc or southern Patagonia in the Argentine Basin. The main clay minerals in the
Weddell Sea embayment are illite associated with chlorite. Smectite may be injected in the
AABW at the vicinity of the Scotia Arc. Kaolinite is almost absent in both the Weddell Sea
embayment and the Scotia Sea area (Patagonia, Antarctic Peninsula and Scotia Arc) and is
unlikely to be transported by the AABW. The isotopic composition of fine particles
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transported by the AABW ranges between two end-members: the very old sediments from
East Antarctica (*’St/*®Sr>0.72; exq<-20), and younger material from the Antarctic
Peninsula and the Scotia Arc (*’St/*°Sr~ 0.70; eng > -5; intermediate Pb isotope ratios).
Consequently, the composition of particles transported by the AABW flowing out of the
Weddell Sea is intermediate, with exg around -9 ( ), and is potentially

enriched in young material when entering the Scotia Sea.

The above observations are summarized in , in which specific isotopic and
mineralogical signatures are associated to each deep water mass. It is clear that the K/C ratio
as well as the exg composition reflect northern- versus southern-born water mass contributions
(i.e., NADW versus CDW and AABW). Similarly, smectite and illite are transported by
distinct water-masses and the illite/smectite ratio (I/S) can efficiently distinguish the AABW
from the other water-masses. Thus, this ratio will further be used as a tool for estimating the

AABW contribution through time.

The illite/smectite and kaolinite/smectite ratios have been plotted in . The three
end-members for AABW, CDW and NADW are plotted according to the clay composition of
their suspended loads. highlights how the relative contribution of the three water
masses (i.e., AABW, CDW, and NADW) to clay deposition has changed with time since the
LGM. To interpret this figure it is important to keep in mind that changes observed in the
contribution one deep water mass are relative compared to the other water masses. To
construct , the proportion of clay particles deposited by each deep water mass was

calculated as described below.

End-member deep water mass compositions were calculated from the average
composition of deep water-masses shown in . Weights are computed as the inverse

of the distance between the position of water-mass end-member (Xy;yw) with x,=K/C,, and
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yw=1/Sy and the position of the data point (x4;yq), With x4=K/C4 and y4=I/S4 taken from the

graph ( ) for each water-mass: Wy=1/[ (xd-xw)er(yd-yw)z]1/2

. The position used for
the deep water masses are: XxAapw = K/Caasw = 0.3 ; yaasw = I/Saasw = 2.5 ; Xcpw = K/Cepw
=0.1; yecow = I/Scpw = 1 ; xnapw = K/Cnapw = 0.9 5 ynapw = I/Snapw = 1. The values used
for the NADW correspond to the mineralogical composition of the NADW during the LGM.
As a result, the contribution of NADW to the deposition of clay particles is underestimated
(~10%) at the end of the deglaciation while the contribution of the CDW is overestimated
(~10%). This choice does not have a strong impact on the contribution of the AABW (less
than 4.5%). Second, the percentage of the contribution of each water mass is calculated by

bringing the sum of the weights computed to 100: [NADW’s contribution] = Wxapw/(Wnapw

+ Wepw + Waasw) x 100

To test the validity of this method to reconstruct the evolution of the past deep
circulation, we compared our results with those of other water-masses proxies (e.g. seawater
ena and 8'°C). However, these latter methods proved incapable of distinguishing AABW from
CDW. Consequently, we based the comparison on the proportion of the NADW compared to
the southern sourced deep waters. Based on data from the same core, our estimates give
comparable results to these two proxies (see ). This suggests that our approach
successfully reconstructs the evolution of these three deep water masses. However, our
estimate of the proportion of the NADW is higher than the estimate of
based on eng. This discrepancy can be explained by two factors. First, we were unable to
make corrections for concentration differences of particles in the three deep water masses
(i.e., quantity of clay particles per volume of water) due to the large uncertainties involved. In
addition, it 1s very likely that the NADW is more concentrated in clay particles than the
AABW and CDW due to sediment source effect (e.g., dry East Antarctica below thick ice

sheets vs. humid South America highly drained by equatorial rivers). Consequently, even
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though our tool successfully reconstruct the variations of the NADW, the contribution of
NADW is probably overestimated. In other words, our estimate of NADW contribution to the
clay deposition is likely higher than the proportion of NADW (in volume of water). Second,
the choice of the end member for the seawater eng of AABW+CDW made by

is debatable (-5.5 during the LGM, -8.5 during the Holocene).

used a compositional end-member between -5 and -2, which yields a better match with the

isotopic composition of seawater Nd at our site (-5.5, ). Therefore, the
estimate of appears to underestimate the contribution of NADW at our
site.

From 25 to 20 ka, the CDW 1is clearly dominant, with a contribution of 50% on
average, while the NADW and AABW deliver 35% and 15% of the clay fraction,
respectively. The highest contribution of the AABW is observed at the end of the LGM
between 20 and 17.5 ka (27% in average, but up to 52% at 18 ka). During this interval, the
NADW and CDW deliver respectively 34% and 39% on average. At the end of this period,
the mineralogical composition of the fine sediments deposited at site MD07-3076Q suggests
that the AABW was dominant. At the beginning of the deglaciation, between 17.5 and 15 ka
(i.e., during HS 1), the clay mineral composition of core MD07-3076Q indicates a decreased
relative contribution of the AABW end-member (15% on average) associated to an increase
of the relative contribution of the CDW (49%) end-member. This observation of an increase
of the CDW contribution is supported by the radiogenic eng of the clay-size fraction and a

%7S1/*°Sr close to the Scotia Arc composition ( ).
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Figure 8: (a) Plot of kaolinite/chlorite vs illite/smectite ratios from core MD07-3076Q
from 25 to 10 ka. The composition of deep-water masses has been determined using the data
from . (b) Ternary diagram comparing the contribution of the three
deep water masses to the clay deposition at site MD07-30760Q.

From 15 ka on, the clay mineral composition at the study site records an increasing
contribution of the NADW until the end of the deglaciation (at least 47% for the interval 10-
12 ka, ). Compared with the LGM this suggests enhanced contribution of the NADW
with reduced contributions from the CDW (40% for the interval 10-12 ka) and AABW (13%
for the interval 10-12 ka). These results are strongly supported by the sharp decrease in exg

and by the concomitant increase of **Pb/**Pb and **’Pb/***Pb ratios from the clay size

fraction ( ). This corroborates the conclusions based on the cibicides §"C
measured in the same core ( ). In addition, increasing inputs
of less crystallized smectite (slightly higher crystallinity: ~1.5, ) from

Patagonia support the southward penetration of the NADW in the southern Atlantic Ocean,
consistent with an increasing contribution of the NADW-W to sedimentation at site MD07-
3076Q. Interestingly, the transition between B/A (that starts simultaneously with the southern
Hemisphere cooling, the Antarctic Cold Reversal) and the YD appears to have no effect on
the relative contribution of deep water masses and shows a continuous increase of the relative

contribution of the NADW during these two periods.

Overall, the clay size fraction demonstrates that the contribution of the three deep
water-masses changed through time. An increase of contribution of the AABW is recorded at
the end of the LGM and is followed by a two-step deglaciation. First, an important reduction
of the AABW is observed at the HS 1 onset. Second, an increase in the NADW contribution

compared to the CDW is observed during the B/A and YD.
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2. Cohesive silt mode fraction (2-20 um): an AABW signal

According to our geochemical data, the provenance of the cohesive silt fraction is
dominated by sources from the Scotia Sea area, especially Patagonia and Antarctic Peninsula,
and by an old, unidentified, crustal source. According to the modern deep oceanic circulation,
only the CDW and AABW are able to transport sediment from the Scotia Sea to the studied
site ( ). It was also likely the case during the LGM and deglaciation. The AABW and
CDW were likely spreading further north while the NADW was likely shallower, and
retreated to the north (

). These modifications do not affect the continental sources of terrigeneous sediment for
the CDW and AABW compared the present day, and the NADW is still unable to transport
sediments from the Scotia Sea. Consequently, it excludes the NADW as a transport medium
for the cohesive silt mode fraction to site MD07-3076Q. Therefore, because the NADW is
also the only water-mass able to transport sediment from the South American Shield to our
study site, it excludes the South American Shield as a source of sediment for the cohesive silt
mode fraction, and implies East Antarctica as the source of old material identified in the
cohesive silt mode fraction. The terrigenous supplies deriving from East Antarctica/Scotia Sea
strongly suggest the AABW has been the dominant carrier of the 2-20 um grain-size fraction
since the LGM. In addition, because the mean isotopic composition of this grain-size fraction
transported by the AABW is relatively constant through time ( ), the relative
contributions of East Antarctica and Scotia Sea area seem to have remained largely

unchanged since the LGM.

3. Sortable silt mode fraction (20-32/40 um): A LCDW signal
A part of the particles transported by the AABW and the NADW are derived from old
crustal sources (i.e., East Antarctica and South American Shield, respectively). Thence, these

two deep-water masses cannot be the source of the sortable silt mode fraction during the
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LGM. In contrast, the CDW is a good candidate to transport particles solely from the Scotia
Sea, as identified for the sortable silt mode fraction during the LGM. Consequently, the only
possible source of this grain size fraction is the CDW. During the deglaciation, the Nd isotope
composition of the sortable silt mode fraction became gradually less radiogenic while the
7S1/*®Sr ratio fluctuated, suggesting a modification of provenances and/or an additional
contribution of less radiogenic Nd source. Such isotopic changes could be explained in two
ways; (1) a change in the CDW pathway; (2) the incorporation of terrigenous material by
mixing with other water-masses (such as AABW or NADW). The CDW slowed down and
migrated southward during the deglaciation in concert with the southward migration of the
subpolar and polar fronts (

). However, such a change in the CDW pathway would have no effect on the terrigenous
sources of particles. In contrast, several studies proposed increased ventilation in the Southern
Ocean, enabling the degassing of oceanic CO; to the atmosphere (

). Currently the base of
the LCDW is mixed with the AABW, which was apparently not the case during the LGM
( ). The onset of AABW/LCDM mixing could explain the incorporation of
unradiogenic terrigenous material from the Weddell Sea embayment (i.e., East Antarctica)
into the LCDW. This mechanism likely explains the shift in exg composition during the
deglaciation. This hypothesis is supported by the results of who reported
lower eng 1n terrigenous sediments in the southern Scotia Sea during the interglacial period
and interpreted this as higher contribution of sediment from the Weddell Sea embayment due
to the mixing of the AABW into the ACC. From 15 ka, the Nd isotope composition of the
sortable silt mode fraction is very close to the one from the cohesive silt mode fraction
transported by the AABW. It suggests that the sortable silt mode fraction is specifically

transported by the LCDW rather than by the entire CDW. This highlights the fact that the eng
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730  variations from the sortable silt mode fraction provide a useful tool to study the mixing

731 between the AABW and LCDW.
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Figure 9: Comparison between paleoceanographic proxies from core MD07-3076Q and
data produced in this study. Grey areas delimit the main climatic events and the red band

highlights the particularly strong AABW event. (a) size of the sortable silt mode (um), a proxy

of the speed of the LCDW, (b) size of the cohesive silt mode (um), a proxy of the speed of the
AABW; (c) bottom water ventilation age from site MD07-3076Q (data from

); (d) ena from the sortable silt size fraction, (e) Cibicides 6" C from site MD07-30760

( ); (f) €na from the cohesive silt size fraction, (g) seawater ey from
site MD07-3076Q (. ), (h) proportion of clay particles delivered by the
NADW (see ), (i) proportion of clay particles delivered by the CDW (see ),
(j) proportion of clay particles delivered by the AABW (see ). On curves (h), (i) and
(j), the red line represent values calculated using the Holocene end-member of the NADW (I/S
= (.5), while the blue line correspond to the values calculated using the LGM end-member of

the NADW (I/S = 1).

4. Paleoceanographic implication

Our results establish that different grain-size modes can be attributed to distinct water-
masses and that variation of the particle size of the different grain-size modes ( ) can
be used to record the variations of flow speed of these water-masses as well as changes in
pathways/mixing. This method has the advantage of distinguishing the speed of each water
mass instead of giving the average speed of all the water masses, as it is the case for the
sortable silt method ( ). During the last glacial period, the large mean
particle diameter (>30 um) of the sortable silt mode fraction reflects strong LCDW activity.
At the beginning of the deglaciation, the variation of the mean particle size suggests that the
LCDW speed slightly decreased, but remained high. Since ~15 ka, the LCDW speed has been
showing a gradual decrease. observed minor change in the Antarctic

Circumpolar Current (which includes the CDW) flow speed at the Drake Passage during the
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deglaciation. Our observation, however, is consistent with other studies in the south Indian
sector of the Southern Ocean indicating that the Antarctic Circumpolar Current (which
includes the CDW) flow speed was maximum during the LGM and decreased during the
deglaciation ( ), with a notable increase from ~15 ka on (

). Altogether, these studies and our results suggest that the weakening of the ACC started

at ~15 ka.

From ~26 to 21 ka, the low particle sizes recorded in the cohesive silt mode (

, transported by the AABW) indicate slow AABW, which is consistent with the observed
moderate relative contribution of AABW in clay particles ( ). In this time
interval, one isolated high value is recorded at 24 ka and suggests that, temporarily, AABW
activity was stronger. However, no change is registered in the clay minerals ( ).
The grain-size data indicate that the AABW became more vigorous from 21 ka to reach its
strongest speed at the end of the LGM. This maximum speed is concomitant with the
strongest relative contribution of the AABW of the clay record ( ), as shown
by the peak of the illite/smectite ratio ( ) illustrated on . Interestingly, this
AABW maximum preceded the HS 1, and both its speed and relative contribution fell at the
LGM/HS 1 transition as defined by . At the beginning of the
deglaciation, the abrupt decrease of the fine grain-size mode indicates a slowdown of the
AABW ( ). This is supported by a sharp decrease in the illite/smectite ratio in the clay-
size fraction ( ), which also suggests an abrupt decrease of the relative contribution of
the AABW. At ~16 ka, a slowdown of the AABW is indicated by a second sharp decrease of
the cohesive silt mode ( ), which reaches its lowest values of the entire record,
indicating low AABW speed from 16 to 11.5 ka, when the AABW activity increased

suddenly and recovered the speed observed before 16 ka.
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These variations of the AABW speed could indicate the transition from the Ice Shelf
Mode dominated bottom water formation at the end of the LGM to the Polynyas Mode
dominated bottom water formation during interglacial periods. The variations of the cohesive
silt mode support a strong AABW during the LGM and the early Holocene, and a minimum
flow during the deglaciation. This minimum flow would result from the reduction of bottom
water production via the Ice Shelf Mode and still low production via the Polynyas Mode. Our
results confirm the results of who demonstrated the relation between the
flow speed changes in the Cape Basin and the higher AABW production rates and indicate
that the size of the cohesive silt mode is a reliable tracer of the AABW flow speed and hence

of AABW production rates in the Weddell Sea.

Overall, the variations of the AABW flow speed and ventilation age are similar, with
higher average speeds corresponding to the old ventilation ages. Taken together with the
reconstructed vigorous LCDW during the LGM ( ), these observations suggest that
the deep Southern Ocean was poorly ventilated but with a vigorous circulation. It means that
both the AABW and LCDW remained isolated from the surface during the LGM. This
conclusion is consistent with our hypothesis that AABW was formed under ice shelves during
this period and that the major expansion of sea ice (

kept the AABW isolated from the atmosphere during the LGM. In
addition, poorly ventilated deep Southern Ocean associated with a vigorous deep circulation
(i.e., high AABW and LCDW flow) suggests that a barrier existed between the deep ocean
and the surface, which is consistent with the study of . In contrast, direct
comparison highlights the fact that the peaks of ventilation age and of the AABW flow are not
in phase. Indeed, the peaks of the AABW flow ( ) and of the AABW contribution to
clay deposition ( ) are synchronous with the first decrease in deep water ventilation

ages after the LGM and prior to HS1. Moreover, this well-defined change in the AABW
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behavior is recorded by two distinct proxies (i.e., clay minerals and grain size distribution)
and in two distinct grain size fractions (clays and silts). These synchronous changes are
associated with a drop in ventilation age prior to the HS 1. The variations in two grain size
fractions that are transported and deposited by distinct dynamic processes indicates a major
perturbation in Southern Ocean circulation. Interestingly, the increase in the AABW strength
associated to the early decrease in deep water ventilation age took place significantly earlier
than the changes recorded by the other proxies measured in core MD07-3076Q (i.e., sea water
gng between 17.5 and 16 ka, 8'°C at 14.5 ka, 6'%0 at 15 ka, LCDW flow speed at 15 ka,
NADW proportion at 15 ka) and also precedes the atmospheric CO; rise ( )
and the change in the opal flux ( ). For the first time, these data indicate a
change in the deep Southern Ocean circulation that is associated with ventilation change that
precedes the HS 1. This suggest that the identified large temporary (~1 kyr long) increase in
the AABW contribution and flow speed may have had a substantial impact on the deep
Southern Ocean ventilation, and by extension, on the deglacial CO, rise. Indeed, the
magnitude of the change in the AABW behavior has the potential to “break™ the hypothetical
physical barrier between the deep Southern Ocean and the surface that was responsible of
poorly ventilated deep water during the LGM. This combination of events also explains the

unexpected early fall of the deep water ventilation age observed at ~18.2 ka.

Conclusion

The mineralogical characteristics of the clay-size fraction provide new insights into
the general thermohaline circulation in the southern South Atlantic. The mineralogical signal
demonstrates strong influence of both the CDW and AABW during the last glacial period.
Clay assemblages reveal a particularly high contribution of the AABW at the end of the
LGM, which is interpreted as reflecting strong Ice Shelf Mode bottom water production in the

Weddell Sea. The contribution of the CDW and AABW then progressively decreases during
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the deglaciation together with the growing influence of the NADW ( ). Indeed, clay
size fraction data monitor the progressive incursion of NADW into the Southern Ocean
during the deglaciation from ~15 ka ( ), as well as the synchronous southward retreat

of the southern-born deep water-masses (i.e., CDW and AABW).

The isotopic compositions of the distinct grain size modes provides invaluable
information. The sortable silt mode fraction helps to trace the LCDW activity whereas the
cohesive silt mode fraction is associated with the AABW signal. Consequently, the temporal
evolution of flow speeds, pathways and interactions of these deep water-masses can be
determined in a very robust way. This study suggests: (1) vigorous LCDW during the LGM
and a marked weakening from ~15 ka; (2) strong AABW at the end of the LGM and during
the early Holocene, and weak AABW during the deglaciation between 16 and 11.5 ka. These
results suggest a decrease of AABW production rates during the deglaciation that could result
from the transition from strong Ice Shelf Mode bottom water production during the LGM to

stronger Polynyas Mode bottom water during the Holocene.

The strong LCDW speed observed during the LGM is associated with increased clay
deposition by the CDW, and the reduction of LCDW speed since the B/A is accompanied by
an increased clay contribution from the NADW. Similarly, the highest AABW speed recorded
at the end of the LGM is concomitant with the highest relative contribution of the AABW to
clay mineral deposition. Interestingly, this AABW maximum preceded the HS 1 and both its

speed and contribution fell markedly at the LGM/HS 1 transition.

Finally, this study demonstrates that based on (1) the combination of isotopic and
mineral investigation of the clay size fraction, (2) the combination of isotopic measurement of
isolated grain size modes and of grain size distribution results, and (3) a complete synthesis of
the potential sources of sediments, it is possible to obtain reliable information on the
lithogenic material transported by each deep water mass. This approach allows efficient

44



857

858

859

860

861

862

863

864

865

866

867

868

869

870

871

872

873

874

875

876

877

878

tracking of the evolution of distinct water-masses through time, since it helps to isolate the
specific signal associated to each water-mass. Based on these observations, we conclude that
the increase in the AABW strength at the end of the LGM may have had a substantial impact
on the ventilation recovery of the deep Southern Ocean, and by extension, to the deglacial

COy, rise.
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1371 SUPPLEMENTARY FIGURE S1: Crystallinity of smectite from site MD07-3076Q
1372 (black curve) and comparison with crystallinity of smectite from potential sources to the

1373 South Atlantic basin. The data used for comparison are from Petschick et al., 1996,
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1376 MD07-3076Q. The black line represent the total smectite content, the purple area represent
1377  the smectite content from the Scotia Arc, and the red area represent the smectite content from

1378  Patagonia. The proportion of the two types of smectite are calculated as followed:
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1380 SUPPLEMENTARY FIGURE S3: Sedimentation rate from site MD07-3076Q

1381  calculated from the age model published in Skinner et al. (2010, 2013, 2014) and Gottschalk

1382 etal. (2015b).
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1383 Tables

average LGM

D i .
(10-30 (25-17 eglaciation standard deviation

ka) ka) (17-11.7 ka) (10-30 ka)

fine mode (um) 6.8 7.2 6.3 0.8
coarse mode (um) 30.4 31.3 30.4 2.5
clay fraction (%) 3.4 3.0 3.8 0.7
sortable silts (10-63 um;

%) 47.0 47.2 46.2 2.4
cohesive silts (2-10 um;

%) 39.4 38.8 40.2 2.4
sand (%) 3.0 3.5 2.6 1.0
smectite (%) 30.7 26.7 35.7 7.9
illite (%) 33.5 34.7 31.7 3.3
chlorite (%) 25.1 27.2 22.3 4.2
kaolinite (%) 10.6 11.4 10.3 1.3
I/S 1.2 1.3 0.9 0.3
K/C 0.4 0.4 0.5 0.1
ena (<2 um) -5.8 -5.0 -6.0 0.8
£ng (fine mode) -4.6 -4.6 -4.7 0.4
£ng (coase mode) -3.3 -1.8 -3.7 1.2
¥sr/%°Sr (<2 um) 0.71130  0.71144 0.71136 0.00036
#Sr/%sr (fine mode) 0.70795  0.70800 0.70798 0.00019
#7Sr/%sr (coase mode) 0.70889  0.70859 0.70926 0.00058
2%8ph/2%ph (<2 um) 38.774  38.775 38.785 0.012
297pp/2%*pp (<2 um) 15.644  15.639 15.645 0.008
2%°ply /2%ph (<2 um) 18.752  18.749 18.758 0.030

1384
1385 TABLE 1: Average values of the different proxies for the entire record, the LGM, and

1386  the deglaciation.
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